EP 1136 790 A2

Europdisches Patentamt

(19) 0’ European Patent Office
Office européen des brevets

(11) EP 1136 790 A2

(12) EUROPEAN PATENT APPLICATION

(43) Date of publication:
26.09.2001 Bulletin 2001/39

(21) Application number: 01114231.2

(22) Date of filing: 20.02.1996

(51) Intcl.”: GO1C 19/56

(84) Designated Contracting States:
DE FR GB

(30) Priority: 21.02.1995 JP 5669095

(62) Document number(s) of the earlier application(s) in
accordance with Art. 76 EPC:
96102536.8 / 0 729 009

(71) Applicant: WACOH CORPORATION
Saitama 362 (JP)

(72) Inventor: Okada, Kazuhiro
Ageo-shi, Saitama 362 (JP)

(74) Representative: Klunker . Schmitt-Nilson . Hirsch
Winzererstrasse 106
80797 Miinchen (DE)

Remarks:
This application was filed on 12 - 06 - 2001 as a
divisional application to the application mentioned
under INID code 62.

(54) Angular velocity sensor

(57)  An angular velocity sensor for detecting angu-
lar velocity components about three axes with high re-
sponse is provided. A weight body (40) carries out a cir-
cular movement along a circular orbit (41) within the XY-
plane with the origin O being as a center. The weight
body (40) is supported so that it can be moved with a
predetermined degree of freedom within a sensor cas-
ing. A Coriolis force Fco exerted in the Z-axis direction
to the weight body (40) is detected when the weight body
(40) passes through the X-axis at the point Px and an

Fig.13

angular velocity wx about the X-axis is obtained based
on the detected force. Further, a Coriolis force Fco ex-
erted in the Z-axis direction to the weight body (40) is
detected when the weight body (40) passes through the
Y-axis at the point Py and an angular velocity wy about
the Y-axis is obtained based on the detected force. In
addition, a force exerted in the X-axis direction to the
weight body (40) at the point Px is detected and an an-
gular velocity wz about the Z-axis is obtained based on
the detected force by eliminating a centrifugal force.

FIRST DETECTION PRINCIPLE
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Description

BACKGROUND OF THE INVENTION

[0001] This invention relates to an angular velocity
sensor, and more particularly to a sensor capable of de-
tecting multi-dimensional angular velocity components
every respective axes.

[0002] Inthe automobile industry, machinery industry,
and the like, there has been an increased demand for
sensors capable of precisely detecting physical action
such as acceleration or angular velocity. In general, an
acceleration in an arbitrary direction and an angular ve-
locity in an arbitrary rotational direction are applied to
an object which carries out free movement in a three-
dimensional space. For this reason, in order to precisely
grasp movement of the object, it is necessary to inde-
pendently detect acceleration components every re-
spective coordinate axis directions and angular velocity
components about respective coordinate axes in the
XYZ three-dimensional coordinate system, respective-
ly. Therefore, there has been an increased demand for
multi-dimensional acceleration sensors or multi-axial
angular velocity sensors which are compact and has
high accuracy, and which can suppress the manufactur-
ing cost.

[0003] Hitherto, multi-dimensional acceleration sen-
sors of various types have been proposed. For example,
in the International Publication No. WO88/08522 based
on the Patent Cooperation Treaty (U.S.P. No. 4967605
and U.S.P. No. 5182515), the International Publication
No. WO91/10118 based on the Patent Cooperation
Treaty (U.S.P. AppIn. No. 07/761771), the International
Publication No. W0O92/17759 based on the Patent Co-
operation Treaty (U.S.P. AppIn. No. 07/952753), and the
like, there are disclosed acceleration sensors in which
applied acceleration components are detected every re-
spective coordinate axes directions. The feature of
these acceleration sensors is that a plurality of resist-
ance elements, electrostatic capacitance elements or
piezoelectric elements are arranged at predetermined
positions of a substrate having flexibility to detect ap-
plied acceleration components on the basis of changes
in resistance values of the resistance elements, chang-
es in capacitance values of the electrostatic capacitance
elements or changes in voltages produced by the pie-
zoelectric elements. A weight body is attached on the
substrate having flexibility. When an acceleration is ap-
plied, a force is generated at the weight body so that
bending occurs in the flexible substrate. By detecting
this bending on the basis of the above-described chang-
es in resistance values, capacitance values or voltage
values, it is possible to obtain values of acceleration
components in respective axial directions.

[0004] On the contrary, the description of the multi-
axial angular velocity sensors can be hardly found in the
literatures up to now, and such angular velocity sensors
have not been put into practical use. Ordinarily, angular
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velocity sensors are utilized for detecting an angular ve-
locity of a power shaft, etc. of a vehicle, and only have
a function to detect an angular velocity about a specific
single axis. In such cases of determining a rotational ve-
locity of the power shaft, it is sufficient to use an one-
dimensional angular velocity sensor. However, in order
to detect angular velocity with respect to an object which
carries out free movement in a three-dimensional
space, it is necessary to independently detect angular
velocity components about respective axes of the X-ax-
is, the Y-axis and the Z-axis in the XYZ three-dimension-
al coordinate system. In order to detect angular velocity
components about respective axes of the X-axis, the Y-
axis and the Z-axis by using the one-dimensional angu-
lar velocity sensor conventionally utilized, itis necessary
that three sets of such one-dimensional angular velocity
sensors as described above are prepared to attach
them in such specific directions to permit detection of
angular velocity components about respective axes. For
this reason, the structure as the entirety of the sensor
becomes complicated, and the cost also becomes high.
[0005] Underthese circumstances, the inventor of the
present application has proposed a novel multi-axial an-
gular velocity sensor which is compact and has high ac-
curacy, and which can suppress the manufacturing cost.
This novel sensor has been disclosed in the Internation-
al Publication No. W094/23272 based on the Patent
Cooperation Treaty. Moreover, the inventor of the
present application has disclosed several improved
sensors thereof in the Japanese Patent Application No.
191081/1994, the Japanese Patent Application No.
225894/1994 and the Japanese Patent Application No.
258909/1994. In accordance with these novel sensors,
it is possible to detect three-dimensional angular veloc-
ity components about respective axes. This utilizes the
principle that when an object is oscillated in the Z-axis
direction in the state where angular velocity wx about
the X-axis direction is applied, Coriolis force is applied
in the Y-axis direction. For example, an a.c. voltage is
applied to a particular piezoelectric element disposed
on a flexible substrate to oscillate a weight body at-
tached on the flexible substrate in the Z-axis direction.
When the angular velocity wx about the X-axis is ap-
plied, Coriolis force is exerted on the weight body in the
Y-axis direction. Accordingly, the weight body is caused
to undergo displacement in the Y-axis direction. When
this displacement is detected by charges produced by
another piezoelectric element, the applied angular ve-
locity wx can be indirectly detected.

[0006] In the above-described multi-axial angular ve-
locity sensor, it is relatively easy to carry out angular ve-
locity detection about two axes. For example, if Coriolis
force applied in the Y-axis direction can be detected in
the state where the weight body is oscillated in the Z-
axis direction, it is possible to obtain an angular velocity
X about the X-axis. In contrast, if Coriolis force applied
in the X-axis direction can be detected, it is possible to
obtain an angular velocity my about the Y-axis. Namely,
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under the state where the weight body is oscillated in
the same Z-axis direction, it becomes possible to obtain
both the angular velocity wx about the X-axis and the
angular velocity wy about the Y-axis. However, under
the state where the weight body is oscillated in the Z-
axis direction, it is impossible to obtain an angular ve-
locity wz about the Z-axis. In order to obtain the angular
velocity wz about the Z-axis, it is necessary to make a
change to allow the weight body to be oscillated in the
X-axis or Y-axis direction.

[0007] However, in order to change the oscillating di-
rection of a weight body, which has a mass to some de-
gree, from a first direction to a second direction perpen-
dicular to the first direction, it is necessary to once stop
the oscillation of the weight body thereafter to start to
oscillate it in the second direction. Ordinarily, in order to
stop the oscillating object, it takes time to some extent.
In addition, in order to oscillate the object in a different
direction to allow it to be brought into the stable oscillat-
ing state, it also takes a time to some extent. For this
reason, in the case where detection of angular velocity
about three axes is carried out, there was the problem
that the response is lowered.

SUMMARY OF THE INVENTION

[0008] With the above in view, an object of this inven-
tion is to provide an angular velocity sensor which can
detect, with good response, angular velocity compo-
nents with respect to plural different axes.

(1) The first mode of this invention is directed to an
angular velocity sensor comprising:

a weight body having mass;

a sensor casing for accommodating the weight
body therewithin;

supporting means for supporting the weight
body so that it can be moved with a predeter-
mined degree of freedom with respect to the
sensor casing;

driving means for allowing the weight body to
carry out an orbital movement along a prede-
termined orbit within a range of the predeter-
mined degree of freedom;

detecting means for detecting a Coriolis force
applied to the weight body in a first axial direc-
tion perpendicular to a tangential direction of
the orbital movement; and

operation means for obtaining an angular ve-
locity about a second axis perpendicular to both
the tangential direction and the first axial direc-
tion on the basis of a tangential velocity of the
weight body along the orbit and the detected
Coriolis force.

(2) The second mode of this invention is directed to
an angular velocity sensor according to the first
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mode:

wherein the weight body carries out a circular
movement within a predetermined plane ;
wherein the first axis is located in a direction
perpendicular to the plane and the second axis
is located in a radial direction of the circular
movement;

wherein a component in the first axis direction
of a force applied to the weight body is detected
as a Coriolis force; and

wherein an angular velocity about the second
axis is obtained on the basis of a tangential ve-
locity of the weight body and the Coriolis force.

(3) The third mode of this invention is directed to an
angular velocity sensor according to the first mode:

wherein the weight body carries out a circular
movement within a predetermined plane;
wherein the first axis is located in a radial direc-
tion of the circular movement and the second
axis is located in a direction perpendicular to
the plane;

wherein a Coriolis force is detected by eliminat-
ing a centrifugal force component based on the
circular movement from a componentin the first
axial direction of a force applied to the weight
body; and

wherein an angular velocity about the second
axis is obtained on the basis of a tangential ve-
locity of the weight body and the Coriolis force.

(4) The fourth mode of this invention is directed to
an angular velocity sensor according to the first
mode:

wherein the weight body carries out a circular
movement within an XY-plane of an XYZ three-
dimensional coordinate system having an X-
axis, a Y-axis and a Z-axis; and

wherein a Coriolis force is detected when the
weight body passes through the X-axis and the
Y-axis respectively thus to obtain angular ve-
locity components at least about two axes in the
XYZ three-dimensional system.

(5) The fifth mode of this invention is directed to an
angular velocity sensor according to the fourth
mode:

wherein a component in the Z-axis direction of
a force applied to the weight body is detected
as a Coriolis force when the weight body pass-
es through the X-axis with a predetermined in-
stantaneous velocity along the Y-axis direction
and an angular velocity component about the
X-axis is obtained on the basis of the instanta-
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neous velocity and the detected Coriolis force;
wherein a component in the Z-axis direction of
a force applied to the weight body is detected
as a Coriolis force when the weight body pass-
es through the Y-axis with a predetermined in-
stantaneous velocity along the X-axis direction
and an angular velocity component about the
Y-axis is obtained on the basis of the instanta-
neous velocity and the detected Coriolis force;
and

wherein a component in the X-axis direction of
a force applied to the weight body is detected
when the weight body passes through the X-
axis with a predetermined instantaneous veloc-
ity along the Y-axis direction, a Coriolis force is
detected by eliminating a centrifugal force com-
ponent based on the circular movement from
the detected component of force and an angu-
lar velocity component about the Z-axis is ob-
tained on the basis of the instantaneous veloc-
ity and the detected Coriolis force;

thus to obtain angular velocity components
about three axes of the X-axis, the Y-axis and
the Z-axis.

(6) The sixth mode of this invention is directed to an
angular velocity sensor according to the first to the
fifth mode:

wherein an XYZ three-dimensional coordinate
system having an X-axis, a Y-axis and a Z-axis
is defined so that the weight body is positioned
at an origin of the coordinate system;

wherein the driving means comprises a first
force generator for applying a force to the
weight body in a positive direction of the X-axis,
a second force generator for applying a force
to the weight body in a positive direction of the
Y-axis, a third force generator for applying a
force to the weight body in a negative direction
of the X-axis, and a fourth generator for apply-
ing a force to the weight body in a negative di-
rection of the Y-axis; and

wherein the first to fourth force generators are
periodically operated so that the weight body
carries out an orbital movement within an XY-
plane.

(7) The seventh mode of this invention is directed
to an angular velocity sensor according to the first
to the fifth mode:

wherein the supporting means comprises a
flexible substrate having flexibility, a peripheral
portion of the flexible substrate being fixed to
the sensor casing and the weight body being
fixed at a central portion of the flexible sub-
strate,
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wherein the driving means comprises a plurality
of force generators for applying a force in a pre-
determined direction at a predetermined por-
tion of the flexible substrate, the force genera-
tors being disposed on the flexible substrate;
and

wherein the detecting means comprises a plu-
rality of displacement detectors for detecting a
displacement in a predetermined direction of a
predetermined portion of the flexible substrate,
the detecting means being disposed on the
flexible substrate.

(8) The eighth mode of this invention is directed to
an angular velocity sensor according to the seventh
mode:

wherein the flexible substrate comprises an
annular groove located between the peripheral por-
tion and the central portion on a surface of the flex-
ible substrate so that a flexible portion with a thin
thickness is formed in order to provide a structure
such that the central portion produces displacement
with respect to the peripheral portion by bending of
the flexible portion.
(9) The ninth mode of this invention is directed to
an angular velocity sensor according to the seventh
or eighth mode:

wherein an XYZ three-dimensional coordinate
system having an X-axis, a Y-axis and a Z-axis
is defined so that a surface of the flexible sub-
strate is in parallel to an XY-plane;

wherein four force generators are provided for
applying a force in a direction along the Z-axis,
the four force generators being located in pos-
itive and negative areas of the X-axis and pos-
itive and negative areas of the Y-axis, respec-
tively; and

wherein the four force generators are periodi-
cally operated so that the weight body carries
out an orbital movement within the XY-plane.

(10) The tenth mode of this invention is directed to
an angular velocity sensor according to the seventh
or eighth mode:

wherein an XYZ three-dimensional coordinate
system having an X-axis, a Y-axis and a Z-axis
is defined so that a surface of the flexible sub-
strate is in parallel to an XY-plane;

wherein three force generators are provided for
applying a force in a direction along the Z-axis,
the three force generators being located in pos-
itive and negative areas of the X-axis and an
area in a vicinity of an origin of the coordinate
system, respectively; and

wherein the three force generators are period-
ically operated so that the weight body carries
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out an orbital movement within an XZ-plane.

(11) The eleventh mode of this invention is directed
to an angular velocity sensor according to the sev-
enth or eighth mode:

wherein an XYZ three-dimensional coordinate
system having an X-axis, a Y-axis and a Z-axis
is defined so that a surface of the flexible sub-
strate is in parallel to an XY-plane;

wherein first two force generators are provided
for applying a force in a direction along the X-
axis, the first two force generators being locat-
ed in positive and negative areas of the X-axis,
respectively;

wherein second two force generators are pro-
vided for applying a force in a direction along
the Y-axis, the second two force generators be-
ing located in positive and negative areas of the
Y-axis, respectively; and

wherein the first two force generators and the
second two force generators are periodically
operated so that the weight body carries out an
orbital movement within the XY-plane.

(12) The twelfth mode of this invention is directed
to an angular velocity sensor according to the sev-
enth or eighth mode:

wherein an XYZ three-dimensional coordinate
system having an X-axis, a Y-axis and a Z-axis
is defined so that a surface of the flexible sub-
strate is in parallel to an XY-plane and an inside
area in the vicinity of an origin and an outside
area therearound are defined on the flexible
substrate, respectively;

wherein four force generators are provided for
applying a force in a direction along the X-axis,
the four force generators being located in the
inside area and the outside area of a positive
area of the X-axis and the inside area and the
outside area of a negative area of the X-axis,
respectively; and

wherein the four force generators are periodi-
cally operated so that the weight body carries
out an orbital movement within the XZ-plane.

(13) The thirteenth mode of this invention is directed
to an angular velocity sensor according to the sev-
enth or eighth mode:

wherein an XYZ three-dimensional coordinate
system having an X-axis, a Y-axis and a Z-axis
is defined so that a surface of the flexible sub-
strate is in parallel to an XY-plane;

wherein four displacement detectors are pro-
vided for detecting a displacement in a direction
along the Z-axis, the four displacement detec-
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tors being located in positive and negative ar-
eas of the X-axis and positive and negative ar-
eas of the Y-axis, respectively; and

wherein a Coriolis force applied in the X-axis
direction of the weight body is detected by using
the displacement detectors disposed in both
the positive and negative areas of the X-axis
and a Coriolis force applied in the Y-axis direc-
tion of the weight body is detected by using the
displacement detectors disposed in both the
positive and negative areas of the Y-axis.

(14) The fourteenth mode of this invention is direct-
ed to an angular velocity sensor according to the
seventh or eighth mode:

wherein an XYZ three-dimensional coordinate
system having an X-axis, a Y-axis and a Z-axis
is defined so that a surface of the flexible sub-
strate is in parallel to an XY-plane;

wherein first two displacement detectors are
provided for detecting a displacement in a di-
rection along the X-axis, the first two displace-
ment detectors being located in positive and
negative areas of the X-axis, respectively;
wherein second two displacement detectors
are provided for detecting a displacement in a
direction along the Y-axis, the second two dis-
placement detectors being located in positive
and negative areas of the Y-axis, respectively;
and

wherein a Coriolis force applied in the X-axis
direction of the weight body is detected by using
the first two displacement detectors and a Co-
riolis force applied in the Y-axis direction of the
weight body is detected by using the second
two displacement detectors.

(15) The fifteenth mode of this invention is directed
to an angular velocity sensor according to the sev-
enth or eighth mode:

wherein the force generator and the displace-
ment detector comprise a capacitance element
comprising a pair of electrodes of a first electrode
fixed on the flexible substrate and a second elec-
trode fixed on a fixed substrate which is fixed to the
sensor casing and located so as to opposite to the
flexible substrate.
(16) The sixteenth mode of this invention is directed
to an angular velocity sensor according to the sev-
enth or eighth mode:

wherein the force generator and the displace-
ment detector comprise a first electrode fixed on the
flexible substrate, a piezoelectric element fixed to
the first electrode so that bending of the flexible sub-
strate is transmitted and a second electrode fixed
to the piezoelectric element at a position opposite
to the first electrode.
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(17) The seventeenth mode of this invention is di-
rected to an angular velocity sensor according to
the seventh or eighth mode:

wherein the force generator and the displace-
ment detector comprise a first electrode, a second
electrode and a piezoelectric element provided be-
tween the first and second electrodes, the first elec-
trode being fixed on the flexible substrate and the
second electrode being fixed on a fixed substrate
which is fixed to the sensor casing and located so
as to opposite to the flexible substrate.
(18) The eighteenth mode of this invention is direct-
ed to an angular velocity sensor according to the
seventh or eighth mode:

wherein a double functional element having a
function as a force generator and a function as a
displacement detector is prepared and the driving
means and the detecting means are constituted by
the double functional element.
(19) The nineteenth mode of this invention is direct-
ed to an angular velocity sensor according to the
first to the fifth mode:

wherein the supporting means comprises a
fixed substrate fixed to the sensor casing and
a piezoelectric element fixed on a lower part of
the fixed substrate;

wherein the weight body is fixed at a lower part
of the piezoelectric element;

wherein driving means comprises means for
delivering charges to a predetermined position
of the piezoelectric element; and

wherein the detecting means comprises means
for measuring charges produced at a predeter-
mined position of the piezoelectric element.

[0009] In accordance with the angular velocity sen-
sors conventionally used, an approach was employed
to detect, under the state where the weight body is os-
cillated (subjected to reciprocating movement) in a first
direction, a Coriolis force applied in a second direction
to thereby obtain an angular velocity about a third axis.
For this reason, in order to obtain angular velocity com-
ponents about different axes, it was necessary to vary
the oscillating direction or the detecting direction of the
Coriolis force.

[0010] The fundamental idea of this invention resides
in that the weight body is caused to undergo orbital
movement in place of oscillating it. If an object which
carries out an orbital movement is grasped moment by
moment, it has velocity components in a tangential di-
rection of the orbital movement. Accordingly, if it is pos-
sible to detect a Coriolis force applied to the weight body
with respect to the first axis direction perpendicular to
the tangential direction at the moment, it is possible to
obtain, by operation (calculation), an angular velocity
component about the second axis perpendicular to both
the tangential direction and the first axis direction.
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[0011] An oscillating movement is a reciprocating
movement along one axis at all times where a direction
of a velocity component of the movement is that along
the one axis at all times. On the contrary, a direction of
a velocity component of an orbital movement is caused
to be along a tangential line (tangent) of the orbital
movement locus, and varies moment by moment. For
this reason, if detecting time point of a Coriolis force is
suitably set, angular velocity detections with respect to
wide variety of directions can be made.

[0012] While the weight body may be caused to carry
out any orbital movement from a theoretical point of
view, it is preferable from a view point of practical use
to allow the weight body to carry out a circular movement
as a representative orbital movement. The circular
movement can be realized by relatively simple mecha-
nism, and thus becomes very stable movement. In ad-
dition, since a direction (tangential direction) of a veloc-
ity component is regularly changed, detecting process-
ing of a Coriolis force also becomes simple. Particularly,
if an approach is employed to allow the weight body to
carry out a circular movement within the XY-plane of the
XYZ three-dimensional coordinate system and to detect
a Coriolis force when the weight body passes through
the X-axis and the Y-axis, it becomes possible to obtain,
by simple operation (calculation), angular velocity com-
ponents about respective axes in the XYZ three-dimen-
sional coordinate system.

[0013] In order to allow the weight body to carry out
an orbital movement, the weight body is movably sup-
ported with a predetermined degree of freedom within
a sensor casing. Particularly, if a flexible substrate of
which peripheral portion is fixed at the casing is used as
supporting means and the weight body is fixed at the
central portion of the flexible substrate, it is possible to
easily carry out an orbital movement within the plane of
the flexible substrate or within the plane perpendicular
thereto.

