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FORCE SENSOR

TECHNICAL FIELD

[0001] The present invention relates to a force sensor and in
particular to a thin-type force sensor which is suitable for
detecting force in the direction of each coordinate axis and
moment around each coordinate axis in a three-dimensional
orthogonal coordinate system.

BACKGROUND ART

[0002] Various types of force sensors have been used to
control motions of robots and industrial machines. Also, a
downsized force sensor has been incorporated as a man-
machine interface of an input device for electronics. In order
to reduce dimensions and cost, a force sensor to be used in the
above-described applications is required to be simple in struc-
ture as much as possible and also to independently detect
force for each coordinate axis in a three dimensional space.
[0003] At present, generally-used multi-axis force sensors
are categorized into such a type that a specific directional
component of force exerted on a mechanical structure is
detected as displacement occurring at a specific site and such
a type that the force is detected as a mechanical strain occur-
ring at a specific site. A force sensor using a capacitive ele-
ment is a representative sensor of the former displacement
detection types. This force sensor has a capacitive element
constituted by a pair of electrodes and detects displacement
occurring at one of the electrodes by the force exerted on the
basis of a capacitance value of the capacitive element. A
multi-axis force sensor using a capacitive element has been
disclosed, for example, in Japanese Unexamined Patent Pub-
lication No. 2004-325367 (U.S. Pat. No. 7,219,561) and Japa-
nese Unexamined Patent Publication No. 2004-354049 (U S.
Pat. No. 6,915,709).

[0004] On the other hand, a strain gauge-type force sensor
is a representative sensor of the latter type which detects a
mechanical strain. This strain gauge-type force sensor detects
a mechanical strain resulting from the force exerted as a
change in electric resistance of strain gauges and others. The
strain gauge-type multi-axis force sensor has been disclosed,
for example, in Japanese Unexamined Patent Publication No.
8-122178 (U.S. Pat. No. 5,490,427).

[0005] However, in any of the multi-axis force sensors dis-
closed in the above-described Patent Documents, a mechani-
cal structure is inevitably made thick. Therefore, it is difficult
to make thin the sensor in its entirety.

[0006] On the other hand, in the fields of robots, industrial
machines, input devices for electronics and others, it is
desired to develop a thinner-type force sensor. Thus, an object
of the present invention is to provide a force sensor which is
simple in structure and can be made thinner.

DISCLOSURE OF INVENTION

[0007] (1) The first feature of the present invention resides
in a force sensor which detects force or moment with regard
to at least one axis, among force in a direction of each coor-
dinate axis and moment around each coordinate axis, in an
XYZ three-dimensional orthogonal coordinate system,
[0008] the force sensor comprising:

[0009] a force receiving ring which is arranged on an XY-
plane so that a Z-axis is given as a central axis and receives
exertions of force or moment to be detected;

Dec. 5, 2013

[0010] a detection ring which is arranged on the XY-plane
so that the Z-axis is given as a central axis and also arranged
s0 as to be inside or outside the force receiving ring, at least a
part of the detection ring undergoing elastic deformation by
exertions of force or moment to be detected;

[0011] a supporting substrate which has an upper surface
parallel to the XY-plane and is arranged at certain intervals
below the force receiving ring and the detection ring;

[0012] aconnection member which connects the detection
ring to the force receiving ring at a predetermined exertion
point;

[0013] afixing member which fixes the detection ring to the

supporting substrate at a predetermined fixing point;

[0014] a detection element which electrically detects elas-
tic deformation of the detection ring; and

[0015] adetection circuit which detects a detection value of
force in a predetermined coordinate axis direction or moment
around a predetermined coordinate axis which is exerted on
the force receiving ring, with the supporting substrate being
fixed, on the basis of detection result of the detection element;
wherein

[0016] a projection image of the exertion point on the XY-
plane and a projection image of the fixing point on the XY-
plane are formed at mutually different positions.

[0017] (2) The second feature of the present invention
resides in a force sensor having the first feature described
above, wherein

[0018] n number of plural exertion points and n number of
plural fixing points are alternately arranged on an annular
channel along a contour of the detection ring, and

[0019] the detection element electrically detects elastic
deformation of the detection ring in vicinity of a measure-
ment point defined between an exertion point and a fixing
point adjacently arranged.

[0020] (3) The third feature of the present invention resides
in a force sensor having the second feature described above,
wherein

[0021] two exertion points and two fixing points are
arranged on the annular channel along the contour of the
detection ring in an order of a first exertion point, a first fixing
point, a second exertion point and a second fixing point, and
[0022] individually defining a first measurement point
arranged between the first exertion point and the first fixing
point on the annular channel, a second measurement point
arranged between the first fixing point and the second exer-
tion point on the annular channel, a third measurement point
arranged between the second exertion point and the second
fixing point on the annular channel, and a fourth measurement
point arranged between the second fixing point and the first
exertion point on the annular channel, the detection element
electrically detects elastic deformation of the detection ring in
vicinities of the first to the fourth measurement points.
[0023] (4) The fourth feature of the present invention
resides in a force sensor having the third feature described
above, wherein

[0024] the first exertion point, the first fixing point, the
second exertion point, and the second fixing point are
arranged respectively at a positive domain of an X-axis, a
positive domain of a Y-axis, a negative domain of the X-axis
and a negative domain of the Y-axis,

[0025] vicinity of the first exertion point on the detection
ring is connected to the force receiving ring via a first con-
nection member extending along the positive domain of the
X-axis, and vicinity of the second exertion point on the detec-
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tion ring is connected to the force receiving ring via a second
connection member extending along the negative domain of
the X-axis, and

[0026] the detection element electrically detects elastic
deformation of the detection ring in vicinities of the first
measurement point, the second measurement point, the third
measurement point and the fourth measurement point
arranged respectively at a first quadrant, a second quadrant, a
third quadrant and a fourth quadrant of the XY-plane.

[0027] (5) The fifth feature of the present invention resides
in a force sensor having the fourth feature described above,
wherein

[0028] defining a V-axis which passes through an origin O
in the XYZ three-dimensional orthogonal coordinate system,
with a positive domain positioned at the first quadrant of the
XY-plane and with a negative domain positioned at the third
quadrant of the XY-plane and forms 45 degrees with respect
to the X-axis, and a W-axis which passes through the origin O
in the XYZ three-dimensional orthogonal coordinate system,
with a positive domain positioned at the second quadrant of
the XY-plane and with a negative domain positioned at the
fourth quadrant of the XY-plane and is orthogonal to the
V-axis, the first measurement point, the second measurement
point, the third measurement point and the fourth measure-
ment point are arranged respectively at the positive domain of
the V-axis, the positive domain of the W-axis, the negative
domain of the V-axis and the negative domain of the W-axis.
[0029] (6) The sixth feature of the present invention resides
in a force sensor having the first feature described above,
wherein

[0030] n number of plural exertion points and n number of
plural fixing points are alternately arranged on an annular
channel along a contour of the detection ring,

[0031] vicinities of n number of the exertion points on the
detection ring constitute diaphragms thinner in thickness than
other parts,

[0032] n number of plural connection members are con-
nected respectively to the diaphragms, and

[0033] the detection element electrically detects elastic
deformation of the diaphragms.

[0034] (7) The seventh feature of the present invention
resides in a force sensor having the sixth feature described
above, wherein

[0035] four exertion points and four fixing points are
arranged on the annular channel along the contour of the
detection ring in an order of the first exertion point, the first
fixing point, the second exertion point, the second fixing
point, the third exertion point, the third fixing point, the fourth
exertion point and the fourth fixing point,

[0036] vicinity of the first exertion point on the detection
ring constitutes a first diaphragm, vicinity of the second exer-
tion point on the detection ring constitutes a second dia-
phragm, vicinity of the third exertion point on the detection
ring constitutes the third diaphragm, vicinity of the fourth
exertion point on the detection ring constitutes the fourth
diaphragm, and

[0037] the detection element electrically detects elastic
deformation of the first to the fourth diaphragms.

[0038] (8) The eighth feature of the present invention
resides in a force sensor having the seventh feature described
above, wherein

[0039] the first exertion point, the second exertion point, the
third exertion point and the fourth exertion point are arranged
respectively at a positive domain of an X-axis, a positive
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domain of a Y-axis, a negative domain of the X-axis and a
negative domain of the Y-axis, and the first diaphragm, the
second diaphragm, the third diaphragm and the fourth dia-
phragm are positioned respectively at the positive domain of
the X-axis, the positive domain of the Y-axis, the negative
domain of the X-axis and the negative domain of the Y-axis,
[0040] defining a V-axis which passes through an origin O
in the XYZ three-dimensional orthogonal coordinate system,
with a positive domain positioned at a first quadrant of the
XY-plane and with a negative domain positioned at a third
quadrant of the XY-plane, and forms 45 degrees with respect
to the X-axis, and a W-axis which passes through the origin O
in the XYZ three-dimensional orthogonal coordinate system,
with a positive domain positioned at a second quadrant of the
XY-plane and with a negative domain positioned at a fourth
quadrant of the XY-plane and is orthogonal to the V-axis, the
first fixing point, the second fixing point, the third fixing point
and the fourth fixing point are arranged respectively at the
positive domain of the V-axis, the positive domain of the
We-axis, the negative domain of the V-axis and the negative
domain of the W-axis, and

[0041] the first diaphragm is connected to the force receiv-
ing ring via a first connection member extending along the
positive domain of the X-axis, the second diaphragm is con-
nected to the force receiving ring via a second connection
member extending along the positive domain of the Y-axis,
the third diaphragm is connected to the force receiving ring
via a third connection member extending along the negative
domain of the X-axis, and the fourth diaphragm is connected
to the force receiving ring via a fourth connection member
extending along the negative domain of the Y-axis.

[0042] (9) The ninth feature of the present invention resides
in a force sensor having one of the first to eighth features
described above, wherein

[0043] alower surface of the detection ring is connected to
the upper surface of the supporting substrate via the fixing
member.

[0044] (10) The tenth feature of the present invention
resides in a force sensor having one of the first to eighth
features described above, wherein

[0045] both rings are arranged so that the force receiving
ring is outside and the detection ring is inside,

[0046] a fixed assistant body whose lower surface is fixed
onto the upper surface of the supporting substrate is provided
further inside the detection ring, and

[0047] an inner circumferential surface of the detection
ring is connected to an outer circumferential surface of the
fixed assistant body via the fixing member.

[0048] (11) The eleventh feature of the present invention
resides in a force sensor having one of the first to tenth
features described above, comprising;

[0049] aforcereceiving substrate which is provided with an
upper surface parallel to the XY-plane and arranged at certain
intervals above the force receiving ring and the detection ring,
wherein

[0050] a lower surface of the force receiving substrate is
partially connected to an upper surface of the force receiving
ring, and

[0051] a predetermined clearance is formed between the
lower surface of the force receiving substrate and an upper
surface of the detection ring.

[0052] (12) The twelfth feature of the present invention
resides in a force sensor having the eleventh feature described
above, wherein
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[0053] an inclusive tubular body which includes the force
receiving ring and the detection ring is connected to an outer
circumference of the lower surface of the force receiving
substrate, and a clearance is formed between a lower end of
the inclusive tubular body and an outer circumference of the
supporting substrate, and

[0054] the clearance is set dimensionally in such a manner
that the lower end of'the inclusive tubular body is brought into
contact with the outer circumference of the supporting sub-
strate, thereby restricting displacement of the force receiving
substrate, when force or moment exceeding a predetermined
tolerance level is exerted on the force receiving substrate.
[0055] (13) The thirteenth feature of the present invention
resides in a force sensor having one of the first to twelfth
features described above, wherein

[0056] a vertically penetrating through-hole is formed at a
predetermined site on the force receiving ring, and a groove
larger in diameter than the through-hole is formed at a posi-
tion of the through-hole on an upper surface of the force
receiving ring,

[0057] a displacement control screw which is inserted
through the through-hole whose leading end is fixed to the
supporting substrate and whose head is accommodated into
the groove is additionally provided, and a clearance is formed
between the displacement control screw and inner surfaces of
the through-hole and the groove, and

[0058] the clearance is set dimensionally in such a manner
that the displacement control screw is brought into contact
with the inner surface of the through-hole or the inner surface
of the groove, thereby restricting displacement of the force
receiving ring, when force or moment exceeding a predeter-
mined tolerance level is exerted on the force receiving ring.
[0059] (14) The fourteenth feature of the present invention
resides in a force sensor having one of the first to thirteenth
features described above, wherein

[0060] the force receiving ring is composed of a rigid body
which does not substantially undergo deformation as long as
exerting force or moment is within a predetermined tolerance
level.

[0061] (15) The fifteenth feature of the present invention
resides in a force sensor having one of the first to fourteenth
features described above, wherein

[0062] both the force receiving ring and the detection ring
are circular rings arranged on the X Y-plane so that the Z-axis
is given as a central axis.

[0063] (16) The sixteenth feature of the present invention
resides in a force sensor having one of the first to fifteenth
features described above, wherein

[0064] a detection circuit substrate which packages elec-
tronics constituting the detection circuit is provided on the
upper surface of the supporting substrate.

[0065] (17) The seventeenth feature of the present inven-
tion resides in a force sensor having one of the first to six-
teenth features described above, wherein

[0066] the detection element electrically detects displace-
ment of the detection ring at a predetermined measurement
point.

[0067] (18) The eighteenth feature of the present invention
resides in a force sensor having the seventeenth feature
described above, wherein

[0068] the detection element electrically detects a distance
between a measurement target surface in vicinity of the mea-
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surement point on the detection ring and a counter reference
surface facing the measurement target surface of the force
receiving ring.

[0069] (19) The nineteenth feature of the present invention
resides in a force sensor having the seventeenth feature
described above, wherein

[0070] both rings are arranged so that the force receiving
ring is outside and the detection ring is inside,

[0071] a fixed assistant body whose lower surface is fixed
onto the upper surface of the supporting substrate is provided
further inside the detection ring, and

[0072] the detection element electrically detects a distance
between a measurement target surface in vicinity of the mea-
surement point on an inner circumferential surface of the
detection ring and a counter reference surface positioned on
an outer circumference of the fixed assistant body and facing
the measurement target surface.

[0073] (20) The twentieth feature of the present invention
resides in a force sensor having the seventeenth feature
described above, wherein

[0074] the detection element electrically detects a distance
between a measurement target surface positioned in vicinity
of the measurement point on a lower surface of the detection
ring and a counter reference surface positioned on the upper
surface of the supporting substrate and facing the measure-
ment target surface.

[0075] (21) The twenty-first feature of the present invention
resides in a force sensor having one of the eighteen to twen-
tieth features described above, wherein

[0076] the detection element is constituted by a capacitive
element having a displacement electrode provided on the
measurement target surface and a fixed electrode provided on
the counter reference surface.

[0077] (22) The twenty-second feature of the present inven-
tion resides in a force sensor having the twenty-first feature
described above, wherein

[0078] the detection ring is composed of a flexible conduc-
tive material, and a surface of the detection ring is used as a
common displacement electrode to constitute capacitive ele-
ments.

[0079] (23) The twenty-third feature of the present inven-
tion resides in a force sensor having one of the eighteenth to
twentieth features described above, wherein

[0080] atleast the measurement target surface on the detec-
tion ring is composed of a conductive material, and the detec-
tion element is constituted by an eddy current displacement
sensor provided on the counter reference surface.

[0081] (24) The twenty-fourth feature of the present inven-
tion resides in a force sensor having one of the eighteenth to
twentieth features described above, wherein

[0082] atleastthe measurement target surface on the detec-
tion ring is composed of a magnet, and the detection element
is constituted by a Hall element provided on the counter
reference surface.

[0083] (25) The twenty-fifth feature of the present inven-
tion resides in a force sensor having one of the eighteenth to
twentieth features described above, wherein

[0084] the detection element is constituted by

[0085] alight beam irradiator which is fixed on the counter
reference surface to irradiate a light beam obliquely with
respect to a measurement target surface,

[0086] a light beam receiver which is fixed on the counter
reference surface to receive the light beam reflected on the
measurement target surface, and
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[0087] a measurement circuit which outputs a measured
value of distance on the basis of a position at which the light
beam is received by the light beam receiver.

[0088] (26) The twenty-sixth feature of the present inven-
tion resides in a force sensor having one of the first to six-
teenth features described above, wherein

[0089] the detection element electrically detects a mechani-
cal strain in vicinity of a predetermined measurement point of
the detection ring.

[0090] (27) The twenty-seventh feature of the present
invention resides in a force sensor having the twenty-sixth
feature described above, wherein

[0091] the detection element is constituted by a strain
gauge attached onto a surface of the detection ring in vicinity
of'the measurement point so that a direction along an annular
channel along a contour of the detection ring is given as a
detection direction.

[0092] (28) The twenty-eighth feature of the present inven-
tionresides in a force sensor having the fifth feature described
above, wherein

[0093] both the force receiving ring and the detection ring
are circular rings arranged on the YY-plane so that the Z-axis
is given as a central axis,

[0094] said rings are arranged so that the force receiving
ring is outside and the detection ring is inside,

[0095] a cylindrical fixed assistant body whose lower sur-
face is fixed on the upper surface of the supporting substrate,
with the Z-axis being given as a central axis, is provided
further inside the detection ring, the detection element com-
prises:

[0096] a first capacitive element including a first displace-
ment electrode arranged in vicinity of the first measurement
point on an inner circumferential surface of the detection ring
and a first fixed electrode arranged at a position facing the first
displacement electrode on an outer circumferential surface of
the fixed assistant body,

[0097] a second capacitive element including a second dis-
placement electrode arranged in vicinity of the second mea-
surement point on the inner circumferential surface of the
detection ring and a second fixed electrode arranged at a
position facing the second displacement electrode on the
outer circumferential surface of the fixed assistant body,

[0098] athird capacitive element including a third displace-
ment electrode arranged in vicinity of the third measurement
point on the inner circumferential surface ofthe detection ring
and a third fixed electrode arranged at a position facing the
third displacement electrode on the outer circumferential sur-
face of the fixed assistant body,

[0099] a fourth capacitive element including a fourth dis-
placement electrode arranged in vicinity of the fourth mea-
surement point on the inner circumferential surface of the
detection ring and a fourth fixed electrode arranged at a posi-
tion facing the fourth displacement electrode on the outer
circumferential surface of the fixed assistant body,

[0100] a fifth capacitive element including a fifth displace-
ment electrode arranged in vicinity of the first measurement
point on a lower surface of the detection ring and a fifth fixed
electrode arranged at a position facing the fifth displacement
electrode on the upper surface of the supporting substrate,
[0101] a sixth capacitive element including a sixth dis-
placement electrode arranged in vicinity of the second mea-
surement point on the lower surface of the detection ring and
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a sixth fixed electrode arranged at a position facing the sixth
displacement electrode on the upper surface of the supporting
substrate,

[0102] a seventh capacitive element including a seventh
displacement electrode arranged in vicinity of the third mea-
surement point on the lower surface of the detection ring and
a seventh fixed electrode arranged at a position facing the
seventh displacement electrode on the upper surface of the
supporting substrate, and

[0103] an eighth capacitive element including an eighth
displacement electrode arranged in vicinity of the fourth mea-
surement point on the lower surface of the detection ring and
an eighth fixed electrode arranged at a position facing the
eighth displacement electrode on the upper surface of the
supporting substrate,

[0104] a projection image of one of a pair of electrodes
constituting said capacitive elements projected on a surface
on which the other of said pair of electrodes is formed is
included in the other electrode, and

[0105] when a capacitance value of the first capacitive ele-
ment is given as C1, a capacitance value of the second capaci-
tive element is given as C2, a capacitance value of the third
capacitive element is given as C3, a capacitance value of the
fourth capacitive element is given as C4, a capacitance value
of the fifth capacitive element is given as C5, a capacitance
value of the sixth capacitive element is given as C6, a capaci-
tance value of the seventh capacitive element is given as C7,
and a capacitance value of the eighth capacitive element is
given as C8, the detection circuit outputs detection values of
force Fx in a direction of the X-axis, force Fy in a direction of
the Y-axis, force Fz in a direction of the Z-axis, moment Mx
around the X-axis, moment My around the Y-axis and
moment Mz around the Z-axis on the basis of the following
arithmetic expressions:

Fx=(C1+C4)-(C2+C3)
Fy=(C3+C4)-(C1+C2)
Fr=—(C5+C6+CT+CR)
Mx=(CT+C8)-(C5+C6)
My=(C5+C8)-(C6+CT)
Mz=(C2+C4)~(C1+C3).