[0014] Namely, supposing that a plurality of force gen-
erators for applying a force in a predetermined direction
to a predetermined portion of the flexible substrate are
disposed on the flexible substrate to operate these force
generators alternately or in succession, the weight body
is permitted to carry out an orbital movement. Moreover,
with respect to detection of a Coriolis force, supposing
that a plurality of displacement detectors for detecting a
displacement in a predetermined direction of a prede-
termined portion of the flexible substrate are disposed
on the flexible substrate, detection of a Coriolis force
applied in the predetermined direction can be made. It
should be noted that while in the case where a centrif-
ugal force by the orbital movement is applied, it is nec-
essary to eliminate a force based on the centrifugal force
to detect a genuine Coriolis force. When the weight body
is caused to carry out a constant orbital movement in
advance, the applied centrifugal force takes a known
value so that detection of the genuine Coriolis force is
facilitated.
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[0015] A force generator or a displacement detector
may be constituted with a capacitance element or a pi-
ezoelectric element. For example, a capacitance ele-
ment comprised of a pair of electrodes can be utilized
as a force generator which generates Coulomb's force
by applying a predetermined voltage across both the
electrodes. Moreover, if the distance between both the
electrodes is varied by displacement of one electrode,
the electrostatic capacitance of the capacitance ele-
ment is varied. Thus, such a change can be electrically
detected as well. Accordingly, this capacitance element
may be also utilized as a displacement detector. Simi-
larly, a piezoelectric element can be utilized as a force
generator for generating a stress in a predetermined di-
rection by delivering a predetermined quantity of charg-
es thereto. In addition, when stress is applied to the pi-
ezoelectric element by displacement, charges are pro-
duced in the piezoelectric element. Accordingly, such
charges are electrically detected, thereby making it pos-
sible to use such piezoelectric element as a displace-
ment detector.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016]

Fig. 1 is a perspective view showing the fundamen-
tal principle of a conventionally proposed uniaxial
angular velocity sensor utilizing Coriolis force.

Fig. 2 is a view showing angular velocity compo-
nents about respective axes in the XYZ three-di-
mensional coordinate system, which are subjected
to detection in the angular velocity sensor.

Fig. 3 is a view for explaining the fundamental prin-
ciple to detect angular velocity component wx about
the X-axis by using an angular velocity sensor ac-
cording to this invention.

Fig. 4 is a view for explaining the fundamental prin-
ciple to detect angular velocity component wy about
the Y-axis by using the angular velocity sensor ac-
cording to this invention.

Fig. 5 is a view for explaining the fundamental prin-
ciple to detect angular velocity component wz about
the Z-axis by using the angular velocity sensor ac-
cording to this invention.

Fig. 6 is a view for explaining another fundamental
principle to detect angular velocity component wx
about the X-axis by using the angular velocity sen-
sor according to this invention.

Fig. 7 is a view for explaining another fundamental
principle to detect angular velocity component wy
about the Y-axis by using the angular velocity sen-
sor according to this invention.

Fig. 8 is a view for explaining another fundamental
principle to detect angular velocity component wz
about the Z-axis by using the angular velocity sen-
sor according to this invention.

Fig. 9 is a view showing respective axes participat-
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ing in detection of angular velocity in the case where
the weigh body 40 is caused to undergo a circular
movement along a circular orbit 41.

Fig. 10 is a principle diagram for explaining the first
detection principle of this invention.

Fig. 11 is a principle diagram for explaining the sec-
ond detection principle of this invention.

Fig. 12 is a block diagram showing the fundamental
configuration of an angular velocity sensor accord-
ing to this invention.

Fig. 13 is a principle diagram for explaining the first
detection principle of this invention in the XYZ three-
dimensional coordinate system.

Fig. 14 is a principle diagram for explaining the sec-
ond detection principle of this invention in the XYZ
three-dimensional coordinate system.

Fig. 15 is a view showing an example of the config-
uration and the arrangement of driving means
shown in Fig. 12.

Fig. 16 is a view for explaining the operation for al-
lowing the weight body to carry out a circular move-
ment by the driving means shown in Fig. 15.

Fig. 17 is a waveform diagram showing current sig-
nals S1 to S4 delivered to force generators G1 to
G4 constituting the driving means shown in Fig. 15.
Fig. 18 is a view showing an example of the config-
uration and the arrangement with respect to the
driving means and the detecting means shown in
Fig. 12.

Fig. 19 is a side cross sectional view showing an
embodiment of an angular velocity sensor wherein
the force generator and the displacement detector
are constituted by capacitance elements.

Fig. 20 is a top view of flexible substrate 110 in the
angular velocity sensor shown in Fig. 19, wherein
the cross section cut along the X-axis of the flexible
substrate 110 shown in Fig. 20 is shown in Fig. 19.
Fig. 21 is a side cross sectional view showing an-
other embodiment of an angular velocity sensor
wherein the force generator and the displacement
detector are constituted by capacitance elements.
Fig. 22 is a top view of flexible substrate 110 in the
angular velocity sensor shown in Fig. 21, wherein
the cross section cut along the X-axis of the flexible
substrate 110 shown in Fig. 22 is shown in Fig. 21.
Figs. 23A and 23B are views for explaining polari-
zation characteristic of the piezoelectric element of
the type | utilized for the angular velocity sensor ac-
cording to this invention.

Figs. 24A and 24B are views for explaining polari-
zation characteristic of the piezoelectric element of
the type Il utilized for the angular velocity sensor
according to this invention.

Fig. 25 is a side cross sectional view showing an
embodiment of an angular velocity sensor wherein
the force generator and the displacement detector
are constituted by a piezoelectric element of the
type | shown in Figs. 23A and 23B.
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Fig. 26 is a top view of flexible substrate 210 in the
angular velocity sensor shown in Fig. 25, wherein
the cross section cut along the X-axis of the flexible
substrate 210 shown in Fig. 26 is shown in Fig. 25.
Fig. 27 is a cross sectional view showing a further
embodiment of an angular velocity sensor wherein
the force generator and the displacement detector
are constituted by a piezoelectric element of the
type | shown in Figs. 23A and 23B.

Fig. 28 is a top view of flexible substrate 210 in the
angular velocity sensor shown in Fig. 27, wherein
the cross section cut along the X-axis of the flexible
substrate 210 shown in Fig. 28 is shown in Fig. 27.
Fig. 29 is a side cross sectional diagram showing
an embodiment of an angular velocity sensor
wherein the force generator and the displacement
detector are constituted by a piezoelectric element
of the type Il shown in Figs. 24A and 24B.

Fig. 30 is a top view of piezoelectric element 330 in
the angular velocity sensor shown in Fig. 29.

Fig. 31is a bottom view of piezoelectric element 330
in the angular velocity sensor shown in Fig. 29.
Fig. 32 is a top view of piezoelectric element 330 in
a modified example of the angular velocity sensor
shown in Fig. 29.

Fig. 33 is a side cross sectional view of another
modified example of the angular velocity sensor
shown in Fig. 29.

Fig. 34 is a conceptual view showing an example of
the configuration of an angular velocity sensor us-
ing a double functional element for production of
force and detection of displacement.

Fig. 35 is a side cross sectional view showing an
embodiment in which a double functional element
is applied to the angular velocity sensor using ca-
pacitance elements shown in Fig. 19 so that the
structure is simplified.

Fig. 36 is a top view of flexible substrate 110 in the
angular velocity sensor shown in Fig. 35, wherein
the cross section cut along the X-axis of the flexible
substrate 110 shown in Fig. 36 is shown in Fig. 35.
Fig. 37 is a circuit diagram showing an example of
a signal processing circuit used for operating the
angular velocity sensor shown in Fig. 35.

Fig. 38 is a side cross sectional view showing an
embodiment in which a double functional element
is applied to the angular velocity sensor using a pi-
ezoelectric element of the type | shown in Fig. 25
so that the structure is simplified.

Fig. 39 is a top view of the flexible substrate 210 in
the angular velocity sensor shown in Fig. 38, where-
in the cross section cut along the X-axis of the flex-
ible substrate 210 shown in Fig. 39 is shown in Fig.
38.

Fig. 40 is a side cross sectional view showing a fur-
ther embodiment in which a double functional ele-
ment is applied to the angular velocity sensor using
a piezoelectric element of the type | shown in Fig.
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Fig. 41 is a top view of flexible substrate 210 in the
angular velocity sensor shown in Fig. 40, wherein
the cross section cut along the X-axis of the flexible
substrate 210 shown in Fig. 41 is shown in Fig. 40.
Fig. 42 is a side cross sectional view showing stress
distribution produced when flexible substrate 210
constituting the angular velocity sensor according
to this invention is caused to undergo bending.
Fig. 43 is a plan view showing inside area A1 and
outside area B2 determined on the basis of the
stress distribution shown in Fig. 42.

Fig. 44 is a circuit diagram showing an example of
a signal processing circuit used for operating the
angular velocity sensor shown in Fig. 38.

Fig. 45 is a circuit diagram showing an example of
a signal processing circuit used for operating the
angular velocity sensor shown in Fig. 29.

Fig. 46 is a side cross sectional view showing an
embodiment in which a double functional element
is applied to the angular velocity sensor using a pi-
ezoelectric element of the type Il shown in Fig. 29
so that the structure is simplified.

Fig. 47 is a top view of piezoelectric element 330 in
the angular velocity sensor shown in Fig. 46, where-
in the cross section cut along the X-axis of the pie-
zoelectric element 330 shown in Fig. 47 is shown in
Fig. 46.

Fig. 48 is a circuit diagram showing an example of
a signal processing circuit used for operating the
angular velocity sensor shown in Fig. 46.

Fig. 49 is a side cross sectional view of a modified
example of the angular velocity sensor shown in
Fig. 46.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0017] This invention will now be described below in
accordance with the embodiments shown.

§1 Detection Principle Of Angular Velocity

[0018] Initially, a detection principle of an angular ve-
locity by a uniaxial angular velocity sensor which forms
the foundation of a multi-axial angular velocity sensor
according to this invention will be briefly described. Fig.
1 is a view showing a fundamental principle of an angu-
lar velocity sensor disclosed in Japanese Magazine
"THE INVENTION" complied under the supervision of
the Japanese Patent Office, vol. 90, No. 3 (1993), page
60. An oscillator 10 in a square pillar form is prepared
and consideration is now made in connection with an
XYZ three-dimensional coordinate system in which X-,
Y- and Z-axes are defined in directions as shown. In
such a system, in the case where the oscillator 10 is
carrying out rotational movement at an angular velocity
o with the Z-axis being as the axis of rotation, itis known
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that a phenomenon as described below takes place.
[0019] Namely, when the oscillator 10 is caused to
produce such an oscillation U to reciprocate it in the X-
axis direction, a Coriolis force F takes place in the Y-axis
direction. In other words, when the oscillator 10 is rotat-
ed with the Z-axis being as a center axis in the state
where it is oscillated along the X-axis of the figure, a
Coriolis force F is produced in the Y-axis direction. This
phenomenon is a dynamical phenomenon known for
long as Foucault's pendulum. A Coriolis force F pro-
duced is expressed as follows:

F=2m-v- o

In the above expression, m is mass of the oscillator 10,
v is an instantaneous velocity with respect to oscillation
of the oscillator 10, and o is an instantaneous angular
velocity of the oscillator 10.

[0020] The uniaxial angular velocity sensor disclosed
in the previously described magazine serves to detect
an angular velocity o by making use of the above phe-
nomenon. Namely, as shown in Fig. 1, a first piezoelec-
tric element 11 is attached on a first surface of the os-
cillator 10 in square pillar form, and a second piezoelec-
tric element 12 is attached on a second surface perpen-
dicular to the first surface. As piezoelectric elements 11,
12, an elementin a plate form comprised of piezoelectric
ceramic is used. In order to allow the oscillator 10 to
produce oscillation U, the piezoelectric element 11 is uti-
lized. Further, in order to detect a Coriolis force F pro-
duced, the piezoelectric element 12 is utilized. Namely,
when an a.c. voltage is applied to the piezoelectric ele-
ment 11, this piezoelectric element 11 repeats expan-
sive and contractive movements and oscillates in the X-
axis direction. This oscillation U is transmitted to the os-
cillator 10, so the oscillator 10 oscillates in the X-axis
direction. As stated above, when the oscillator 10 itself
rotates at an angular velocity o with the Z-axis being as
a center axis in the state where the oscillator 10 is
caused to undergo oscillation U, a Coriolis force F is pro-
duced in the Y-axis direction by the above-described
phenomenon. Since this Coriolis force F is exerted in a
thickness direction of the piezoelectric element 12, a
voltage V proportional to the Coriolis force F is produced
across both the surfaces of the piezoelectric element 12.
Accordingly, by measuring this voltage V, it becomes
possible to detect an angular velocity .

[0021] The above-described angular velocity sensor
serves as a uniaxial angular velocity sensor to detect an
angular velocity component about the Z-axis, and is
therefore unable to detect an angular velocity compo-
nent about the X-axis or the Y-axis. Multi-axial angular
velocity sensors for which demand is required at present
in the field of industry are, as shown in Fig. 2, a multi-
axial angular velocity sensor capable of independently
detecting an angular velocity component wx about the
X-axis (hereinafter simply referred to as an angular ve-
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locity wx depending upon circumstances), an angular
velocity component wy about the Y-axis (hereinafter
simply referred to as an angular velocity oy depending
upon circumstances), and an angular velocity compo-
nent mz about the Z-axis (hereinafter simply referred to
as an angular velocity wz depending upon circumstanc-
es), respectively, in the XYZ three-dimensional coordi-
nate system with respect to a predetermined object 20.
[0022] The fundamental principle thereof will now be
described with reference to Figs. 3 to 5. It is now as-
sumed that an oscillator 30 is placed at the origin posi-
tion of the XYZ three-dimensional coordinate system. In
order to detect angular velocity component wx about the
X-axis of the oscillator 30, it is sufficient to measure a
Coriolis force Fy produced in the Y-axis direction when
the oscillator 30 is caused to undergo oscillation Uz in
the Z-axis direction as shown in Fig. 3. The Coriolis force
Fy takes a value proportional to angular velocity wx. Fur-
ther, in order to detect angular velocity wy about the Y-
axis of the oscillator 30, it is sufficient to measure a Co-
riolis force Fz produced in the Z-axis direction when the
oscillator 30 is caused to undergo oscillation Ux in the
X-axis direction as shown in Fig. 4. The Coriolis force
Fz takes a value proportional to angular velocity wy. In
addition, in order to detect angular velocity component
mz about the Z-axis of the oscillator 30, it is sufficient to
measure a Coriolis force Fx produced in the X-axis di-
rection when the oscillator 30 is caused to undergo os-
cillation Uy in the Y-axis direction as shown in Fig. 5.
The Coriolis force Fx takes a value proportional to an-
gular velocity wz.

[0023] Eventually, in order to detect angular velocity
components every respective axes in the XYZ three-di-
mensional coordinate system, the mechanism for oscil-
lating the oscillator 30 in the X-axis direction, the mech-
anism for oscillating it in the Y-axis direction and the
mechanism for oscillating it in the Z-axis direction; and
the mechanism for detecting Coriolis force Fx in the X-
axis direction exerted on the oscillator 30, the mecha-
nism for detecting Coriolis force Fy in the Y-axis direc-
tion exerted thereon and the mechanism for detecting
Coriolis force Fz in the Z-axis direction exerted thereon
are required. Nevertheless, in order to detect angular
velocity components about three axes, it cannot be nec-
essarily said that the above-mentioned mechanisms are
all required. In'place of the above-described principle
shown in Figs. 3 to 5, detection using the principle
shown in Figs. 6 to 8 can be made. Namely, an angular
velocity wx about the X-axis of the oscillator 30 can be
detected by measuring Coriolis force Fz produced in the
Z-axis direction when the oscillator 30 is caused to un-
dergo oscillation Uy in the Y-axis direction as shown in
Fig. 6. Moreover, angular velocity my about the Y-axis
of the oscillator 30 can be detected by measuring Cori-
olis force Fx produced in the X-axis direction when the
oscillator 30 is caused to undergo oscillation Uz in the
Z-axis direction as shown in Fig. 7. In addition, an an-
gular velocity wz about the Z-axis of the oscillator 30 can
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be detected by measuring Coriolis force Fy produced in
the Y-axis direction when the oscillator 30 is caused to
undergo oscillation Ux in the X-axis direction as shown
in Fig. 8.

[0024] Accordingly, in the case of detecting angular
velocity components about two axes, it is sufficient that
one oscillating mechanism and two detecting mecha-
nisms are provided. For example, in the case of detect-
ing angular velocity wx about the X-axis by the principle
shown in Fig. 3 and detecting angular velocity wy about
the Y-axis by the principle shown in Fig. 7, it is sufficient
that the mechanism for producing oscillation in the Z-
axis direction, the mechanism for detecting Coriolis
force Fy in the Y-axis direction and the mechanism for
detecting Coriolis force Fx in the X-axis direction are
provided. In this case, it is possible to detect angular
velocity components about the X-axis and the Y-axis un-
der the state where the oscillator 30 is caused to under-
go oscillation in the Z-axis direction. However, it is im-
possible to detect angular velocity oz about the Z-axis
under the state where the oscillator 30 is caused to un-
dergo oscillation in the Z-axis direction. In order to de-
tect angular velocity mz about the Z-axis, it is necessary
to make a change to allow the oscillator 30 to be oscil-
lated in the X-axis (Fig. 8) direction or in the Y-axis (Fig.
5) direction.

[0025] As stated above, in order to detect angular ve-
locity components about three axes in the convention-
ally proposed angular velocity sensor, it is necessary to
oscillate the oscillator 30 at least in two directions. How-
ever, in practice, in order to change oscillating direction
of the oscillator, it is necessary to stop oscillation of the
weight body thereafter to allow it to undergo oscillation
in a new oscillating direction for a second time. For this
reason, a time is required to some extent. Particularly,
in order to obtain a detection value of high accuracy, it
is necessary to wait until the oscillating state becomes
stable. As a result, response would be lowered to much
degree. For example, it is possible to detect angular ve-
locity mx about the X-axis and angular velocity wy about
the Y-axis in the state where the oscillator is caused to
undergo oscillation in the Z-axis direction. However, in
order to subsequently detect angular velocity wz about
the Z-axis, it is necessary to allow the oscillator to be
stationary and thereafter to oscillate it, e.g., in the X-axis
direction for a second time. In addition, it is impossible
to detect angular velocity mz about the Z-axis until the
oscillation in the X-axis direction becomes stable. Ac-
cordingly, in the case where there is a necessity of se-
quentially detecting, on real time basis, angular velocity
components wx, wy, ®z about three axes, there would
result relatively lower response.

[0026] An object of this invention is to provide an an-
gular velocity sensor which solves such problems with
the prior arts, and which can detect, with good response,
angular velocity components with respect to plural dif-
ferent axes.

10

15

20

25

30

35

40

45

50

55

10

§2 Detection Principle Of Angular Velocity Sensor
According To This Invention

[0027] Subsequently, the detection principle of the an-
gular velocity sensor according to this invention will be
described below. It is now assumed that an object (here-
inafter referred to as a weight body in this specification)
40 having a predetermined mass m carries out an orbital
movement along a predetermined orbit 41, as shown in
Fig. 9. The "orbital movement" mentioned here may be
any movement along an orbit comprised of a closed
loop. Accordingly, an elliptical movement or movement
on an orbit including parabola, hyperbola, free curve
may be employed. However, it is preferable in practice
that a circular movement is employed because it is the
simplest. In view of the above, explanation will be given
in connection with the example where the weight body
40 is caused to undergo a circular movement in all of
embodiments described below, but this invention is not
limited to such a circular movement.

[0028] In the case where the weight body 40 is carry-
ing out a circular movement, the orbit 41 becomes a cir-
cular orbit having a center O and a radius r. When con-
sideration is now made in connection with velocity com-
ponents of the weight body 40 at the moment, they are
directed to a tangential direction Dt of the circular orbit
41. At this time, consideration is made in connection with
two directions perpendicular to the tangential direction
Dt. Since the weight body 40 is carrying out the circular
movement in the example of Fig. 9, consideration is
made in connection with the radial direction Dr of the
circular movement and the direction Du perpendicular
to the plane including the circular orbit 41. In this case,
two axes Dt, Dr are axes defined only at a moment. If
time passes, the weight body 40 moves along the circu-
lar orbit41. For this reason, directions of respective axes
will be changed. Accordingly, respective physical ac-
tions in the two detection principles described below are
all physical actions at moment.

[0029] Fig. 10is a principle view for explaining the first
detection principle of this invention. When the weight
body 40 having mass m is carrying out a circular move-
ment along the circular orbit 41 as described above, ve-
locity vector Vt of the weight body 40 is directed to the
tangential direction Dt. At this time, if an angular velocity
o is assumed to be applied (exerted) about the axis
along the radial direction Dr with respect to the entirety
of the detection system, a Coriolis force Fco is produced
along the direction Du which is perpendicular to the cir-
cular orbit 41 (the direction perpendicular to the plane
including the circle). Between Coriolis force Fco, mass
m of the weight body 40, velocity Vt in the tangential
direction of the weight body and the applied angular ve-
locity o, the following relationship expressed below
holds:

Fco=2m - Vt- .
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[0030] Inthe above relational expression, mis a value
which can be known as mass of the weight body 40.
Moreover, velocity Vtis a value which can be measured.
Particularly, if the weight body 40 is moved along the
circular orbit 41 with a constant velocity by a predeter-
mined driving mechanism, the velocity Vt takes a fixed
known value at all times. Accordingly, if Coriolis force
Fco can be detected, it is possible to obtain angular ve-
locity o by operation (calculation) on the basis of the
above-described relational expression. In the case
where the weight body 40 is carrying out a circular
movement along the circular orbit 41 as in this example,
a centrifugal force based on the circular movement is
not applied with respect to the direction Du perpendic-
ular to the circular orbit 41. Accordingly, if an external
force such as acceleration or electromagnetic force, etc.
is not applied to the weight body 40, force Fu applied in
the direction Du with respect to the weight body 40 be-
comes equal to Coriolis force Fco. In view of the above,
by detecting the force Fuin the direction Du, it is possible
to obtain Coriolis force Fco.

[0031] Eventually, the first detection principle indi-
cates that if force Fu applied in the Du direction to the
weight body 40 is obtained in the state where the weight
body 40 is caused to undergo a circular movement, it is
regarded that the force Fu is a Coriolis force Fco which
can be used in the above-described relational expres-
sion. Therefore an angular velocity o about the axis
along the radial direction Dr of the circular movement
can be obtained. In this case, the radial direction Dr of
the circular movement is a direction indicated by the ar-
row which points from the central point O toward the out-
side, and is a direction varying moment by moment with-
in the plane including the circular orbit 41. Accordingly,
if the angular velocity detection based on the first detec-
tion principle is carried out, it becomes possible to detect
angular velocity components about the axes along all
directions within the plane while the weight body 40
makes a circular movement along the circular orbit 41.
[0032] On the other hand, Fig. 11 is a principle dia-
gram for explaining the second detection principle of this
invention. When the weight body 40 having mass m is
caused to undergo a circular movement along the cir-
cular orbit 41 similarly to the previously described first
detection principle, the velocity vector Vt of the weight
body 40 is directed to the tangential direction Dt, as
shown in Fig. 11. At this time, if angular velocity o is
assumed to be applied about the axis along the direction
Du perpendicular to the circular orbit 41 with respect to
the entirety of the detection system, Coriolis force Fco
is produced along the radial direction Dr of the circular
movement. Between the Coriolis force Fco, mass m of
the weight body 40, tangential direction velocity Vt of the
weight body 40 and the applied angular velocity o, the
following relationship expressed below holds.