[0106] (29) The twenty-ninth feature of the present inven-
tion resides in a force sensor having the fifth feature described
above, wherein

[0107] both the force receiving ring and the detection ring
are circular rings arranged on the X Y-plane so that the Z-axis
is given as a central axis,

[0108] said rings are arranged so that the force receiving
ring is outside and the detection ring is inside,

[0109] a cylindrical fixed assistant body whose lower sur-
face is fixed on the upper surface of the supporting substrate,
with the Z-axis being given as a central axis, is provided
further inside the detection ring,

[0110] with the first exertion point given as a fitth measure-
ment point and the second exertion point given as a sixth
measurement point, the detection element comprises:

[0111] a first capacitive element including a first displace-
ment electrode arranged in vicinity of the first measurement
point on an inner circumferential surface of the detection ring



US 2013/0319135 Al

and a first fixed electrode arranged at a position facing the first
displacement electrode on an outer circumferential surface of
the fixed assistant body,

[0112] a second capacitive element including a second dis-
placement electrode arranged in vicinity of the second mea-
surement point on the inner circumferential surface of the
detection ring and a second fixed electrode arranged at a
position facing the second displacement electrode on the
outer circumferential surface of the fixed assistant body,
[0113] athird capacitive element including a third displace-
ment electrode arranged in vicinity of the third measurement
point on the inner circumferential surface ofthe detection ring
and a third fixed electrode arranged at a position facing the
third displacement electrode on the outer circumferential sur-
face of the fixed assistant body,

[0114] a fourth capacitive element including a fourth dis-
placement electrode arranged in vicinity of the fourth mea-
surement point on the inner circumferential surface of the
detection ring and a fourth fixed electrode arranged at a posi-
tion facing the fourth displacement electrode on the outer
circumferential surface of the fixed assistant body,

[0115] a fifth capacitive element including a fifth displace-
ment electrode arranged in vicinity of the fifth measurement
point on a lower surface of the detection ring and a fifth fixed
electrode arranged at a position facing the fifth displacement
electrode on the upper surface of the supporting substrate, and
[0116] a sixth capacitive element including a sixth dis-
placement electrode arranged in vicinity of the sixth measure-
ment point on the lower surface of the detection ring and a
sixth fixed electrode arranged at a position facing the sixth
displacement electrode on the upper surface of the supporting
substrate,

[0117] a projection image of one of a pair of electrodes
constituting said capacitive elements projected on a surface
on which the other of said pair of electrodes is formed is
included in the other electrode, and

[0118] when a capacitance value of the first capacitive ele-
ment is given as C1, a capacitance value of the second capaci-
tive element is given as C2, a capacitance value of the third
capacitive element is given as C3, a capacitance value of the
fourth capacitive element is given as C4, a capacitance value
of'the fifth capacitive element is given as C9 and a capacitance
value of the sixth capacitive element is given as C10, the
detection circuit outputs detection values of force Fx in a
direction of the X-axis, force Fy in a direction of the Y-axis,
force Fz in a direction of the Z-axis, moment My around the
Y-axis and moment Mz around the Z-axis on the basis of the
following arithmetic expressions:

Fx=(C1+C4)-(C2+C3)
Fy=(C3+C4)-(C1+C2)
Fz=—(C9+C10)
My=C9-C10

Mz=(C2+C4)-(C1+C3).

[0119] (30) The thirtieth feature of the present invention
resides in a force sensor having the twenty-eighth or twenty-
ninth feature described above, wherein

[0120] the detection ring is composed of a flexible conduc-
tive material and a surface of the detection ring is used as a
common displacement electrode to constitute each of the
capacitive elements.
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[0121] (31) The thirty-first feature of the present invention
resides in a force sensor having the fifth feature described
above, wherein

[0122] both the force receiving ring and the detection ring
are circular rings arranged on the X Y-plane so that the Z-axis
is given as a central axis,

[0123] said rings are arranged so that the force receiving
ring is outside and the detection ring is inside,

[0124] the detection element includes a plurality of strain
gauges attached onto surfaces in vicinity of each of'the first to
the fourth measurement points of the detection ring so that a
direction along an annular channel along a contour of the
detection ring is a detection direction,

[0125] when one of an inner circumferential surface and an
outer circumferential surface of the detection ring is defined
as a laterally arranged surface and one of'an upper surface and
a lower surface of the detection ring is defined as a longitu-
dinally arranged surface, each of the plurality of strain gauges
is constituted by any one of strain gauges having the follow-
ing eight attributes:

[0126] a strain gauge having a first attribute which is
attached in vicinity of the first measurement point on the
laterally arranged surface,

[0127] a strain gauge having a second attribute which is
attached in vicinity of the second measurement point on the
laterally arranged surface,

[0128] a strain gauge having a third attribute which is
attached in vicinity of the third measurement point on the
laterally arranged surface,

[0129] a strain gauge having a fourth attribute which is
attached in vicinity of the fourth measurement point on the
laterally arranged surface,

[0130] a strain gauge having a fifth attribute which is
attached in vicinity of the first measurement point on the
longitudinally arranged surface,

[0131] a strain gauge having a sixth attribute which is
attached in vicinity of the second measurement point on the
longitudinally arranged surface,

[0132] a strain gauge having a seventh attribute which is
attached in vicinity of the third measurement point on the
longitudinally arranged surface, and

[0133] a strain gauge having an eighth attribute which is
attached in vicinity of the fourth measurement point on the
longitudinally arranged surface, and

[0134] a detection circuit outputs:

[0135] a detection value of force Fx in a direction of the
X-axis by a Wheatstone bridge circuit in which a strain gauge
having the first attribute and a strain gauge having the fourth
attribute are given as first opposite sides, and a strain gauge
having the second attribute and a strain gauge having the third
attribute are given as second opposite sides,

[0136] a detection value of force Fy in a direction of the
Y-axis by a Wheatstone bridge circuit in which a strain gauge
having the first attribute and a strain gauge having the second
attribute are given as first opposite sides, and a strain gauge
having the third attribute and a strain gauge having the fourth
attribute are given as second opposite sides,

[0137] a detection value of moment Mx around the X-axis
by a Wheatstone bridge circuit in which a strain gauge having
the fifth attribute and a strain gauge having the sixth attribute
are given as first opposite sides, and a strain gauge having the
seventh attribute and a strain gauge having the eighth attribute
are given as second opposite sides,
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[0138] a detection value of moment My around the Y-axis
by a Wheatstone bridge circuit in which a strain gauge having
the fifth attribute and a strain gauge having the eighth attribute
are given as first opposite sides, and a strain gauge having the
sixth attribute and a strain gauge having the seventh attribute
are given as second opposite sides, and

[0139] a detection value of moment Mz around the Z-axis
by a Wheatstone bridge circuit in which a strain gauge having
the first attribute and a strain gauge having the third attribute
are given as first opposite sides, and a strain gauge having the
second attribute and a strain gauge having the fourth attribute
are given as second opposite sides.

[0140] (32) The thirty-second feature of the present inven-
tionresides in a force sensor having the fifth feature described
above, wherein

[0141] both the force receiving ring and the detection ring
are circular rings arranged on the X Y-plane so that the Z-axis
is given as a central axis,

[0142] said rings are arranged so that the force receiving
ring is outside and the detection ring is inside,

[0143] the detection elements include a plurality of strain
gauges attached onto surface in vicinity of each of the first to
the fourth measurement points of the detection ring so that a
direction along an annular channel along a contour of the
detection ring is a detection direction,

[0144] when one of an inner circumferential surface and an
outer circumferential surface of the detection ring is defined
as a laterally arranged surface, and one of an upper surface
and a lower surface of the detection ring is defined as a first
longitudinally arranged surface and the other of them is
defined as a second longitudinally arranged surface, each of
the plurality of strain gauges is constituted by any one of
strain gauges having the following 12 different attributes:
[0145] a strain gauge having a first attribute which is
attached in vicinity of the first measurement point on the
laterally arranged surface,

[0146] a strain gauge having a second attribute which is
attached in vicinity of the second measurement point on the
laterally arranged surface,

[0147] a strain gauge having a third attribute which is
attached in vicinity of the third measurement point on the
laterally arranged surface,

[0148] a strain gauge having a fourth attribute which is
attached in vicinity of the fourth measurement point on the
laterally arranged surface,

[0149] a strain gauge having a fifth attribute which is
attached in vicinity of the first measurement point on the first
longitudinally arranged surface of the detection ring,

[0150] a strain gauge having a sixth attribute which is
attached in vicinity of the second measurement point on the
first longitudinally arranged surface of the detection ring,
[0151] a strain gauge having a seventh attribute which is
attached in vicinity of the third measurement point on the first
longitudinally arranged surface of the detection ring,

[0152] a strain gauge having an eighth attribute which is
attached in vicinity of the fourth measurement point on the
first longitudinally arranged surface of the detection ring,
[0153] a strain gauge having a ninth attribute which is
attached in vicinity of the first measurement point on the
second longitudinally arranged surface of the detection ring,
[0154] a strain gauge having a tenth attribute which is
attached in vicinity of the second measurement point on the
second longitudinally arranged surface of the detection ring,
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[0155] a strain gauge having an eleventh attribute which is
attached in vicinity of the third measurement point on the
second longitudinally arranged surface of the detection ring,
and

[0156] a strain gauge having a twelfth attribute which is
attached in vicinity of the fourth measurement point on the
second longitudinally arranged surface of the detection ring,
and

[0157]

[0158] a detection value of force Fx in a direction of the
X-axis by a Wheatstone bridge circuit in which a strain gauge
having the first attribute and a strain gauge having the fourth
attribute are given as first opposite sides, and a strain gauge
having the second attribute and a strain gauge having the third
attribute are given as second opposite sides,

[0159] a detection value of force Fy in a direction of the
Y-axis by a Wheatstone bridge circuit in which a strain gauge
having the first attribute and a strain gauge having the second
attribute are given as first opposite sides, and a strain gauge
having the third attribute and a strain gauge having the fourth
attribute are given as second opposite sides,

[0160] a detection value of force Fz in a direction of the
Z-axis by a Wheatstone bridge circuit in which a serial con-
nection side of a strain gauge having the fifth attribute with a
strain gauge having the sixth attribute and a serial connection
side of a strain gauge having the seventh attribute with a strain
gauge having the eighth attribute are given as first opposite
sides, and a serial connection side of a strain gauge having the
ninth attribute with a strain gauge having the tenth attribute
and a serial connection side of a strain gauge having the
eleventh attribute with a strain gauge having the twelfth
attribute are given as second opposite sides,

[0161] a detection value of moment Mx around the X-axis
by a Wheatstone bridge circuit in which a strain gauge having
the fifth attribute and a strain gauge having the sixth attribute
are given as first opposite sides, and a strain gauge having the
seventh attribute and a strain gauge having the eighth attribute
are given as second opposite sides,

[0162] a detection value of moment My around the Y-axis
by a Wheatstone bridge circuit in which a strain gauge having
the fifth attribute and a strain gauge having the eighth attribute
are given as first opposite sides, and a strain gauge having the
sixth attribute and a strain gauge having the seventh attribute
are given as second opposite sides, and

[0163] a detection value of moment Mz around the Z-axis
by a Wheatstone bridge circuit in which a strain gauge having
the first attribute and a strain gauge having the third attribute
are given as first opposite sides, and a strain gauge having the
second attribute and a strain gauge having the fourth attribute
are given as second opposite sides.

[0164] (33) The thirty-third feature of the present invention
resides in a force sensor having the eighth feature described
above, wherein

[0165] both the force receiving ring and the detection ring
are circular rings arranged on the YY-plane so that the Z-axis
is given as a central axis,

[0166] said rings are arranged so that the force receiving
ring is outside and the detection ring is inside,

[0167] a cylindrical fixed assistant body whose lower sur-
face is fixed on the upper surface of the supporting substrate,
with the Z-axis being given as a central axis, is provided
further inside the detection ring,

the detection circuit outputs:
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[0168] the detection element comprises:

[0169] afirst capacitive element group including a plurality
of capacitive elements constituted by a first displacement
electrode group including a plurality of displacement elec-
trodes arranged at a first diaphragm on an inner circumferen-
tial surface of the detection ring and a first fixed electrode
group including a plurality of fixed electrodes arranged at
positions facing the respective displacement electrodes of the
first displacement electrode group on an outer circumferential
surface of the fixed assistant body,

[0170] a second capacitive element group including a plu-
rality of capacitive elements constituted by a second displace-
ment electrode group including a plurality of displacement
electrodes arranged at a second diaphragm on the inner cir-
cumferential surface of the detection ring and a second fixed
electrode group including a plurality of fixed electrodes
arranged at positions facing the respective displacement elec-
trodes of the second displacement electrode group on the
outer circumferential surface of the fixed assistant body,
[0171] athird capacitive element group including a plural-
ity of capacitive elements constituted by a third displacement
electrode group including a plurality of displacement elec-
trodes arranged at a third diaphragm on the inner circumfer-
ential surface of the detection ring and a third fixed electrode
group including a plurality of fixed electrodes arranged at
positions facing the respective displacement electrodes of the
third displacement electrode group on the outer circumferen-
tial surface of the fixed assistant body, and

[0172] a fourth capacitive element group including a plu-
rality of capacitive elements constituted by a fourth displace-
ment electrode group including a plurality of displacement
electrodes arranged at a fourth diaphragm on the inner cir-
cumferential surface of the detection ring and a fourth fixed
electrode group including a plurality of fixed electrodes
arranged at positions facing the respective displacement elec-
trodes of the fourth displacement electrode group on the outer
circumferential surface of the fixed assistant body,

[0173] a projection image of one of a pair of electrodes
constituting said capacitive elements projected on a surface
on which the other of said pair of electrodes is formed is
included in the other electrode, and

[0174] the detection circuit outputs a detection value on the
basis of a capacitance value of each of the capacitive ele-
ments.

[0175] (34) The thirty-fourth feature of the present inven-
tion resides in a force sensor having the thirty-third feature
described above, wherein

[0176] the first capacitive element group includes an on-
axis capacitive element of the first group arranged on the
X-axis, afirst capacitive element of the first group arranged in
a positive direction of the Y-axis adjacent to the on-axis
capacitive element of the first group, a second capacitive
element of the first group arranged in a negative direction of
the Y-axis adjacent to the on-axis capacitive element of the
first group, a third capacitive element of the first group
arranged in a positive direction of the Z-axis adjacent to the
on-axis capacitive element of the first group, and a fourth
capacitive element of the first group arranged in a negative
direction of the Z-axis adjacent to the on-axis capacitive
element of the first group,

[0177] the second capacitive element group includes an
on-axis capacitive element of the second group arranged on
the Y-axis, a first capacitive element of the second group
arranged in a positive direction of the X-axis adjacent to the
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on-axis capacitive element of the second group, a second
capacitive element of the second group arranged in a negative
direction of the X-axis adjacent to the on-axis capacitive
element of the second group, a third capacitive element of the
second group arranged in the positive direction of the Z-axis
adjacent to the on-axis capacitive element of the second
group, and a fourth capacitive element of the second group
arranged in the negative direction of the Z-axis adjacent to the
on-axis capacitive element of the second group,

[0178] the third capacitive element group includes an on-
axis capacitive element of the third group arranged on the
X-axis, a first capacitive element of the third group arranged
in the positive direction of the Y-axis adjacent to the on-axis
capacitive element of the third group, a second capacitive
element of the third group arranged in the negative direction
of'the Y-axis adjacent to the on-axis capacitive element of the
third group, a third capacitive element of the third group
arranged in the positive direction of the Z-axis adjacent to the
on-axis capacitive element of the third group, and a fourth
capacitive element of the third group arranged in the negative
direction of the Z-axis adjacent to the on-axis capacitive
element of the third group, and

[0179] the fourth capacitive element group includes an on-
axis capacitive element of the fourth group arranged on the
Y-axis, a first capacitive element of the fourth group arranged
in the positive direction of the X-axis adjacent to the on-axis
capacitive element of the fourth group, a second capacitive
element of the fourth group arranged in the negative direction
of'the X-axis adjacent to the on-axis capacitive element of the
fourth group, a third capacitive element of the fourth group
arranged in the positive direction of the Z-axis adjacent to the
on-axis capacitive element of the fourth group, and a fourth
capacitive element of the fourth group arranged in the nega-
tive direction of the Z-axis adjacent to the on-axis capacitive
element of the fourth group, and

[0180] when a capacitance value of the first capacitive ele-
ment of the first group is given as C11, a capacitance value of
the second capacitive element of the first group is given as
C12, a capacitance value of the third capacitive element of the
first group is given as C13, a capacitance value of the fourth
capacitive element of the first group is given as C14 and a
capacitance value of the on-axis capacitive element of the first
group is given as C15, when a capacitance value of the first
capacitive element of the second group is given as C21, a
capacitance value of the second capacitive element of the
second group is given as C22, a capacitance value of the third
capacitive element of the second group is given as C23, a
capacitance value of the fourth capacitive element of the
second group is given as C24, and a capacitance value of the
on-axis capacitive element of the second group is given as
C25,

[0181] when a capacitance value of the first capacitive ele-
ment of the third group is given as C31, a capacitance value of
the second capacitive element of the third group is given as
(32, a capacitance value of the third capacitive element of the
third group is given as C33, a capacitance value of the fourth
capacitive element of the third group is given as C34, and a
capacitance value of the on-axis capacitive element of the
third group is given as C35, and

[0182] when a capacitance value of the first capacitive ele-
ment of the fourth group is given as C41, a capacitance value
of'the second capacitive element of the fourth group is given
as C42, a capacitance value of the third capacitive element of
the fourth group is given as C43, a capacitance value of the
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fourth capacitive element of the fourth group is given as C44,
and a capacitance value of the on-axis capacitive element of
the fourth group is given as C45,

[0183] the detection circuit outputs detection values of
force Fx in a direction of the X-axis, force Fy in a direction of
the Y-axis, force Fz in a direction of the Z-axis, moment Mx
around the X-axis, moment. My around the Y-axis, and
moment Mz around the Z-axis, on the basis of the following
arithmetic expressions:

Fx=—(Cl1 +C12+C13+ Cl4+ C15) +
(C31 + C32+ C33+ C34 + C35) or
=—(Cl1+C12+C13+Cl4) +
(C31+C32+C33+ C34) or
=-CI5+(C35

Fy=—(C21 + C22+ C23+ C24 + C25) +
(C41 + C42 + C43 + C44 + C45) or
=—(C21+ C22+ C23+ C24) +
(C41 + C42 + C43 + C44) or
=-C25+C45

Fz=(C13+C23+C33 + C43) = (Cl4 + C24 + C34 + C44)
Max = (C23 + C44) — (C24 + C43)

My = (Cl4+ C33) - (C13+ C34)

Mz = (Cl1+C21 + C32 + C42) — (C12 + €22 + C31 + C41).

[0184] (35) The thirty-fifth feature of the present invention
resides in a force sensor having the thirty-third or thirty-
fourth feature described above, wherein

[0185] at least the diaphragms of the detection ring are
composed of flexible conductive material, and a surface of a
diaphragm is used as a common displacement electrode to
constitute each of capacitive elements.

BRIEF DESCRIPTION OF THE DRAWINGS

[0186] FIG.11isatop view (the upper part of the figure) and
a side view (the lower part of the figure) showing a basic
structure of a force sensor according to a basic embodiment of
the present invention.

[0187] FIG.2 is across sectional view (the upper part of the
figure) of the basic structure shown in FIG. 1 which is cut
along an XY-plane and a longitudinal sectional view (the
lower part of the figure) of the basic structure which is cut
along an XZ-plane thereof.

[0188] FIG. 3 is a top view (the upper part of the figure) of
a supporting substrate 300 and fixing members 510, 520 of
the basic structure shown in FIG. 1 and a longitudinal sec-
tional view (the lower part of the figure) in which the basic
structure is cut along a YZ-plane.

[0189] FIG.4 is across sectional view (the upper part of the
figure) on the XY-plane and a longitudinal sectional view (the
lower part of the figure) on the XZ-plane, each of which
shows a deformed state when force +Fx in the positive direc-
tion of the X-axis is exerted on a force receiving ring 100 of
the basic structure shown in FIG. 1.

[0190] FIG. 5 is a longitudinal sectional view on the XZ-
plane showing a deformed state when force +Fz in the posi-
tive direction of the Z-axis is exerted on the force receiving
ring 100 of the basic structure shown in FIG. 1.
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[0191] FIG. 6 is a longitudinal sectional view on the XZ-
plane showing a deformed state when moment +My which is
positive rotation around the Y-axis is exerted on the force
receiving ring 100 of the basic structure shown in FIG. 1.
[0192] FIG. 7 is a cross sectional view on the XY-plane
which shows a deformed state when moment +Mz which is
positive rotation around the Z-axis is exerted on the force
receiving ring 100 of the basic structure shown in FIG. 1.
[0193] FIG. 8 is atop view (the upper part of the figure) and
a side view (the lower part of the figure), each of which shows
an embodiment in which the fixed assistant body 350 for
detecting displacement is added to the basic structure shown
in FIG. 1.