Fco=2m - Vt- o.
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[0033] Accordingly, if it is possible to detect Coriolis
force Fco similarly to the above-described first detection
principle, it is possible to obtain, by operation (calcula-
tion), angular velocity @ on the basis of the above-de-
scribed relational expression. However, it is to be noted
that the second detection principle differs from the first
detection principle in that centrifugal force Fce based on
the circular movement is added in the radial direction
Dr. Namely, if it is assumed that an external force such
as acceleration or electromagnetic force, etc. is not ap-
plied to the weight body 40, the force Fr applied in the
radial direction Dr with respect to the weight body 40
becomes equal to a value obtained by synthesizing the
Coriolis force Fco with the centrifugal force Fce. In this
case, if the circular movement can be specified, the
magnitude of the centrifugal force Fce can be obtained
by calculation. Namely, when mass of the weight body
is m, the radius of the circular movement is r, and the
angular velocity of the circular movement is Q, a value
of the centrifugal force Fce can be obtained by the fol-
lowing relational expression:

Fce=m-r-§22.

[0034] Inview of the above, if force Fr along the radial
direction Dr is detected and the component of the cen-
trifugal force Fce is eliminated therefrom, the Coriolis
force Fco can be obtained.

[0035] Eventually, the second detection principle indi-
cates that when force Fr applied in the radial direction
Dr with respect to the weight body 40 is obtained in the
state where the weight body 40 is caused to undergo a
circular movement and a value of Coriolis force Fco is
obtained by eliminating the component Fce of the cen-
trifugal force from the force Fr, it is possible to obtain
angular velocity o about the axis along the direction Du
perpendicular to the circular orbit 41 by using the above-
described relational expression.

[0036] It is to be noted that in the case an external
force such as acceleration or electromagnetic force
(there will be some influence in the case where the
weight body 40 is magnetic body), etc., it is sufficient to
use a conventional acceleration sensor or a convention-
al magnetic sensor, etc. to detect acceleration or mag-
netic force to carry out correction based on the detection
value. For example, in the case of carrying out detection
based on the first detection principle, it is sufficient to
eliminate component based on acceleration or magnetic
force from the force Fu applied in the Du direction to
obtain Coriolis force Fco. In the case of carrying out de-
tection based on the second detection principle, it is suf-
ficient to eliminate centrifugal force Fce from the force
Fr applied in the Dr direction, and to eliminate compo-
nent based on acceleration or magnetic force thus to
obtain Coriolis force Fco.

[0037] Fig. 12 is a block diagram showing the funda-
mental configuration of an angular velocity sensor which
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carries out detection of angular velocity by the above-
described principle. Since the weight body 40 should
carry out an orbital movement along the predetermined
orbit 41, it is necessary for accommodating the weight
body 40 within a sensor casing 42 in order that the orbital
movement is not impeded. Therefore, it is necessary to
support the weight body 40 by the casing 42. However,
since the orbital movement cannot be carried out if the
weight body 40 is fixed to the sensor casing 42, support-
ing means 43 for movably supporting it with a predeter-
mined degree of freedom is required. Moreover, driving
means 44 for allowing the weight body 40 to undergo
an orbital movement, detecting means 45 for detecting
Coriolis force inevitable for the above-described detec-
tion principle, and operation means 46 for executing an
operation (calculation) based on the above-described
detection principle become essential components. How
these respective components are realized in a more
practical manner will be described in detail in the more
practical embodiments which will be described later.

§3 Detection Of Angular Velocity Components About
Three Axes In The XYZ Three-dimensional Coordinate

System

[0038] While detection of an angular velocity compo-
nent about an arbitrary axis can be made in accordance
with the above-described fundamental principle, itis suf-
ficient from a viewpoint of practical use that three com-
ponents of the angular velocity component wx about the
X-axis, the component wy about the Y-axis, and the
component ®wz about the Z-axis in the XYZ three-dimen-
sional coordinate system. In view of the above, the prin-
ciple for carrying out such detection of angular velocity
components about the three axes will be described be-
low.

[0039] Now, an XYZ three-dimensional coordinate
system is defined as shown in Fig. 13. Supposing that
an orbit 41. consisting of circle is included within the XY-
plane with the origin 0 being as the center and the weight
body 40 is carrying out a circular movement along the
orbit 41. Eventually, the weight body 40 will carry out a
circular movement so as to revolve around the origin O
within the XY-plane. Therefore, angular velocity detec-
tion based on the fundamental principle described in the
chapter §2 is carried out when the weight body 40 pass-
es through the X-axis and the Y-axis.

[0040] Initially, let consider the detection based on the
first detection principle described in the chapter §2. As
shown in Fig. 13, the weight body 40 passes through
the X-axis at point Px. Since instantaneous velocity vec-
tor Vy of the weight body 40 at this time is directed to
the tangential direction of the circular orbit 41 at the point
Px, the vector Vy becomes in parallel to the Y-axis. Fur-
ther, if a force Fz in the Z-axis direction applied to the
weight body 40 is obtained at this time point, the force
Fzis equal to a Coriolis force Fco produced on the basis
of the angular velocity wx about the X-axis applied to
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the entirety of the detection system. Accordingly, if the
force Fz applied to the weight body 40 is detected at the
point Px, the angular velocity component wx about the
X-axis can be obtained by the following relational ex-
pression

Fz=Fco=2m " Vy - ox,

where mass of the weight body 40 is m.

[0041] Moreover, the weight body 40 passes through
the Y-axis at the point Py. Since the instantaneous ve-
locity vector Vx of the weight body 40 at this time is di-
rected to the tangential direction of the circular orbit 41
at the point Py, the vector Vx becomes in parallel to the
X-axis. Further, if a force Fz in the Z-axis direction ap-
plied to the weight body 40 is obtained at this time point,
the force Fz is equal to a Coriolis force Fco produced
on the basis of the angular velocity component wy about
the Y-axis applied to the entirety of the detection system.
Accordingly, if the force Fz applied to the weight body
40 is detected at the point Py, the angular velocity com-
ponent wy about the Y-axis can be obtained by using
the following relational expression

Fx=Fco=2m - Vx - oy,

where mass of the weight body 40 is m.

[0042] Eventually, according to the first detection prin-
ciple described in the chapter §2, it is possible to detect
an angular velocity component wx about the X-axis at
the moment when the weight body 40 passes through
the X-axis and to detect an angular velocity component
oy about the Y-axis at the moment when the weight body
40 passes through the Y-axis.

[0043] Subsequently, let consider detection by the
second detection principle described in the second
chapter §2. As shown in Fig. 14, a force Fx in the X-axis
direction applied to the weight body 40 is obtained when
the weight body 40 passes through the X-axis at the
point Px. The obtained force Fx is equal to a synthetic
force of a Coriolis force Fco produced on the basis of
an angular velocity component wz about the Z-axis ap-
plied to the entirety of the detection system and a cen-
trifugal force Fce applied to the weight body 40. Accord-
ingly, if the force Fx applied to the weight body 40 is de-
tected at the point Px, the angular velocity component
wz about the Z-axis can be obtained by using the follow-
ing relational expression:

Fx - Fce =Fco=2m"Vy" 0z,

where mass of the weight body 40 is m.

[0044] Moreover, a force Fy in the Y-axis direction ap-
plied to the weight body 40 is obtained when the weight
body 40 passes through the Y-axis at the point Py. The
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force Fy is equal to a synthetic force of a Coriolis force
Fco produced on the basis of an angular velocity oz
about the Z-axis exerted on the entirety of this detection
system and a centrifugal force Fce applied to the weight
body .40. Accordingly, if the force Fy applied to the
weight body 40 is detected at the point Py, the angular
velocity oz about the Z-axis can be obtained by using
the following relational expression:

Fy - Fce =Fco=2m - Vx - oz,

where mass of the weight body 40 is m.

[0045] Eventually, according to the second detection
principle described in the chapter §2, it is possible to
detect an angular velocity component wz about the Z-
axis when the weight body 40 passes through the X-axis
or the Y-axis. Actually, in accordance with the second
detection principle, it is possible to detect an angular ve-
locity component oz about the Z-axis at any moment as
far as the weight body 40 is on the orbit 41.

[0046] As stated above, if the weight body 40 is
caused to undergo a circular movement within the XY-
plane of the XYZ three-dimensional coordinate system
and detections of a Coriolis force is carried out when the
weight body 40 passes through the X-axis and Y-axis,
it becomes possible to detect three components of the
angular velocity mx about the X-axis, the angular veloc-
ity wy about the Y-axis, and the angular velocity wz about
the Z-axis on the basis of the first detection principle or
the second detection principle.

[0047] In more practical sense, if an approach is em-
ployed to respectively detect a force component Fz in
the Z-axis direction every time when the weight body 40
passes through the point Px and the point Py, as shown
in Fig. 13, for example, it is possible to respectively ob-
tain angular velocity components wx and wy. Further, as
shown in Fig. 14, if a force component Fx in the X-axis
direction is detected every time when the weight body
40 passes through the point Px and a correction by the
centrifugal force Fce is carried out, itis possible to obtain
an angular velocity mz. Therefore, when the weight body
40 passes through the point Px, it is necessary to detect
both the force Fz (as shown in Fig. 13) and the force Fx
(as shown in Fig. 14), simultaneously. This double de-
tection of the forces Fx and Fz can be realized by pre-
paring a pair of individual force sensors.

[0048] Eventually, for a time period during which the
weight body 40 goes around on the circular orbit 41, it
is possible to respectively obtain angular velocity com-
ponents wXx, wy, ®z with respect to the three axes. Since
the circular movement velocity of the weight body 40 can
be maintained atrelatively higher value, response as the
three axes velocity sensor becomes extremely high. It
is of course that if similar detection is carried out also
when the weight body 40 passes through the negative
area of the X-axis or the Y-axis (not shown), response
is further improved.
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§4 Driving Means And Detecting Means

[0049] Inthe angular velocity sensor according to this
invention, driving means for allowing the weight body to
carry out an orbital movement and detecting means for
detecting a Coriolis force applied to the weight body be-
come essential components. In view of the above, the
configuration and the arrangement of driving means and
detecting means which is suitable in the case where the
weight body is caused to undergo an circular movement
within the XY-plane will be briefly described.

[0050] An example of the configuration and the ar-
rangement of the driving means is first shown in Fig. 15.
In this example, a weight body 40 is indicated at the or-
igin position O of the XY-plane. Around the weight body
40, four force generators G1 to G4 are arranged. The
first force generator G1 arranged in the positive area of
the X-axis has a function to apply force to the weight
body 40 in the positive direction of the X-axis, the sec-
ond force generator G2 arranged in the positive area of
the Y-axis has a function to apply force to the weight
body 40 in the positive direction of the Y-axis, the third
force generator G3 arranged in the negative area of the
X-axis has a function to apply force to the weight body
40 in the negative direction of the X-axis and the fourth
force generator G4 arranged in the negative area of the
Y-axis has a function to apply force to the weight body
40 in the negative direction of the Y-axis. In a neutral
state where these four force generators G1 to G4 are
not operative, the weight body 40 is supported with re-
spect to the sensor casing so that it is in a stationary
state at the position of the origin O of the figure. It is to
be noted that the weight body 40 is movably supported
with a predetermined degree of freedom, and can be
caused to undergo a displacement as indicated by po-
sitions A to E shown in Fig. 16 by operating the four force
generators G1 to G4. In more practical sense, it is suf-
ficient to attach the weight body 40 at the sensor casing
by means of elastic (resilient) member, e.g., spring, etc.
[0051] The force generators G1 to G4 may be consti-
tuted by, e.g., electromagnet. In this case, itis necessary
to constitute the weight body 40 with a magnetic body
such as iron, etc. in order that it can receive magnetic
attractive force. In order to allow the weight body 40 to
carry out a circular movement by four electromagnets,
it is sufficient to prepare four sine half-wave rectification
signals S1 to S4 of which phases are shifted in succes-
sion by /2 as shown in Fig. 17. When these signals are
respectively delivered to the force generators G1 to G4,
the force generators G1 to G4 operate periodically. Let-
ters of A to E indicated below the graph of Fig. 17 cor-
respond to positions A to E shown in Fig. 16, and indi-
cate positions of the weight body 40 at respective time
points. For the time period of 0 to w indicated on the time
base, the weight body 40 moves on a circular orbit up
to the positions A to E. It should be noted that, from a
viewpoint of practical design for a commercial product,
it is prefer to allow a radius of the circular movement of
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the weight body 40 to be smaller than the radius of the
weight body 40 itself. In Fig. 16, looking at a locus of the
center of gravity of the weight body 40, it will be under-
stood that the weight body 40 is carrying out a circular
movement, though the radius of the circular movement
is smaller than that of the weight body 40 itself.

[0052] While the example where attractive force is ap-
plied to the weight body to allow it to carry out a circular
movement has been described, repulsive force may be
applied in a manner opposite to the above to allow the
weight body to carry out a circular movement. Moreover,
if force generators having a function to apply both at-
tractive force and repulsive force are used, the weight
body is permitted to undergo a circular movement only
by two sets of force generators (force generator G1 ar-
ranged on the X-axis and the force generator G2 ar-
ranged on the Y-axis in Fig. 16, for example). It is of
course that if four sets of force generators having a func-
tion to apply both attractive force and repulsive force are
prepared to arrange them as shown in Fig. 16, the
weight body is permitted to more efficiently undergo a
circular movement.

[0053] Subsequently, the example where six dis-
placement detectors are further arranged as detecting
means in addition to the above-described force detec-
tors G1 to G4 (driving means) is shown in Fig. 18. While
the detecting means in this invention is a component for
detecting a Coriolis force of a predetermined direction
applied to the weight body 40 as previously described,
there is employed here such a configuration to detect a
displacement of the weight body 40 to thereby indirectly
detect a force applied to the weight body 40. In order to
obtain a genuine Coriolis force, a correction might be
done, as occasion demands, to eliminate a centrifugal
force or a force based on acceleration or magnetism. In
Fig. 18, the displacement detector D1 detects displace-
ment in the positive direction of the X-axis of the weight
body 40, the displacement detector D2 detects displace-
ment in the positive direction of the Y-axis of the weight
body 40, the displacement detector D3 detects displace-
ment in the negative direction of the X-axis of the weight
body 40, the displacement detector D4 detects displace-
ment in the negative direction of the Y-axis of the weight
body 40, the displacement detector D5 detects displace-
ment in the positive direction of the Z-axis of the weight
body 40 and the displacement detector D6 detects dis-
placement in the negative direction of the Z-axis of the
weight body 40.

[0054] In the case where the weight body 40 is sup-
ported by a spring with respect to a sensor casing, linear
relationship through a spring constant is maintained be-
tween a force applied to the weight body 40 and a dis-
placement produced. Therefore, a value of displace-
ment in respective directions detected by the displace-
ment detectors can be dealt as a value of a force com-
ponent applied in respective directions. Moreover, even
if such a linear relationship is not maintained between
force and displacement, since the relationship therebe-
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tween can be actually measured with respect to an ac-
tually trial manufactured angular velocity sensor, both
physical actions can be caused to correspond to each
other on the basis of the actually measured relationship.
Anyway, displacement detected by the displacement
detector can be dealt as applied force. Accordingly,
force +Fx in the positive direction of the X-axis is detect-
ed by the displacement detector D1, force +Fy in the
positive direction of the Y-axis is detected by the dis-
placement detector D2, force -Fx in the negative direc-
tion of the X-axis is detected by the displacement detec-
tor D3, force -Fy in the negative direction of the Y-axis
is detected by the displacement detector D4, force +Fz
in the positive direction of the Z-axis is detected by the
displacement detector D5, and force -Fz in the negative
direction of the Z-axis is detected by the displacement
detector D6.

[0055] Moreover, if displacement detectors each hav-
ing a function capable of detecting displacements in
both positive and negative directions with respect to a
predetermined axis are used, all force components of
+Fx, +Fy, £Fz can be detected by three sets of displace-
ment detectors. It is a matter of course that if six sets of
such displacement detectors are prepared to dispose
them as shown in Fig. 18 to detect force £Fx in the X-
axis direction by both outputs of the detectors D1, D3,
to detect force £Fy in the Y-axis direction by both outputs
of the detectors D2, D4 and to detect force £Fz in the
Z-axis by both outputs of the detectors D5, D6, detec-
tions of higher accuracy can be made.

[0056] In order to detect angular velocity components
X, Y, ®z about respective axes by the angular velocity
sensor having components in Fig. 18, it is sufficient to
carry out detecting operation as described below. Initial-
ly, by delivering signals S1 to S4 shown in Fig. 17 as
previously described to the force generators G1 to G4,
the weight body 40 is caused to undergo a circular
movement. Under this circular movement of the weight
body 40, if force +Fz or -Fz in the Z-axis direction is de-
tected by the displacement detector D5 or D6 at the time
point of phase 0 on the time base of the graph of Fig.
17 (since the weight body 40 reaches the position A of
Fig. 16, this time point becomes the moment that the
weight body passes through the X-axis), an angular ve-
locity component wx about the X-axis can be obtained
on the basis of the detection principle at the point Px
shown in Fig. 13. Moreover, if force +Fx or -Fx in the X-
axis direction is detected by the displacement detector
D1 or D3 at the same time point, an angular velocity
component ®wz about the Z-axis can be obtained on the
basis of the detection principle at the point Px shown in
Fig. 14. Further, if force +Fz or -Fz in the Z-axis direction
is detected by the displacement detector D5 or D6 at the
time point of phase n/2 on the time base of the graph of
Fig. 17 (since the weight body 40 reaches the position
C of Fig. 16, this time point becomes the moment that
the weight body passes through the Y-axis), an angular
velocity component wy about the Y-axis can be obtained
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on the basis of the detection principle at the point Py
shown in Fig. 13. It is to be noted that when force +Fy
or -Fy in the Y-axis direction is detected by the displace-
ment detector D2 or D4 at the same time point, an an-
gular velocity component wz about the Z-axis can be
similarly obtained on the basis of the detection principle
at the point Py shown in Fig. 14.

[0057] Inthe case where the detection principle at the
point Px or the point Py shown in Fig. 14 (the second
detection principle) is employed, correction for exclud-
ing a component of centrifugal force Fce from the de-
tected force Fx or Fy is required. However, if a configu-
ration of weight body 40, a supporting structure with re-
spect to the sensor casing, a configuration of the force
detectors G1 to G4 and a period and a magnitude of
signals S1 to S4 delivered thereto are obtained in more
practical sense, mass m of the weight body 40, radius r
of the circular movement, and an angular velocity Q of
the circular movement are obtained. Accordingly, the
centrifugal force Fce can be calculated by operation ex-
pressed below.

Fce=m-r-Q2

[0058] Itis to be noted that a sign (positive direction
or negative direction of each axis) is taken into consid-
eration at the time of detecting force exerted on the
weight body 40 in the above-described detecting oper-
ation and such a sign becomes information necessary
for determining a rotational direction of an angular ve-
locity o to be obtained. Moreover, in the example of the
configuration of Fig. 18, the six displacement detectors
D1 to D6 in total are provided to carry out force detection
in the positive direction and the negative direction by
individual displacement detectors with respect to force
along the same axis. However, as previously described,
force detections in both positive and negative directions
exerted along a specific axis may be carried out by
means of a single displacement detector.

[0059] Subsequently, several embodiments showing
more practical configuration of the angular velocity sen-
sor according to this invention will be disclosed in the
chapter §5 and chapters succeeding thereto. These em-
bodiments are of a structure in which supporting means
is constituted mainly by a flexible substrate having flex-
ibility where the peripheral portion of the flexible sub-
strate is fixed on a sensor casing and a weight body is
fixed at the central portion of the flexible substrate.
When such a structure is employed, it is possible to rel-
atively easily carry out a circular movement of a weight
body within a plane in parallel to the substrate plane sur-
face of the flexible substrate, or a circular movement of
a weight body within a plane perpendicular to the sub-
strate plane surface. In addition, it also becomes possi-
ble to relatively easily detect displacements in respec-
tive directions of the weight body. Namely, if force gen-
erators are arranged at plural predetermined portions
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on the flexible substrate to allow these force generators
to be periodically operative, the flexible substrate is per-
mitted to produce bending momentarily varying and the
weight body is thus permitted to undergo a circular
movement. Moreover, if displacement detectors are dis-
posed at predetermined plural portions on the flexible
substrate, displacements of respective portions of the
flexible substrate can be detected by respective dis-
placement detectors. As a result, it becomes possible
to detect displacement of the weight body. Effective ar-
rangements of respective force generators or respective
displacement detectors will be described in various em-
bodiments.

[0060] In the embodiments described below, capaci-
tance elements or piezoelectric elements are used as a
force generator or a displacement detector. For exam-
ple, capacitance elements can be utilized as a force de-
tector for producing a Coulomb force by applying a pre-
determined voltage across both electrodes. In addition,
if a distance between electrodes is varied by displace-
ment of one electrode, electrostatic capacitance of the
capacitance element is varied. Accordingly, such a ca-
pacitance element can be utilized as a displacement de-
tector. Similarly, piezoelectric elements can be utilized
as a force detector for producing a stress in a predeter-
mined direction by applying a predetermined voltage. In
addition, when stress is applied to the piezoelectric el-
ement by displacement, charges are produced in the pi-
ezoelectric element. By electrically detecting such
charges, the piezoelectric element can be utilized as a
displacement detector.

§5 Embodiment Of Angular Velocity Sensor Utilizing
Capacitance Element

[0061] An angular velocity sensor 100 of which cross
section is shown in Fig. 19 is the embodiment in which
force generators and displacement detectors are con-
stituted by capacitance elements. A flexible substrate
110 is the most important element functioning as the
center of the angular velocity sensor 100. The top view
of the flexible substrate 110 is shown in Fig. 20. The
cross section cut along the X-axis of the flexible sub-
strate 110 shown in Fig. 20 is shown in Fig. 19. As indi-
cated by broken lines in Fig. 20, an annular groove is
formed on the lower surface of the flexible substrate 110.
The portion where the groove is formed has flexibility
because the thickness is thin (this portion is indicated
as a flexible portion 112). In this example, the inside por-
tion encompassed by the annular flexible portion 112 is
called a working portion 111 and the outside portion of
the flexible portion 112 is called a fixed portion 113. A
weight body 120 in a block form is fixed on the lower
surface of the working portion 111 and the fixed portion
113 is supported by a pedestal 130 (positions of the
weight body 120 and the pedestal 130 are indicated by
broken lines in Fig. 20).