[0194] FIG.9is across sectional view (the upper part of the
figure) in which the basic structure shown in FIG. 8 is cut
along the XY-plane and a longitudinal sectional view (the
lower part of the figure) in which the basic structure is cut
along a VZ-plane.

[0195] FIG. 10 is a top view showing distance measure-
ment sites in the basic structure shown in FIG. 8.

[0196] FIG. 11 is a table which shows changes in distances
d1 to d8 when force in the direction of each coordinate axis
and moment around each coordinate axis are exerted on the
basic structure shown in FIG. 10.

[0197] FIG. 12 is a top view showing a modification
example of the distance measurement sites in the basic struc-
ture shown in FIG. 8.

[0198] FIG. 13isatable showing changes indistances d1 to
d4, d9, d10 when force in the direction of each coordinate axis
and moment around each coordinate axis are exerted on the
basic structure shown in FIG. 12.

[0199] FIG. 14 is a cross sectional view (the upper part of
the figure) in which a force sensor according to an embodi-
ment using capacitive elements is cut along the XY-plane and
a longitudinal sectional view (the lower part of the figure) in
which the force sensor is cut along the VZ-plane.

[0200] FIG. 15is a perspective view showing a dimensional
relationship of a counter electrode of each of the capacitive
elements used in the force sensor shown in FIG. 14.

[0201] FIG. 16 is a table showing changes in capacitance
values of capacitive elements C1 to C8 when force in the
direction of each coordinate axis and moment around each
coordinate axis are exerted on the force sensor shown in FIG.
14.

[0202] FIG. 17 shows arithmetic expressions for determin-
ing force in the direction of each coordinate axis and moment
around each coordinate axis which are exerted on the force
sensor shown in FIG. 14.

[0203] FIG. 18 is a circuit diagram showing detection cir-
cuits used in the force sensor shown in FIG. 14.

[0204] FIG. 19 is a table showing changes in capacitance
values of capacitive elements C1 to C4, C9, C10 when force
in the direction of each coordinate axis and moment around
each coordinate axis are exerted on the force sensor of the
modification example shown in FIG. 12.

[0205] FIG. 20 shows arithmetic expressions for determin-
ing force in the direction of each coordinate axis and moment
around each coordinate axis which are exerted on the force
sensor of the modification example shown in FIG. 12.
[0206] FIG. 21 is a cross sectional view (the upper part of
the figure) in which a force sensor according to a modification
example which uses a detection ring 200 itself constituted by
an electrically conductive material as a plurality of displace-
ment electrodes is cut along the XY-plane and a longitudinal
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sectional view (the lower part of the figure) in which the force
sensor is cut along the VZ-plane.

[0207] FIG. 22 is a cross sectional view in which a force
sensor according to an embodiment using strain gauges is cut
along the XY-plane (the respective strain gauges G1 to G8
shown in the figure are actually constituted by a plurality of
strain gauges in parallel with each other).

[0208] FIG. 23 is a table showing changes in electric resis-
tance of the strain gauges G1 to G8 when force in the direction
of each coordinate axis and moment around each coordinate
axis are exerted on the force sensor shown in FIG. 22.
[0209] FIG. 24 is a table showing specific measured values
of stress (unit: MPa) applied to the strain gauges G1 to G8
when force in the direction of each coordinate axis and
moment around each coordinate axis are exerted on the force
sensor shown in FIG. 22.

[0210] FIG. 25 is a top view of a force sensor according to
a modification example in which strain gauges G9 to G12 are
additionally added to the embodiment shown in FIG. 22.
[0211] FIG. 26 shows circuit diagrams, each of which
shows a detection circuit for detecting force in the direction of
each coordinate axis in the force sensor of the modification
example shown in FIG. 25.

[0212] FIG. 27 shows circuit diagrams, each of which
shows a detection circuit for detecting moment around each
coordinate axis in the force sensor of the modification
example shown in FIG. 25.

[0213] FIG. 28 is a longitudinal sectional view on the XZ-
plane showing a state in which a force receiving substrate 600
is added to the basic structure shown in FIG. 1.

[0214] FIG. 29 is a top view showing a modification
example in which a method for fixing the detection ring 200
to the basic structure shown in FIG. 1 is changed.

[0215] FIG. 30 is a top view showing an example in which
a displacement control structure is added to the basic struc-
ture shown in FIG. 1.

[0216] FIG. 31 is a longitudinal sectional view in which the
example shown in FIG. 30 is cut along the XZ-plane.

[0217] FIG.32isatop view showing a force sensor accord-
ing to a practical embodiment using capacitive elements.
[0218] FIG. 33 is a longitudinal sectional view in which the
force sensor shown in FIG. 32 is cut along the XZ-plane.
[0219] FIG. 34 is a longitudinal sectional view in which the
force sensor shown in FIG. 32 is cut along the VZ-plane.
[0220] FIG. 35 is a cross sectional view (the upper part of
the figure) in which a basic structure of an embodiment hav-
ing diaphragms is cut along the XY-plane and a longitudinal
sectional view (the lower part of the figure) in which the basic
structure is cut along the XZ-plane.

[0221] FIG. 36 is a longitudinal sectional view in which the
basic structure shown in FIG. 35 is cut along the VZ-plane.
[0222] FIG. 37 is a cross sectional view in which a force
sensor constituted by adding capacitive elements to the basic
structure shown in FIG. 35 is cut along the XY-plane.
[0223] FIG. 38 is a table showing an electrode constitution
of each of the capacitive elements used in the force sensor
shown in FIG. 37 (showing a state when viewed respectively
from view points of el to ed, with the positive direction of the
Z-axis taken upward).

[0224] FIG. 39 is a table showing changes in capacitance
values of capacitive elements C11 to C45 when force in the
direction of each coordinate axis and moment around each
coordinate axis are exerted on the force sensor shown in FIG.
37.
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[0225] FIG. 40 is a longitudinal sectional view on the XZ-
plane showing a deformed state when force +Fz in the posi-
tive direction of the Z-axis is exerted on the force sensor
shown in FIG. 37 (for the sake of convenience of explanation,
each part is depicted with deformation).

[0226] FIG. 41 is a cross sectional view on the XY-plane
showing a deformed state when moment +Mz which is posi-
tive rotation around the Z-axis is exerted on the force sensor
shown in FIG. 37 (for the sake of convenience of explanation,
each part is depicted with deformation).

[0227] FIG. 42 shows arithmetic expressions for determin-
ing force in the direction of each coordinate axis and moment
around each coordinate axis which is exerted on the force
sensor shown in FIG. 37.

[0228] FIG. 43 is a front view showing a modification
example of the diaphragm of the force sensor shown in FIG.
37.

[0229] FIG. 44 is a plan view showing modification
examples of electrode groups used in the force sensor shown
in FIG. 37 (hatching is made to clarify the shape of each
electrode and not for showing the cross section).

[0230] FIG. 45 is a cross sectional view in which a force
sensor according to a modification example using an eddy
current displacement sensor /a Hall element /a light beam
distance meter is cut along the XY-plane.

[0231] FIG. 46 shows a perspective view and a block dia-
gram for explaining a principle of measuring a distance by
using the eddy current displacement sensor.

BEST MODES FOR CARRYING OUT THE
INVENTION

[0232] Hereinafter, the present invention will be described
based on illustrated embodiments.

<<<Section 1. Basic Structure and Principle of Force
Sensor>>>

[0233] First, a description will be given about a constitution
of'a basic structure of a force sensor according to the present
invention and a principle of detecting force and moment by
utilizing the basic structure. A force sensor according to the
present invention has functions to detect force or moment at
least on one axis among force in the direction of each coor-
dinate axis and moment around each coordinate axis in an
XYZ7 three-dimensional orthogonal coordinate system.
Therefore, hereinafter, a description will be given of a con-
stitution of the basic structure of the force sensor which is
arranged in the XYZ three-dimensional orthogonal coordi-
nate system.

[0234] FIG.1is atop view (the upper part of the figure) and
a side view (the lower part of the figure) for showing the basic
structure of the force sensor according to a basic embodiment
of the present invention. In the top view, the X-axis is placed
on the right side in the figure, the Y-axis is placed upward in
the figure, and the Z-axis is placed in the front-side direction
perpendicular to the sheet surface of the figure. On the other
hand, in the side view, the X-axis is placed on the right side,
the Z-axis is placed upward in the figure, and the Y-axis is
placed in a depth direction perpendicular to the sheet surface
of the figure. As shown in the figure, the basic structure is
constituted by a force receiving ring 100, a detection ring 200,
asupporting substrate 300, connection members 410,420 and
fixing members 510, 520.
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[0235] The force receiving ring 100 is a circular plate-
shaped (washer-shaped) ring arranged on the XY-plane so
that the Z-axis is given as a central axis, and both the outer
circumferential surface and the inner circumferential surface
thereof are constituted so as to form a cylindrical surface. The
force receiving ring 100 has functions to receive exertions of
force or moment to be detected. More particularly, it has
functions to transmit the force or moment to be detected to the
detection ring 200.

[0236] On the other hand, the detection ring 200 is a circu-
lar plate-shaped (washer-shaped) ring arranged on the XY-
plane, as with the force receiving ring 100, so that the Z-axis
is given as the central axis. Both the outer circumferential
surface and the inner circumferential surface are constituted
so as to form a cylindrical surface. In the example shown here,
the detection ring 200 is arranged inside the force receiving
ring 100. That is, the force receiving ring 100 is an outer ring
arranged on the XY-plane, while the detection ring 200 is an
inner ring arranged on the XY-plane. Here, the detection ring
200 is characterized in that elastic deformation is caused at
least partially due to exertions of the force or moment to be
detected.

[0237] The connection members 410, 420 are members for
connecting the force receiving ring 100 with the detection
ring 200. In the example shown in the figure, the connection
member 410 connects the inner circumferential surface of the
force receiving ring 100 with the outer circumferential sur-
face of the detection ring 200 at a position along a positive
domain of the X-axis. The connection member 420 connects
the inner circumferential surface of the force receiving ring
100 with the outer circumferential surface of the detection
ring 200 at a position along a negative domain of the X-axis.
Therefore, as shown in the figure, a clearance H1 is secured
between the force receiving ring 100 and the detection ring
200, and a clearance H2 is secured inside the detection ring
200, as shown in the figure.

[0238] As is apparent from the side view, the force receiv-
ing ring 100 and the detection ring 200 are equal in thickness
(dimension in the direction of the Z-axis). In the side view, the
detection ring 200 is completely hidden inside the force
receiving ring 100. Although both of the rings are not neces-
sarily required to be equal in thickness, it is preferable to
make both the rings equal in thickness in view of realizing a
thin-type sensor (sensor that is dimensionally reduced in the
direction of the Z-axis as much as possible).

[0239] A supporting substrate 300 is a disk-shaped sub-
strate, the diameter of which is equal to an outer diameter of
the force receiving ring 100, having an upper surface in par-
allel with the XY-plane and being arranged at certain intervals
below the force receiving ring 100 and the detection ring 200.
The fixing members 510, 520 are members for fixing the
detection ring 200 to the supporting substrate 300. In the side
view, the fixing member 510 is hidden behind the fixing
member 520 and does not appear. The fixing members 510,
520 have functions to connect the lower surface of the detec-
tion ring 200 with the upper surface of the supporting sub-
strate 300. As depicted by broken lines in the top view, fixing
member 510, 520 are arranged along the Y-axis.

[0240] FIG.2 is a cross sectional view (the upper part of the
figure) in which the basic structure shown in FIG. 1 is cut
along the XY-plane and a longitudinal sectional view (the
lower part of the figure) in which it is cut along the XZ-plane.
An origin O of the XYZ three-dimensional orthogonal coor-
dinate system is shown at the center of the cross sectional
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view which is cut along the XY-plane. Here, FIG. 2 clearly
shows a state that the detection ring 200 is connected to the
force receiving ring 100 via connection members 410, 420
arranged at two sites on both sides.

[0241] FIG. 3 is a top view (the upper part of the figure)
showing the supporting substrate 300 and the fixing members
510, 520 of the basic structure shown in FIG. 1 and a longi-
tudinal sectional view (the lower part of the figure) in which
the basic structure is cut along the YZ-plane. The top view of
FIG. 3 corresponds to a state that the top view of FIG. 1 is
rotated counterclockwise by 90 degrees, with the Y-axis taken
on the left side. Further, in the top view of FIG. 3, the position
of the detection ring 200 is depicted by the broken lines. On
the other hand, the longitudinal sectional view of FIG. 3
clearly shows a state that the detection ring 200 is fixed by the
fixing members 510, 520 above the supporting substrate 300.
[0242] Then, a description will be given of a principle of
detecting force and moment by utilizing the basic structure.
First, consideration will be given to a situation found at the
basic structure when force in the direction of each coordinate
axis and moment around each coordinate axis are exerted on
the force receiving ring 100, with the supporting substrate
300 being fixed.

[0243] As described above, in the example shown here,
both the force receiving ring 100 and the detection ring 200
are circular rings arranged on the XY-plane in such a manner
that the Z-axis is given as the central axis. However, the
detection ring 200 is required to undergo at least partially
elastic deformation resulting from exertions of force or
moment to be detected. In other words, the detection ring 200
is required to be at least partially flexible. This is because the
force sensor according to the present invention is to detect
force or moment which is exerted on the basis of elastic
deformation occurring on the detection ring 200.

[0244] On the other hand, as described above, the force
receiving ring 100 is a constituent which has functions to
transmit the force or the moment exerted on the detection ring
200. The force receiving ring 100 may be in principle consti-
tuted by an elastic body which undergoes elastic deformation
or may be composed of a rigid body which does not undergo
elastic deformation. However, in practice, it is preferable that
the force receiving ring 100 is composed of a rigid body
which does not undergo substantial deformation, as long as
exerting force or moment is within a predetermined tolerance
level. This is because the exerting force or moment is trans-
mitted to the detection ring 200 efficiently as much as pos-
sible.

[0245] Inthe present invention, each part of the basic struc-
ture can be constituted by any given material. With commer-
cial usage taken into account, it is preferable to constitute
each part by using generally-used industrial materials such as
metals (aluminum alloy and iron-based metal, for example)
and plastics. A member composed of a generally-used indus-
trial material is usually available as an elastic body or a rigid
body, depending on a form thereof. For example, in the case
of'ametal, a metal block behaves like a rigid body, while a thin
plate metal behaves like an elastic body. Therefore, the force
receiving ring 100 and the detection ring 200 are able to
perform any given functions by changing the respective
forms, even when they are constituted by the same material.
[0246] For example, even where the force receiving ring
100 and the detection ring 200 are constituted by the same
aluminum alloy, as shown in the cross sectional view of FIG.
2, the force receiving ring 100 is able to function as a rigid
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body which is practically free of elastic deformation by being
made relatively great in width. The detection ring 200 is able
to function as an elastic body which undergoes elastic defor-
mation substantially as a whole by being made relatively
small in width. That is, the detection ring 200 can be used as
a ring which is flexible as a whole.

[0247] As a matter of course, when force and moment are
applied to the force receiving ring 100, specifically, the force
receiving ring 100 itself undergoes some elastic deformation.
The force receiving ring 100 undergoes elastic deformation
and is negligible if the elastic deformation is only slight as
compared with the elastic deformation of the detection ring
200. And, the force receiving ring 100 is to be considered as
a practically rigid body. Therefore, hereinafter, a description
will be given on the assumption that the force receiving ring
100 is a rigid body and elastic deformation resulting from
force and moment occurs exclusively on the detection ring
200.

[0248] First, consideration will be given to a change of the
basic structure when force in a direction of the X-axis is
exerted on the force receiving ring 100, with the supporting
substrate 300 being fixed. F1G. 4 is a cross sectional view (the
upper part of the figure) on the XY-plane and a longitudinal
sectional view (the lower part of the figure) on the XZ-plane,
each of which shows a deformed state when force +Fx in the
positive direction of the X-axis is exerted on the force receiv-
ing ring 100 of the basic structure shown in FIG. 1. The
supporting substrate 300 is fixed and not movable, while the
force receiving ring 100 moves to the right hand side in the
figure by the force +Fx in the positive direction of the X-axis.
As a result, the detection ring 200 undergoes deformation as
shown in the figure. In addition, the broken lines in the figure
show the positions of these rings before movement or defor-
mation.

[0249] Here, for the sake of convenience of description of
the deformation mode, consideration will be given to two
fixing points P1, P2 and two exertion points Q1, Q2. The
fixing points P1, P2 are points defined on the Y-axis and
correspond to positions of the fixing members 510, 520
shown in FIG. 1. That is, the detection ring 200 is fixed to the
supporting substrate 300 by the fixing members 510, 520 at
the fixing points P1, P2. On the other hand, the exertion points
Q1, Q2 are points which are defined on the X-axis, and the
detection ring 200 is connected to the force receiving ring 100
by the connection members 410, 420 at the exertion points
Q1, Q2.

[0250] As described above, in the present invention, the
exertion points are positions to which the connection mem-
bers are connected, and the fixing points are positions to
which the fixing members are connected. Then, it is important
that the exertion points and the fixing points are arranged at
different positions. In the example shown in FIG. 4, the fixing
points P1, P2 and the exertion points Q1, Q2 are arranged at
different positions on the X Y-plane. This is because when the
exertion points and the fixing points occupy the same posi-
tions, the detection ring 200 undergoes no elastic deforma-
tion. In addition, in the above example, the fixing points P1,
P2 and the exertion points Q1, Q2 are all defined on the
XY-plane. However, the exertion points and the fixing points
are not necessarily defined on the XY-plane. Irrespective of
whether the exertion points and the fixing points are on the
XY-plane or not, only if an orthographic projection image of
the exertion points on the XY-plane and an orthographic
projection image of the fixing points on the XY-plane are
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formed at different positions, elastic deformation necessary
for the present invention is allowed to occur on the detection
ring 200.

[0251] When the force +Fx in the positive direction of the
X-axis is exerted on the force receiving ring 100, as shown in
FIG. 4, the force on the right-hand side in the figure is applied
to the exertion points Q1, Q2 of the detection ring 200. How-
ever, since the fixing points P1, P2 of the detection ring 200
are fixed, the detection ring 200 which is flexible is deformed
from a reference circular state into a deformed state as shown
in the figure (figures which show a deformed state in the
present application are depicted to some extent in an exag-
gerated manner for emphasizing the deformed state and they
do not necessarily show the deformation mode precisely). To
be more specific, as shown in the figure, between the point P1
and the point Q1 as well as between the point P2 and the point
Q1, atensile force is exerted on both ends of a quadrant of the
detection ring 200, by which the quadrant shrinks inwardly.
Between the point P1 and the point Q2 as well as between the
point P2 and the point Q2, a pressing force is exerted on the
both ends of the quadrant of the detection ring 200, by which
the quadrant swells outwardly.

[0252] Where force -Fx in the negative direction of the
X-axis is exerted on the force receiving ring 100, a phenom-
enon occurs in which the left and right sides are reversed to
that shown in FIG. 4. Further, where force +Fy in the positive
direction of the Y-axis and force —Fy in the negative direction
of the Y-axis are exerted on the force receiving ring 100, a
phenomenon occurs in which a deformed state at the upper
part of FIG. 4 is rotated by 90 degrees.

[0253] Next, consideration will be given to a change of the
basic structure when force in a direction of the Z-axis is
exerted on the force receiving ring 100, with the supporting
substrate 300 being fixed. FIG. 5 is a longitudinal sectional
view on the XZ-plane which shows a deformed state when
force +Fz in the positive direction of the Z-axis is exerted on
the force receiving ring 100 of the basic structure shown in
FIG. 1. Although the supporting substrate 300 is fixed and
therefore not movable, the force receiving ring 100 moves
upward in the figure due to the force +Fz in the positive
direction of the Z-axis. As a result, the detection ring 200
undergoes deformation as shown in the figure. Here, the bro-
ken line in the figure depicts a position of each ring before
movement or deformation.