[0062] Moreover, the pedestal 130 is fixed on a base
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substrate 140. Eventually, the weight body 120 is in a
hanging state within a space encompassed by the ped-
estal 130. In this case, -since the flexible portion 112 is
thin in thickness and has flexibility, the weight body 120
can be caused to undergo displacement within this
space with the degree of freedom to some extent.
Namely, the weight body 120 is supported by the flexible
portion 112 and the working portion 111, which function
as the supporting means, within a sensor casing com-
prised of the fixed portion 113, the pedestal 130 and the
base substrate 140. Therefore, the weight body 120 can
be moved with a predetermined degree of freedom in
the sensor casing. In addition, a cover substrate 150 is
attached on the upper portion of the flexible substrate
110 in a manner to cover it while keeping a predeter-
mined space.

[0063] As shown in Fig. 20, four electrode layers G11
to G14 functioning as a force generator and five elec-
trode layers D11 to D15 functioning as a displacement
detector are formed on the upper surface of the flexible
substrate 110. While the hatchings are implemented to
the portions of these electrode layers in Fig. 20, these
hatchings indicate patterns for recognition of areas of
respective electrode layers and do not indicate the cross
section. In addition, different hatching patterns are im-
plemented to the electrode layers functioning as the
force generator and the electrode layers functioning as
the displacement detector. This similarly applies to other
figures indicating plane surface patterns of the elec-
trodes.

[0064] On the other hand, a single large disk-shaped
common electrode layer E10 is formed on the lower sur-
face of the cover substrate 150 in a manner to oppose
all the respective electrode layers G11 to G14 and D11
to D15. Thus, nine sets of capacitance elements in total
are constituted by these electrode layers opposite in up-
per and lower directions.

[0065] An XYZ three-dimensional coordinate system
having origin point O at a center of gravity position of
the weight body 120 is defined as shown in Fig. 19 to
carry out the following explanation. As shown in Fig. 20,
the electrode layers G11 to G14 and the electrode layers
D11 to D14 are all positioned on the X-axis or the Y-axis
of the coordinate system and have shape linearly sym-
metrical with respect to the X-axis or the Y-axis.

[0066] Itis to be noted that while, in this embodiment,
nine individual electrode layers G11 to G14, D11 to D15
are formed on the flexible substrate 110 and the single
common electrode layer E10 is formed on the cover sub-
strate 150, there may be employed a configuration such
that the single common electrode layer E10 is formed
on the flexible substrate 110 and the nine individual elec-
trode layers G11 to G14, D11 to D15 are formed on the
cover substrate 150. Alternatively, nine individual elec-
trode layers may be respectively formed both on the
flexible substrate 110 and on the cover substrate 150
instead of employing the common electrode layer. In this
case, nine capacitance elements are constituted by
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physically independent nine electrode layers on the flex-
ible substrate 110 and physically independent nine elec-
trode layers on the cover substrate 150.

[0067] Let first consider a phenomenon which takes
place in the case where any voltage is applied across
the electrode layer G11 and the common electrode layer
E10. An attractive force based on Coulomb force is ex-
erted between the electrode layers G11 and E10. At this
time, since the electrode layer G11 is positioned on the
flexible portion 112 which is thin in thickness, the flexible
substrate 110 will be caused to undergo bending on the
basis of the attractive force so that the spacing between
the electrode layers G11 and E10 slightly becomes
small. Such bending produces displacement in the pos-
itive direction of the X-axis with respect to the weight
body 120. In short, when a predetermined voltage is ap-
plied to the electrode layer G11 with potential of the com-
mon electrode layer E10 being as a reference potential,
the weight body 120 is caused to undergo displacement
in the X-axis direction.

[0068] Accordingly, the capacitance element consist-
ing of the electrode layer G11 and the common elec-
trode layer E10 functions as the force generator G1 in
the example of the configuration shown in Fig. 18. Sim-
ilarly, the capacitance element consisting of the elec-
trode layer G12 and the common electrode layer E10,
the capacitance element consisting of the electrode lay-
er G13 and the common electrode layer E10 and the
capacitance element consisting of the electrode layer
G14 and the common electrode layer E10, respectively,
function as the force generators G2, G3, G4 in the ex-
ample of the configuration shown in Fig. 18. In view of
the above, if voltages corresponding to the signals S1
to S4 shown in Fig. 17 are applied to the electrode layers
G11 to G14 with potential of the common electrode layer
E10 being as a reference potential, the weight body 120
carries out a circular movement substantially on the XY-
plane.

[0069] While, in the above-described operation, Cou-
lomb attractive force is applied between the respective
electrode layers G11 to G14 and the common electrode
layer E10 so that the weight body 120 is caused to un-
dergo a circular movement, Coulomb repulsive force
may be applied in a manner opposite to the above so
that the weight body 120 is caused to undergo a circular
movement. Moreover, if both the Coulomb attractive
force and the Coulomb repulsive force are utilized, more
efficient circular movements can be made. For example,
in order to make the weight body 120 move in the pos-
itive direction of the X-axis, it is sufficient to the electrode
layers G11 and E10 to undergo Coulomb attractive force
therebetween the electrode layers G13 and E10 to un-
dergo Coulomb repulsive force therebetween.

[0070] Eventually, in this embodiment, there is em-
ployed the configuration in which force generators (re-
spective capacitance elements) which apply force in the
direction along the Z-axis are respectively disposed in
the positive and negative areas of the X-axis and in the
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positive and negative areas of the Y-axis. When these
force generators are periodically operated, the weight
body 120 carries out an orbital movement within the XY-
plane.

[0071] In accordance with the previously described
detection principle, if force components +Fx, Fy, +Fz
in respective axial directions exerted on the weight body
120 can be detected in the state where the weight body
120 carries out an circular movement in a manner as
stated above, it is possible to obtain angular velocity
components twXx, twy, tmz about respective axes
(signs indicate rotational direction). As previously de-
scribed above, force components +Fx, £tFy, +Fz in re-
spective axial directions exerted on the weight body 120
can be detected as displacements in respective axial di-
rections by the displacement detectors D1 to D6 shown
in Fig. 18.

[0072] The five sets of capacitance elements consist-
ing of the electrode layers D11 to D15 and the common
electrode layer E10 shown in Fig. 20 function as the dis-
placement detectors D1 to D6. For example, in the case
where the weight body 120 is moved in the positive di-
rection of the X-axis, the flexible portion 112 is bent,
whereby the distance between the electrode layers D11
and E10 is contracted. Thus, a change takes place in
an electrostatic capacitance value of a capacitance el-
ement constituted by two electrode layers. Accordingly,
by measuring an electrostatic capacitance value be-
tween the electrode layers D11 and E10, it is possible
to obtain displacement in the positive direction of the X-
axis of the weight body 120. In more practical sense, if
how the electrostatic capacitance value varies is actu-
ally measured when the weight body 120 is caused to
undergo various displacements in practice by using the
trial manufactured sensor, it is possible to obtain the re-
lationship between the electrostatic capacitance value
and the displacement quantity on the basis of the actu-
ally measured value.

[0073] Similarly, by measuring an electrostatic capac-
itance value between the electrode layers D12 and E10,
it is possible to obtain displacement in the positive di-
rection of the Y-axis of the weight body 120. By meas-
uring an electrostatic capacitance value between the
electrode layers D13 and E10, it is possible to obtain
displacement in the negative direction of the X-axis of
the weight body 120. By measuring an electrostatic ca-
pacitance value between the electrode layers D14 and
E10, itis possible to obtain displacement in the negative
direction of the Y-axis of the weigh body 120. In addition,
by measuring an electrostatic capacitance value be-
tween the electrode layers D15 and E10, it is possible
to obtain displacement in the Z-axis direction of the
weight body 120.

[0074] In this embodiment, displacements in both the
'positive and negative directions of the Z-axis are de-
tected by an electrostatic capacitance value between
the electrode layers D15 and E10. Namely, if a capaci-
tance value becomes large with respect to a predeter-
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mined reference capacitance value, it is indicated that
the distance between the electrodes is contracted. Ac-
cordingly, it is judged that displacement in the positive
direction of the Z-axis has taken place. In contrast, if a
capacitance value becomes small with respect to the
predetermined reference capacitance value, itis indicat-
ed that the distance between the electrodes has been
widened. Accordingly, it can be judged that displace-
ment in the negative direction of the Z-axis has taken
place.

[0075] It is preferable to detect displacements in the
X-axis and Y-axis directions as a difference between ca-
pacitance values of a pair of capacitance elements be-
cause such a method is efficient. For example, it is de-
sirable to detect displacement in the X-axis direction as
a difference between a capacitance value of the elec-
trode layers D11 and E10 and a capacitance value of
the electrode layers D13 and E10. In the case where the
weight body is caused to undergo displacement in the
positive direction of the X-axis, the capacitance value of
the former becomes larger, whereas the capacitance
value of the latter becomes smaller. For this reason, if
a difference therebetween is obtained, higher accuracy
detection can be made. In contrast, in the case where
the weight body is caused to undergo displacement in
the negative direction of the X-axis, the capacitance val-
ue of the former becomes smaller, whereas the capac-
itance value of the latter becomes greater. Namely, sign
of the difference therebetween is inverted. Similarly, if
displacement in the Y-axis direction is detected as a dif-
ference between a capacitance value of the electrode
layers D12 and E10 and a capacitance value of the elec-
trode layers D14 and E10, high accuracy detection can
be made in a manner as stated above.

[0076] As stated above, the respective displacement
detectors consisting of capacitance elements detect dis-
placement in the Z-axis direction of a predetermined
portion of the flexible substrate 110 in a direct point of
view (Namely, displacement of the lower electrode of a
pair of electrodes constituting a capacitance element).
However, in an indirect point of view, these displace-
ment detectors have a function to detect displacement
in the X, Y and Z axes directions of the weight body 120
since the respective displacement detectors are ar-
ranged at particular positions. It should be noted that
since respective electrode layers D11 to D14 constitut-
ing the displacement detectors are all linearly symmet-
rical with respect to the X-axis or the Y-axis as shown in
Fig. 20, there is no influence of other axes components
in carrying out displacement detections in the respective
axes directions. For example, since the electrode layer
D11 used for detection of displacement in the X-axis di-
rection is linearly symmetrical with respect to the X-axis,
in the case where displacement in the Y-axis direction
takes place, the area of one half becomes closer to the
common electrode layer E10, but the area of the other
half becomes away from the common electrode layer
E10. For this reason, displacements are canceled as a
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whole.

[0077] Eventually, in this embodiment, there is em-
ployed the configuration in which displacement detec-
tors (respective capacitance elements) for detecting dis-
placement in the direction along the Z-axis are respec-
tively disposed in the positive and negative areas of the
X-axis and the positive and negative areas of the Y-axis.
Therefore it is possible to detect a Coriolis force applied
in the X-axis direction of the weight body by using the
displacement detectors disposed in the positive and
negative areas of the X-axis and to detect a Coriolis
force applied in the Y-axis direction of the weight body
by using the displacement detectors disposed in the
positive and negative areas of the Y-axis.

[0078] In order to detect angular velocity components
ox, oy and oz about respective axes by the angular ve-
locity sensor 100 described above, it is sufficient to carry
out detecting operation as described below. Initially,
voltages corresponding to the signals S1 to S4 shown
in Fig. 17 are applied to the electrode layers G11 to G14
with potential of the common electrode layer E10 being
as reference potential thus to allow the weight body 120
to carry out a circular movement on the XY-plane. Then,
if displacement in the Z-axis direction of the weight body
120 is detected on the basis of an electrostatic capaci-
tance value between the electrode layers D15 and E10,
e.g., at the time point of the phase 0 on the time base
in the graph of Fig. 17 (this time point becomes the mo-
ment when the weight body 120 passes through the X-
axis while moving along the circular orbit), this displace-
ment corresponds to a force component Fz applied in
the Z-axis direction with respect to the weight body 120.
Thus, itis possible to obtain an angular velocity mx about
the X-axis on the basis of the detection principle at the
point Px shown in Fig. 13.

[0079] Moreover, if displacement in the X-axis direc-
tion of the weight body 120 is detected on the basis of
an electrostatic capacitance value between the elec-
trode layers D11 and E10 or an electrostatic capaci-
tance value between the electrode layers D13 and E10
(or a difference between both the electrostatic capaci-
tance values) at the same time point as above, this dis-
placement corresponds to a force Fx applied in the X-
axis direction with respect to the weight body 120. Thus,
it is possible to obtain an angular velocity wz about the
Z-axis on the basis of the detection principle at the point
Px shown in Fig. 14.

[0080] Further, if displacement in the Z-axis direction
of the weight body 120 is detected on the basis of an
electrostatic capacitance value between the electrode
layers D15 and E10 at the time point of the phase n/2
on the time base of the graph of Fig. 17 (this time point
becomes the moment when the weight body 120 passes
through the Y-axis while moving along the circular orbit),
this displacement corresponds to a force Fz applied in
the Z-axis direction with respect to the weight body 120.
Thus, itis possible to obtain an angular velocity wy about
the Y-axis on the basis of the detection principle at the
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point Py shown in Fig. 13. Alternatively, if displacement
in the Y-axis direction of the weight body 120 is detected
on the basis of an electrostatic capacitance value be-
tween the electrode layers D12 and E10 or an electro-
static capacitance value between the electrode layers
D14 and E10 (or a difference between both the electro-
static capacitance values), this displacement corre-
sponds to a force Fy applied in the Y-axis direction with
respect to the weight body 120. Thus, it is possible to
similarly obtain an angular velocity wz about the Z-axis
on the basis of the detection principle at the point Py
shown in Fig. 14.

§6 Another Embodiment Of Angular Velocity Sensor
Utilizing Capacitance Element

[0081] Subsequently, a structure and a detection op-
eration of an angular velocity sensor 180, which is a
modified embodiment of the above-described angular
velocity sensor 100, will now be described with refer-
ence to the side cross sectional view of Fig. 21 and the
top view of Fig. 22. Fig. 22 is a view when viewed from
the top of the flexible substrate 110 of the angular ve-
locity sensor 180 shown in Fig. 21, where the cross sec-
tion cut along the X-axis of the flexible substrate 110 il-
lustrated in Fig. 22 is shown in Fig. 21. A difference in
structure between the angular velocity sensor 100
shown in Figs. 19 and 20 and the angular velocity sensor
shown in Figs. 21 and 22 is only arrangement of respec-
tive electrode layers on the flexible substrate 110.
Namely, in the angular velocity sensor 180, the elec-
trode layers G12 and G14 provided in the angular ve-
locity sensor 100 are omitted as shown in Fig. 22. More-
over, the electrode layer D15 which has functioned as
a displacement detector in the angular velocity sensor
100 is replaced by the electrode G15 functioning as a
force generator in the angular velocity sensor 180.

[0082] The great difference in operation between the
angular velocity sensor 100 and the angular velocity
sensor 180 is that the former causes the weight body
120 to undergo a circular movement within the XY-
plane, whereas the latter causes the weight body 120
to undergo a circular movement within the XZ-plane. As
previously described, when a predetermined voltage is
applied across the electrode layers G11 and E10, both
the electrodes are caused to undergo Coulomb force
therebetween. As a result, bending takes place in the
flexible substrate 110. Thus, the weight body 120 is
caused to undergo displacementin the positive direction
of the X-axis. Similarly, when a predetermined voltage
is applied across the electrode layers G15and E10, both
the electrodes are caused to undergo Coulomb attrac-
tive force therebetween. As a result, the weight body
120 is caused to undergo displacement in the positive
direction of the Z-axis. Further, when a predetermined
voltage is applied across the electrode layers G13 and
E10, both the electrodes are caused to undergo Cou-
lomb force therebetween. As a result, bending takes
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place in the flexible substrate 110. Thus, the weight body
120 is caused to undergo displacement in the negative
direction of the X-axis.

[0083] Accordingly, if sine wave voltages slightly shift-
ed in phase are applied to the respective electrode lay-
ers, the weight body 120 gradually moves, in Fig. 21,
from the right position to the upper position in a manner
to depict a circular arc, and moves to the left position in
a manner to depict a circular arc. In this way, the weight
body 120 moves on the semicircular orbit. Moreover, as
described above, an operation for applying voltage
across a pair of electrodes is equivalent with an opera-
tion for delivering charges having polarities different
from each other to the pair of electrodes. In contrast, if
charges of the same polarity are delivered to the pair of
electrodes, the pair of electrodes are caused to undergo
Coulomb repulsive force therebetween. In view of the
above, if charges of the same polarity are delivered to
the electrode layer G15 and the electrode layer E10 so
that they are caused to undergo Coulomb repulsive
force therebetween, the weight body 120 moves in turn
to the lower position in Fig. 21. Therefore, when suitable
voltage signals are respectively delivered to the elec-
trode layers G11, G13, G15, the weight body 120 is per-
mitted to undergo a circular movement along the circular
orbit 121 indicated by an arrow in Fig. 21. In addition,
as previously described, if both the Coulomb attractive
force and the Coulomb repulsive force are used in com-
bination, more efficient circular movement can be made.
[0084] Eventually, in the above-mentioned angular
velocity sensor 180, there is employed the configuration
in which force generators (respective capacitance ele-
ments) for applying force in the direction along the Z-
axis are respectively disposed in the positive and neg-
ative areas of the X-axis and the area in the vicinity of
the origin O to allow these force generators to be peri-
odically operative to thereby allow the weight body 120
to undergo an orbital movement within the XZ-plane.
[0085] On the other hand, since the arrangement of
the electrode layers D11 to D14 functioning as a dis-
placement detector is entirely the same as the arrange-
ment of the previously described angular velocity sensor
100. Therefore, it is possible to detect force components
+Fx in the X-axis direction and force components tFy
in the Y-axis direction. By detecting force components
+Fx in the X-axis direction and force components tFy
in the Y-axis direction applied to the weight body 120 at
a moment when the weight body 120 passes through
the X-axis or the Z-axis while allowing the weight body
120 to carry out a circular movement within the XZ-
plane, it is possible to detect all of angular velocity com-
ponents X, wy, ®wz about the three axes.

§7 General Property Of The Piezoelectric Element

[0086] Subsequently, an embodiment using a piezo-
electric element as driving means and detecting means
will be described. Generally, a piezoelectric element has
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a property that when a force is applied in a predeter-
mined direction, charges of a predetermined polarity are
produced and it also has a property that when charges
of a predetermined polarity are delivered, a force is pro-
duced in a predetermined direction in a manner opposite
to the above. A direction of the force or the polarity of
charges respectively changes in dependency upon a
polarization characteristics that individual piezoelectric
elements have. Explanation will now be given in con-
nection with a property inherent in the piezoelectric el-
ement 51 shown in Figs. 23A and 23B and the piezoe-
lectric element 52 shown in Figs. 24A, 24B. In all these
figures, the side cross sectional views are illustrated,
wherein an upper electrode layer A is formed on an up-
per surface of the respective piezoelectric elements and
a lower electrode layer B is formed on a lower surface
thereof.

[0087] The piezoelectric element 51 has a property
that in the case where a force in a direction to laterally
expand is applied from the external as indicated by the
arrows in Fig. 23A, positive charges and negative charg-
es are respectively produced at the upper electrode lay-
er A and the lower electrode layer B and that in the case
where a force in a direction to laterally contract is applied
from the external as indicated by the arrows in Fig. 23B
in a manner opposite to the above, negative charges
and positive charges are respectively produced at the
upper electrode layer A and the lower electrode layer B.
While the property that when a force is applied in a pre-
determined direction, charges of a predetermined polar-
ity are produced has been explained in the above, a pi-
ezoelectric element also has a property that when
charges of a predetermined polarity are delivered, a
force is produced in a predetermined direction in a man-
ner opposite to the above. Namely, when positive charg-
es and negative charges are respectively delivered to
the upper electrode layer A and the lower electrode layer
B with respect to the piezoelectric element 51, a force
in a direction to laterally expand is produced as indicated
by the arrows in Fig. 23A. In contrast, when negative
charges and positive charges are respectively delivered
to the upper electrode layer A and the lower electrode
layer B, a force in a direction to laterally contract is pro-
duced as indicated by the arrows in Fig. 23B. A piezo-
electric element having such a polarization characteris-
tic will be called a piezoelectric element of the type I in
this specification.

[0088] On the other hand, piezoelectric element 52
shown in Figs. 24A and 24B has a property slightly dif-
ferent from that of the above-described piezoelectric el-
ement 51. Namely, the piezoelectric element 52 has a
property that in the case where a force in a direction to
longitudinally expand is applied from the external as in-
dicated by the arrows in Fig. 24A, positive charges and
negative charges are respectively produced at the up-
per electrode layer A and the lower electrode layer B
and that in the case where a force in a direction to lon-
gitudinally contract is applied from the external as indi-
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cated by the arrows in Fig. 24B in a manner opposite to
the above, negative charges and positive charges are
respectively produced at the upper electrode layer A
and the lower electrode layer B. While the property that
when a force is applied in a predetermined direction,
charges of predetermined polarity are produced has
been explained in the above, a piezoelectric element al-
so has a property that when charges of predetermined
polarity are delivered, a force is produced in a predeter-
mined direction in a manner opposite to the above.
Namely, when positive charges and negative charges
are respectively delivered to the upper electrode layer
A and the lower electrode layer B with respect to the
piezoelectric element 52, a force in a direction to longi-
tudinally expand is produced as indicated by the arrows
in Fig. 24A. In contrast, when negative charges and pos-
itive charges are respectively delivered to the upper
electrode layer A and the lower electrode layer B, a force
in a direction to longitudinally contract is produced as
indicated by the arrows in Fig. 24B. A piezoelectric ele-
ment having such polarization characteristic is called a
piezoelectric of the type Il in this specification.

[0089] As such a piezoelectric element, e.g., piezoe-
lectric ceramic, etc. is widely used. In recent technolo-
gies, specific polarization processing is implemented,
thereby making it possible to freely manufacture piezo-
electric ceramic having desired polarization character-
istic. In addition, polarization processing can be made
for a physically single piezoelectric ceramic piece so
that a polarization characteristic differs in portion to por-
tion and it is possible to obtain a piezoelectric element
having a plurality polarization characteristics which are
different in respective portions.

[0090] As stated above, a piezoelectric element has
a function to carry out conversion of "force to charge"
and a function to carry out conversion of "charge to
force". In the embodiments described below, the former
function is utilized as means for detecting Coriolis force
(displacement detector), and the latter function is uti-
lized as driving means (force generator) for allowing a
weight body to undergo an orbital movement.

§8 Embodiment Of Angular Velocity Sensor Utilizing A
Piezoelectric Element Of The Type |

[0091] An angular velocity sensor 200 of which side
cross section is shown in Fig. 25 is a sensor of an em-
bodiment in which force generators and displacement
detectors are constituted by piezoelectric elements hav-
ing the above-described polarization characteristic of
the type I. A configuration of the fundamental portion of
the angular velocity sensor 200 is substantially the same
as that of the angular velocity sensor 100 shown in Fig.
19. Namely, a groove in an annular form is formed on a
lower surface of a flexible substrate 210. Since the thick-
ness of the portion where the groove is formed is thin,
this thin portion forms a flexible portion 212 having flex-
ibility. Moreover, an inside portion surrounded by the
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flexible portion 212 forms a working portion 211 and an
outside portion of the flexible portion 212 forms a fixed
portion 213.

[0092] A weight body 220 in a block form is fixed on
the lower surface of the working portion 211 and the
fixed portion 213 is supported by a pedestal 230. Fur-
ther, the pedestal 230 is fixed on a base substrate 240.
It should be noted that components formed on an upper
surface of the flexible substrate 210 are different from
those of the previously described angular velocity sen-
sor 100. Namely, a common electrode layer E20 in a
washer form is fixed on the upper surface of the flexible
substrate 210. A piezoelectric element 250 similarly in
a washer form is fixed thereon. Twelve electrode layers
G21 to G24, D21 to D28 are arranged on an upper sur-
face of the piezoelectric element 250. In this example,
the piezoelectric element 250 is comprised of piezoe-
lectric ceramic having the polarization characteristic of
the type | shown in Figs. 23A and 23B.

[0093] The top view of the flexible substrate 210 is
shown in Fig. 26. The cross section cut along the X-axis
of the flexible substrate 210 shown in Fig. 26 is shown
in Fig. 25. In Fig. 26, shapes of twelve electrode layers
provided on the piezoelectric element 250 in washer
form is clearly illustrated. A circular opening portion ex-
ists at a center of the piezoelectric element 250 and a
central portion 211 of the flexible substrate 210 can be
seen. The common electrode layer E20 in washer form
is disposed on the lower surface of the piezoelectric el-
ement 250, but this electrode layer is not shown in Fig.
26. It is to be noted that while hatching is implemented
to portions of respective electrode layers in Fig. 26, this
is carried out so that pattern recognition of respective
electrode layers can become easy. Therefore, the
hatchingsin Fig. 26 are not for indicating a cross section.
[0094] Among the twelve electrode layers shown in
Fig. 26, the electrode layers G21 to G24 are electrodes
utilized as a force generator and the electrode layers
D21 to D28 are electrodes utilized as a displacement
detector. Though the piezoelectric element 250 and the
common electrode layer E20 are respective unitary el-
ements, since the twelve electrode layers formed on the
piezoelectric element 250 are respectively individually
independent, it is regarded that there are twelve sets of
independent piezoelectric elements when consideration
is made in connection with an operation. In this example,
an XYZ three-dimensional coordinate system having an
origin O at the center of gravity position of the weight
body 220 is defined as shown in Fig. 25 thus to carry
out the following explanation. As shown in Fig. 26, the
electrode layers G21 to G24 and the electrode layers
D21 to D28 are all positioned on the X-axis or the Y-axis
in this coordinate system and take a shape linearly sym-
metrical with respect to these axes.

[0095] Let first demonstrate that when charges are
periodically delivered to the electrode layers G21 to G24
in the angular velocity sensor 200, the weight body 220
can be caused to undergo a circular movement within
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the XY-plane. As previously described, the piezoelectric
element 250 is a piezoelectric element of the type | hav-
ing a polarization characteristic as shown in Figs. 23A
and 23B. In view of the above, if voltages are supplied
so that negative charges and positive charges are re-
spectively supplied to the electrode layer G21 and the
common electrode layer E20, a force in a direction to
laterally contract is produced as shown in Fig. 23B at a
portion under the electrode layer G21 of the piezoelec-
tric element 250. On the other hand, if voltages are sup-
plied so that positive charges and negative charges are
respectively supplied to the electrode layer G23 and the
common electrode layer E20, a force in a direction to
laterally expand is produced as shown in Fig. 23A at a
portion under the electrode layer G23 of the piezoelec-
tric element 250. As stated above, when contracting
force and expanding force are respectively produced at
the lower portion of the electrode layer G21 and the low-
er portion of the electrode layer G23, such a bending to
allow the weight body 220 to undergo displacement in
the positive direction of the X-axis is produced in the
flexible substrate 210. In addition, if the polarity of charg-
es supplied to the respective electrode layers is invert-
ed, such a bending to allow the weight body 220 to un-
dergo displacement in the negative direction of the X-
axis can be produced in a manner opposite to the above.
[0096] As stated above, to supply predetermined
charges to the electrode layers G21, G23 arranged on
the X-axis is equivalent to operate the force generator
G1 or G3 in the model shown in Fig. 18. Similarly, to
supply predetermined charges to the electrode layers
G22, G24 arranged on the Y-axis is equivalent to oper-
ate the force generator G2 or G4 in the model shown in
Fig. 18. Accordingly, if periodical operation signals shift-
ed in phase are given (applied) to the electrode layers
G21to G24, the weight body 220 is permitted to undergo
a circular movement within the XY-plane. Itis to be noted
that, from a practical point of view, when polarization
characteristics of the piezoelectric element 250 are in-
verted (a polarity of charges produced in upper and low-
er directions is caused to be reversed) in particular por-
tions, voltage supply for carrying out circular movement
is facilitated.

[0097] Eventually, there is employed in this embodi-
ment the configuration in which force generators (some
respective portions of the piezoelectric element 250) for
applying force in the direction along the X-axis are re-
spectively arranged in the positive and negative areas
of the X-axis and force generators (the other respective
portions of the piezoelectric element 250) for applying
force in the direction along the Y-axis are respectively
arranged in the positive and negative areas of the Y-
axis. When these force detectors are periodically oper-
ated, the weight body 220 is caused to undergo an or-
bital movement within the XY-plane.

[0098] In accordance with the previously described
detection principle, if force components +Fx, £Fy, +Fz
in the respective axial directions exerted on the weight
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body 220 in the state where the weight body 220 is
caused to undergo a circular movement in a manner as
stated above, it is possible to obtain angular velocity
components tmX, Ty, toz (signs indicate rotational di-
rection) about respective axes. That is, force compo-
nents +Fx, £Fy, £Fz in the respective axial directions
exerted on the weight body 220 can be detected as dis-
placements in the respective axial directions as previ-
ously described. Eight sets of piezoelectric elements put
between the electrode layers D21 to D28 and the com-
mon electrode layer E20 shown in Fig. 26 function as
displacement detectors in respective axial directions. In
this embodiment, the electrode layers D21, D23 are
used for detecting displacement relating to the X-axis
direction (corresponding to force +Fx), the electrode lay-
ers D26, D28 are used for detecting displacement relat-
ing to the Y-axis direction (corresponding to force tFy),
and the electrode layers D22, D24, D25, D27 are used
for detecting displacement relating to the Z-axis direc-
tion (corresponding to force +Fz) .

[0099] For example, in the case where the weight
body 220 is caused to undergo displacement in the pos-
itive direction of the X-axis, bending of the flexible sub-
strate 210 is transmitted to the piezoelectric element
250. As a result, a portion located at a lower part of the
electrode layer D21 of the piezoelectric element 250 is
deformed in a manner to contract, and a portion posi-
tioned at a lower part of the electrode layer D23 is de-
formed in a manner to expand in a lateral direction. Ac-
cordingly, negative charges and positive charges are re-
spectively produced at the electrode layer D21 and the
electrode layer D23 on the basis of the polarization char-
acteristic shown in Figs. 23A and 23B. By measuring
these charges produced, it is possible to obtain dis-
placement in the positive direction of the X-axis of the
weight body 220.

[0100] Moreover, in the case where the weight body
220 is caused to undergo displacement in the negative
direction of the X-axis, polarity of charges is inverted as
compared to the above-described case. Therefore,
when charges produced with respect to the electrode
layers D21, D23 are measured, it is possible to detect
quantity of displacement in the X-axis direction of the
weight body 220. In more practical sense, if how many
charges are produced when the weight body 220 is ac-
tually caused to undergo displacement is actually meas-
ured in a trial manufactured sensor, it is possible to ob-
tain a relationship between quantity of charges pro-
duced and quantity of displacement on the basis of the
actual measured value.

[0101] Similarly, by measuring charges produced with
respect to the electrode layers D26, D28, it becomes
possible to detect quantity of displacement in the Y-axis
direction of the weight body 220. It should be noted that
the reason why the electrode layers D26, D28 arranged
inside are used instead of using the electrode layers
D22, D24 arranged outside is that it is necessary to use
the electrode layers D22, D24 for detecting displace-
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ment quantity in the Z-axis direction described below.
From a theoretical point of view, even if the electrode
layers D22, D24 arranged outside are used to carry out
the detection in the Y-axis, any problem does not take
place.

[0102] Meanwhile, in this embodiment, four electrode
layers D22, D24, D25, D27 are used for detection of dis-
placement quantity in the Z-axis direction. As shown in
Fig. 26, the electrode layers D22, D24 are electrode lay-
ers arranged outside, whereas the electrode layers D25,
D27 are electrode layers arranged inside. Itis preferable
that electrode layers arranged outside and electrode
layers arranged inside are used in combination for de-
tection of displacement quantity in the Z-axis direction.
This is because when the weight body 220 is caused to
undergo displacement in the positive Z-axis direction (in
the upper direction in Fig. 25) in the angular velocity sen-
sor 200, the inside portion of the piezoelectric element
250 expands in a lateral direction and the outside portion
contracts in the lateral direction. Accordingly, positive
charges and negative charges are respectively pro-
duced at the electrode layers D25, D27 arranged inside
and the electrode layers D22, D24 arranged outside on
the basis of the polarization characteristic shown in Figs.
23A and 23B. In contrast, when the weight body 220 is
caused to undergo displacement in the negative Z-axis
direction (in the lower direction in Fig. 25) in a manner
opposite to the above, the inside portion of the piezoe-
lectric element 250 contracts in a lateral direction and
the outside portion thereof expands in the lateral direc-
tion. Accordingly, negative charges and positive charg-
es are respectively produced at the electrode layers
D25, D27 arranged inside and the electrode layers D22,
D24 arranged outside on the basis of the polarization
characteristic shown in Figs. 23A and 23B. Accordingly,
when charges produced with respect to the electrode
layers D22, D24, D25, D27 are measured, it is possible
to detect displacement quantity in the Z-axis direction of
the weight body 220.

[0103] Itis to be noted since the respective electrode
layers D21 to D28 constituting displacement detectors
are all linearly symmetrical with respect to the X-axis or
the Y-axis as shown in Fig. 26, there is no influence of
other axis components in carrying out displacement de-
tection in the respective axial directions. For example,
since the electrode layers D21, D23 used for carrying
out displacement detections in the X-axis direction are
linearly symmetrical with respect to the X-axis, in the
case where displacement in the Y-axis direction takes
place, an area of one half under the electrode layers
D21, D23 expands in lateral direction but an area of the
other half contracts. Accordingly, charges produced un-
der the electrode layers D21, D23 are canceled as a
whole.

[0104] Eventually, there is employed in this embodi-
ment the configuration that displacement detectors
(some respective portions of the piezoelectric element
250) for detecting displacements in directions along the
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respective axes are respectively arranged in the positive
and negative areas of the X-axis and in the positive and
negative areas of the Y-axis. Then a Coriolis force ex-
erted in the X-axis direction at the weight body 220 is
detected by using the displacement detectors arranged
in both the positive and negative areas of the X-axis and
a Coriolis force exerted in the Y-axis direction at the
weight body 220 is detected by using the displacement
detectors arranged in both the positive and negative ar-
eas of the Y-axis.

[0105] In order to detect angular velocity components
X, 0y, oz about the respective axes by the angular ve-
locity sensor 200 as described above, predetermined
charges are periodically delivered to the electrode lay-
ers G21 to G24 in the state where respective delivering
phases are shifted, thus allowing the weight body 220
to undergo a circular movement on the XY-plane. Fur-
ther, when an approach is employed to measure charg-
es produced on the electrode layers D22, D24, D25,
D27 at the moment when the weight body 220 passes
through the X-axis and detect displacement in the Z-axis
direction of the weight body 220, this displacement cor-
responds to a force Fz exerted in the Z-axis direction to
the weight body 220, thus making it possible to obtain
an angular velocity component wx about the X-axis on
the basis of the detection principle at the point Px shown
in Fig. 13.

[0106] Moreover, if charges produced on the elec-
trode layers D21, D23 are measured to detect displace-
ment in the X-axis direction of the weight body 220, this
displacement corresponds to a force Fx exerted in the
X-axis direction to the weight body 220, thus making it
possible to obtain an angular velocity wz about the Z-
axis on the basis of the detection principle at the point
Px shown in Fig. 14.

[0107] Further, if an approach is employed to meas-
ure charges produced on the electrode layers D22, D24,
D25, D27 at the moment when the weight body 220
passes through the Y-axis and detect displacement in
the Z-axis direction of the weight body 220, this dis-
placement corresponds to a force Fz exerted in the Z-
axis direction to the weight body 220, thus making it pos-
sible to obtain an angular velocity wy about the Y-axis
on the basis of the detection principle at the point Py
shown in Fig. 13. Alternatively, if an approach is em-
ployed to measure charges produced on the electrode
layers D26, D28 at the same time point as above and
detect displacement in the Y-axis direction of the weight
body 220, this displacement corresponds to a force Fy
exerted in the Y-axis direction to the weight body 220,
thus making it possible to similarly detect an angular ve-
locity oz about the Z-axis on the basis of the detection
principle at the point Py shown in Fig. 14.

[0108] While, in the above-described embodiment,
the twelve individual electrode layers G21 to G24, D21
to D28 are arranged on the upper surface of the piezo-
electric element 250 and the single common electrode
layer E20 is arranged on the lower surface thereof, there
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may be employed a configuration in which the single
common electrode layer E20 is arranged on the upper
surface and the twelve individual electrode layers G21
to G24, D21 to D28 are arranged on the lower surface
in a manner opposite to the above. Alternatively, there
may be employed a configuration such that twelve indi-
vidual electrode layers are arranged on the upper sur-
face and the other twelve individual electrode layers are
arranged on the lower surface of the piezoelectric ele-
ment 250 without using a common electrode layer. It
should be noted that it is preferable to form the common
electrode layer for the purpose of simplifying wiring.

§9 Another Embodiment Of Angular Velocity Sensor
Utilizing The Piezoelectric Element Of The Type |

[0109] Subsequently, a structure and a detecting op-
eration of an angular velocity sensor 280 corresponding
to a modification of the above-described angular veloc-
ity sensor 200 will be described with reference to the
side cross sectional view of Fig. 27 and the top view of
Fig. 28. Fig. 28 is a view when a flexible substrate 210
of the components of the angular velocity sensor 280
shown in Fig. 27 is viewed from the top and the cross
section cut along the X-axis of the flexible substrate 210
shown in Fig. 28 is shown in Fig. 27. The difference in
structure between the angular velocity sensor 200
shownin Figs. 25 and 26 and the angular velocity sensor
280 shownin Figs. 27 and 28 resides in only an arrange-
ment of respective electrode layers on the piezoelectric
element 250. Namely, the inside electrode layers G22,
G24, D25 to D28 provided in the angular velocity sensor
200 are replaced by a single electrode layer G25 as
shown in Fig. 28 in the angular velocity sensor 280. Itis
to be noted that the outside electrode layers G21, G23,
D21 to D24 are somewhat different in shape from those
of the angular velocity sensor 200, but are not changed
in essence. In this angular velocity sensor 280, the elec-
trode layers G21, G23, G25 function as a force gener-
ator and the electrode layers D21 to D24 function as a
displacement detector.

[0110] Great difference in operation between the an-
gular velocity sensor 200 and the angular velocity sen-
sor 280 is such that, in the former, the weight body 220
is caused to undergo a circular movement within the XY-
plane, whereas in the latter, the weight body 220 is
caused to undergo a circular movement within the XZ-
plane. As previously described, when predetermined
charges are delivered to the electrode layers G21, G23
with the common electrode layer E20 being maintained
at a reference potential, the weight body 220 is permit-
ted to undergo displacement in the X-axis direction. In
this angular velocity sensor 280, predetermined charg-
es are further delivered to the electrode layer G25 so
that the weight body 220 can be caused to undergo dis-
placement also in the Z-axis direction. Namely, when
positive charges are delivered to the electrode layer
G25, a force in a direction to laterally expand is pro-
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duced at a piezoelectric element portion under the elec-
trode layer G25 on the basis of the polarization charac-
teristic shown in Fig. 23A. As a result, a bending such
that the weight body 220 is caused to undergo displace-
ment in the positive Z-axis direction (in the upper direc-
tion of Fig. 27) is produced. In contrast, when negative
charges are delivered to the electrode layer G25, a force
in a direction to laterally contract is produced at the pi-
ezoelectric element portion under the electrode layer
G25. As a result, a bending such that the weight body
220 is caused to undergo displacement in the negative
Z-axis direction (in the lower direction in Fig. 27) is pro-
duced. Accordingly, if charges are respectively suitably
delivered to the electrode layers G21, G23, G25, the
weight body 220 is permitted to undergo a circular
movement along a circular orbit 221 as indicated by an
arrow in Fig. 27.

[0111] Eventually, in this angular velocity sensor 280,
there is employed the configuration in which force gen-
erators (some respective portions of the piezoelectric el-
ement 250) for applying force in the direction along the
X-axis are respectively arranged in the positive and neg-
ative areas of the X-axis and the area in the vicinity of
the origin O to allow these force generators to be peri-
odically operative to thereby allow the weight body 220
to undergo an orbital movement within the XZ-plane. On
the other hand, since the arrangement of the electrode
layers D21 to D24 functioning as a displacement detec-
tor is substantially similar to the arrangement of the pre-
viously described angular velocity sensor 200, it is pos-
sible to detect a force component +Fx in the X-axis di-
rection and a force component +Fy in the Y-axis direc-
tion by using the electrode layers D21 to D24. When an
approach is employed to detect a force component £Fx
in the X-axis direction and a force component £Fy in the
Y-axis direction exerted on the weight body 220 at the
moment when the weight body 220 passes through the
X-axis or the Z-axis while allowing the weight body 220
to undergo a circular movement within the XZ-plane in
this way, it is possible to detect all of angular velocity
components wx, oy, ®z about the three axes on the ba-
sis of the previously described detection principle.
[0112] Itis a matter of course that, also in this embod-
iment, similarly to the embodiment which has been de-
scribed in the chapter §8, a single common electrode
layer may be provided on the upper surface of the pie-
zoelectric element 250 and seven individual independ-
entelectrode layers may be respectively provided on the
lower surfaces. Alternatively, there may be employed a
configuration such that seven individual electrode layers
are arranged on the upper surface and the other seven
individual electrode layers are arranged on the lower
surface of the piezoelectric element 250 without using
a common electrode layer.
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§10 Embodiment Of Angular Velocity Sensor Utilizing
The Piezoelectric Element Of The Type |l

[0113] An angular velocity sensor 300 of which side
cross section is shown in Fig. 29 is an angular velocity
sensor of an embodiment in which force generators and
displacement detectors are constituted by a piezoelec-
tric element having the polarization characteristic of the
type Il shown in Figs. 24A, 24B. This angular velocity
sensor 300 is of a structure in which a disk-shaped pie-
zoelectric element 330 having the polarization charac-
teristic of the type Il is interposed between a disk-
shaped flexible substrate 310 and a disk-shaped fixed
substrate 320. A columnar shaped weight body 340 is
fixed on a lower surface of the flexible substrate 310.
Moreover, an outer circumferential portion of the flexible
substrate 310 and an outer circumferential portion of the
fixed substrate 320 are both supported by a sensor cas-
ing 350.

[0114] Five upper electrode layers E31 to E35 (only
a portion thereof is illustrated in Fig. 29) are arranged
on an upper surface of the piezoelectric element 330.
Similarly, five lower electrode layers E36 to E40 (only a
portion thereof is similarly illustrated) are arranged on a
lower surface of the piezoelectric element 330. Upper
surfaces of the upper electrode layers E31 to E35 are
fixed on a lower surface of the fixed substrate 320. Low-
er surfaces of the lower electrode layers E36 to E40 are
fixed on an upper surface of the flexible substrate 310.
Since the fixed substrate 320 has sufficient rigidity, there
is no possibility that any bending may take place. On the
other hand, the flexible substrate 310 has flexibility and
thus functions as so called a diaphragm. An XYZ three-
dimensional coordinate system having an origin O at the
center of gravity position of the weight body 340 as
shown in Fig. 29 is defined to carry out the subsequent
explanation. Fig. 29 corresponds to the side cross sec-
tional view cut along the XZ-plane of the angular velocity
sensor 300.

[0115] Fig. 30is a top view showing the upper surface
of the piezoelectric element 330 and the upper electrode
layers E31 to E35 and Fig. 31 is a bottom view showing
the lower surface of the piezoelectric element 330 and
the lower electrode layers E36 to E40. As shown in Fig.
30, the upper electrode layers E31 to E34 are all fan-
shaped. These electrode layers are positioned on the
X-axis or the Y-axis in this coordinate system and take
a shape linearly symmetrical with respect to these axes.
Moreover, the upper electrode layer E35 is circular and
is disposed just at a position of the origin. On the other
hand, the lower electrode layers E36 to E40 respectively
take the same shapes as those of the upper electrode
layers E31 to E35 as shown in Fig. 31 and are arranged
at positions opposite to the upper electrode layers E31
to E35. It is to be noted that the lower electrode layers
E36 to E40 may be replaced by a single common elec-
trode layer. In addition, if the flexible substrate 310 is
constituted by conductive material, the flexible substrate
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310 itself can be used as a single common electrode
layer so that it becomes unnecessary to constitute phys-
ically independent lower electrode layers.

[0116] As previously described, the piezoelectric ele-
ment 330 is a piezoelectric element of the type Il having
a polarization characteristic as shown in Figs. 24A and
24B. In view of the above, if, e.g., a negative voltage is
applied to the electrode layer E31 and a positive voltage
is applied to the electrode layer E36, a force in a direc-
tion to longitudinally contract is produced. Moreover, if
a positive voltage is applied to the electrode layer E33
and a negative voltage is applied to the electrode layer
E38, aforce in a direction to longitudinally expand is pro-
duced. Accordingly, any one of these voltage supply op-
erations or both the voltage supply operations is or are
carried out, thereby permitting the weight body 340 to
undergo displacement in a positive direction along the
X-axis. Namely, by applying predetermined voltages to
the respective electrode layers E31, E33, E36, E38 ar-
ranged on the X-axis, displacement along the X-axis di-
rection can be produced with respect to the weight body
340. Similarly, by applying predetermined voltages to
the respective electrode layers E32, E34, E37, E39 ar-
ranged on the Y-axis, displacement along the Y-axis di-
rection can be produced with respect to the weight body
340. In view of the above, when periodic voltages shifted
in phase are applied to these respective electrodes, it is
possible to permit the weight body 340 to undergo a cir-
cular movement within the XY-plane.