[0254] Inthis case as well, the deformation mode is funda-
mentally based on the fact that positions of the two fixing
points P1, P2 (positions fixed by the fixing members 510,
520) are not movable and positions of the two exertion points
Q1, Q2 move upward. The detection ring 200 gradually
undergoes deformation from the positions of the fixing points
P1, P2 to those of the exertion points Q1, Q2. Further, where
the force -Fz in the negative direction of the Z-axis is exerted
on the force receiving ring 100, the force receiving ring 100
moves downward in the figure. As a result, the detection ring
200 shows a deformation mode which is upside down as
compared with the deformation mode shown in FIG. 5.
[0255] Next, consideration will be given to a change of the
basic structure, when moment around the Y-axis is exerted on
the force receiving ring 100, with the supporting substrate
300 being fixed. FIG. 6 is a longitudinal sectional view on the
XZ-plane showing a deformed state when moment+My
which is positive rotation around the Y-axis is exerted on the
force receiving ring 100 of the basic structure shown in FIG.
1. By the way, in the present application, a symbol of moment
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exerting around a predetermined coordinate axis is deter-
mined so that a rotation direction in which a right-hand screw
rotates for allowing the screw to advance in a positive direc-
tion of the coordinate axis is given as a positive direction. For
example, the rotation direction of moment +My shown in
FIG. 6 is a rotation direction in which the right-hand screw is
allowed to advance in the positive direction of the Y-axis.
[0256] In this case as well, although the supporting sub-
strate 300 is fixed and therefore not movable, the force receiv-
ing ring 100 receives the moment +My which is positive
rotation around the Y-axis and rotates clockwise around the
origin O in the figure. As a result, the exertion point Q1 moves
downward, while the exertion point Q2 moves upward. The
detection ring 200 gradually undergoes deformation from the
positions of the fixing points P1, P2 (positions fixed by the
fixing members 510, 520) to the positions of the exertion
points Q1, Q2. Where the moment —My which is negative
rotation around the Y-axis is exerted on the force receiving
ring 100, a phenomenon occurs in which the left and right
sides are reversed to that shown in FIG. 6. Further, where the
moment +Mx which is positive rotation around the X-axis
and moment -Mx which is negative rotation around the
X-axis are exerted on the force receiving ring 100, a phenom-
enon occurs in which the deformed state shown in the top
view is rotated by 90 degrees.

[0257] Finally, consideration will be given to a change of
the basic structure when moment around the Z-axis is exerted
on the force receiving ring 100, with the supporting substrate
300 being fixed. FIG. 7 is a cross sectional view on the
XY-plane showing a deformed state when moment +Mz
which is positive rotation around the Z-axis exerted on the
force receiving ring 100 of the basic structure shown in FIG.
1. In this case as well, although the supporting substrate 300
is fixed and therefore not movable, the force receiving ring
100 receives the moment +Mz which is positive rotation
around the Z-axis and rotates counterclockwise around the
origin O in the figure.

[0258] As a result, counterclockwise force as shown in the
figure is applied to the exertion points Q1, Q2 on the detection
ring 200. However, since the positions of the fixing points P1,
P2 on the detection ring 200 are fixed, the detection ring 200
which is flexible is to undergo deformation from a reference
circular state into a deformed state, as shown in the figure. To
be more specific, as shown in the figure, between the point P2
and the point Q1 as well as between the point P1 and the point
Q2, atensile force is exerted on both ends of a quadrant of the
detection ring 200, by which the quadrant shrinks inwardly.
Between the point P1 and the point Q1 as well as between the
point P2 and the point Q2, a pressing force is exerted on the
both ends of the quadrant of the detection ring 200, by which
the quadrant swells outwardly and undergoes deformation
into an oval shape as a whole. On the other hand, where
moment —-Mz which is negative rotation around the Z-axis is
exerted on the force receiving ring 100, the force receiving
ring 100 rotates clockwise around the origin O in the figure. A
deformed state occurs in which the state shown in FIG. 7 is
reversed.

[0259] A description has been so far given of the deforma-
tion modes occurring on the detection ring 200 where force in
the direction of each coordinate axis and moment around each
coordinate axis are exerted on the force receiving ring 100,
with the supporting substrate 300 of the basic structure shown
in FIG. 1 being fixed. The deformation modes are different
from each other and also different in extent of deformation
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depending on a magnitude of the force and moment which are
exerted. Therefore, an elastic deformation of the detection
ring 200 is detected to collect information on the mode and
extent thereof, thus making it possible to detect the force in
the direction of each coordinate axis and the moment around
each coordinate axis individually and independently. This is a
basic principle of the force sensor according to the present
invention.

[0260] In order to conduct detection based on the above-
described basic principle, the force sensor according to the
present invention is provided, in addition to the basic struc-
ture shown in FIG. 1, with detection elements for electrically
detecting elastic deformation of the detection ring 200 and
detection circuits for outputting detection values of force in a
direction of a predetermined coordinate axis or moment
around a predetermined coordinate axis which is exerted on
the force receiving ring 100, with the supporting substrate
300 being fixed, on the basis of detection results of the detec-
tion elements. A detailed description will be given of
examples of specific constitutions of the detection elements
and the detection circuits in Section 3 and subsequent sec-
tions.

[0261] As will be described later, the detection elements
and the detection circuits can be incorporated into the basic
structure shown in FIG. 1, by which the size of the force
sensor according to the present invention can be made sub-
stantially equal to that of the basic structure. As apparent from
the side view shown at the lower part of FIG. 1, the basic
structure is structurally suitable for being made thin. That is,
an entire thickness of the basic structure (dimension in the
direction of the Z-axis) is a sum of the thickness of the force
receiving ring 100 (thickness of the detection ring 200), that
of the fixing members 510, 520 and that of the supporting
substrate 300. Here, the detection ring 200 may be set to be
sufficiently thick in arranging detection elements to be
described later. The fixing members 510, 520 may be set to be
sufficiently thick so as not to inhibit downward deformation
of the detection ring 200. And, the supporting substrate 300
may be set to be sufficiently thick so as to support other
constituents.

[0262] Therefore, the force sensor according to the present
invention has functions to detect individually and indepen-
dently force in the direction of each coordinate axis and
moment around each coordinate axis in an XYZ three-dimen-
sional orthogonal coordinate system. Further, this force sen-
sor can be made simpler in structure and thinner in thickness
than a conventional force sensor.

[0263] The basic structure shown in FIG. 1is an example in
which the force receiving ring 100 is arranged outside and the
detection ring 200 is arranged inside. However, a positional
relationship between the rings can be exchanged. That is, a
constitution in which the force receiving ring 100 is arranged
inside and the detection ring 200 is arranged outside can be
adopted. However, when the detection ring 200 in a deformed
state comes into contact with an external object, disturbance
is added to a deformation mode. This may result in a failure of
obtaining a correct detection value. Therefore, in practice, it is
preferable that the force receiving ring 100 is arranged out-
side and the detection ring 200 is arranged inside, as shown in
the above example, thereby preventing the detection ring 200
from coming into contact with the external object.



US 2013/0319135 Al

<<<Section 2. Detection of Displacement>>>

[0264] As described above, in the force sensor according to
the present invention, a mode and a magnitude of elastic
deformation occurring on the detection ring 200 are detected,
thereby determining a direction and a magnitude of exerted
force or moment. Now, as a method for detecting a mode and
a magnitude of elastic deformation, a method for detecting
displacement at specific sites on the detection ring 200 (here,
referred to as measurement points) will be described. In the
embodiment shown here, as a detection element, used is an
element having functions to electrically detect displacement
of the detection ring 200 at predetermined measurement
points.

[0265] FIG. 8is a top view (the upper part of the figure) and
a side view (the lower part of the figure), each of which shows
an embodiment in which a fixed assistant body 350 for detect-
ing displacement is added to the basic structure shown in FIG.
1. As shown in the figure, the detection ring 200 is arranged
inside the force receiving ring 100 and the fixed assistant
body 350 is arranged further inside in the basic structure. The
fixed assistant body 350 is a cylindrical object having the
Z-axis as a central axis, the lower surface of which is fixed on
the upper surface of the supporting substrate 300. An outer
circumferential surface of the fixed assistant body 350 faces
an inner circumferential surface of the detection ring 200,
with a clearance H2 held therebetween.

[0266] FIG.9isacross sectional view (the upper part of the
figure) in which the basic structure shown in FIG. 8 is cut
along the XY-plane and a longitudinal sectional view (the
lower part of the figure) in which the basic structure is cut
along the VZ-plane. Here, the V-axis is an axis which passes
through the origin O of the XYZ three-dimensional orthogo-
nal coordinate system and forms 45 degrees with respect to
the X-axis, wherein its positive domain positions at a first
quadrant of the XY-plane and its negative domain positions at
a third quadrant of the XY-plane. Further, the W-axis is an
axis which passes through the origin O of the XYZ three-
dimensional orthogonal coordinate system and is orthogonal
to the V-axis, wherein its positive domain positions at a sec-
ond quadrant of the XY-plane and its negative domain posi-
tions at a fourth quadrant of'the XY-plane. The cross sectional
view at the upper part of F1G. 9 is depicted so that the positive
direction of the V-axis is taken on the right-hand side and the
positive direction of the W-axis is taken upward. This figure
corresponds to a figure in which the fixed assistant body 350
is added to the basic structure shown at the upper part of FIG.
2 and rotated clockwise by 45 degrees. Further, the longitu-
dinal sectional view at the lower part of FIG. 9 is a longitu-
dinal sectional view in which the basic structure is cut along
the VZ-plane and, therefore, the right-hand side is the positive
direction of the V-axis.

[0267] As described in Section 1, two fixing points P1, P2
are arranged on the Y-axis and two exertion points Q1, Q2 are
arranged on the X-axis on the detection ring 200. Here, four
measurement points R1 to R4 are also defined. As shown in
the figure, a first measurement point R1, a second measure-
ment point R2, a third measurement point R3 and a fourth
measurement point R4 are respectively arranged at the posi-
tive domain of the V-axis, the positive domain of the W-axis,
the negative domain of the V-axis and the negative domain of
the W-axis. As a result, when an intermediate circle posi-
tioned at a midpoint between an outer-circumference contour
circle and an inner-circumference contour circle of the detec-
tionring 200 is defined in the cross sectional view at the upper
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part of FIG. 9, individual points, Q1, R1, P1, R2, Q2, R3, P2,
R4 are to be arranged at an equal interval on the intermediate
circle in accordance with the above-described order. The
reason for defining the four measurement points R1 to R4 at
the above-described positions is that displacement resulting
from elastic deformation of the detection ring 200 becomes
most prominent at these positions.

[0268] Displacement in a radial direction of these four mea-
surement points R1 to R4 may be detected by measuring
distances d1, d2, d3, d4 indicated by the arrows shown in the
cross sectional view at the upper part of FIG. 9. Each of the
distances d1, d2, d3, d4 is a distance between a measurement
target surface positioned in the vicinity of each of the mea-
surement points R1, R2, R3, R4 on the inner circumferential
surface of the detection ring 200 and a counter reference
surface positioned on an outer circumference of the fixed
assistant body 350 and facing the measurement target surface.
An increase in the distance indicates that the vicinity of the
measurement point swells in a radial direction. A decrease in
the distance indicates that the vicinity of the measurement
point shrinks in a radial direction. Therefore, a detection
element capable of electrically detecting the distances is
made ready, by which it is possible to measure an extent of
deformation in a radial direction of the vicinity of each mea-
surement point.

[0269] Alternatively, it is possible to adopt a method for
measuring distances d1', d2', d3', d4' indicated by the arrows
shown in the cross sectional view at the upper part of FIG. 9.
Each of the distances d1', d2', d3', d4' is a distance between a
measurement target surface positioned in the vicinity of each
of the measurement points R1, R2, R3, R4 on the outer
circumferential surface of the detection ring 200 and a
counter reference surface positioned on an inner circumfer-
ence of the force receiving ring 100 and facing the measure-
ment target surface. However, the force receiving ring 100 in
itself also undergoes displacement. Therefore, a measured
value of each distance indicates a difference in displacement
between the force receiving ring 100 and the detection ring
200. As a result, some correction processing is needed in
order to determine displacement at each measurement point.
In practice, it is preferable to measure the distances d1, d2, d3,
d4.

[0270] Itisnotnecessary to provide the fixed assistant body
350 if measurement of the distances d1', d2', d3', d4' are made.
A distance between the force receiving ring 100 and the
detection ring 200 may be measured by using a detection
element to electrically detect a distance between a measure-
ment target surface positioned in the vicinity of each of the
measurement points R1, R2, R3, R4 on the detection ring 200
and a counter reference surface facing the measurement target
surface of the force receiving ring 100. Thus, there is elimi-
nated a necessity for providing the fixed assistant body 350.
Further, if measurement of the distances d1', d2', d3', d4' are
made, it is applicable that the force receiving ring 100 is
arranged inside and the detection ring 200 is arranged outside.
[0271] On the other hand, displacement in a vertical direc-
tion (the direction of the Z-axis) of the four measurement
points R1 to R4 may be detected by measuring distances
d5-d8 indicated by the arrows shown in the longitudinal sec-
tional view at the lower part of FIG. 9 (Although the distances
d6, d8 are not illustrated, the distance d6 is a distance imme-
diately under the measurement point R2 positioned behind
the fixed assistant body 350, and the distance d8 is a distance
immediately under the measurement point R4 positioned in
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front of the fixed assistant body 350). Each of the distances
ds, d6, d7, d8 is a distance between a measurement target
surface positioned in the vicinity of each of the measurement
points R1, R2, R3, R4 on the lower surface of the detection
ring 200 and a counter reference surface positioned on the
upper surface of the supporting substrate 300 and facing the
measurement target surface. An increase in the distance indi-
cates that the vicinity of each measurement point undergoes
upward displacement, while a decrease in the distance indi-
cates that the vicinity of each measurement point undergoes
downward displacement. Therefore, a detection element
capable of electrically detecting the distances is made ready,
by which it is possible to measure an extent of vertical defor-
mation in the vicinity of each measurement point.

[0272] As described above, displacement in a radial direc-
tion and displacement in a vertical direction of the four mea-
surement points R1 to R4 can be measured, by which it is
possible to understand an overall deformation mode of the
detection ring 200 and an extent of the deformation. Itis, thus,
possible to detect six-axis-components of force in the direc-
tion of each coordinate axis and moment around each coor-
dinate axis in an XYZ three-dimensional orthogonal coordi-
nate system.

[0273] FIG. 10 is a top view showing distance measure-
ment sites necessary for detecting the six-axis-components.
That is, in this example, as described above, with respect to
the first measurement point R1, the distance d1 (radial dis-
placement) and the distance d5 (vertical displacement) are to
be measured, with respect to the second measurement point
R2, the distance d2 (radial displacement) and the distance d6
(vertical displacement) are to be measured, with respect to the
third measurement point. R3, the distance d3 (radial displace-
ment) and the distance d7 (vertical displacement) are to be
measured, and with respect to the fourth measurement point
R4, the distance d4 (radical displacement) and the distance d8
(vertical displacement) are to be measured.

[0274] FIG. 11 is a table which shows changes in distances
d1 to d8 when force in the direction of each coordinate axis
and moment around each coordinate axis are exerted on the
force receiving ring 100, with the supporting substrate 300
being fixed, at the basic structure shown in FIG. 10. In the
table, [+] indicates an increase in distance, [-] indicates a
decrease in distance, and [0] indicates no variation in dis-
tance. The above results will be easily understood when con-
sideration is given to the specific deformation mode of the
detection ring 200 described in Section 1.

[0275] For example, when force +Fx in the positive direc-
tion of the X-axis is exerted on the force receiving ring 100, as
shown in FIG. 4, the detection ring 200 undergoes such defor-
mation that a quadrant between the point P1 and the point Q1
and a quadrant between the point P2 and the point Q1 shrink
inwardly, and a quadrant between the point P1 and the point
Q2 and a quadrant between the point P2 and the point Q2
swell outwardly. Therefore, the distances d1, d4 decrease,
while the distances d2, d3 increase. At this time, since the
detection ring 200 undergoes no vertical deformation, the
distances d5 to d8 do not change. The row +Fx in the table of
FIG. 11 shows the above-described results. For the same
reason, the results are obtained shown in the row +Fy in the
table of FIG. 11 upon exertion of force +Fy in the positive
direction of the Y-axis.

[0276] Further, when force +Fz in the positive direction of
the Z-axis is exerted on the force receiving ring 100, the
detection ring 200 undergoes such deformation as shown in
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FIG. 5, by which the distances d5 to d8 increase. At this time,
since the detection ring 200 undergoes no radial deformation,
the distances d1 to d4 do not change. The row +Fz in the table
of FIG. 11 shows the above-described results.

[0277] Then, when moment +My which is positive rotation
around the Y-axis is exerted on the force receiving ring 100,
the detection ring 200 undergoes such deformation as shown
in FIG. 6, that is, the right half in the figure undergoes down-
ward displacement, and the left half in the figure undergoes
upward displacement. Thus, the distances d5, d8 decrease and
the distances d6, d7 increase. At this time, since the detection
ring 200 undergoes no radial deformation, the distances d1 to
d4 do not change. The row +My in the table of FIG. 11 shows
the above-described results. For the same reason, the results
are obtained shown in the row +Mx in the table of FIG. 11
upon exertion of moment +Mx which is positive rotation
around the X-axis.

[0278] Finally, when moment +Mz which is positive rota-
tion around the Z-axis is exerted on the force receiving ring
100, the detection ring 200 undergoes such deformation as
shown in FIG. 7. That is, the detection ring 200 undergoes
deformation in such a manner that a quadrant between the
point P1 and the point Q1 and a quadrant between the point P2
and the point Q2 swell outwardly, while a quadrant between
the point P1 and the point Q2 and a quadrant between the
point P2 and the point Q1 shrink inwardly. Therefore, the
distances d1, d3 increase and the distances d2, d4 decrease. At
this time, since the detection ring 200 undergoes no vertical
deformation, the distances d5 to d8 do not change. The row
+Mz in the table of FIG. 11 shows the above-described
results.

[0279] Although the table of FIG. 11 shows the results
obtained upon exertion of force in a positive direction and
moment with positive rotation, upon exertion of force in a
negative direction and moment with negative rotation, the
results are obtained in which [+] and [-] are reversed. As a
result, patterns of change in distances d1 to d8 differ depend-
ing on individual cases on which six-axis-components are
exerted, respectively. Further, the larger the force and
moment which are exerted are, the larger the variance in
distance is. Therefore, the detection circuits are used to make
apredetermined operation on the basis of measured values of
the distances dl to d8, thus making it possible to output
independently detection values of the six-axis-components.
Specific arithmetic expressions will be described in detail by
referring to the embodiment of Section 3.

[0280] Where there is no need for obtaining detection val-
ues of all the six-axis-components, it is not always necessary
to measure the distances in eight different ways. For example,
FIG. 12 is a top showing a modification example of distance
measurement sites in the basic structure shown in FIG. 8. In
the example shown in FIG. 10, the distances d1 to d8 are
measured in eight different ways. However, in the example
shown in FIG. 12, it is sufficient to measure the distances d1
to d4, d9, d10 in six different ways.

[0281] Here, the distances d1 to d4 are the same as those of
the above-described example. That is, the distance d1 indi-
cates displacement in a radial direction for the first measure-
ment point R1, the distance d2 indicates displacement in a
radial direction for the second measurement point R2, the
distance d3 indicates displacement in a radial direction for the
third measurement point R3, and the distance d4 indicates
displacement in a radial direction for the fourth measurement
point R4. On the other hand, no measurement is made for
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displacement in a vertical direction for the four measurement
points R1 to R4. In other words, no measurement is made for
the distances d5 to d8 in the above-described example.
Instead, the exertion point Q1 is given as a fifth measurement
point to measure the displacement thereof in a vertical direc-
tion. The second exertion point Q2 is given as a sixth mea-
surement point to measure the displacement thereof in a ver-
tical direction.

[0282] That is, the distance d9 shown in FIG. 12 is a dis-
tance between a measurement target surface positioned in the
vicinity of the first exertion point Q1 (the fifth measurement
point) on the lower surface of the detection ring 200 and a
counter reference surface positioned on the upper surface of
the supporting substrate 300 and facing the measurement
target surface. The distance d10 shown in FIG. 12 is a distance
between a measurement target surface positioned in the vicin-
ity of the second exertion point Q2 (the sixth measurement
point) on the lower surface of the detection ring 200 and a
counter reference surface positioned on the upper surface of
the supporting substrate 300 and facing the measurement
target surface.

[0283] FIG. 13 is a table which shows changes in distances
d1 to d4, d9, d10 when force in the direction of each coordi-
nate axis and moment around each coordinate axis are exerted
on the force receiving ring 100, with the supporting substrate
300 being fixed, in the basic structure shown in FIG. 12. In
this case as well, [+] indicates an increase in distance, [-]
indicates a decrease in distance, and [0] indicates no variation
in distance. As described above, the above-described results
are to be obtained for the distances d1 to d4.

[0284] On the other hand, a fact that the above-described
results are obtained for the distances d9, d10 will be easily
understood, when consideration is given to the specific defor-
mation mode of the detection ring 200 described in Section 1.
That is, even upon exertion of force +Fx in the positive direc-
tion of the X-axis or force +Fy in the positive direction of the
Y-axis, the exertion points Q1, Q2 do not vary in a vertical
direction. Therefore, the rows +Fx and +Fy are [0] for the
distances d9 and d10. However, upon exertion of force +Fz in
the positive direction of the Z-axis, the exertion points Q1, Q2
undergo upward displacement, by which the row +Fz gives
[+] for the distances d9 and d10.