[0117] Eventually, in this angular velocity sensor 300,
there is employed the configuration in which force gen-
erators (some respective portions of the piezoelectric el-
ement 330) for applying a force in the direction along
the Z-axis are respectively disposed in the positive and
negative areas of the X-axis and the positive and neg-
ative areas of the Y-axis. When these force generators
are periodically operated, it is possible to allow the
weight body 340 to undergo an orbital movement within
the XY-plane.

[0118] Moreover, in this angular velocity sensor 300,
the weight body 340 is permitted to undergo a circular
movement within the XZ-plane, instead of the XY-plane.
For example, if a negative voltage is applied to the elec-
trode layer E35 and a positive voltage is applied to the
electrode layer E40, a force in a direction to longitudi-
nally contract is produced as shown in Fig. 24B. Accord-
ingly, the weight body 340 is moved in the positive Z-
axis direction (in the upper direction in Fig. 29). In con-
trast, if a positive voltage is applied to the electrode layer
E35 and a negative voltage is applied to the electrode
layer E40, a force in a direction to longitudinally expand
is produced as shown in Fig. 24A. Accordingly, the
weight body 340 is moved in the negative Z-axis direc-
tion (in the lower direction in Fig. 29). Eventually, when
predetermined voltages are applied to the electrode lay-
ers E35, E40 arranged at the origin position, it is possi-
ble to produce displacement along the Z-axis direction
with respect to the weight body 340. In view of the
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above, if periodical voltages shifted in phase are applied
to the respective electrode layers E31, E33, E36, E38
arranged on the X-axis and the electrode layers E35,
E40 arranged at the origin position, the weight body 340
is also permitted to undergo a circular movement within
the XZ-plane.

[0119] In this case, there is employed the configura-
tion in which force generators (some respective portions
of the piezoelectric element 330) for applying force in a
direction along the Z-axis are respectively arranged in
the positive and negative areas of the X-axis and the
area in a vicinity of the origin, in the angular velocity sen-
sor 300. Therefore, when the force generators are peri-
odically operated, it is possible to allow the weight body
340 to undergo an orbital movement within the XZ-
plane.

[0120] On the other hand, by measuring charges pro-
duced in these electrode layers, it is also possible to de-
tect displacement produced in the weight body 340 or
force exerted on the weight body 340. For example, in
the case where a force +Fx in the positive direction of
the X-axis is exerted on the weight body 340 so that the
weight body 340 is caused to undergo displacement in
the positive direction of the X-axis, the right side portion
of the piezoelectric element 330 shown in Fig. 29 is
crushed (contracted) in upper and lower directions,
whereas the left side portion is extended (expanded) in
upper and lower directions. Accordingly, on the basis of
the polarization characteristic shown in Figs. 24A, 24B,
positive charges are produced at the electrode layers
E33, E36 and negative charges are produced at the
electrode layers E31, E38. Eventually, by measuring
charges produced at the respective electrode layers
E31, E33, E36, E38 arranged on the X-axis, itis possible
to detect displacement in the X-axis direction of the
weight body 340 (force components +Fx in the X-axis
direction exerted on the weight body 340).

[0121] Similarly, by measuring charges produced at
the respective electrode layers E32, E34, E37, E39 ar-
ranged on the Y-axis, it is possible to detect displace-
ment in the Y-axis direction of the weight body 340 (force
components tFy in the Y-axis direction exerted on the
weight body 340). Moreover, with respect to the Z-axis,
displacement in the Z-axis direction (force components
+FZz) can be detected by measuring charges produced
at the electrode layers E35, E40 arranged at the origin
position. Namely, if a force component +Fz in the posi-
tive Z-axis direction is applied to the weight body 340,
the piezoelectric element between the electrode layers
E35, E40 is crushed (contracted) in upper and lower di-
rections and if a force component -Fz in the negative Z-
axis direction is applied to the weight body 340, the pi-
ezoelectric element between the electrode layers E35,
E40 is extended (expanded) in upper and lower direc-
tions Accordingly, it is possible to detect applied force
components £Fz on the basis of quantity and polarity of
charges produced at both the electrode layers E35, E40.
[0122] As stated above, the respective electrode lay-
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ers of the angular velocity sensor 300 provide a first role
as a force generator allowing the weight body 340 to
undergo a circular movement and a second role as a
displacement detector for detecting Coriolis force exert-
ed on the weight body 340.

[0123] If the electrode layers E31 to E34, E36 to E39
are caused to have a role as a force generator and the
electrode layers E35, E40 are caused to have a role as
a displacement detector, an angular velocity sensor
about two axes which detects an angular velocity wx
about the X-axis and an angular velocity wy about the
Y-axis in the state where the weight body 340 is caused
to undergo a circular movement within the XY-plane can
be realized. Namely, if at the moment when the weight
body 340 passes through the X-axis, charges produced
at the electrode layers E35, E40 are measured, it is pos-
sible to detect displacement in the Z-axis direction of the
weight body 340. This detected displacement corre-
sponds to a force Fz exerted in the Z-axis direction at
the weight body 340, thus making it possible to obtain
an angular velocity ox about the X-axis on the basis of
the detection principle at the point Px shown in Fig. 13.
Similarly, if at the moment when the weight body 340
passes through the Y-axis, charges produced at the
electrode layers E35, E40 are measured, it is possible
to detect displacement in the Z-axis direction of the
weight body 340. This detected displacement corre-
sponds to a force Fz exerted in the Z-axis direction at
the weight body 340, thus making it possible to obtain
an angular velocity wy about the Y-axis on the basis of
the detection principle at the point Py shown in Fig. 13.
[0124] Moreover, if the electrode layers E31, E36,
E33, E38, E35, E40 are caused to have arole as a force
generator and the electrode layers E32, E37, E34, E39
are caused to have a role as a displacement detector,
an angular velocity sensor about two axes which detects
an angular velocity mx about the X-axis and an angular
velocity oz about the Z-axis in the state where the
weight body 340 is caused to undergo a circular move-
ment within the XZ-plane can be realized. Namely, if at
the moment when the weight body 340 passes through
the X-axis, charges produced at the electrode layers
E32, E37, E34, E39 are measured, it is possible to de-
tect displacement in the Y-axis direction of the weight
body 340. This detected displacement corresponds to
a force Fy exerted in the Y-axis direction at the weight
body 340, thus making it possible to obtain an angular
velocity wx about the X-axis. Similarly, if at the moment
when the weight body 340 passes through the Z-axis,
charges produced at the electrode layers E32, E37,
E34, E39 are measured, it is possible to detect displace-
ment in the Y-axis direction of the weight body 340. This
detected displacement corresponds to a force Fy exert-
ed in the Y-axis direction at the weight body 340, thus
making it possible to obtain an angular velocity wz about
the Z-axis.

[0125] Itisto be noted that, in order to detect all of the
angular velocity components ox, oy, wz about the three
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axes, it is sufficient to employ a configuration in which
electrode layers having a role as a force generator and
electrode layers having a role as a displacement detec-
tor are separately disposed. For example, in the exam-
ple shown in Fig. 32, the electrode layer E31 in Fig. 30
is divided into E31G and E31D, the electrode layer E33
is divided into E33G and E33D, and electrode layers
E32, E34 are modified so that they take shape of E32D,
E34D. In this example, the shapes of the electrode lay-
ers E32D, E34D are made to become the same shapes
as the shapes of the electrode layers E31D, E33D so
that detection sensitivities in the X-axis and the Y-axis
directions are in correspondence with each other. In this
case, the electrode layers E31G, E33G, E35G serve as
a force generator and function to allow the weight body
340 to undergo a circular movement within the XZ-
plane. In addition, the electrode layers E31D, E32D,
E33D, E34D serve as a displacement detector and func-
tion to detect displacements in the X-axis and the Y-axis
directions (i.e., force components Fx, Fy) of the weight
body 340.

[0126] Inthe angular velocity sensor of such a config-
uration, the weight body 340 is caused to undergo a cir-
cular movement within the XZ-plane and displacement
in the Y-axis direction of the weight body 340 is detected
at the moment when the weight body 340 passes
through the X-axis, thus making it possible to obtain an
angular velocity wx about the X-axis. Moreover, dis-
placement in the X-axis direction of the weight body 340
is detected at the same time point, thus making it pos-
sible to obtain an angular velocity wy about the Y-axis.
Further, displacement in the Y-axis direction of the
weight body 340 is detected at the moment when the
weight body 340 passes through the Z-axis, thus making
it possible to obtain an angular velocity wz about the Z-
axis.

[0127] It is to be noted while, in the angular velocity
sensor 300 shownin Fig. 29, the five individual electrode
layers E31 to E35 are arranged as shown in Fig. 30 on
the upper surface of the piezoelectric element 330 and
the five individual electrode layers E36 to E40 are ar-
ranged as shown in Fig. 31 on the lower surface thereof,
either upper five electrode layers or lower five electrode
layers may be replaced by a single common electrode
layer.

[0128] An angular velocity sensor 360 of which side
cross sectional view is shown in Fig. 33 is a modification
of the angular velocity sensor 300 shown in Fig. 29. The
angular velocity sensor 360 differs from the angular ve-
locity sensor 300 in that a conductive flexible substrate
315 is used in place of the flexible substrate 310 and
that the lower electrode layers E36 to E40 are omitted.
The flexible substrate 315 is a disk-shaped substrate
having a diameter slightly smaller than that of the flexible
substrate 310, wherein an outer circumferential portion
is not supported by the sensor casing 350 and is caused
to be free. The weight body 340 is supported by the flex-
ible substrate 315, the piezoelectric element 330, the
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upper electrode layers E31 to E35 and the fixed sub-
strate 320 and is placed in hanging state as shown. Ac-
cordingly, the weight body 340 can be moved with a cer-
tain degree of freedom within the sensor casing 350. In
addition, since the flexible substrate 315 has conductive
property, it functions as a common electrode layer and
the lower electrode layers E36 to E40 are therefore un-
necessary. As stated above, the angular velocity sensor
360 shown in Fig. 33 is slightly different in structure as
compared to the angular velocity sensor 300 shown in
Fig. 29, but the operation thereof is completely the
same.

§11 Common Use Of Driving Means And Detecting
Means

[0129] Aspreviously described, inthe angular velocity
sensor according to this invention, driving means for al-
lowing the weight body to undergo a circular movement
and detecting means for detecting a Coriolis force ex-
erted on the weight body subject to the circular move-
ment are required. For example, in the model shown in
Fig. 18, force generators (driving means) G1 to G4 for
allowing the weight body 40 to undergo a circular move-
ment within the XY-plane and displacement detectors
(detecting means) D1 to D6 for detecting Coriolis force
components exerted in the respective coordinate axis
directions with respect to the weight body 40 are inde-
pendently provided. Also in various embodiments which
have been described until now, angular velocity sensors
of a structure in which force generators and displace-
ment detectors are respectively separately independ-
ently provided have been mainly described.

[0130] However, as seen from the embodiments
which have been described, a force generator and a dis-
placement detector can be constituted with an identical
element from a physical point of view. For example, an
electrostatic capacitance element has a property that
Coulomb attractive force or repulsive force are pro-
duced between a pair of electrodes by applying voltage
therebetween. For this reason, an electrostatic capaci-
tance element can be used as a force generator. In ad-
dition, in an electrostatic capacitance element, a change
of a distance between both the electrodes is detected
as a form of an electric signal, it can be also used as a
displacement detector. Similarly, since a piezoelectric
element has a property that stress is produced by ap-
plying voltage, it can be used as a force generator. In
addition, in a piezoelectric element, stress applied by
displacement is detected as a form of an electric signal,
it can be also used as a displacement detector.

[0131] While, in the embodiments which have been
described, components as a force generator and com-
ponents as a displacement detector are handled as sep-
arate components, there is no difference in the physical
structure therebetween in practice and they have been
dealt as separate elements for convenience in allowing
them to be operative as the angular velocity sensor. Ac-
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cordingly, both the components are compatible to each
other. As a matter of fact, the same components can be
utilized either as a force generator or as a displacement
detector.

[0132] For example, in the angular velocity sensor
shown in Figs. 29 to 31, as previously described in the
chapter §10, if the electrode layers E31 to E34, E36 to
E39 are caused to have a role as a force generator and
the electrode layers E35, E40 are caused to have a role
as a displacement detector, it is possible to detect a Co-
riolis force exerted in the Z-axis direction and to detect
an angular velocity wx about the X-axis and an angular
velocity oy about the Y-axis in the state where the weight
body 340 is caused to undergo a circular movement
within the XY-plane. On the other hand, if the electrode
layers E31, E36, E33, E38, E35, E40 are caused to have
arole as a force generator and the electrode layers E32,
E37, E34, E39 are caused to have a role as a displace-
ment detector, it is possible to detect a Coriolis force
exerted in the Y-axis direction and to detect an angular
velocity owx about the X-axis and an angular velocity oz
about the Z-axis in the state where the weight body 340
is caused to undergo a circular movement within the XZ-
plane.

[0133] It is to be noted that the operation method
which has been described in the chapter §10 is a meth-
od where each component selects either a role as a
force generator or a role of a displacement detector, re-
spectively, butis not a method where a component takes
both the roles at a same time. However, if a particular
detecting circuit is applied, the same components are
permitted to serve as both the roles at a same time. A
utilization mode in which the same components are
commonly used as a driving means and a detecting
means at a same time as mentioned above will be de-
scribed below.

[0134] Fig. 34 is a conceptual view showing an exam-
ple of the configuration of an angular velocity sensor us-
ing double functional elements GD1 to GD6 for gener-
ation of force and detection of displacement. In this ex-
ample, the double functional elements GD1 to GD6 per-
form at the same time a function as a force generator
and a function as a displacement detector. Initially, at-
tention is drawn to the function as a force generator of
these double functional elements GD1 to GD6. The el-
ements GD1 receives a drive signal g1 to produce a
force to move the weight body 40 in the positive direction
of the X-axis; the element GD2 receives a drive signal
g2 to produce a force to move the weight body 40 in the
positive direction of the Y-axis; the element GD3 re-
ceives a drive signal g3 to produce a force to move the
weight body 40 in the negative direction of the X-axis;
the element GD4 receives a drive signal g4 to produce
a force to move the weight body 40 in the negative di-
rection of the Y-axis; the element GD5 receives a drive
signal g5 to produce a force to move the weight body
40 in the positive direction of the Z-axis; and the element
GD6 receives a drive signal g6 to produce a force to
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move the weight body 40 in the negative direction of the
Z-axis.

[0135] On the other hand, attention is drawn to the
function as a displacement detector of these elements
GD1 to GD6. When the weight body 40 is caused to un-
dergo displacement in the positive direction of the X-
axis, the element GD1 outputs a detection signal d1;
when the weight body 40 is caused to undergo displace-
ment in the positive direction of the Y-axis, the element
GD2 outputs a detection signal d2; when the weight
body 40 is caused to undergo displacement in the neg-
ative direction of the X-axis, the element GD3 outputs a
detection signal d3; when the weight body 40 is caused
to undergo displacement in the negative direction of the
Y-axis, the element GD4 outputs a detection signal d4;
when the weight body 40 is caused to undergo displace-
ment in the positive direction of the Z-axis, the element
GD5 outputs a detection signal d5; and when the weight
body 40 is caused to undergo displacement in the neg-
ative direction of the Z-axis, the element GD6 outputs a
detection signal d6.

[0136] If, e.g., periodic signals shifted to each other in
phase like the drive signals S1 to S4 shown in Fig. 17
are used as the drive signals g1 to g4, the weight body
40 is caused to undergo a circular movement within the
XY-plane. Now, let obtain the detection signals d1 to d6,
keeping the weight body 40 being caused to undergo a
circular movement under the environment where any
angular velocity is not applied. Assuming that the pre-
determined detection signals d1 to d6 are outputted
from the respective elements GD1 to GD6. If the weight
body 40 is precisely carrying out a circular movement
within the XY-plane, the detection signals d1 to d4 be-
come a periodic signal in correspondence with the pe-
riod of the circular movement as a matter of course and
the detection signals d5, d6 become steady-state signal.
[0137] Let now consider the case where an angular
velocity is exerted from the external. By this angular ve-
locity, a Coriolis force is applied to the weight body 40
which is carrying out a circular movement. For example,
a Coriolis force in the positive direction of the X-axis is
assumed to be produced on the basis of the applied an-
gular velocity at a certain moment. In this case, a signal
component Ao based on the produced Coriolis force is
added to a detection signal of the element GD1. Thus,
a detection signal of (d1 + Aa) is obtained from the ele-
ment GD1.

[0138] Namely, in the environment where any angular
velocity is not applied, when the drive signal g1 is ap-
plied to the element GD1, the detection signal d1 is ob-
tained. On the contrary, in the environment where an
angular velocity is exerted, even if the same drive signal
g1 is given, a detection signal (d1 + Aa)) would be ob-
tained. Accordingly, if detection signal d1 is measured
in advance in the environment where any angular ve-
locity is not applied, it is possible to obtain a signal com-
ponent Ao generated by a Coriolis force in the positive
direction of the X-axis on the basis of the detection sig-
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nal (d1 + Aa) obtained in the environment where the an-
gular velocity is actually applied. This method can be
applied to the other elements GD2 to GD6 entirely in the
same manner. In other words, the elements GD1 to GD6
function as a force generator in response to the drive
signals g1 to g6 and function as a displacement detector
outputting detection signals including a component of
Coriolis force.

[0139] Since the angular velocity sensor using double
functional elements can reduce the number of compo-
nents as stated above, there is a merit that the structure
of the sensor body can become simplified. However,
there is a demerit that the signal processing circuit
slightly becomes complicated as compared to the sen-
sors in which force generators and displacement detec-
tors are separately independently provided, which have
been described in the above-mentioned embodiments.
Accordingly, it is preferable to select the structure in
which force generators and displacement detectors are
separately independently provided, or the structure us-
ing double functional elements, in dependency upon
use purpose by taking these merit or demerit into con-
sideration from a viewpoint of practical use.

[0140] Several embodiments using double functional
elements will now be described together with a signal
processing circuit on the basis of the fundamental idea
which has been described in this chapter. Namely, an
embodiment in which double functional elements are
applied to the angular velocity sensor utilizing capaci-
tance elements which has been described in the chap-
ters §5 and § 6 will be described in the chapter §12, an
embodiment in which double functional elements are
applied to the angular velocity sensor utilizing a piezo-
electric element of the type | which has been described
in the chapters §8 and §9 will be described in the chapter
§13, and an embodiment in which double functional el-
ements are applied to the angular velocity sensor utiliz-
ing a piezoelectric element of the type |l which has been
described in the chapter §10 will be described in chap-
ters §14 and §15.

§12 Embodiment Of The Angular Velocity Sensor
Utilizing Double Functional Capacitance Elements

[0141] An angular velocity sensor 190 of which side
cross section is shown in Fig. 35 is directed to an em-
bodiment in which double functional elements are ap-
plied to the angular velocity sensor utilizing capacitance
elements shown in Fig. 19, whereby the number of nec-
essary electrode layers is reduced so that the entire
structure is simplified. This sensor differs from the sen-
sor shown in Fig. 19 only in the configuration of the elec-
trode layers arranged on the upper surface of the flexible
substrate 110 and the electrode layers arranged on the
lower surface of the cover substrate 150. Accordingly,
only the configuration of these electrode layers will be
described below and explanation of the other compo-
nents will be omitted.
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[0142] On the upper surface of the flexible substrate
110, four fan-shaped lower electrode layers L11 to L14
are arranged as shown in Fig. 36. The lower electrode
layer L11 is disposed on the positive area of the X-axis,
the lower electrode layer L12 is disposed on the positive
area of the Y-axis, the lower electrode layer L13 is dis-
posed on the negative area of the X-axis and the lower
electrode layer L14 is disposed on the negative area of
the Y-axis. These lower electrode layers are all symmet-
rical with respect to the respective coordinate axes. On
the other hand, upper electrode layers U11 to U14 are
disposed at positions opposite to the respective lower
electrode layers L11 to L14 on the lower surface of the
cover substrate 150. In this example, the upper elec-
trode layers U11 to U14 have exactly the same shape
as that of the lower electrode layers L11 to L14. Respec-
tive pairs of capacitance elements are formed by the
electrode layers L11 and U11, the electrode layers L12
and U12, the electrode layers L13 and U13 and the elec-
trode layers L14 and U14.

[0143] In order to operate the angular velocity sensor
of such configuration, a signal processing circuit as
shown in Fig. 37 is prepared. In this circuit diagram, re-
spective capacitance elements indicated at the left end
are capacitance elements constituted by the upper elec-
trode layers disposed on the lower surface of the cover
substrate 150 and the lower electrode layers disposed
on the upper surface of the flexible substrate 110 and
U11 to U14 and L11 to L14 represent the respective up-
per electrode layers and the respective lower electrode
layers. The lower electrode layers L11 to L14 are con-
nected to a common ground level and conduct with each
other. In this example, B11 to B18 are buffer circuits and
R11 to R18 are resistors. Moreover, C1 to C4 are ca-
pacitance/voltage conversion circuits and have a func-
tion to convert electrostatic capacitance values of re-
spective capacitance elements into voltage values and
output them. Drive signal input terminals T11, T13, T15,
T17 are respectively terminals to which drive voltages
V11, V13, V15, V17 to be applied to the upper electrode
layers U11, U12, U13, U14 are inputted. Detection sig-
nal output terminals T12, T14, T16, T18 are respectively
terminals for outputting detection voltages V12, V14,
V16, V18 outputted from the capacitance/voltage con-
verting circuits C1, C2, C3, C4.

[0144] In order to allow the weight body 120 to carry
out a circular movement along the XY-plane by using
the signal processing circuit of Fig. 37, it is sufficient to
respectively apply, e.g., drive signals S1 to S4 shown in
Fig. 17 to the drive signal input terminals T11, T13, T15,
T17. By applying these signals with shifted phase, Cou-
lomb attractive forces are respectively exerted on the
four sets of capacitance elements. Thus, the weight
body 120 carries out a circular movement along the XY-
plane.

[0145] On the other hand, it is possible to detect dis-
placements in the respective axial directions of the
weight body 120. For example, when the weight body
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120 is caused to undergo displacement in the positive
direction of the X-axis, a distance between the electrode
layers U11 and L11 becomes short and a distance be-
tween the electrode layers U13 and L13 becomes long-
er. For this reason, an electrostatic capacitance value
in the former is increased and an electrostatic capaci-
tance value in the latter is decreased. Accordingly, in the
circuit of Fig. 37, detection voltage V12 rises and detec-
tion voltage V16 falls. Accordingly, detection of displace-
ment in the positive direction of the X-axis of the weight
body 120 can be made based on a difference between
both the detection voltages V12 and V16.

[0146] In contrast, when the weight body 120 is
caused to undergo displacement in the negative direc-
tion of the X-axis, the relationship between increase and
decrease becomes opposite to that of the above-de-
scribed case. For this reason, sign of the difference be-
tween both the detection voltages V12 and V16 is in-
verted.

[0147] Eventually, detections of displacements in
both the positive and negative directions of the X-axis
can be made by detecting a difference between detec-
tion voltages V12 and V16 which are obtained at the out-
put terminals T12 and T16. Exactly in the same manner
as above, detections of displacements in both the pos-
itive and negative directions of the Y-axis can be made
by detecting a difference between the detection voltag-
es V14 and V18 which are obtained at the output termi-
nals T14 and T18.

[0148] Further, this signal processing circuit can also
detect displacements in both the positive and negative
directions of the Z-axis. For example, when the weight
body 120 is caused to undergo displacement in the pos-
itive direction of the Z-axis, distances between the elec-
trodes of four sets of capacitance elements all become
short. As a result, electrostatic capacitance values of
these capacitance elements are increased. In contrast,
when the weight body 120 is caused to undergo dis-
placement in the negative direction of the Z-axis, dis-
tances between the electrodes of four sets of capaci-
tance elements all become long. As a result, electrostat-
ic capacitance values of these capacitance elements
are decreased. Accordingly, detections of displace-
ments in both the positive and negative directions of the
Z-axis can be made based on increase or decrease of
sum total of voltages (V12+V14+V16+V18) obtained at
the four output terminals T12, T14, T16, T18. Although
displacement detection in the Z-axis direction can be
made also by sum of two voltages (V12+V16) or
(V14+V18), it is preferable to use sum total of the four
voltages as described above in order to carry out effi-
cient and stable detection.

[0149] It should be noted that since the respective
electrode layers L11 to L14, U11 to U14 all have shape
linearly symmetrical with respect to the X-axis or the Y-
axis, there is no possibility that any other axis compo-
nent may interfere with the above-described detection
result. For example, in the case where the weight body
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120 is caused to undergo displacement along the X-ax-
is, either a distance between the electrode layers U11
and L11 or a distance between the electrode layers U13
and L13 becomes short and the other distance becomes
long. For this reason, it is possible to obtain displace-
ment in the X-axis direction as a difference between the
detection voltages V12 and V16. However, in the case
where the weight body 120 is caused to undergo dis-
placement in the Y-axis direction, both the distances be-
tween the electrode layers U11 and L11 and between
the electrode layers U13 and L13 partially become
shorter or longer. Therefore, those distances are can-
celed as a whole. As a result, no voltage difference is
produced. In addition, in the case where the weight body
120 is caused to undergo displacement in the positive
or negative Z-axis direction, both the distances between
the electrode layers U11 and L11 and between the elec-
trode layers U13 and L13 become shorter or longer. Ac-
cordingly, when a difference between the detection volt-
ages V12 and V16 is taken, they are canceled.

[0150] It is seen from the foregoing description that
this angular velocity sensor 190 has a function to allow
the weight body 120 to carry out a circular movement
along the XY-plane and a function to separately detect
displacements of the weight body 120 relating to both
the positive and negative directions of the X-axis, the Y-
axis and the Z-axis by making use of only four sets of
electrode pairsU11and L11,U12and L12,U13and L13,
U14 and L14. In view of the above, if these electrode
pairs are utilized as double functional elements which
have been described in the chapter §11, detections of
angular velocity components o x, oy, @z about the re-
spective axes can be made.

[0151] Namely, initially, the drive signals S1 to S4
shown in Fig. 17 are respectively delivered to the input
terminals T11, T13, T15, T17 in the environment where
any angular velocity is not exerted to the weight body
120 which is carrying out a circular movement along the
XY-plane. Under this environment, voltages V12, V14,
V16, V18 outputted from the output terminals T12, T14,
T16, T18 are measured. It is a matter of course that
these measured voltages generate periodic signals var-
ying at the same period as that of the drive signals S1
to S4. Subsequently, this angular velocity sensor 190 is
placed in the environment where an angular velocity is
actually exerted, keeping to similarly deliver the drive
signals S1 to S4 to the input terminals T11, T13, T15,
T17 to make the weight body 120 be carrying out the
circular movement along the XY-plane. Under this envi-
ronment, voltages V12, V14, V16, V18 outputted from
the output terminals T12, T14, T16, T18 are measured
again. If these voltage values are different from values
measured in advance, their differences become compo-
nents of Coriolis force based on the angular velocity ex-
erted on the weight body 120. For example, if the detec-
tion voltage difference (V12-V16) which indicates a dis-
placement in the X-axis direction is increased by Ao as
compared to a value measured in advance, a Coriolis
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force in the positive direction of the X-axis with a mag-
nitude corresponding to Aa is detected.

[0152] Eventually, this angular velocity sensor 190
can independently detect a Coriolis force in the X-axis
direction, a Coriolis force in the Y-axis direction and a
Coriolis force in the Z-axis direction, respectively, in the
state where the weight body 120 is caused to undergo
a circular movement along the XY-plane. Accordingly, it
becomes possible to detect an angular velocity omx about
the X-axis, an angular velocity my about the Y-axis and
an angular velocity wz about the Z-axis on the basis of
the previously described principle.

[0153] Inthe above,ithas been described that voltage
is applied across the upper and lower electrode layers
opposite to each other to deliver charges having polar-
ities different from each other to both the electrodes so
as to produce a Coulomb attractive force therebetween
to drive the weight body 120. However, if there is em-
ployed a structure capable of respectively delivering
charges of the same polarity to both the upper and lower
electrode layers, it is also possible to drive the weight
body 120 by Coulomb repulsive force. In addition, for
example, if Coulomb attractive force is exerted on the
electrode pair U11 and L11 and Coulomb repulsive force
is exerted on the electrode pair U13 and L13 atthe same
time, the weight body 120 can be more efficiently under-
go displacement in the positive direction of the X-axis.
When the weight body 120 is caused to undergo a cir-
cular movement in the state where attractive force is ex-
erted on one hand and repulsive force is exerted on the
other hand, more efficient driving operation can be
made.

[0154] Moreover, if Coulomb attractive force is ap-
plied to all the four sets of electrode pairs, or two sets
of electrode pairs arranged on the same coordinate axis,
the weight body 120 can be caused to undergo displace-
ment in the positive direction of the Z-axis. Further, if
Coulomb repulsive force is applied to all the four sets of
electrode pairs or two sets of electrode pairs arranged
on the same coordinate axis, the weight body 120 can
be caused to undergo in the negative direction of the Z-
axis. Accordingly, if the drive operation in both the pos-
itive and negative directions of the Z-axis and, e.g., the
drive operation in both the positive and negative direc-
tions of the X-axis previously described are combined
with each other, the weight body 120 can be also caused
to undergo a circular movement along the XZ-plane.
[0155] In the above, it has been described that dis-
placement in the X-axis direction of the weight body 120
is detected by a difference between the detection volt-
ages (V12-V16), and displacement in the Y-axis direc-
tion of the weight body 120 is detected by a difference
between the detection voltages V14 and V18. The rea-
son why such a difference is taken is that the detection
accuracy is caused to be improved and that the dis-
placement component in the Z-axis direction is not
caused to interfere with the detection result. According-
ly, if it is the premise that the angular velocity sensor is
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used in an environment such that Coriolis force in the
Z-axis direction is not exerted, it is also possible to use,
e.g., voltage value V12 or V16 as a value indicating dis-
placement in the X-axis direction by itself, and it is sim-
ilarly possible to use voltage value V14 or V18 as a value
indicating displacement in the Y-axis direction by itself.
[0156] Moreover, while, in the above-described em-
bodiment, both the upper electrode layers U11 to U14
and the lower electrode layers L11 to L14 are all individ-
ual electrode layers independent from a physical point
of view, either the upper electrode layers or the lower
electrode layers may be replaced by a single common
electrode layer from a physical point of view (a disk-
shaped common electrode layer as opposed to all the
four fan-shaped electrode layers in the case of this ex-
ample). In order to simplify wiring between electrode lay-
ers, itis preferable to use such a common electrode lay-
er. In the circuit shown in Fig. 37, the lower electrode
layers L11 to L14 are commonly grounded and serves
as a common electrode from an electrical point of view.
[0157] In the case of the angular velocity sensors of
the structure as shown in Fig. 35 or Figs. 19 to 22, in-
expensive and high performance angular velocity sen-
sors can be mass-produced by constituting them by ma-
terial to which the technology of the manufacturing proc-
ess of typical semiconductor device or the micromachin-
ing technology can be applied. For example, in Fig. 35,
if members such as the flexible substrate 110, the weight
body 120, the pedestal 130 and/or the cover substrate
150 are constituted by a silicon substrate or a glass sub-
strate, anode bonding technology, etc. can be utilized
for joining between a glass substrate and a silicon sub-
strate, and silicon direct bonding technology, etc. can
be utilized for joining between silicon substrates. It is to
be noted that if individual electrode layers different from
a physical point of view are disposed on a silicon sub-
strate in a manner adjacent to each other, there is the
possibility that those electrode layers may interfere with
each other by coupling with capacitance in the silicon
substrate. Accordingly, it is preferable to form individual
electrode layers on a glass substrate whenever practi-
cable. If a single common electrode layer from a physi-
cal point of view is employed, forming such a common
electrode layer on a silicon substrate does not constitute
any problem.

§13 Embodiment Of Angular Velocity Sensor Utilizing
Double Functional Piezoelectric Element Of The Type |

[0158] An angular velocity sensor 290 of which side
cross section is shown in Fig. 38 is directed to an angular
velocity sensor of an embodiment in which double func-
tional elements are applied to the angular velocity sen-
sor utilizing the piezoelectric element of the type | shown
in Fig. 25 to thereby reduce the number of electrode lay-
ers so that the entire structure is simplified. This angular
velocity sensor differs from the sensor shown in Fig. 25
only in the configuration of electrode layers disposed on
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both the upper and the lower surfaces of the piezoelec-
tric element 250. In view of the above, only the config-
uration of the electrode layers will be described below
and explanation of other components is omitted.
[0159] As shown in Fig. 39, four fan-shaped upper
electrode layers U21 to U24 are disposed on the upper
surface of the piezoelectric element 250. The upper
electrode layer U21 is disposed on the positive area of
the X-axis, the upper electrode layer U22 is disposed
on the positive area of the Y-axis, the upper electrode
layer U23 is disposed on the negative area of the X-axis
and the upper electrode layer U24 is disposed on the
negative area of the Y-axis. These upper electrode lay-
ers are all symmetrical with respect to the respective co-
ordinate axes. Moreover, a washer-shaped common
lower electrode layer L20 as opposed to all of upper
electrode layers U21 to U24 is disposed on the lower
surface of the piezoelectric element 250. Thus, four sets
of partial piezoelectric elements respectively put be-
tween the electrode layers U21 and L20, the electrode
layers U22 and L20, the electrode layers U23 and L20
and the electrode layers U24 and L20 are provided.
[0160] On the other hand, an angular velocity sensor
295 of which side cross section is shown in Fig. 40 is
directed to an angular velocity sensor of an embodiment
in which the arrangement of electrode layers of the an-
gular velocity sensor shown in Fig. 38 is slightly
changed. Namely, four fan-shaped upper electrode lay-
ers U26 to U29 are disposed as shown in Fig. 41 on the
upper surface of the piezoelectric element 250 in the an-
gular velocity sensor 295. The upper electrode layer
U26 is disposed on the positive area of the X-axis, the
upper electrode layer U27 is disposed on the positive
area of the Y-axis, the upper electrode layer U28 is dis-
posed on the negative area of the X-axis and the upper
electrode layer U29 is disposed on the negative area of
the Y-axis. These upper electrode layers are all sym-
metrical with respect to the respective coordinate axes.
Moreover, a washer-shaped common lower electrode
layer L25 as opposed to all of the upper electrode layers
U26 to U29 is disposed on the lower surface of the pie-
zoelectric element 250. Thus, four sets of partial piezo-
electric elements respectively put between the elec-
trode layers U26 and L25, the electrode layers U27 and
L25, the electrode layers U28 and L25 and the electrode
layers U29 and L25 are provided.

[0161] The difference between the angular velocity
sensor 290 shown in Figs. 38 and 39 and the angular
velocity sensor 295 shown in Figs. 40 and 41 resides
only in that respective electrode layers are disposed
within the inside area, or within the outside area. The
meaning of the arrangement area will be described with
reference to the side cross sectional view of Fig. 42. As-
suming now that force Fz in an upper direction is applied
to the working portion 211 in the state where the fixed
portion 213 of the flexible substrate 210 is fixed, a bend-
ing as shown in the figure is produced in the flexible por-
tion 212, where stresses produced within the flexible
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portion 212 are different in dependency upon individual
portions.

[0162] Whenitis assumed that stress in a direction to
laterally expand in the figure is indicated by plus and
stress in a direction to laterally contract is indicated by
minus, stress takes positive maximum value at an edge
position P1 of the inside and stress takes negative max-
imum value at an edge position P2 of the outside as in-
dicated by the stress distribution diagram shown in the
lower part of Fig. 42. Stress gradually changes between
the positions P1 to P2, and stress becomes zero at a
point P3. Here, when an area from the edge position of
the inside up to the point P3 is defined as an inside area
A1 and an area from the point P3 to the edge position
P2 of the outside is defined as an outside area A2, pos-
itive stress is produced in the inside area A1 and nega-
tive stress is produced in the outside area A2. Fig. 43 is
a top view of the flexible substrate 210 for indicating
stress distribution in the inside area A1 and the outside
area A2.

[0163] When such stress distribution is taken into con-
sideration, it can be understood that although working
portion 211 is caused to undergo displacement exactly
in the same direction, completely opposite phenomena
to each other are taken place in the inside area A1 and
the outside area A2. For example, if positive charges
are produced in the electrode layers arranged in the in-
side area A1, negative charges are produced in the elec-
trode layers arranged in the outside area A2. Accord-
ingly, an electrode layer bridging over the inside area
A1 and the outside area A2 is not preferable in detecting
displacement of the working portion 211. Because, in
such a bridging electrode layer, one phenomenon takes
place in a portion of the inside area A1 and the other
phenomenon takes place in a portion of the outside area
A2 so that they are canceled. For this reason, if such a
bridging electrode is used as a force generator, drive
efficiency is lowered and if such a bridging electrode is
used as a displacement detector, detection sensitivity is
lowered. It can be said that the angular velocity sensor
200 shown in Figs. 25 and 26 (angular velocity sensor
which has been described in the chapter §8) is a sensor
in which the fact that phenomena opposite to each other
take place at the electrode layers G22, G24, D25 to D28
arranged in the outside area A1 and the electrode layers
G21, G23, D21 to D24 arranged in the outside area A2
is taken into consideration to elaborately combine both
the electrode arrangements to thereby permit efficient
detection.

[0164] The angular velocity sensor 290 shown in Figs.
38 and 39 is directed to a sensor of an embodiment in
which all the electrodes are arranged within the inside
area A1, wherein stress is caused to take place within
the inside area A1 to drive the weight body 220 and dis-
placement of the weight body 220 is detected on the ba-
sis of stress produced within the inside area A1. In the
sensor 290, stress of the outside area A2 is not utilized.
On the other hand, the angular velocity sensor 295
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shown in Figs. 40 and 41 is directed to a sensor of an
embodiment in which all the electrodes are arranged
within the outside area A2, wherein stress is caused to
take place within the outside area A2 to drive the weight
body 220 and displacement of the weight body 220 is
detected on the basis of stress produced within the out-
side area A2. In the sensor 295, stress of the inside area
A1 is not utilized.

[0165] As described above, a different phenomenon
takes place in dependency upon whether the respective
electrode layers exist within the inside area A1 or within
the outside area A2. However, the detection principle is
basically the same regardless of which phenomenon
takes place. In view of the above, the operation of only
the angular velocity sensor 290 shown in Figs. 38 and
39 will be described below and explanation of the oper-
ation of the angular velocity sensor 295 is omitted here.
[0166] In order to operate the angular velocity sensor
290 shown in Figs. 38 and 39, a signal processing circuit
as shown in Fig. 44 is prepared. In this circuit diagram,
U21to U24 and L20 indicated at the left end respectively
denote the upper electrode layers disposed on the up-
per surface and the lower electrode layer disposed on
the lower surface of the piezoelectric element 250 and
the piezoelectric element of the type | is put between the
respective pairs of electrode layers. Moreover, B21 to
B28 denote buffer circuits and R21 to R28 denote resis-
tors. Drive signal input terminals T21, T23, T25, T27 are
respectively terminals for inputting drive voltages V21,
V23, V25, V27 to be applied to the upper electrode lay-
ers U21, U22, U23, U24 and detection signal output ter-
minals T22, T24, T26, T28 are respectively terminals for
outputting detection voltages V22, V24, V26, V28 indi-
cating actual potentials of the upper electrode layers
U21, U22, U23, U24.

[0167] In order to allow the weight body 220 to under-
go a circular movement along the XY-plane by using
such a signal processing circuit, it is sufficient to respec-
tively deliver, e.g., the drive signals S1 to S4 shown in
Fig. 17 to the input terminals T21, T23, T25, T27. Volt-
ages respectively shifted in phase are supplied to por-
tions of the four sets of respective piezoelectric ele-
ments. As a result, displacements in predetermined di-
rections are produced. Thus, the weight body 220 car-
ries out a circular movement along the XY-plane.
[0168] On the other hand, if such a signal processing
circuit is used, it is possible to detect displacements in
the respective axial directions of the weight body 220.
For example, when the weight body 220 is caused to
undergo displacement in the positive direction of the X-
axis, stress in a direction to expand along the X-axis is
exerted in an area where the upper electrode layer U21
is formed and stress in a direction to contract along the
X-axis is exerted in an area where the electrode layer
U23 is formed. For this reason, it is seen that when the
polarization characteristic of the piezoelectric element
of the type | shown in Figs. 23A and 23B is taken into
consideration, positive voltage and negative voltage are
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respectively obtained as detection voltage V22 and de-
tection voltage V26. In view of the above, detection of
displacement in the positive direction of the X-axis of
the weight body 220 can be made based on a difference
between both the detection voltages V22 and V26.
[0169] In contrast, when the weight body 220 is
caused to undergo displacement in the negative direc-
tion of the X-axis, detection voltages have polarities op-
posite to those of the above-described case. For this
reason, sign of the difference between both the detec-
tion voltages V22 and V26 is inverted.

[0170] Eventually, detections of displacements in
both the positive and negative directions can be made
based on a difference between detection voltages V22
and V26 obtained at the output terminals T22, T26. Ex-
actly in the same manner, detections of displacements
in both the positive and negative directions of the Y-axis
can be made based on a difference between detection
voltages V24 and V28 obtained at the output terminals
T24, T28.

[0171] Further, with this signal processing circuit, de-
tections of displacements in both the positive and neg-
ative directions of the Z-axis can be also made. For ex-
ample, when the weight body 220 is caused to undergo
displacement in the positive direction of the Z-axis,
stress in a direction to laterally expand is produced in
the inside area A1. For this reason, positive charges are
produced on all of the upper electrode layers U21 to U24
disposed on the inside area A1. Therefore, four sets of
detection voltages V22, V24, V26, V28 all take positive
values. In contrast, when the weight body 220 is caused
to undergo displacement in the negative direction of the
Z-axis, four sets of detection voltages V22, V24, V26,
V28 all take negative values. Accordingly, detections of
displacements in both the negative and positive direc-
tions of the Z-axis can be made by increase or decrease
of a sum total of voltages (V22+V24+V26+V28) ob-
tained at the four output terminals T22, T24, T26, T28
(although displacement detection in the Z-axis direction
can be made by a sum of two voltages (V22+V26) or
(V24+V28), it is preferable to use the sum total of the
four voltages as described above.

[0172] Itisto be noted that since the respective upper
electrode layers U21 to U24 all have shape linearly sym-
metrical with respect to the X-axis or the Y-axis, there is
no possibility that any other axis component may inter-
fere with the above-described detection result. For ex-
ample, in the case where the weight body 220 is caused
to undergo displacement in the X-axis direction, stress
in a direction to expand or in a direction to contract along
the X-axis is exerted in the areas where the upper elec-
trode layers U21, U23 are arranged. This stress can be
obtained based on a difference between detection volt-
ages V22 and V26. However, in the case where the
weight body 220 is caused to undergo displacement in
the Y-axis direction, the areas where the upper elec-
trode layers U21, U23 are arranged partially expand and
contract, and charges produced are canceled as a
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whole, thus giving no effect on the detection voltages
V22,V26. In addition, in the case where the weight body
220 is caused to undergo displacement in the Z-axis di-
rection, positive charges are produced in all of the upper
electrode layers on the inside area A1. As a result, de-
tection voltages V22, V26 both take the same positive
value. Accordingly, when a difference between detec-
tion voltages V22 and V26 is taken, they are canceled.
[0173] From the above-described description, it is
seen that this angular velocity sensor 290 utilizes only
four sets of electrode pairs U21 and L20, U22 and L20,
U23 and L20, U24 and L20 (L20 is a single common
electrode layer) to thereby have the function to allow the
weight body 220 to undergo a circular movement along
the XY-plane and the function to separately (independ-
ently) detect displacements of the weight body 220 in
both the positive and negative directions of the X-axis,
the Y-axis and the Z-axis.

[0174] In view of the above, if these electrode pairs
are utilized as double functional elements which have
been described in the chapter §11, detection of angular
velocity components wx, oy, mz about the respective ax-
es can be made. Namely, the drive signals S1 to S4
shown in Fig. 17 are respectively delivered to the input
terminals T21, T23, T25, T27 in the environment where
any angular velocity is not exerted, thus allowing the
weight body 220 to undergo a circular movement along
the XY-plane and voltages V22, V24, V26, V28 output-
ted from the output terminals T22, T24, T26, T28 are
measured. As a matter of course, these voltages gen-
erate periodic signals varying at the same period as that
of the drive signals S1 to S4. Subsequently, this angular
velocity sensor 290 is placed in the environment where
an angular velocity is actually applied to. Then the re-
spective drive signals S1 to S4 are delivered to the input
terminals T21, T23, T25, T27 to allow the weight body
220 to undergo a circular movement along the XY-plane
and voltages outputted from the output terminals T22,
T24, T26, T28 at that time are measured. If these volt-
age values are different from values measured in ad-
vance, these differences indicate respective compo-
nents of Coriolis force based on the applied angular ve-
locity. For example, if a detection voltage difference
(V22-V26) indicating displacement in the X-axis direc-
tion is increased by Ao as compared to a value meas-
ured in advance, it can be recognized that a Coriolis
force corresponding to Ao is applied in the positive di-
rection of the X-axis.