[0285] Further, upon exertion of moment +Mx which is
positive rotation around the X-axis, the exertion points Q1,
Q2 positioning on the X-axis are points on the rotation axis
and, therefore, do not vary in a vertical direction. Thereby, the
row +Mx gives [0] for the distances d9, d10. However, upon
exertion of moment +My which is positive rotation around the
Y-axis, the exertion point Q1 undergoes downward displace-
ment, while the exertion point Q2 undergoes upward dis-
placement. Therefore, the row +My gives [-] for the distance
d9 and gives [+] for the distance d10. Finally, upon exertion of
moment +Mz which is positive rotation around the Z-axis, the
exertion points Q1, Q2 do not vary in a vertical direction.
Therefore, the row +Mz gives [0] for the distances d9, d10.
Upon exertion of force in a negative direction and moment
with negative rotation, the results are obtained in the table of
FIG. 13 in which [+] and [-] are reversed.

[0286] Consequently, patterns of change in distances d1 to
d4, d9, d10 differ depending on individual cases on which the
six-axis-components are exerted. Further, the larger the force
and moment which are exerted become, the larger the vari-
ance in distance is. However, the row +Mx in the table of FIG.
13 gives [0] for all the distances. This indicates that measure-
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ment of the distances d1 to d4, d9, d10 do not provide infor-
mation on moment Mx around the X-axis. However, infor-
mation is obtained on five-axis-components excluding the
information on the moment Mx. Therefore, detection circuits
are used to carry out a predetermined operation on the basis of
measured values of the distances d1 to d4, d9, d10, thereby
making it possible to output independently detection values
of'the five-axis-components excluding the moment Mx. Spe-
cific arithmetic expressions will be described in detail by
referring to the embodiments of Section 3.

[0287] Accordingly, the force sensor according to the
present invention is able to detect independently six-axis-
components, Fx, Fy, Fz, Mx, My, Mz. However, where there
is no need for having detection values of all the six-axis-
components, detection elements can be omitted, whenever
necessary, to reduce costs.

[0288] Further, FIG. 9 shows an example where two exer-
tion points Q1, Q2 and two fixing points P1, P2 are arranged.
In the force sensor according to the present invention, the
number of the exertion points and the number of the fixing
points are not necessarily limited to two. That is, in a funda-
mental embodiment to be described here, it is acceptable that
the n number of plural exertion points and the n number of
plural fixing points are alternately arranged on an annular
channel along a contour of the detection ring 200, and elastic
deformation of the detection ring in the vicinity of each of the
measurement points defined at positions between the exertion
points and the fixing points arranged adjacent to each other is
electrically detected by detection elements.

[0289] Therefore, it is acceptable that n is set to be equal to
3, for example, and three exertion points and three fixing
points are alternately arranged. In this case, the detection ring
200 is to be connected to the force receiving ring 100 via
connection members at the positions of three exertion points
and fixed to the supporting substrate 300 via fixing members
at the positions of three fixing points.

[0290] However, in practice, the example shown in FIG. 9
is efficient. That is, two exertion points and two fixing points
are arranged in the order of the first exertion point Q1, the first
fixing point P1, the second exertion point Q2 and the second
fixing point P2 on the annular channel along the contour of the
detection ring 200. Then, a first measurement point R1 is
defined between the first exertion point Q1 and the first fixing
point P1 on the annular channel, and a second measurement
point R2 is defined between the first fixing point P1 and the
second exertion point Q2, a third measurement point R3 is
defined between the second exertion point Q2 and the second
fixing point P2, and a fourth measurement point R4 is defined
between the second fixing point P2 and the first exertion point
Q1. And, detection elements are used to electrically detect
elastic deformation of the detection ring 200 in the vicinities
of' the first to the fourth measurement points R1 to R4.
[0291] In particular, in the example shown in FIG. 9, the
basic structure is structured to be in plane symmetry about the
XZ-plane and also in plane symmetry about the YZ-plane.
Therefore, an extent of displacement indicated by [+] or [-] in
the tables shown in FIG. 11 and FIG. 13 becomes symmetri-
cal, by which a relatively simple detection circuit can be used
to obtain a detection value of force in the direction of each
axis and moment around each axis.

[0292] Therefore, as shown in the example of FIG. 9, in
practice, the following is preferable. That is, the first exertion
point Q1, the first fixing point P1, the second exertion point
Q2 and the second fixing point P2 are respectively arranged at
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the positive domain of the X-axis, the positive domain of the
Y-axis, the negative domain of the X-axis and the negative
domain of the Y-axis, the vicinity of the first exertion point Q1
on the detection ring 200 is connected to the force receiving
ring 100 by the first connection member 410 extending along
the positive domain of X-axis, the vicinity of the second
exertion point Q2 on the detection ring 200 is connected to the
force receiving ring 100 by the second connection member
420 extending along the negative domain of the X-axis, and
the detection elements electrically detect elastic deformation
of'the detection ring 200 in the vicinities of the first measure-
ment point R1, the second measurement point R2, the third
measurement point R3 and the fourth measurement point R4
arranged respectively at the first quadrant, the second quad-
rant, the third quadrant and the fourth quadrant on the XY-
plane.

[0293] Each of the measurement points R1 to R4 is not
necessarily defined on the V-axis or the W-axis. However, as
described above, displacement resulting from elastic defor-
mation of the detection ring 200 becomes most prominent on
the V-axis or the W-axis. Therefore, in view of increasing
detection sensitivity, as shown in the example of FIG. 9, it is
preferable that the first measurement point R1, the second
measurement point R2, the third measurement point R3 and
the fourth measurement point R4 are defined respectively in
the positive domain of the V-axis, the positive domain of the
We-axis, the negative domain of the V-axis and the negative
domain of the W-axis.

<<<Section 3. Embodiment Using Capacitive Element>>>

[0294] Here, the detection element will be described by
referring to an embodiment using a capacitive element. As
described above, a capacitive element type multi-axis force
sensor detects a specific directional component of force
exerted on the mechanical structure as displacement occur-
ring at a specific part. That is, a principle is adopted in which
a capacitive element is constituted by a pair of electrodes and
displacement occurring on one of the electrodes due to the
force which is exerted is detected on the basis ofa capacitance
value of the capacitive element.

[0295] Therefore, here, a description will be given of an
embodiment using capacitive elements which detect eight
different distances d1 to d8 at the basic structure shown in
FIG.10.FIG. 14 1s a cross sectional view (the upper part of the
figure) in which the force sensor according to the embodi-
ment is cut along the XY-plane and a longitudinal sectional
view (the lower part of the figure) in which the force sensor is
cut along the VZ-plane. The force sensor shown in FIG. 14 is
constituted by adding sixteen electrodes E11 to E18, E21 to
E28, and a predetermined detection circuit to the basic struc-
ture shown in FIG. 9. Eight sets of capacitive elements con-
stituted by the sixteen electrodes function as detection ele-
ments for measuring the above-described eight different
distances d1 to d8.

[0296] As shown in the cross sectional view at the upper
part of FIG. 14, the displacement electrodes E21 to E24 are
provided respectively in the vicinities of the four measure-
ment points R1 to R4 (measurement target surfaces) on the
inner circumferential surface of the detection ring 200. Fur-
ther, the displacement electrodes E25 to E28 (shown by the
broken lines in the figure) are provided respectively in the
vicinities of four measurement points R1 to R4 (measurement
target surfaces) on the lower surface of the detection ring 200.
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These eight displacement electrodes E21 to E28 are such
electrodes that develop displacement resulting from deforma-
tion of the detection ring 200.

[0297] On the other hand, the eight fixed electrodes E11 to
E18 are provided at the positions (counter reference surfaces)
facing the eight displacement electrodes E21 to E28, respec-
tively. The eight fixed electrodes E11 to E18 are such elec-
trodes that are directly or indirectly fixed to the supporting
substrate 300 and always keep constant positions, irrespective
of' deformation of the detection ring 200. To be more specific,
the fixed electrodes E11 to E14 are provided at the positions
facing the displacement electrodes E21 to E24 on an outer
circumferential surface of a fixed assistant body 350 in a
cylindrical shape. The electrodes are indirectly fixed onto the
supporting substrate 300 via the fixed assistant body 350.
Further, the fixed electrodes E15 to E18 are directly fixed at
the positions facing the displacement electrodes E25 to E28
on the upper surface of the supporting substrate 300.
Although only the displacement electrodes E15, E17 appear
in the longitudinal sectional view at the lower part of FIG. 14,
the displacement electrode E16 is positioned behind the fixed
assistant body 350 and the displacement electrode E 18 is
positioned in front of the fixed assistant body 350.

[0298] Consequently, in the above-described embodiment,
eight sets of capacitive elements are constituted by eight sets
of displacement electrodes E21 to E28 provided on measure-
ment target surfaces positioned in the vicinities of the mea-
surement points R1 to R4 on the inner circumferential surface
and the lower surface of the detection ring 200 and eight sets
of fixed electrodes E11 to E18 provided on counter reference
surfaces defined at the positions facing individual measure-
ment target surfaces on the outer circumferential surface of
the fixed assistant body 350 and the upper surface of the
supporting substrate 300. These eight sets of the capacitive
elements function as detection elements of the present inven-
tion and electrically detect elastic deformation of the detec-
tion ring 200.

[0299] Here, for the sake of convenience of description, the
capacitive elements constituted by the fixed electrodes E11 to
E18 and the displacement electrodes E21 to E28 facing
thereto are individually referred to as capacitive elements C1
to C8. Capacitance values thereof are expressed as C1 to C8
by using the same symbols. In general, a capacitance value of
a capacitive element decreases with an increase in distance of
a pair of counter electrodes constituting the capacitive ele-
ment, and the value increases with a decrease in distance.
Therefore, electrical measurement of capacitance values of
the capacitive elements C1 to C8 make it possible to deter-
mine the distances d1 to d8 shown in FIG. 10 and also to
detect force or moment which is exerted on the basis of the
table shown in FIG. 11.

[0300] However, a capacitance value of the capacitive ele-
ment varies depending on an effective counter area of a pair of
counter electrodes. A capacitance value increases with an
increase in effective counter area and decreases with a
decrease in effective counter area. Therefore, in order to
accurately measure the distances d1 to d8 on the basis of the
above-described principle, it is necessary that any displace-
ment of the detection ring 200 does not result in change in
effective counter area of each capacitive element. Therefore,
aprojection image in which one of the electrodes constituting
each of the capacitive elements C1 to C8 is projected on a
surface on which the other electrode is formed is included in
the other electrode.
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[0301] FIG.151s aperspective view showing a dimensional
relationship of counter electrodes of each of the capacitive
elements C1 to C8 used in the force sensor shown in FIG. 14.
The figure shows a state that an electrode Ea and an electrode
Eb are arranged so as to face each other. In this example, both
of the electrodes Ea, Eb are rectangular plate-shaped elec-
trodes. The electrode Ea is made dimensionally larger than
the electrode Eb in longitudinal and horizontal dimensions.
Further, both of the electrodes Ea, Eb are arranged at such
positions that the respective center points face each other.
Therefore, a projection image A (orthographic projection
image) in which the electrode Eb is projected on a surface of
the electrode Ea is included within the electrode Ea. In brief,
the electrode Ea is substantially larger than the electrode Eb.
[0302] If a relationship of one pair of counter electrodes
constituting each of the capacitive elements C1 to C8 used in
the force sensor shown in FIG. 14 corresponds to a relation-
ship shown in FIG. 15, displacement developed on the detec-
tionring 200 does not change an effective counter area of each
of the capacitive elements, as long as the displacement is
within a predetermined tolerance level. That is, in the
example shown in FIG. 15, an internal area of the projection
image A shown by the broken line is an effective counter area
of the capacitive element. Even where both of the electrodes
Ea, Eb undergo displacement in a direction parallel to the
electrode surface, the effective counter area remains constant
as long as the projection image A is included in the electrode
Ea.

[0303] Inthe force sensor shown in FIG. 14, for one pair of
the counter electrodes which constitute each of the capacitive
elements C1 to C8, each of the displacement electrodes E21
to E28 is set to be substantially larger than each of the fixed
electrodes F11 to E18. It is, however, acceptable that each of
the fixed electrodes E11 to E18 is set to be substantially larger
than each of the displacement electrodes E21 to E28. Further,
in the force sensor shown in FI1G. 14, a relationship of one pair
of the counter electrodes is that in which in a normal state
where force or moment to be detected is not exerted in any
way, a projection image in which one of the electrodes is
projected on a surface on which the other electrode is formed
(for example a projection image projected in a direction par-
allel to a line connecting both the center points of the elec-
trodes) is included in the other electrode.

[0304] A dimensional difference between both of the elec-
trodes is a parameter which determines a tolerance level of
displacement of the detection ring 200 (a range in which the
effective counter area is kept constant). Therefore, in order to
set detection values in a wide dynamic range, it is necessary
that a dimensional difference between both the electrodes is
made large and a blank region outside the projection image A
in FIG. 15 is set to be wide. Where displacement of the
detection ring 200 is within the tolerance level, an effective
counter area of each of the capacitive elements C1 to C8 is
kept constant. Therefore, variance in capacitance values C1 to
C8 exclusively indicates variance in distances d1 to d8.
[0305] FIG. 16 is a table showing changes in capacitance
values of the capacitive elements C1 to C8 upon exertion of
force in the direction of each coordinate axis and moment
around each coordinate axis on the force sensor shown in FIG.
14. In this table, [+] indicates an increase in capacitance
value, [-] indicates a decrease in capacitance value, and [0]
indicates no variation in capacitance value. Symbols in paren-
theses in cells C1 to C8 in the table indicate one pair of
counter electrodes which constitute each of the capacitive
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elements. For example, (E11&E21) in the cell of C1 indicates
that the capacitive element C1 is constituted by a pair of
counter electrodes E11, E21.

[0306] The table shown in FIG. 16 can be obtained by
exchanging [+] and [-] in each cell in the table of FIG. 11. The
table shown in FIG. 11 indicates an increase and decrease in
distances d1 to d8, while the table shown in FIG. 16 indicates
an increase and decrease in capacitance values C1 to C8. A
capacitance value decreases with an increase in distance
between electrodes of one pair of counter electrodes consti-
tuting a capacitive element, and a capacitance value increases
with a decrease in distance between the electrodes. Therefore,
it will be easily understood that the table shown in FIG. 16 can
be obtained from the table shown in FIG. 11.

[0307] As apparent from the table shown in FIG. 16, pat-
terns of change in capacitance values C1 to C8 differ from
each other, depending on individual cases on which six-axis-
components are exerted. Further, the larger the force and
moment exerted, the larger the variance in capacitance value
becomes. Thus, the detection circuits are used to conduct a
predetermined operation on the basis of measured values of
the capacitance values C1 to C8, thus making it possible to
output independently detection values of the six-axis-compo-
nents.

[0308] FIG. 17 is a view which shows specific arithmetic
expressions for determining force in the direction of each
coordinate axis, Fx, Fy, Fz, and moment around each coordi-
nate axis, Mx, My, Mz, which are exerted on the force sensor
shown in FIG. 14. Reasons for obtaining individual detection
values by the arithmetic expressions will be easily understood
by referring to the table shown in FIG. 16. For example,
reference of the row +Fx in the table of FIG. 16 reveals that a
detection value of +Fx is obtained from a difference between
a sum of C1 and C4 indicated by [+] and a sum of C2 and C3
indicated by [-]. This is also true for other detection values.
[0309] Further, where force in the negative direction, —-Fx,
-Fy, -Fz, and moment which is negative rotation, —-Mx, -My,
-Mz, are exerted, [+] and [-] in the table of FIG. 16 are
reversed. Thus, the arithmetic expressions shown in FIG. 17
are used as they are, by which it is possible to obtain indi-
vidual detection values as negative values. Since the arith-
metic expressions for the six-axis-components shown in FIG.
17 are free of any interference of other axis components, it is
possible to obtain independently individual detection values
of the six-axis-components. For example, C1, C2 decrease
and C3, C4 increase upon exertion of +Fy. In the arithmetic
expression for Fx, the decreasing and increasing components
are cancelled with each other, thereby excluding any possi-
bility that a component of Fy is included in a detection value
of Fx.

[0310] As shown in FIG. 17, the arithmetic expressions
other than force Fz are those in which a difference is obtained
between sums of two sets of capacitance values. Even when
the basic structure swells or shrinks due to change in tem-
perature environment to result in errors in which distances
between counter electrodes vary, the errors can cancel each
other out. Thus it is possible to obtain accurate detection
results free of disturbance components. Where the difference
detection is desired to be conducted for Fz as well, the fol-
lowing procedures may be conducted. That is, a displacement
electrode is additionally provided on the upper surface of the
detection ring 200, an auxiliary substrate fixed to the support-
ing substrate 300 is provided thereabove, a fixed electrode is
provided on the lower surface of the auxiliary substrate,
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capacitive elements are added for measuring a distance
between the upper surface of the detection ring 200 and the
auxiliary substrate, and a difference is obtained between
capacitance values of these capacitive elements and capaci-
tance values of the capacitive elements C5 to C8.

[0311] FIG. 18 is a circuit diagram showing a detection
circuit used in the force sensor shown in FIG. 14. This detec-
tion circuit is a circuit which outputs detection values of
forces Fx, Fy, Fz and moments Mx, My, Mz as voltage values
on the basis of the arithmetic expressions shown in FIG. 17.
First, capacitance values C1 to C8 of eight sets of capacitive
elements C1 to C8 are converted by C/V converters 11 to 18
respectively into voltage values V1 to V8. Next, computing
elements 21 to 30 are used to determine a sum of voltage
values of two sets respectively, and computing elements 31 to
35 are also used to determine a difference. Thereby, they are
output respectively as detection values of Fx, Fy, Mz, My,
Mx. Further, a computing element 36 is used to determine a
sum of voltage values of four sets, by which a value whose
symbol is reversed is output as a detection value of Fz.

[0312] As amatter of course, the detection circuit shown in
FIG. 18 is one example. Any circuit may be used, as long as
detection results can be output in principle on the basis of the
arithmetic expressions shown in FIG. 17. For example, when
one pair of capacitive elements are connected in parallel, a
capacitance value of the pair of capacitive elements after
connection is given as a sum of capacitance values of indi-
vidual capacitive elements. Therefore, in the circuit diagram
shown in FI1G. 18, for example, where the capacitive elements
C1 and C4 are connected in parallel, a capacitance value of
the pair of capacitive elements after connection is given as
C1+4C4. Itis, thus, possible to omit the computing element 21.
In a similar manner, it is also possible to omit the computing
elements 22 to 30, 36.

[0313] Further, FIG. 18 is a view showing a detection cir-
cuit using an analog computing element. As a matter of
course, operations shown in FIG. 17 can be made by digital
operation. For example, an A/D converter is connected to a
latter part of the C/V converters 11 to 18, by which the
capacitance values C1 to C8 can be taken individually as
digital values. Therefore, a digital circuit such as a micro
computer is used to make such operations as shown in FIG.
17, by which each of the detection values can be output as a
digital value.

[0314] Here, features of the force sensor using the capaci-
tive elements shown in FIG. 14 will be summarized as fol-
lows. The force sensor is characterized in that the basic struc-
ture is constituted with two circular rings in which both the
force receiving ring 100 and the detection ring 200 are
arranged on the XY-plane so that the Z-axis is the central axis,
both of the rings being arranged so that the force receiving
ring 100 is outside and the detection ring 200 is inside, and the
cylindrical fixed assistant body 350 whose lower surface is
fixed onto the upper surface of the supporting substrate 300
and the Z-axis being given as the central axis is provided
further inside the detection ring 200.

[0315] Then, the following eight sets of capacitive ele-
ments are provided as the detection elements:

[0316] (1) a first capacitive element C1 including a first
displacement electrode E21 arranged in the vicinity of the
first measurement point R1 on an inner circumferential sur-
face of the detection ring 200 and a first fixed electrode E11
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arranged at a position facing the first displacement electrode
E21 on an outer circumferential surface of the fixed assistant
body 350,

[0317] (2) asecond capacitive element C2 including a sec-
ond displacement electrode E22 arranged in the vicinity of
the second measurement point R2 on the inner circumferen-
tial surface of the detection ring 200 and a second fixed
electrode E12 arranged at a position facing the second dis-
placement electrode E22 on the outer circumferential surface
of the fixed assistant body 350,

[0318] (3) a third capacitive element C3 including a third
displacement electrode E23 arranged in the vicinity of the
third measurement point R3 on the inner circumferential sur-
face of the detection ring 200 and a third fixed electrode E13
arranged at a position facing the third displacement electrode
E23 on the outer circumferential surface of the fixed assistant
body 350,

[0319] (4)afourth capacitive element C4 including a fourth
displacement electrode E24 arranged in the vicinity of the
fourth measurement point R4 on the inner circumferential
surface of the detection ring 200 and a fourth fixed electrode
E14 arranged at a position facing the fourth displacement
electrode E24 on the outer circumferential surface of the fixed
assistant body 350,

[0320] (5) a fifth capacitive element C5 including a fifth
displacement electrode E25 arranged in the vicinity of the
first measurement point R1 on a lower surface of the detection
ring 200 and a fifth fixed electrode E15 arranged at a position
facing the fifth displacement electrode E25 on the upper
surface of the supporting substrate 300,

[0321] (6) a sixth capacitive element C6 including a sixth
displacement electrode E26 arranged in the vicinity of the
second measurement point R2 on the lower surface of the
detection ring 200 and a sixth fixed electrode E16 arranged at
aposition facing the sixth displacement electrode E26 on the
upper surface of the supporting substrate 300,

[0322] (7) a seventh capacitive element C7 including a
seventh displacement electrode E27 arranged in the vicinity
of'the third measurement point R3 on the lower surface of the
detection ring 200 and a seventh fixed electrode E17 arranged
at a position facing the seventh displacement electrode E27
on the upper surface of the supporting substrate 300, and
[0323] (8) an eighth capacitive element C8 including an
eighth displacement electrode E28 arranged in the vicinity of
the fourth measurement point R4 on the lower surface of the
detection ring 200 and an eighth fixed electrode E18 arranged
at a position facing the eighth displacement electrode E28 on
the upper surface of the supporting substrate 300.

[0324] Here, a projection image in which one of the elec-
trodes constituting each of the capacitive elements C1to C8 is
projected on a surface on which the other electrode is formed
is to be included in the other electrode. An effective counter
area of each of the capacitive elements is kept constant, as
long as displacement of the detection ring 200 is within a
predetermined tolerance level.

[0325] On the other hand, the detection circuits of the force
sensor have functions to output detection values of force Fx in
the direction of the X-axis, force Fy in the direction of the
Y-axis, force Fz in the direction of the Z-axis, moment Mx
around the X-axis, moment My around the Y-axis, moment
Mz around the Z-axis on the basis of the following arithmetic
expressions which are obtained when capacitance values of
the individual capacitive elements C1 to C8 are indicated as
C1 to C8 by using the same symbols:
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Fx=(C1+C4)-(C2+C3)
Fy=(C3+C4)-(C1+C2)
Fr=—(C5+C6+CT+CR)

Mx=(CT+C8)-(C5+C6)
My=(C5+C8)-(C6+CT)

Mz=(C2+C4)-(C1+C3).

[0326] A description has been above given of the detection
principle of the force sensor shown in FIG. 14 and the detec-
tion circuits used in the sensor. The force sensor shown in
FIG. 14 is to measure eight different distances d1 to d8 shown
in FIG. 10 by using capacitive elements. Next, a brief descrip-
tion will be given of a force sensor which measures the six
different distances d1 to d4, d9, d10 shown in FIG. 12 by
using capacitive elements. In this case, as similar to the force
sensor shown in FIG. 14, the capacitive elements C1 to C4
(fixed electrodes E11 to E14 and displacement electrodes E21
to E24) are provided for measuring the distances d1 to d4.
However, since no measurement is made for the distances d5
to d8, it is not necessary to provide the capacitive elements C5
to C8 (fixed electrodes E15 to E18 and displacement elec-
trodes E25 to E28) used in the force sensor shown in FIG. 14.
[0327] Instead, capacitive elements C9, C10 are provided
for measuring the distances d9, d10 shown in FIG. 12. Here,
the capacitive element C9 is a capacitive element which is
constituted by a displacement electrode E29 arranged in the
vicinity of the exertion point Q1 (functions as the fifth mea-
surement point) on the lower surface of the detection ring 200
and a fixed electrode E19 arranged at a position facing the
displacement electrode E29 on the upper surface of the sup-
porting substrate 300. The capacitive element C10 is a capaci-
tive element which is constituted by a displacement electrode
E30 arranged in the vicinity of the exertion point Q2 (having
functions as the sixth measurement point) on the lower sur-
face of the detection ring 200 and a fixed electrode E20
arranged at a position facing the displacement electrode E30
on the upper surface of the supporting substrate 300. In this
case as well, the following device is provided, that is, such a
relationship is maintained that a projection image in which
one of the electrodes constituting each of the capacitive ele-
ments C9, C10 is projected on a surface on which the other
electrode is formed is included in the other electrode and an
effective counter area is kept constant.

[0328] FIG. 19 is a table which shows changes in capaci-
tance values of the capacitive elements C1 to C4, C9, C10
when force in the direction of each coordinate axis and
moment around each coordinate axis are exerted on the force
sensor. In this table as well, [+] indicates an increase in
capacitance value, [-] indicates a decrease in capacitance
value, and [0] indicates no variance in capacitance value.
Symbols in the parentheses added in each cell C1 to C4, C9,
C10 in the table indicate one pair of counter electrodes con-
stituting each of the capacitive elements. As described above,
the distance and the capacitance value are reversed in terms of
increase and decrease. Thus, the table shown in FIG. 19 can
be obtained by exchanging [+] and [-] of individual cells in
the table shown in FIG. 13.

[0329] As shown in the table of FIG. 19, patterns of change
in capacitance values C1 to C4, C9, C10 differ depending on
individual cases on which the six-axis-components are
exerted. Further, the larger the force and moment which are
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exerted become, the larger variance in capacitance value is.
Thus, the detection circuits are used to conduct a predeter-
mined operation on the basis of measured values of the
capacitance values C1 to C4, C9, C10, thus making it possible
to output independently a detection value of each axis com-
ponent. However, with respect to moment Mx, as mentioned
in Section 2, the results are obtained that all capacitance
values are [0] (no variation). Thus, this force sensor is unable
to detect the moment Mx.

[0330] FIG. 20 is a view showing specific arithmetic
expressions for determining forces Fx, Fy, Fz and moments
My, Mz which are exerted on the force sensor. Reasons why
individual detection values can be obtained by the arithmetic
expressions will be easily understood by referring to the table
shown in FIG. 19. In order to output detection values of the
five-axis-components on the basis of these arithmetic expres-
sions, detection circuits similar to that of FIG. 18 may be
provided. As a matter of course, one pair of capacitive ele-
ments may be connected in parallel, by which some of the
computing elements can be omitted. Further, each of the
capacitance values C1 to C4, C9, C10 is taken as a digital
value by using an A/D converter, by which each of the detec-
tion values can be output as a digital value as a result of digital
operation.

[0331] Consequently, the force sensor is structured in such
a manner that the capacitive elements C5 to C8 of the force
sensor shown in FIG. 14 are omitted and, instead, a fifth
capacitive element C9 and a sixth capacitive element C10 are
provided, with the first exertion point Q1 given as the fifth
measurement point and the second exertion point Q2 given as
the sixth measurement point. Here, the fifth capacitive ele-
ment C9 is constituted by a fifth displacement electrode E29
arranged in the vicinity of the fifth measurement point. Q1 on
the lower surface of the detection ring 200 and a fifth fixed
electrode E19 arranged at a position facing the fifth displace-
ment electrode E29 on the upper surface of the supporting
substrate 300. The sixth capacitive element C10 is constituted
by a sixth displacement electrode E30 arranged in the vicinity
of'the sixth measurement point Q2 on the lower surface of the
detection ring 200 and a sixth fixed electrode E20 arranged at
aposition facing the sixth displacement electrode E30 on the
upper surface of the supporting substrate 300.

[0332] Further, a projection image in which one of the
electrodes which constitutes each of the capacitive elements
C11to C4,C9,C10 is projected on a surface on which the other
electrode is formed is included in the other electrode. As long
as displacement of the detection ring 200 is within a prede-
termined tolerance level, an effective counter area of each of
the capacitive elements is kept constant.

[0333] Then, the detection circuits of the force sensor have
functions to output detection values of force Fx in a direction
of'the X-axis, force Fy in a direction of the Y-axis, force Fz in
a direction of the Z-axis, moment My around the Y-axis and
moment Mz around the Z-axis on the basis of the following
arithmetic expressions which are obtained when a capaci-
tance value of each of the capacitive elements C1 to C4, C9,
C10is given as C1 to C4, C9, C10 by using the same symbols,

Fx=(C1+C4)-(C2+C3)
Fy=(C3+C4)-(C1+C2)
Fz=—(C9+C10)
My=C9-C10

Mz=(C2+C4)~(C1+C3).
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[0334] Finally, a description will be given of a practical
device which can be applied to a force sensor using capacitive
elements. FIG. 21 is a cross sectional view (the upper part of
the figure) in which a force sensor according to a modification
example in which the practical device is given to the force
sensor shown in FIG. 14 is cut along the XY-plane and a
longitudinal sectional view (the lower part of the figure) in
which the force sensor is cut along the VZ-plane. The modi-
fication example is characterized in that the detection ring 200
is composed of a flexible conductive material (for example, a
metal such as an aluminum alloy) and the capacitive elements
C1to C8 are constituted by giving the surface of the detection
ring 200 as a common displacement electrode E0. If at least a
surface layer of the detection ring 200 is constituted by a
conductive material, the entire surface is exerted as one com-
mon displacement electrode E0. Thus, the surface can be used
as an electrode which functions as eight displacement elec-
trodes E21 to E28 of the force sensor shown in FIG. 14.

[0335] Asapparent from FIG. 21, no separate displacement
electrode is formed on the surface of the detection ring 200.
However, for example, on the outer circumferential surface of
the detection ring 200, a part of the region facing the fixed
electrode E11 functions as the displacement electrode E21
shown in FIG. 14, by which the capacitive element C1 is
formed. Similarly, on the lower surface of the detection ring
200, a part of the region facing the fixed electrode E15 func-
tions as the displacement electrode E25 shown in FIG. 14, by
which the capacitive element C5 is formed.

[0336] As a matter of course, when a common displace-
ment electrode EO (the surface of the detection ring 200) is
used in place of the eight displacement electrodes E21 to E28,
the displacement electrodes E21 to E28 shown in the circuit
diagram of FIG. 18 are mutually short-circuited. This does
not, however, adversely affect the operation of the detection
circuit in any way. That is, C/V converters 11 to 18 are able to
convert individually and independently the capacitance val-
ues C1 to C8 between each of grounded nodes thereotf and
each of the fixed electrodes E11 to E18 to voltage values V1
to V8, with all the displacement electrodes E21 to E28 being
grounded. Therefore, no problem is posed, where the dis-
placement electrodes E21 to E28 to be grounded are replaced
by the common displacement electrode EU.

[0337] Consequently, electrodes which are necessary from
a practical standpoint in the modification example shown in
FIG. 21 are four fixed electrodes E11 to E14 provided on the
outer circumferential surface of the fixed assistant body 350
and four fixed substrates E15 to E18 provided on the upper
surface of the supporting substrate 300. Thereby, the sensor is
made quite simple in entire structure. Further, the common
displacement electrode E0 is the entire surface of the detec-
tion ring 200, functioning as the electrode Ea shown in FIG.
15. Thus, the electrode E0 also meets the condition that a
projection image in which one of the electrodes which con-
stitutes each capacitive element is projected on a surface on
which the other electrode is formed is included in the other
electrode. On the other hand, the fixed electrodes E11 to E18
are required to be electrically insulated with each other. Thus,
at least a part of the surface of the fixed assistant body 350 (a
part at which the fixed electrodes E11 to E14 are located) and
at least a part of the upper surface of the supporting substrate
300 (a part at which the fixed electrodes E15 to E18 are
located) are required to be constituted by an insulation mate-
rial. However, other members can be constituted by an elec-
trically conductive material such as a metal.
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<<<Section 4. Embodiment Using Strain Gauge>>>

[0338] The force sensors according to the present invention
are commonly characterized in that elastic deformation of the
detection ring 200 is detected for its mode and magnitude to
determine a direction and magnitude of force and moment
which are exerted. In Section 2, a description has been given
of the method for detecting displacement of measurement
points as a method for detecting the mode and magnitude of
elastic deformation. In Section 3, the embodiment using
capacitive elements has been described by referring to a spe-
cific method for detecting displacement. Here, in Section 4, a
description will be given of a method for electrically detect-
ing a mechanical strain in the vicinity of each of predeter-
mined measurement points R1to R4 on the detection ring 200
by using detection elements, as another method for detecting
a mode and magnitude of elastic deformation. In particular, a
description will be given of a specific embodiment which uses
a strain gauge as a detection element for detecting strain.
[0339] FIG. 22 is a cross sectional view in which the force
sensor according to the embodiment using a strain gauge is
cutalong the XY-plane. The basic structure of the force sensor
is identical to the basic structure shown in FIG. 1 and also
identical to the basic structure according to the embodiment
using capacitive elements shown in FIG. 14. However, this
embodiment of the force sensor differs from that shown in
FIG. 14 in that the strain gauge is used as a detection element
in place of the capacitive element to detect a mechanical strain
in place of displacement of measurement points. Four mea-
surement points R1 to R4 shown in FIG. 22 are identical to the
four measurement points R1 to R4 shown in FIG. 14, and are
points arranged on the V-axis or the W-axis.

[0340] In the above-described force sensor, a total of eight
different strain gauges G1 to G8 are used to electrically mea-
sure strain in the vicinity of each of the four measurement
points R1 to R4. That is, as shown in FIG. 22, the strain
gauges (1 to G4 are attached respectively in the vicinities of
the measurement points R1 to R4 on the inner circumferential
surface of the detection ring 200, and the strain gauges G5 to
G8 (depicted by the broken lines in the figure) are attached
respectively in the vicinities of the measurement points R1 to
R4 on the lower surface of the detection ring 200.

[0341] Here, each of the strain gauges G1 to G8 is attached
in the vicinity of each of the measurement points R1 to R4 on
the surface of the detection ring 200 in such a manner that a
direction along an annular channel along a contour of the
detection ring 200 is in a longitudinal direction (a direction in
which stress is detected). Therefore, it is possible to detect a
mechanical strain occurring on the surface on which each of
the strain gauges G1 to G8 is attached with respect to a
direction along the circumference of the detection ring 200 as
achange in electric resistance with respect to the longitudinal
direction of each of the strain gauges.

[0342] FIG. 23 is a table showing changes in electric resis-
tance of the strain gauges G1 to G8 when force in the direction
of each coordinate axis and moment around each coordinate
axis are exerted on the force sensor shown in FIG. 22. In this
table, [+] indicates an increase in electric resistance, [-] indi-
cates a decrease in electric resistance, and [0] indicates a
negligible variation in electric resistance. The above-de-
scribed results are obtained by analysis of a specific defor-
mation mode of the detection ring 200 described in Section 1.
[0343] For example, where force +Fx in the positive direc-
tion of the X-axis is exerted on the force receiving ring 100,
the detection ring 200 undergoes such deformation as shown
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in FIG. 4. Therefore, when consideration is given to stress
which is applied in the longitudinal direction with respect to
each of the strain gauges G1 to G4 affixed onto the inner
circumferential surface of the detection ring 200, the stress is
applied to the strain gauges G1, G4 in an extending direction,
thus resulting in an increase in electric resistance. And, the
stress is applied to the strain gauges G2, G3 in a shrinking
direction, thus resulting in a decrease in electric resistance.
On the other hand, the strain gauges G5 to G8 affixed onto the
lower surface of the detection ring 200 indicate a negligible
change in electric resistance (specific values will be described
later). The row +Fx in the table of FIG. 23 shows the above
results. For the same reason, when the force +Fy in the posi-
tive direction of the Y-axis is exerted, the results are obtained
shown in the row +Fy in the table of FIG. 23.

[0344] Further, when force +Fz in the positive direction of
the Z-axis is exerted on the force receiving ring 100, the
detection ring 200 undergoes such deformation as shown in
FIG. 5. At this time, the strain gauges G1 to G4 affixed onto
the inner circumferential surface of the detection ring 200
indicate a negligible change in electric resistance. However,
stress is applied to the strain gauges G5 to G8 affixed onto the
lower surface of the detection ring 200 in an extending direc-
tion, thus resulting in an increase in electric resistance. The
row +Fz in the table of FIG. 23 shows the above results.
[0345] Then, when moment +My which is positive rotation
around the Y-axis is exerted on the force receiving ring 100,
the detection ring 200 undergoes such deformation as shown
in FIG. 6, and the right half of the figure undergoes downward
displacement, while the left half of the figure undergoes
upward displacement. At this time, the strain gauges G1to G4
affixed onto the inner circumferential surface of the detection
ring 200 indicate a negligible change in electric resistance.
However, of the strain gauges G5 to G8 aftixed onto the lower
surface of the detection ring 200, the strain gauges G5 and G8
are given stress in a shrinking direction, thus resulting in a
decrease in electric resistance and the strain gauges G6 and
(7 are given stress in an extending direction, thus resulting in
an increase in electric resistance. These results are shown in
the row +My in the table of FIG. 23. For the same reason, the
results are obtained shown in the row +Mx in the table of FIG.
23, when moment +Mx which is positive rotation around the
X-axis is exerted thereon.

[0346] Finally, when moment +Mz which is positive rota-
tion around the Z-axis is exerted on the force receiving ring
100, the detection ring 200 undergoes such deformation as
shown in FIG. 7. At this time, the strain gauges G5 to G8
affixed onto the lower surface of the detection ring 200 indi-
cate a negligible change in electric resistance. Of the strain
gauges G1 to G4 affixed onto the inner circumferential sur-
face of the detection ring 200, the strain gauges G2 and G4 are
given stress in an extending direction, thus resulting in an
increase in electric resistance. The strain gauges G1 and G3
are given stress in a shrinking direction, thus resulting in a
decrease in electric resistance. The row +Mz in the table of
FIG. 23 shows the above results.

[0347] Althoughthetable of FIG. 23 shows the results upon
exertion of force in a positive direction and moment of posi-
tive rotation, the results are obtained in which [+] and H are
reversed upon exertion of force in a negative direction and
moment of negative rotation. Consequently, patterns of
change in electric resistance of eight different strain gauges
G1 to G8 differ depending on individual cases on which
six-axis-components are exerted. Further, the larger the force
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and moment which are exerted become, the larger variance in
electric resistance is. Thus, the detection circuits are used to
conduct a predetermined operation on the basis of measured
values of electric resistance, thus making it possible to output
independently detection values of six-axis-components.
[0348] FIG. 24 is a table which shows specific analysis
results obtained by Finite Element Method in which analysis
is performed for stress (unit: MPa) applied to each of the
strain gauges G1 to G8 when force in the direction of each
coordinate axis and moment around each coordinate axis are
exerted on the force sensor shown in FIG. 22. The table shown
in FIG. 23 is prepared on the basis of the table shown in FIG.
24. As described above, the cells [0] in the table of FIG. 23 do
not show that variation in electric resistance is zero but show
that the variation is smaller than the variation in other cells of
the table and negligible as a measured value.

[0349] As a matter of course, it depends on accuracy
required for a force sensor whether the measured values are
negligible or not. A force sensor for which only low accuracy
is required can be handled so that these measured values may
be negligible. However, in a force sensor for which high
accuracy is required, the measured values cannot be negli-
gible. In reality, when a variation in value of electric resis-
tance occurs in the cells [0] in the table of FIG. 23, interfer-
ence with other axis components is generated to result in a
failure of obtaining highly accurate detection values. In this
case, it is preferable that a micro-computer or the like is used
to conduct correction operation, whenever necessary.

[0350] Where it is possible to deal with the variation in
electric resistance of the cells [0] in the table of FIG. 23 as
being approximate to zero, detection values of force Fx, Fy
and moment Mx, My, Mz exerting on the force sensor can be
output by using detection circuits composed of a simple
Wheatstone bridge. Further, in order that a detection value of
force Fz is also obtained by using a simple Wheatstone bridge
and all the six-axis-components are output from the detection
circuits composed of the Wheatstone bridges, strain gauges
(9 to G12 may be added to the upper surface of the detection
ring 200.

[0351] FIG. 25 is a top view of a force sensor according to
a modification example in which the strain gauges G9 to G12
are added to the embodiment shown in FIG. 22. Though the
strain gauges G5 to G8 shown in FIG. 22 are provided on the
lower surface of the detection ring 200, the strain gauges G9
to G12 shown in FIG. 25 are provided on the upper surface of
the detection ring 200. To be more specific, the strain gauges
(9 to G12 are gauge resistances identical to the strain gauges
G5 to G8 in shape and dimension and are respectively
arranged immediately above the strain gauges G5 to G8,
respectively. Therefore, an increase and decrease in electric
resistance of the strain gauges G9 to G12 are reversed in terms
of an increase and decrease in electric resistance of the strain
gauges G5 to G8 shown in the table of FIG. 23.