[0175] Eventually, this angular velocity sensor 290
can independently detect a Coriolis force in the X-axis
direction, a Coriolis force in the Y-axis direction and a
Coriolis force in the Z-axis direction, respectively, in the
state where the weight body 220 is caused to undergo
a circular movement along the XY-plane. Accordingly, it
becomes possible to detect an angular velocity compo-
nent wx about the X-axis, an angular velocity component
wy about the Y-axis and an angular velocity component
oz about the Z-axis on the basis of the previously de-
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scribed principle.

[0176] Moreover, if positive voltages of the same val-
ue are supplied at the same time as voltages V21, V23,
V25, V27, positive charges are delivered to the four up-
per electrode layers U21 to U24. Since the areas where
the respective electrode layers are disposed expand in
a lateral direction at the same time, the weight body 220
is permitted to undergo displacement in the positive di-
rection of the Z-axis as shown in Fig. 42. In contrast, if
negative voltages of the same value are supplied at the
same time, negative charges are delivered to the four
upper electrode layers U21 to U24. Since the areas
where the respective electrode layers are disposed con-
tract in the lateral direction at the same time, the weight
body 220 is permitted to undergo displacement in the
negative direction of the Z-axis. Although it is possible
to move the weight body 220 in the positive or negative
direction of the Z-axis by supplying voltages only to the
upper electrode layers U21, U23 or the upper electrode
layers U22, U24, it is preferable to carry out charge sup-
ply to all of the four electrode layers U21 to U24 as de-
scribed above in order to carry out efficient stable dis-
placement.

[0177] If the above described drive operation in both
the positive and negative directions of the Z-axis and
the previously described drive operation in both the pos-
itive and negative directions of the X-axis are combined
together, the weight body 220 is permitted to undergo a
circular movement along the XZ-plane.

[0178] Further, while it has been described that dis-
placement in the X-axis direction of the weight body 220
is detected based on a difference between detection
voltages V22 and V26 and displacement in the Y-axis
direction of the weight body 220 is detected based on a
difference between detection voltages V24 and V28, the
reason why such a difference is taken is that the detec-
tion accuracy is caused to be improved and displace-
ment component in the Z-axis direction is not caused to
interfere with the detection result. Accordingly, if it is the
premise that the angular velocity sensor is used in a de-
tection environment such that Coriolis force in the Z-axis
direction is not applied, a voltage value V22 or V26 can
be used by itself as a value indicating displacement in
the X-axis direction and a voltage value V24 or V28 can
be similarly used by itself as a value indicating displace-
ment in the Y-axis direction.

[0179] In addition, while, in the above-described em-
bodiment, the upper electrode layers U21 to U24 are
individual electrode layers respectively independent
and the lower electrode layer L20 is a single common
electrode layer from a physical point of view, there may
be employed a configuration having a single common
upper electrode layer and four respectively independent
lower electrode layers. Alternatively, there also may be
employed a configuration that both the upper and lower
electrode layers are constituted by separate individual
electrode layers without using a common electrode lay-
er. However, it is preferable that either the upper elec-
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trode layers or the lower electrode layers is replaced by
a single common electrode for the purpose of simplifying
wiring between electrode layers.

§14 Embodiment Of Angular Velocity Sensor Utilizing
Double Functional Piezoelectric Element Of The Type Il

[0180] In the chapter §10, the configuration and the
operation of the angular velocity sensor 300 utilizing a
piezoelectric element of the type Il as shown in Fig. 29
has been described. It also has been described in the
chapter §10 that it is sufficient for detecting all of the
angular velocity components wx, oy, oz to provide the
electrode layers E31G, E33G, E35G serving a role of
force generators and the electrode layers E31D to E34D
serving a role of displacement detectors as shown in
Fig. 32. When such role sharing is carried out, the signal
processing circuit is simplified as a matter of course.
However, the number of required electrode layers is dis-
advantageously increased. For this reason, a structure
of the sensor body becomes complicated.

[0181] In this chapter, initially, explanation will be giv-
en below in connection with an operation method in
which the concept of the double functional element de-
scribed in the chapter §11 is applied to the angular ve-
locity sensor 300 shown in Figs. 29 to 31 to thereby de-
tect all of the angular velocity components wx, oy, ©z
about the three axes.

[0182] Let now prepare a signal processing circuit as
shown in Fig. 45. In this circuit diagram, a sandwich
component indicated at the left upper corner is a com-
ponent extracted from Fig. 29, which comprises the pi-
ezoelectric element 330 and the electrode layers E31 to
E40. In the circuit, B31 to B38 denote buffer circuits and
R31 to R38 denote resistors. Drive signal input terminals
T31, T32, T33, T34 are respectively terminals which in-
put drive voltages V31, V32, V33, V34 to be applied to
the electrode layers E33, E31, E36, E38 and detection
signal output terminals T35, T36, T37, T38 are terminals
for respectively outputting detection voltages V35, V36,
V37, V38 which are actually produced at the electrode
layers E33, E31, E36, E38.

[0183] Assuming now that positive voltages are ap-
plied as drive voltages V31, V33 and negative voltages
are applied as drive voltages V32, V34, positive charges
are delivered to the electrode layers E33, E36, and neg-
ative charges are delivered to the electrode layers E31,
E38. It can be understood that when the piezoelectric
element 330 has the polarization characteristic of the
type Il shown in Figs. 24A and 24B, the right side portion
of the piezoelectric element 330 shown in Fig. 45 con-
tracts in the longitudinal direction and the left side por-
tion thereof expands in the longitudinal direction. Thus,
the weight body 340 (see Fig. 29) which is not illustrated
in Fig. 45 is caused to undergo displacement in the pos-
itive direction of the X-axis.

[0184] When the weight body 340 is caused to under-
go displacement in the positive direction of the X-axis
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as described above in the environment where any an-
gular velocity is not applied, detection voltages V35 to
V38 outputted from the output terminals T35 to T38 are
measured in advance. Subsequently, this angular veloc-
ity sensor 300 is placed in the environment where an
angular velocity is actually applied and respective drive
voltages of a predetermined polarity are delivered to the
input terminals T31 to T34 in order to place the weight
body 340 in the state caused to undergo displacement
in the positive direction of the X-axis. Then voltages out-
putted from the output terminals T35 to T38 are meas-
ured at this time. If these measured voltage values are
different from values measured in advance, these differ-
ences correspond respective components of Coriolis
force generated by an applied angular velocity.

[0185] While the driving operation and the displace-
ment detection relating only to the X-axis direction have
been described above, it is possible to similarly prepare
a circuit relating to the Y-axis direction or the Z-axis di-
rection in the same manner.

§15 Another Embodiment Of Angular Velocity Sensor
Utilizing Double Functional Piezoelectric Element Of

The Type Il

[0186] An angular velocity sensor 390 of which side
cross section is shown in Fig. 46 is directed to an em-
bodiment in which double functional elements are ap-
plied to the angular velocity sensor 300 utilizing piezo-
electric elements shown in Fig. 29 to thereby reduce the
number of required electrode layers so that the entire
structure is simplified. The difference between the sen-
sor 390 shown in Fig. 46 and the sensor 300 shown in
Fig. 29 resides in only the configuration of electrode lay-
ers arranged on the upper surface and the lower surface
of the piezoelectric element 330. Therefore, only the
configuration of the electrode layers will be described
and explanation of the other components is omitted.
[0187] Four fan-shaped upper electrode layers U41
to U44 are arranged as shown in Fig. 47 on the upper
surface of the piezoelectric element 330. The upper
electrode layer U41 is disposed on the positive area of
the X-axis, the upper electrode layer U42 is disposed
on the positive area of the Y-axis, the upper electrode
layer U43 is disposed on the negative area of the X-axis
and the upper electrode layer U44 is disposed on the
negative area of the Y-axis. These upper electrode lay-
ers are all symmetrical with respect to the respective co-
ordinate axes. On the other hand, lower electrode layers
L41 to L44 which have exactly the same shape as that
of the respective electrode layers U41 to U44 are ar-
ranged also on the lower surface of the piezoelectric el-
ement 330 at positions respectively opposite to the up-
per electrode layers U41 to U44. Thus, four sets of par-
tial piezoelectric elements are provided between the
electrode layers U41 and L41, the electrode layers U42
and L42, the electrode layers U43 and L43 and the elec-
trode layers U44 and L44.
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[0188] In order to operate the angular velocity sensor
of such a configuration, a signal processing circuit as
shown in Fig. 48 is prepared. In this circuit diagram, re-
spective electrode layers U41 to U44, L41 to L44 indi-
cated at the left end are respectively the upper electrode
layers U41 to U44 and the lower electrode layers L41 to
L44 which have been described above and portions of
the piezoelectric element 330 are put between respec-
tive electrode layers. In this circuit, B41 to B48 denote
buffer circuits and R41 to R48 denote resistors. Drive
signal input terminals T41, T43, T45, T47 are terminals
for respectively inputting drive voltages V41, V43, V45,
V47 to be applied to the upper electrode layers U41,
U42, U43, U44 and detection signal output terminals
T42, T44, T46, T48 are terminals for respectively out-
putting actual voltages of the upper electrode layers
U41, U42, U43, U44 as detection voltages V42, V44,
V46, V48.

[0189] In order to allow the weight body 340 to under-
go a circular movement along the XY-plane by using this
signal processing circuit, it is sufficient to respectively
deliver the drive signals S1 to S4 shown in Fig. 17 to the
input terminals T41, T43, T45, T47. Stresses with shift-
ed phase in predetermined directions are successively
applied to the four sets of partial piezoelectric elements.
Thus, the weight body 340 is caused to undergo a cir-
cular movement along the XY-plane.

[0190] On the other hand, if this signal processing cir-
cuit is used, it is possible to detect displacements of the
weight body 340 in the respective axes directions. For
example, when the weight body 340 is caused to under-
go displacement in the positive direction of the X-axis,
the portion between the electrode layers U41 and L41
contracts in the longitudinal direction and the portion be-
tween the electrode layers U43 and L43 expands in the
longitudinal direction. For this reason, negative voltage
is outputted as detection voltage V42 and positive volt-
age is outputted as detection voltage V46. Thus, detec-
tion of displacement in the positive direction of the X-
axis of the weight body 340 can be made based on a
difference between both detection voltages V46 and
V42,

[0191] In contrast, when the weight body 340 is
caused to undergo displacement in the negative direc-
tion of the X-axis, detection voltages have a polarity op-
posite to that of the above-described case. For this rea-
son, sign of the difference between both the detection
voltages V46 and V42 is inverted.

[0192] Eventually, detections of displacements in
both the positive and negative directions of the X-axis
can be made based on a difference between the detec-
tion voltages V46 and V42 obtained at the output termi-
nals T42, T46. Exactly in the same manner, detections
of displacements in both the positive and negative di-
rections of the Y-axis can be made based on a difference
between the detection voltages V48 and V44 obtained
at the output terminals T44, T48.

[0193] Further, in this signal processing circuit, detec-
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tions of displacements in both the positive and negative
directions of the Z-axis can be made. For example,
when the weight body 340 is caused to undergo dis-
placement in the positive direction of the Z-axis, stress-
es in a direction to contract in the longitudinal direction
are applied to the piezoelectric element 330 at every
portion. For this reason, all the detection voltages V42,
V44,V46, V48 become negative. In contrast, when the
weight body 340 is caused to undergo displacement in
the negative direction of the Z-axis, stresses in a direc-
tion to expand in the longitudinal direction are applied
to the piezoelectric element 330 at every portion. For
this reason, all the detection voltages V42, V44, V46,
V48 become positive. Accordingly, detections of dis-
placements in both the positive and negative directions
of the Z-axis can be made by increase or decrease of a
sum total of the voltages (V42+V44+V46+V48) obtained
at the four output terminals T42, T44, T46, T48. Al-
though detection of displacement in the Z-axis direction
can be made also by a sum of two voltages (V42+V46)
or (V44+V48), it is preferable to use a sum total of the
four voltages as described above for carrying out effi-
cient and stable detection

[0194] Itis to be noted that since the respective elec-
trode layers U41 to U44, L41 to L44 all have shape lin-
early symmetrical with respect to the X-axis or the Y-
axis, there is no possibility that any other axis compo-
nent may interfere with the above-described detection
result. For example, in the case where the weight body
340 is caused to undergo displacement in the X-axis di-
rection, the portion between the electrode layers U41
and L41 contracts and the portion between the electrode
layers U43 and L43 expands. For this reason, displace-
ment in the X-axis direction can be obtained as a differ-
ence between the detection voltages V46 and V42.
However, in the case where the weight body 340 is
caused to undergo displacement in the Y-axis direction,
both the portion between the electrode layers U41 and
L41 and the electrode layers U43 and L43 respectively
partially contract or expand. Therefore, charges pro-
duced are canceled. Thus, no change takes place in the
detection voltages V42, V46. In addition, in the case
where the weight body 340 is caused to undergo dis-
placement in the Z-axis direction, the portion between
the electrode layers U41 and L41 and the portion be-
tween the electrode layers U43 and L43 both contract
or both contract. Accordingly, when a difference be-
tween the detection voltages V46 and V42 is taken, they
are canceled.

[0195] From the foregoing description, it can be seen
that this angular velocity sensor 390 utilizes only four
sets of electrode pairs U41 and L41, U42 and L42, U43
and L43 and U44 and L44 to have a function to allow
the weight body 340 to undergo a circular movement
along the XY-plane and a function to separately detect
displacements of the weight body 340 relating both the
positive and negative directions of the X-axis, the Y-axis
and the Z-axis . In view of the above, if these electrode
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pairs are utilized as double functional elements which
have been described in the chapter §11, angular velocity
components wx, oy, wz about the respective axes can
be made.

[0196] Namely, the drive signals S1 to S4 shown in
Fig. 17 are respectively delivered to the input terminals
T41, T43, T45, T47 in the environment where any an-
gular velocity is not applied to place the weight body 340
in the state caused to undergo a circular movement
along the XY-plane. At this time, voltages V42, V44,
V46, V48 outputted from the output terminals T42, T44,
T46, T48 are measured in advance. It is a matter of
course that these voltage values generate periodical
signals varying at the same period as that of the drive
signals S1 to S4. Subsequently, this angular velocity
sensor 390 is placed in the environment where an an-
gular velocity is actually exerted. Then the drive signals
S1 to S4 are delivered to the input terminals T41, T43,
T45, T47 to place the weight body 340 in the state
caused to undergo a circular movement along the XY-
plane and voltages outputted from the output terminals
T42, T44, T46, T48 at that time are measured. If these
measured voltage values are different from values
measured in advance, these differences indicate re-
spective components of the Coriolis force generated by
an applied angular velocity. For example, if the detection
voltage difference (V46-V42) indicating displacement in
the X-axis direction is increased by Ao as compared to
a value measured in advance, it can be recognized that
a Coriolis force of the magnitude corresponding to Aa.
is applied in the positive direction of the X-axis.

[0197] Eventually, this angular velocity sensor 390
can independently detect a Coriolis force in the X-axis
direction, a Coriolis force in the Y-axis direction and a
Coriolis force in the Z-axis direction, respectively, in the
state where the weight body 340 is caused to undergo
a circular movement along the XY-plane. Accordingly, it
becomes possible to detect an angular velocity wx about
the X-axis, an angular velocity oy about the Y-axis and
an angular velocity oz about the Z-axis on the basis of
the previously described principle.

[0198] Moreover, if positive voltages of the same val-
ue are delivered at the same time as voltages V41, V43,
V45, V47, itis possible to supply, at the same time, pos-
itive charges to the four upper electrode layers U41 to
U44. In this case, since the piezoelectric element 330
expands in the longitudinal direction over the entire ar-
ea, the weight body 340 is permitted to undergo dis-
placement in the negative direction of the Z-axis. In con-
trast, if negative voltages of the same value are deliv-
ered at the same time, it is possible to deliver, at the
same time, negative charges to the four upper electrode
layers U41 to U44. In this case, since the piezoelectric
element 330 contracts in the longitudinal direction over
the entire area, the weight body 340 is permitted to un-
dergo displacement in the negative direction of the Z-
axis. Although even if charges are supplied only to the
upper electrode layers U41 and U43 or to the upper
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electrode layers U42 and U44, the weight body 340 is
permitted to similarly undergo displacement in the Z-ax-
is direction, it is preferable to deliver charges to all of
the four electrode layers U41 to U44 in a manner as de-
scribed above in order for allowing the weight body 340
to undergo efficient and stable displacement. If the
above described drive operation in both the positive and
negative directions of the Z-axis and the previously de-
scribed drive operation in both the positive and negative
directions of the X-axis are combined together, the
weight body 340 is permitted to undergo a circular
movement along the XZ-plane.

[0199] Further, while it has been described that dis-
placement in the X-axis direction of the weight body 340
is detected based on a difference between the detection
voltages V46 and V42 and displacement in the Y-axis
direction of the weight body 340 is detected based on a
difference between the detection voltages V48 and V44,
the reason why such a difference is taken is that the de-
tection accuracy is caused to be improved and displace-
ment component in the Z-axis direction is not caused to
interfere with the detection result. Accordingly, if it is the
premise that the angular velocity sensor is used in a de-
tection environment such that a Coriolis force in the Z-
axis direction is not applied, itis possible to use a voltage
value V42 or V46 by itself as a value indicating displace-
ment in the X-axis direction and it is similarly possible
to use a voltage value V44 or V48 by itself as a value
indicating displacement in the Y-axis direction.

[0200] Moreover, while, in the above-described em-
bodiment, the upper electrode layers U41 to U44 and
the lower electrode layers L41 to L44 are all separate
(individual) electrode layers independent from a physi-
cal point of view, either the upper electrodes or the lower
electrodes may be replaced by a single common elec-
trode layer from a physical point of view (a disk-shaped
common electrode layer as opposed to all of the four
fan-shaped electrode layers in the case of this exam-
ple). For simplification of wiring between electrode lay-
ers, it is preferable that such a common electrode layer
is provided.

[0201] Finally, the side cross sectional view of a sim-
ple angular velocity sensor 395 using a piezoelectric el-
ement of the type Il is shown in Fig. 49. This sensor dif-
fers from the angular velocity sensor 390 shown in Fig.
46 in that a conductive weight body 345 is used in place
of the flexible substrate 310 and the weight body 340
wherein the lower electrode layers L41 to L44 are omit-
ted. The conductive weight body 345 is a cylindrical
block made of metal etc., wherein its outer circumferen-
tial portion is caused to be free without being in contact
with the sensor casing 350. In other words, the weight
body 345 is supported on the sensor casing 350 through
the piezoelectric element 330, the upper electrode lay-
ers U41 to U44 and the fixed substrate 320 so as to be
in hanging state as shown in the figure. Accordingly, the
weight body 345 can be moved with a certain degree of
freedom within the sensor casing 350.
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[0202] In the case of the weight body 340 of the an-
gular velocity sensor 390 shown in Fig. 46, since the
peripheral portion of the flexible substrate 310 is fixed
on the sensor casing 350, the diameter could not be en-
larged to much degree. However, in the case of the
weight body 345 of the angular velocity sensor 395
shown in Fig. 49, the diameter can be enlarged as far
as an enough space is maintained between the weight
body 345 and the sensor casing 350 so that the weight
body 345 is not in contact with the sensor casing 350
when displacement is caused. By enlarging the weight
body, it is possible to improve sensitivity of the sensor
because a great mass of the weight body makes a great
displacement thereof. Therefore, the structure of the an-
gular velocity sensor 395 has an advantage from a view-
point of improvement in sensitivity.

[0203] Moreover, since the weight body 345 itself is
comprised of conductive material, it functions as a com-
mon electrode layer. Therefore, the lower electrode lay-
ers L41 to L44 become unnecessary. Thus, the entire
configuration is very simplified. As stated above, since
the angular velocity sensor 395 shown in Fig. 49 is
slightly different in structure from the angular velocity
sensor 390 shown in Fig. 46, but its operation is exactly
the same.

[0204] In conclusion, in the angular velocity sensor
according to this invention, a Coriolis force exerted to a
weight body is detected under the condition that the
weight body is caused to undergo an orbital movement
within a sensor casing and an angular velocity is ob-
tained by operation (calculation) based on the detected
Coriolis force. Therefore it becomes possible to detect
angular velocity components with respect to plural dif-
ferent axes with high response.

Claims
1. An angular velocity sensor comprising:

(a) a weight body;

(b) a sensor casing for accommodating the
weight body therewithin; and

(c) a connecting member for connecting the
weight body to the sensor casing, said connect-
ing member being deformable so that the
weight body is moved with a predetermined de-
gree of freedom with respect to the sensor cas-

ing;

characterized in that the sensor further com-
prising:

(d) a plurality of capacitance elements, each re-
spective one of said capacitance elements
comprising a pair of electrodes including a dis-
placement electrode formed on the weight body
and a fixed electrode formed on the sensor cas-
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ing; and

(e) an operation circuit having a first function to
apply a voltage signal to particular capacitance
elements among said plurality of capacitance
elements so that the weight body carries out a
rotational movement around a rotational axis
within a range of said predetermined degree of
freedom by producing physical deformation in
said connecting member, a second function to
detect a capacitance value of at least one ca-
pacitance element among said plurality of ca-
pacitance elements so that Coriolis force ap-
plied to the weight body based on an angular
velocity around either said rotational axis or a
radial axis of the rotational movement is detect-
ed and a third function to obtain said angular
velocity on the basis of the detected Coriolis
force.

2. An angular velocity sensor according to claim 1:

wherein a location axis intersecting the rota-
tional axis at an intersection is defined so that
said location axis is divided into two regions in-
cluding a positive region and a negative region
at said intersection; and

wherein the second function of the operation
circuit is carried out by detecting capacitance
values of two said capacitance elements of
which a first capacitance element is located on
the positive region of the location axis and a
second capacitance. element is located on the
negative region of the location axis.

3. An angular velocity sensor according to claim 1:

wherein a first location axis and a second loca-
tion axis intersecting the rotational axis at an
intersection are defined so that said location
axes are respectively divided into two regions
including a positive region and a negative re-
gion at said intersection; and

wherein the second function of the operation
circuit is carried out by detecting capacitance
values of four said capacitance elements of
which a first capacitance element is located on
the positive region of the first location axis, a
second capacitance element is located on the
negative region of the first location axis, a third
capacitance element is located on the positive
region of the second location axis and a fourth
capacitance element is located on the negative
region of the second location axis.
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