[0352] As described above, a total of twelve strain gauges
G1 to G12 are used, by which all detection values of the
six-axis-components can be output by detection circuits com-
posed of Wheatstone bridges. FIG. 26 shows circuit dia-
grams, each of which shows a detection circuit for detecting
force Fx, Fy,

[0353] Fz in the direction of each coordinate axis in the
force sensor of the modification example shown in FIG. 25.
FIG. 27 shows circuit diagrams, each of which shows a detec-
tion circuit for detecting moment Mx, My, Mz around each
coordinate axis in the force sensor according to the modifi-
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cation example shown in FIG. 25. Each of the detection
circuits is a circuit composed of a Wheatstone bridge which
works upon supply of power from a power source 40.

[0354] Reference of the row +Fx in the table of FIG. 23
reveals that G1, G4 are given as [+] and G2, G3 are given as
[-]. It will be, thus, easily understood that an output voltage
VFx resulting from the Wheatstone bridge shown at the upper
part of FIG. 26 is given as a detection value of force Fx in the
direction ofthe X-axis. For the same reason, an output voltage
VFy resulting from the Wheatstone bridge shown at the
middle part of FIG. 26 is given as a detection value of force Fy
in the direction of the Y-axis. Further, reference of the row +Fz
in the table of FIG. 23 reveals that G5 to G8 are given as [+],
while G9 to G12 are given as H. Thus, it will be easily
understood that an output voltage VFz resulting from the
Wheatstone bridge shown at the lower part of FIG. 26 is given
as a detection value of force Fz in the direction of the Z-axis.

[0355] On the other hand, reference of the row +Mx in the
table of FIG. 23 reveals that G5, G6 are given as [-] and G7,
G8 are given as [+]. It will be, therefore, easily understood
that an output voltage VMX resulting from the Wheatstone
bridge shown at the upper part of FIG. 27 is given as a
detection value of moment Mx around the X-axis. For the
same reason, an output voltage VMy resulting from the
Wheatstone bridge shown at the middle part of FIG. 27 is
given as a detection value of moment My around the Y-axis.
Further, reference of the row +Mz in the table of FIG. 23
reveals that G1, G3 are given as [-] and G2, G4 are given as
[+]. It will be, thus, easily understood that an output voltage
VMz resulting from the Wheatstone bridge at the lower part
of FIG. 27 is given as a detection value of moment Mz around
the Z-axis.

[0356] As described above, detection values of six-axis-
components, that is, the forces Fx, Fy, Fz and the moments
Mx, My, Mz exerting on the force sensor, are output by the
detection circuits, each of which is composed of a simple
Wheatstone bridge. In order that symbols of output values are
to be symbols in a correct axial direction and around a correct
axis rotation, it is necessary that the polarity of the power
source 40 connected to each Wheatstone bridge is set to an
appropriate direction.

[0357] Where the detection circuits composed of Wheat-
stone bridges shown in FIG. 26 and FIG. 27 are assembled, it
is necessary that each of the Wheatstone bridges is to consti-
tute an electrically independent bridge. Thus, even a strain
gauge indicated by the same symbol in the circuit diagram is
required to be a different strain gauge which is electrically
independent. For example, G1 indicated in the circuit at the
upper part of FIG. 26, G1 indicated in the circuit at the middle
part thereof and G1 indicated in the circuit at the lower part of
FIG. 27 are all indicated by the same symbol. However, in
reality, they are individually independent strain gauges.

[0358] Therefore, in reality, the strain gauge G1 shown in
FIG. 22 or FIG. 25 indicates a bundle of plural strain gauges
electrically independent (the number of strain gauges neces-
sary for constituting an individually independent Wheatstone
bridge). In other words, the above-described strain gauges G1
to G12 indicate twelve different kinds of strain gauges, each
kind of which has a different arrangement attribute. An actual
force sensor is constituted by arranging strain gauges having
any one of the twelve different kinds of attribute by the
number necessary for constituting the Wheatstone bridges
shown in FIG. 26 and FIG. 27.
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[0359] As a matter of course, where detection of five-axis-
components Fx, Fy, Mx, My, Mz excluding force Fz is suffi-
cient, the strain gauges G9 to G12 to be arranged on the upper
surface of the detection ring 200 can be omitted and only the
strain gauges G1 to G8 having eight different attributes can be
used to constitute the force sensor.

[0360] In the example shown in FIG. 22, the strain gauges
G1 to G4 are arranged on the inner surface of the detection
ring 200. On the other hand, they may be arranged on the outer
surface of the detection ring 200. Similarly, in the example
shown in FIG. 22, the strain gauges G5 to G8 are arranged on
the lower surface of the detection ring 200. On the other hand,
they may be arranged on the upper surface of the detection
ring 200. A direction in which stress is applied is reversed on
the inner surface and the outer surface or on the upper surface
and the lower surface. Therefore, [+] and [-] shown in the
table of FIG. 23 are reversed. However, individual detection
values are obtained the same as before by the above-described
Wheatstone bridges.

[0361] Consequently, features of the force sensor having
the functions to detect five-axis-components will be summa-
rized as follows. First, the basic structure is constituted with
two circular rings in which both the force receiving ring 100
and the detection ring 200 are arranged on the XY-plane so
that the Z-axis is given as the central axis and arranged so that
the force receiving ring 100 is outside and the detection ring
200 is inside.

[0362] Then, as the detection elements, used are a plurality
of'strain gauges G1 to G8 which are attached in the vicinities
of'the first to the fourth measurement points R1 to R4 on the
surface of the detection ring 200 in such a manner that a
direction along an annular channel along a contour of the
detection ring 200 is given as a detection direction. Here,
when one of the inner circumferential surface and the outer
circumferential surface of the detection ring 200 is defined as
a laterally arranged surface (the inner circumferential surface
is the laterally arranged surface in the example of FIG. 22)
and one of the upper surface and the lower surface of the
detection ring 200 is defined as a longitudinally arranged
surface (the lower surface is the longitudinally arranged sur-
face in the example of FIG. 22), each of the detection ele-
ments is constituted by any one of strain gauges having the
following eight respective attributes:

[0363] (1)the strain gauge G1 having a first attribute which
is attached in the vicinity of a first measurement point R1 on
the laterally arranged surface,

[0364] (2) the strain gauge G2 having a second attribute
which is attached in the vicinity of a second measurement
point R2 on the laterally arranged surface,

[0365] (3) the strain gauge G3 having a third attribute
which is attached in the vicinity of a third measurement point
R3 on the laterally arranged surface,

[0366] (4) the strain gauge G4 having a fourth attribute
which is attached in the vicinity of a fourth measurement
point R4 on the laterally arranged surface,

[0367] (5)the strain gauge G5 having a fifth attribute which
is attached in the vicinity of the first measurement point R1 on
the longitudinally arranged surface,

[0368] (6) the strain gauge G6 having a sixth attribute
which is attached in the vicinity of the second measurement
point R2 on the longitudinally arranged surface,

[0369] (7) the strain gauge G7 having a seventh attribute
which is attached in the vicinity of the third measurement
point R3 on the longitudinally arranged surface, and
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[0370] (8) the strain gauge G8 having an eighth attribute
which is attached in the vicinity of the fourth measurement
point R4 on the longitudinally arranged surface.

[0371] Then, as shown at the upper part of FIG. 26, the
detection circuit outputs a detection value VFx of force Fx in
the direction of the X-axis by a Wheatstone bridge circuit in
which the strain gauge G1 having the first attribute and the
strain gauge G4 having the fourth attribute are given as the
first opposite sides and the strain gauge G2 having the second
attribute and the strain gauge G3 having the third attribute are
given as the second opposite sides. Then, as shown at the
middle part of FIG. 26, the detection circuit outputs a detec-
tion value VFy of force Fy in the direction of the Y-axis by a
Wheatstone bridge circuit in which the strain gauge G1 hav-
ing the first attribute and the strain gauge G2 having the
second attribute are given as the first opposite sides and the
strain gauge G3 having the third attribute and the strain gauge
(G4 having the fourth attribute are given as the second oppo-
site sides.

[0372] Onthe other hand, as shown at the upper part of FIG.
27, the detection circuit outputs a detection value VMx of
moment Mx around the X-axis by a Wheatstone bridge circuit
in which the strain gauge G5 having the fifth attribute and the
strain gauge G6 having the sixth attribute are given as the first
opposite sides and the strain gauge G7 having the seventh
attribute and the strain gauge G8 having the eighth attribute
are given as the second opposite sides. As shown at the middle
part of FIG. 27, the detection circuit outputs a detection value
VMy of moment My around the Y-axis by a Wheatstone
bridge circuit in which the strain gauge G5 having the fifth
attribute and the strain gauge G8 having the eighth attribute
are given as the first opposite sides and the strain gauge G6
having the sixth attribute and the strain gauge G7 having the
seventh attribute are given as the second opposite sides. As
shown at the lower part of FIG. 27, the detection circuit
outputs a detection value VMz of moment Mz around the
Z-axis by a Wheatstone bridge circuit in which the strain
gauge G1 having the first attribute and the strain gauge G3
having the third attribute are given as the first opposite sides
and the strain gauge G2 of the second attribute and the strain
gauge G4 having the fourth attribute are given as the second
opposite sides.

[0373] If the force sensor for detecting six-axis-compo-
nents including the force Fz is to be constituted, as shown in
FIG. 25, the strain gauges G9 to G12 arranged on the upper
surface of the detection ring 200 may be additionally affixed.
In this case, even if strain gauges arranged on the upper
surface of the detection ring 200 are named G5 to G8 instead
of'G9 to G12, and strain gauges arranged on the lower surface
of the detection ring 200 are named G9 to G12 instead of G5
to G8, so that names of the strain gauges formed on the upper
surface and that on the lower surface are changed, detection
can be properly made same as before by using the Wheatstone
bridge circuits shown in FIG. 26 and FIG. 27. Therefore,
when one of the inner circumferential surface and the outer
circumferential surface of the detection ring 200 is defined as
a laterally arranged surface, and one of the upper surface and
the lower surface of the detection ring 200 is defined as a first
longitudinally arranged surface and the other of them is
defined as a second longitudinally arranged surface, each of
the detection elements is constituted by any one of the strain
gauges having the following twenty different attributes:
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[0374] (1) the strain gauge G1 having a first attribute which
is attached in the vicinity of a first measurement point R1 on
the laterally arranged surface,

[0375] (2) the strain gauge G2 having a second attribute
which is attached in the vicinity of a second measurement
point R2 on the laterally arranged surface

[0376] (3) the strain gauge G3 having a third attribute
which is attached in the vicinity of a third measurement point
R3 on the laterally arranged surface,

[0377] (4) the strain gauge G4 having a fourth attribute
which is attached in the vicinity of a fourth measurement
point R4 on the laterally arranged surface,

[0378] (5)the strain gauge G5 having a fifth attribute which
is attached in the vicinity of the first measurement point R1 on
the first longitudinally arranged surface of the detection ring
200,

[0379] (6) the strain gauge G6 having a sixth attribute
which is attached in the vicinity of the second measurement
point R2 on the first longitudinally arranged surface of the
detection ring 200,

[0380] (7) the strain gauge G7 having a seventh attribute
which is attached in the vicinity of the third measurement
point R3 on the first longitudinally arranged surface of the
detection ring 200,

[0381] (8) the strain gauge G8 having an eighth attribute
which is attached in the vicinity of the fourth measurement
point R4 on the first longitudinally arranged surface of the
detection ring 200,

[0382] (9) the strain gauge G9 having a ninth attribute
which s attached in the vicinity of the first measurement point
R1 onthe second longitudinally arranged surface of the detec-
tion ring 200,

[0383] (10) the strain gauge G10 having a tenth attribute
which is attached in the vicinity of the second measurement
point R2 on the second longitudinally arranged surface of the
detection ring 200,

[0384] (11) the strain gauge G11 having an eleventh
attribute which is attached in the vicinity of the third mea-
surement point R3 on the second longitudinally arranged
surface of the detection ring 200, and

[0385] (12) the strain gauge G12 having a twelfth attribute
which is attached in the vicinity of the fourth measurement
point R4 on the second longitudinally arranged surface of the
detection ring 200.

[0386] Then, as shown at the upper part of FIG. 26, the
detection circuit outputs a detection value VFx of force Fx in
the direction of the X-axis by a Wheatstone bridge circuit in
which the strain gauge G1 having the first attribute and the
strain gauge G4 having the fourth attribute are given as the
first opposite sides and the strain gauge G2 having the second
attribute and the strain gauge G3 having the third attribute are
given as the second opposite sides. As shown at the middle
part of FIG. 26, the detection circuit outputs a detection value
VFy of force Fy in the direction of the Y-axis by a Wheatstone
bridge circuit in which the strain gauge G1 having the first
attribute and the strain gauge G2 having the second attribute
are given as the first opposite sides and the strain gauge G3
having the third attribute and the strain gauge G4 having the
fourth attribute are given as the second opposite sides. As
shown at the lower part of FIG. 26, the detection circuit
outputs a detection value VFz of force Fz in the direction of
the Z-axis by a Wheatstone bridge circuit in which a serial
connection side of the strain gauge G5 having the fifth
attribute with the strain gauge G6 having the sixth attribute
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and a serial connection side of the strain gauge G7 having the
seventh attribute with the strain gauge G8 having the eighth
attribute are given as the first opposite sides, and a serial
connection side of the strain gauge (G9 having the ninth
attribute with the strain gauge G10 having the tenth attribute
and a serial connection side of the strain gauge G11 having
the eleventh attribute with the strain gauge G12 having the
twelfth attribute are given as the second opposite sides.
[0387] Further, as shown at the upper part of FIG. 27, the
detection circuit outputs a detection value VMx of moment
Mx around the X-axis by a Wheatstone bridge circuit in
which the strain gauge G5 having the fifth attribute and the
strain gauge G6 having the sixth attribute are given as the first
opposite sides, and the strain gauge G7 having the seventh
attribute and the strain gauge G8 having the eighth attribute
are given as the second opposite sides. As shown at the middle
part of FIG. 27, the detection circuit outputs a detection value
VMy of moment My around the Y-axis by a Wheatstone
bridge circuit in which the strain gauge G5 having the fifth
attribute and the strain gauge G8 having the eighth attribute
are given as the first opposite sides, and the strain gauge G6
having the sixth attribute and the strain gauge G7 having the
seventh attribute are given as the second opposite sides. As
shown at the lower part of FIG. 27, the detection circuit
outputs a detection value VMz of moment Mz around the
Z-axis by a Wheatstone bridge circuit in which the strain
gauge G1 having the first attribute and the strain gauge G3
having the third attribute are given as the first opposite sides,
and the strain gauge G2 having the second attribute and the
strain gauge G4 having the fourth attribute are given as the
second opposite side.

<<<Section 5. Devices Suitable for Packaging>>>

[0388] Here, a description will be given of several devices
suitable for packaging of the above-described force sensors in
robots, industrial machines and others.

<5-1. Force Receiving Substrate>

[0389] FIG. 28 is a longitudinal sectional view on the XZ-
plane which shows a state in which a force receiving substrate
600 is added to the basic structure shown in FIG. 1. In reality,
detection elements such as capacitive elements and strain
gauges or the like are to be added to the basic structure. Here,
for the sake of convenience of description, only the basic
structure will be shown.

[0390] As shown in the figure, the force receiving substrate
600 is a substrate arranged at certain intervals above the force
receiving ring 100 and the detection ring 200 and provided
with an upper surface in parallel with the XY-plane. Here, a
part of the lower surface of the force receiving substrate 600
(the vicinity of the outer circumference in the example shown
in the figure) is connected with the upper surface of the force
receiving ring 100. Further, a predetermined clearance H3 is
formed between the lower surface of the force receiving sub-
strate 600 and the upper surface of the detection ring 200. This
is due to an inner part of the lower surface of the force
receiving substrate 600 being smaller in thickness than an
outer part thereof. The above-described clearance H3 is pro-
vided thereby eliminating such a possibility that displace-
ment of the detection ring 200 is prevented by the force
receiving substrate 600.

[0391] The above-described embodiments are those of
detecting force and moment which are exerted on the force
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receiving ring 100, with the supporting substrate 300 being
fixed. However, in the example shown in FIG. 28, force and
moment exerted on the force receiving substrate 600 are
detected with the supporting substrate 300 being fixed. In
other words, force and moment received by the force receiv-
ing substrate 600 are transmitted to the force receiving ring
100.

[0392] As described above, the force sensor providing the
force receiving substrate 600 can be easily packaged, when it
is applied to a relay portion such as a robot arm. For example,
ahand portion of a robot is jointed on the upper surface of the
force receiving substrate 600 and an arm portion of the robot
is jointed on the lower surface of the supporting substrate 300,
by which the force receiving sensor can be packaged into a
wrist of the robot. Thus, it is possible to detect the force and
moment which are applied to the hand portion.

<5-2. Another Method for Fixing Detection Ring>

[0393] FIG. 29 is a top view showing a modification
example in which a method is changed for fixing the detection
ring 200 to the basic structure shown in FIG. 1. In this case as
well, in reality, detection elements such as capacitive ele-
ments and strain gauges or the like are to be added to the basic
structure. However, for the sake of convenience of descrip-
tion, only the basic structure is shown.

[0394] In the basic structure shown in FIG. 1, the detection
ring 200 has been fixed to the supporting substrate 300 by the
fixing members 510, 520. In this case, the fixing members
510, 520 have functions to connect the lower surface of the
detection ring 200 with the upper surface of the supporting
substrate 300. Meanwhile, in the basic structure shown in
FIG. 29, the detection ring 200 is fixed to the fixed assistant
body 350 by the fixing members 515, 525.

[0395] Inorder to adoptthe above-described fixing method,
it is a precondition that both the rings are arranged so that the
force receiving ring 100 is outside and the detection ring 200
is inside, and the fixed assistant body 350 whose lower sur-
face is fixed onto the upper surface of the supporting substrate
300 is provided further inside the detection ring 200. Each of
the force sensors shown in FIG. 14 and FIG. 21 is provided
with the basic structure having the above-described precon-
dition. The force sensor shown in FIG. 29 is similar to the
force sensors shown in FIG. 14 and FIG. 21 in that the force
receiving ring 100 and the detection ring 200 are connected
by the connection members 410, 420 along the X-axis. How-
ever, in the force sensor shown in FIG. 29, in order to fix the
detection ring 200 onto the supporting substrate 300, the inner
circumferential surface of the detection ring 200 is connected
to the outer circumferential surface of the fixed assistant body
350 by the fixing members 515, 525.

[0396] Since the fixing members 515, 525 are arranged
along the Y-axis, the fixing points P1, P2 and the exertion
points Q1, Q2 defined on the detection ring 200 are not
different in positions from those of the embodiments which
have been described above. Therefore, although the method
different from the above-described embodiments is adopted,
this force sensor has the same basic motions as those of the
embodiments which have been described above. The detec-
tion ring 200 is to be fixed to the supporting substrate 300 via
the fixing members 515, 525 and the fixed assistant body 350.
Since a member to be jointed on the upper surface of the
supporting substrate 300 is only the fixed assistant body 350,
this force sensor is slightly simplified in assembly steps as
compared with the embodiments which have been described
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above. Packaging can be done more easily, in particular
where the fixed assistant body 350 and the supporting sub-
strate 300 are jointed together at a final stage to package the
force sensor.

<5-3. Displacement Control Structure (1)>

[0397] FIG. 30 is a top view which shows an example in
which a displacement control structure is added to the basic
structure shown in FIG. 1. FIG. 31 is a longitudinal sectional
view in which the example is cut along the XZ-plane. As
shown in FIG. 31, vertically penetrating through-holes 105,
107 are formed in the vicinity of the both right and left ends of
the force receiving ring 100. Grooves 101, 103 larger in
diameter than the through-holes 105, 107 are formed at the
positions of the through-holes 105, 107 on the upper surface
of the force receiving ring 100.

[0398] Then, displacement control screws 111, 113 are fit-
ted so as to be inserted through the through-holes 105, 107.
The displacement control screws 111, 113 are those in which
the leading ends thereof are fixed into threaded holes formed
on the upper surface of the supporting substrate 300 and the
heads thereof are accommodated into the grooves 101, 103.
Further, clearances are formed between the displacement
control screw 111 and the inner surface of the through-hole
105 and the inner surface of the groove 101. Clearances are
also formed between the displacement control screw 113 and
the inner surface of the through-hole 107 and the inner surface
of the groove 103.

[0399] FIG. 31 is a sectional view cut along the XZ-plane
and, therefore, shows only two displacement control screws
111, 113 and surrounding structures thereof. However, in
reality, as shown in the top view of FIG. 30, four displacement
control screws 111, 112, 113, 114 are arranged at predeter-
mined sites (in this case, a total of four sites, that is positive
and negative sites on the X-axis and positive and negative
sites on the Y-axis) and they are all similar in structure around
them. Heads of the four displacement control screws 111,
112,113,114 are accommodated respectively into the respec-
tive grooves 101, 102, 103, 104, and a clearance is formed
between each of the displacement control screws and each of
the grooves. This means that each of the displacement control
screws 111 to 114 does not function to fix the force receiving
ring 100.

[0400] Each of'the displacement control screws 111 to 114
is that in which the leading end thereof is fixed into the
threaded hole formed in the upper surface of the supporting
substrate 300. Therefore, the displacement control screws
themselves are fixed in a state of being erected perpendicu-
larly with respect to the supporting substrate 300. Meanwhile,
since the force receiving ring 100 is not fixed by the displace-
ment control screws 111 to 114, displacement takes place
upon exertion of force or moment. However, where an extent
of displacement increases, the displacement control screws
111 to 114 come into contact with the inner surfaces of the
through-holes 105 to 108 or the inner surfaces of the grooves
101 to 104, thereby restricting displacement of the force
receiving ring 100.

[0401] Here, if a clearance is set in such a dimension so that
the force receiving ring 100 is restricted for displacement by
the displacement control screws 111 to 114 where force or
moment exceeding a predetermined tolerance level is exerted
on the force receiving ring 100, it is possible to restrict exces-
sive displacement of the force receiving ring 100. By provid-
ing the above-described control structure for restricting dis-

Dec. 5, 2013

placement of the force receiving ring 100, it is possible to
prevent the basic structure from being mechanically damaged
upon exertion of excessive force or moment. In particular, the
detection ring 200 is a flexible member and undergoes elastic
deformation upon exertion of force within a predetermined
tolerance level. However, exertion of force exceeding the
tolerance level may damage the detection ring 200. There-
fore, in practice, as shown in the example, it is preferable to
provide a certain displacement control structure.

<5-4. Displacement Control Structure (2)>

[0402] Here, a description will be given of an example of
another structure for controlling excessive displacement of
the force receiving ring 100. The example shown here realizes
a displacement control structure by utilizing a force receiving
substrate 600 arranged above the force receiving ring 100.
That is, this example is a force sensor obtained by improving
the embodiment using the capacitive elements described in
Section 3 so as to be more suitable for packaging. The
example is identical in basic structure to the force sensor
shown in FIG. 21.

[0403] FIG. 32 is a top view of the above-described force
sensor. FIG. 33 is a longitudinal sectional view in which the
force sensor is cut along the XZ-plane. FIG. 34 is a longitu-
dinal sectional view in which the force sensor is cut along the
VZ-plane. Here, the V-axis and the W-axis are the same as
those defined in the embodiment shown in FIG. 21. They are
coordinate axes which are included in the XY-plane and
inclined at 45 degrees with respect to the X-axis and the
Y-axis.

[0404] As shown in FIG. 32, the upper part of the force
sensor is covered with a disk-shaped force receiving substrate
600A. The broken lines in FIG. 32 depict a position of the
force receiving ring 100A. As shown in the figure, circular
grooves 601, 603, 605, 607 are formed at four sites above the
X-axis and the Y-axis of the force receiving substrate 600A.
And, through-holes are formed at the centers thereof into
which fixing screws 611, 613, 615, 617 are inserted. The
fixing screws 611, 613, 615, 617 have functions to fix the
force receiving substrate 600A to the force receiving ring
100A.

[0405] FIG. 33 clearly shows a state that the fixing screws
611, 615 are fixed into threaded holes formed on the upper
surface of the force receiving ring 100A. The heads of the
fixing screws 611, 615 are accommodated into the grooves
601, 605. The fixing screws 613, 617 are also fixed in a similar
manner. In addition, threaded holes 301, 303, 305, 307 are
formed respectively immediately under the fixing screws
611, 613, 615, 617 on the lower surface of the supporting
substrate 300A. These threaded holes have functions to fix the
supporting substrate 300A to an object below (for example,
an arm portion of a robot).

[0406] On the other hand, as shown in FIG. 32, circular
through-holes 602, 604, 606, 608 arc formed at four sites
above the V-axis and the W-axis of the force receiving sub-
strate 600A, and cylindrical spacers 622, 624, 626, 628 are
fitted thereinto. And fixing screws 612, 614, 616, 618 are
inserted through further inside. The fixing screws 612, 614,
616, 618 have functions to fix the force receiving ring 100 A to
an object above the force receiving substrate 600A (for
example, a hand portion of a robot).

[0407] FIG. 34 clearly shows the fixing screws 612, 616
and structures around them. The head of the fixing screw 612
is accommodated into the groove 121 formed on the lower
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surface of the force receiving ring 100A, and the leading end
thereof projects upward via a through-hole formed in the
force receiving ring 100A and a through-hole 602 formed in
the force receiving substrate 600A. The cylindrical spacer
622 is fitted between the fixing screw 612 and the inner wall
surface of the through-hole 602. The head of the fixing screw
616 is similarly accommodated into the groove 126 formed
on the lower surface of the force receiving ring 100 A, and the
leading end thereof projects upward through a through-hole
formed in the force receiving ring 100A and a through-hole
606 formed in the force receiving substrate 600A. The cylin-
drical spacer 626 is fitted between the fixing screw 616 and
the inner wall surface of the through-hole 606. The fixing
screws 614, 618 are also similar in structures around them.
[0408] Threaded holes which screw with the leading ends
of the fixing screws 612, 614, 616, 618 are formed on the
lower surface of an object above the force receiving substrate
600A (for example a hand portion of a robot), by which the
objectis firmly fixed to the upper ends of the spacers 622, 624,
626, 628 by the fixing screws.

[0409] As shown in FIG. 33 and FIG. 34, an inclusive
tubular body 650 (a cylindrical object in this example) which
includes the force receiving ring 100A and the detection ring
200A is connected to an outer circumference of the lower
surface of the force receiving substrate 600A (in the example
shown in the figure, the force receiving substrate 600A and
the inclusive tubular body 650 are unified into a structural
body). Further, clearances H4, H5 are formed between the
lower end of the inclusive tubular body 650 and the outer
circumference of the supporting substrate 300A. That is, in
this example, a step is provided at a circumferential edge of
the supporting substrate 300A, and the clearance H4 is
formed between the lower end surface of the inclusive tubular
body 650 and the step. The clearance HS is also formed
between the inner wall surface of the inclusive tubular body
650 and the circumferential edge inside the step of the sup-
porting substrate 300A.

[0410] Here, the clearances H4, H5 are set in such a dimen-
sion that, when force or moment exceeding a predetermined
tolerance level is exerted on the force receiving substrate
600A, the lower end of the inclusive tubular body 650 is
brought into contact with the outer circumference of the sup-
porting substrate 300A, thereby restricting displacement of
the force receiving substrate 600A. Therefore, the force sen-
sor is also able to prevent the basic structure from being
mechanically damaged upon exertion of excessive force or
moment.

[0411] In the force sensor, a detection circuit substrate 380
which packages electronics constituting a detection circuit is
provided on the upper surface of the supporting substrate
300A. In the example shown in the figure, the detection
circuit substrate 380 is a washer-shaped circuit substrate
which surrounds a fixed assistant body 350A. As shown in
FIG. 34, fixed electrodes E15, E16, E17, E18 are arranged on
the upper surface of the detection circuit substrate 380. In the
figure, although the electronics packaged on the detection
circuit substrate 380 are omitted, the electronics are compo-
nents which constitute, for example, the circuits shown in
FIG. 18. Wiring is provided between the electronics, a com-
mon displacement electrode E0 (that is, the detection ring
200A) and each of the fixed electrodes F11 to E18.

[0412] As described above, the detection circuit substrate
380 is provided on the upper surface of the supporting sub-
strate 300A and components of the detection circuits are
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packaged, thus making it possible to assemble internally all
constituents necessary for the force sensor. Therefore, the
sensor in its entirety can be saved for space and made thin.

<<<Section 6. Diaphragm Forming Embodiment>>>

[0413] Inthe embodiments described above, a circular ring
which is entirely flexible is used as the detection ring 200.
However, a detection ring 200 used in the present invention is
not necessarily flexible as a whole but a ring which undergoes
atleast partial elastic deformation will do. Here, a description
will be given of an embodiment in which a diaphragm is
formed at a part of the detection ring 200 so that the dia-
phragm has functions to undergo elastic deformation.
[0414] FIG. 35 is a cross sectional view (the upper part of
the figure) in which a basic structure of the embodiment
having diaphragms formed on the detection ring is cut along
the XY-plane and a longitudinal sectional view (the lower part
of the figure) in which the basic structure is cut along the
XZ-plane. In this case as well, the V-axis and the W-axis are
the same as those defined in the embodiments described
above, and they are coordinate axes which are included in the
XY-plane and inclined at 45 degrees with respect to the
X-axis and the Y-axis.

[0415] The basic structure shown here is constituted so that
a detection ring 200B is arranged inside the force receiving
ring 100B, a fixed assistant body 350B is arranged further
inside and a supporting substrate 300B is arranged below
them. A clearance H6 is secured between the force receiving
ring 100B and the detection ring 200B, and a clearance H7 is
secured between the detection ring 200B and the fixed assis-
tant body 350B. Then, the force receiving ring 100B and the
detection ring 200B are supported at a position suspended
upward with respect to the supporting substrate 300B. There-
fore, the detection ring 200B is able to undergo deformation
and displacement within a predetermined tolerance level.
[0416] Theforcereceiving ring 100B and the detection ring
200B are both circular rings and arranged on the XY-plane,
with the Z-axis given as a central axis. Further, the supporting
substrate 300B is provided with an upper surface parallel to
the XY-plane and arranged at certain intervals below the force
receiving ring 100B and the detection ring 200B. Then, the
fixed assistant body 350B is a cylindrical structure which is
arranged, with the Z-axis given as a central axis. The lower
surface of the fixed assistant body 350B is jointed onto the
upper surface of the supporting substrate 300B. These fea-
tures are common to those of the basic structure shown in
FIG. 8.

[0417] However, in the embodiment shown here, the detec-
tion ring 2008 is not a geometrically perfect circular ring. As
shown in the cross sectional view at the upper part of FIG. 35,
four sets of diaphragms D1 to D4 are provided at a part of the
detection ring 200B. Then, each of four connection members
431 to 434 connecting the force receiving ring 100B with the
detection ring 200B is a cylindrical member, with the X-axis
ortheY-axis given as a central axis. And, the inner end thereof
is connected to the center position of each of the diaphragms
D1 to D4. Therefore, the center position of each of the dia-
phragms D1 to D4 functions as each of the exertion points
Q11 to Q14. In practice, the force receiving ring 100B, the
detection ring 200B and the connection members 431 to 434
can be manufactured as a unified structure by using the same
material such as a metal.

[0418] On the other hand, as shown in the figure, fixing
points P11 to P14 are defined on the V-axis and the W-axis of
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the detection ring 200B. Then, the positions of the fixing
points P11 to P14 on the detection ring 200B are fixed on the
upper surface of the supporting substrate 300B by the fixing
members 531 to 534. Fixing members 531 to 534 depicted by
the broken lines in FIG. 35 are arranged on the lower surface
of'the positions ofthe fixing points P11 to P14 of the detection
ring 200B. FIG. 36 is a longitudinal sectional view in which
the basic structure shown in FIG. 35 is cut along the VZ-
plane. This figure clearly shows a state that the lower surface
in the vicinity of the fixing point P11 of the detection ring
200B is fixed on the upper surface of the supporting substrate
300B by the fixing member 531, and the lower surface in the
vicinity of the fixing point P13 of the detection ring 200B is
fixed on the upper surface of the supporting substrate 300B by
the fixing member 533.

[0419] Consequently, as shown in the cross sectional view
at the upper part of FIG. 35, the detection ring 200B is to
receive force at four sites of exertion points Q11 to Q14 in a
state of being fixed to the supporting substrate 300B at four
sites of the fixing points P11 to P14. The diaphragms D1 to D4
are parts thinner in thickness than other parts formed on the
detection ring 200B and flexible. Therefore, when force is
exerted on each of the exertion points Q11 to Q14 from the
force receiving ring 100B via the four connection members
431 to 434, elastic deformation exclusively occurs at the
diaphragms D1 to D4. As a matter of course, specifically,
where each part of the detection ring 200B is constituted by
the same material, elastic deformation occurs to some extent
at parts other than the diaphragms D1 to D4. However, in
practice, elastic deformation concentrates on the diaphragms
D1 to D4.

[0420] Therefore, in the embodiment shown here, elastic
deformation occurring at the diaphragms D1 to D4 is to be
detected electrically by detection elements. To be more spe-
cific, as with the embodiment described in Section 3, a
method is adopted in which capacitive elements are used to
measure displacement occurring at the diaphragms D1 to D4,
thereby recognizing a mode of elastic deformation on the
basis of the measurement result. As will be described later,
when forces Fx, Fy, Fz in the direction of each coordinate axis
and moments Mx, My, Mz around each coordinate axis are
exerted on the force receiving ring 100B in a state that the
supporting substrate 300B is fixed, deformation modes of the
diaphragms D1 to D4 differ individually. It is, thus, possible
to detect six-axis-components independently by measuring
displacement occurring at the diaphragms D1 to D4.

[0421] FIG. 37 is a cross sectional view in which a force
sensor constituted by adding capacitive elements to the basic
structure shown in FIG. 35 is cut along the XY-plane. In the
force sensor, a total of 40 electrodes are provided to constitute
a total of 20 sets of capacitive elements. In this case, for the
sake of convenience, a description will be given of a case
where five electrodes arranged adjacent to each other are
given as one electrode group to constitute a total of eight sets
of electrode groups. In FIG. 37, the electrode groups indi-
cated by symbols T10, T20, T30, T40 are displacement elec-
trode groups, each of which is constituted by five displace-
ment electrodes, and arranged at the respective positions of
diaphragms D1, D2, D3, D4 on the inner circumferential
surface of the detection ring 200B. On the other hand, the
electrode groups indicated by symbols U10, U20, U30, U40
are fixed electrode groups, each of which is constituted by five
fixed electrodes and arranged at the respective positions fac-
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ing the displacement electrode groups T10, T20, T30, T40 on
the outer circumferential surface of the fixed assistant body
350B.

[0422] Since itis difficult to show the eight sets of electrode
groups (40 electrodes) in detail in FIG. 37, a shape and
arrangement of each of the electrodes is shown in the table of
FIG. 38. In this table, cells given as T10, T20, T30, T40 show
plan views of the displacement electrode groups T10, T20,
T30, T40 shown in FIG. 37. Cells given as U10, U20, U30,
U40 show plan views of the fixed electrode groups U10, U20,
U30, U40 shown in FIG. 37. Each of the plan views shows a
state that the electrode group is viewed from the respective
positions of view points el, e2, €3, ed shown in FIG. 37. In
order to clarify a positional relationship with respect to the
XYZ coordinate system, each of the plan views shows the
direction of each of the X,Y, Z axes. In any of the plan views,
the Z-axis is placed upward. Broken lines in the plan view of
each of the fixed electrode groups U10, U20, U30, U40 depict
projection images (projection images in the direction of the
X-axis or in the direction of the Y-axis) of displacement
electrodes belonging to the displacement electrode groups
T10, T20, T30, T40 facing thereto.

[0423] For example, the cell [T10] in FIG. 38 shows a plan
view of five displacement electrodes T11 to T15 belonging to
the displacement electrode group T10. This plan view is
obtained by observing the electrodes in the positive direction
of'the X-axis from the position of view point el shown in FIG.
37. All the displacement electrodes T11 to T15 are arranged at
the diaphragm D1 on the inner circumferential surface of the
detection ring 200B. Therefore, in practice, each of the elec-
trodes is to be formed on the curved surface. However, in FIG.
38, for the sake of convenience of description, the electrodes
are assumed to be arranged on a flat surface. The displace-
ment electrodes T11 to T14 are trapezoidal electrodes iden-
tical in dimension, while the displacement electrode T15 is a
square electrode. The displacement electrode T15 is arranged
so that the center point is on the X-axis. The displacement
electrodes T11 to T14 are arranged so as to surround the
displacement electrode T15. In the plan view shown here, the
displacement electrode group T10 is symmetrical about the
Y-axis and the Z-axis as well.

[0424] On the other hand, the cell [U10] in FIG. 38 shows
a plan view of five fixed electrodes U11 to U15 belonging to
the fixed electrode group U10. This plan view is obtained by
observing in the negative direction of the X-axis from the
position of the view point el shown in FIG. 37. The fixed
electrodes U11 to U15 are arranged at the respective positions
facing the displacement electrodes T11 to T15. In the plan
view shown here, the fixed electrode group U10 is symmetri-
cal about the Y-axis and the Z-axis as well. As described
above, the broken lines in the figure depict projection images
(projection images in the direction of the X-axis) of the dis-
placement electrodes T11 to T15 facing thereto.

[0425] Thefive displacement electrodes T11 to T15 respec-
tively face the five fixed electrodes U1l to U15, thereby
forming five sets of capacitive elements C11 to C15. Further,
as shown in the cell [U10] in F1G. 38, the fixed electrodes U11
to U15 depicted by the solid lines are respectively included in
the projection images of the displacement electrodes T11 to
T15 depicted by the broken lines. This means that a pair of
opposing electrodes are in a relationship of the electrodes Ea,
Eb shown in FIG. 15. That is, the capacitive elements C11 to
C15 are capacitive elements which meet such a condition that
aprojection image in which one of the electrodes is projected
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on a surface on which the other electrode is formed is
included in the other electrode. As long as displacement of the
diaphragm D1 is within a predetermined tolerance level, an
effective counter area of each of the capacitive elements C11
to C15 is kept constant.

[0426] This is entirely true for the displacement electrode
groups shown in the cells [T20], [T30], [T40] and the fixed
electrode groups shown in the cells [U20], [U30], [U40] in
FIG. 38. Consequently, the displacement electrodes T11 to
T15 and the fixed electrodes Ull to Ul5 constitute the
capacitive elements C11 to C15 (hereinafter, referred to as a
capacitive element group C10). The displacement electrodes
T21 to T25 and the fixed electrodes U21 to U2S5 constitute the
capacitive elements C21 to C25 (hereinafter, referred to as a
capacitive element group C20). Further, the displacement
electrodes T31 to T35 and the fixed electrodes U31 to U35
constitute the capacitive elements C31 to C35 (hereinafter,
referred to as a capacitive element group C30). Still further,
the displacement electrodes T41 to T45 and the fixed elec-
trodes U41 to U45 constitute the capacitive elements C41 to
C45 (hereinafter, referred to as a capacitive element group
C40). In this case, the capacitive element groups C10, C20,
C30, C40 have the functions to detect respectively displace-
ment (elastic deformation) of the diaphragms D1, D2, D3,
D4, as detection elements.

[0427] Then, in the force sensor, assessment will be made
for changes in capacitance values of the capacitive element
groups C10, C20, C30, C40, when forces +Fx, +Fy, +Fzinthe
direction of each coordinate axis and moments +Mx, +My,
+Mz around each coordinate axis are exerted on the force
receiving ring 100B, with the supporting substrate 3008
being fixed. FIG. 39 is a table which shows changes in capaci-
tance values of the capacitive elements C11 to C45 when the
force in the direction of each coordinate axis and the moment
around each coordinate axis are exerted on the force sensor
shown in FIG. 37. In this table, [+] shows an increase in
capacitance value, [-] shows a decrease in capacitance value
and [0] shows no variation in capacitance value. The fact that
the above results are obtained will be easily understood when
consideration is given to a specific deformation mode of the
detection ring 200B.

[0428] For example, in FIG. 37, when force +Fx in the
positive direction of the X-axis is exerted on the force receiv-
ing ring 100B, the diaphragm D1 is stretched rightward and
the diaphragm D3 is pushed out rightward. As a result, a
distance between the electrodes of the capacitive element
group C10 spreads to decrease the capacitance value. A dis-
tance between the electrodes of the capacitive element group
C30 narrows to increase the capacitance value. At this time,
although the capacitive element groups C20, C40 deviate in
the direction of the X-axis, no substantial change in distance
between the electrodes or in effective counter area occurs.
Thus, the capacitance value does not change. The row +Fx in
the table of FIG. 39 shows the above-described results. For
the same reason, upon exertion of force +Fy in the positive
direction of the Y-axis, the results are obtained shown in the
row +Fy in the table of FIG. 39.

[0429] Then, consideration will be given to a case where
force +Fz in the positive direction of the Z-axis is exerted on
the force receiving ring 100B.

[0430] FIG. 40 is a longitudinal sectional view on the XZ-
plane which shows a deformed state upon exertion of the
force +Fz. For the sake of convenience of explanation, only
necessary constituents are extracted and each part is shown in
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a deformed manner. Therefore, shapes of individual parts do
not precisely show an actual deformation mode. As shown in
the figure, upon upward movement of the force receiving ring
100B, upward force is transmitted to the center part of each of
the diaphragms D1, D3 via connection members 431, 433. As
a result, the diaphragms D1, D3 are inclined as shown in the
figure. In the figure, the diaphragms D1, D3 are depicted as
flat plates. In reality, they assume a complicated configuration
including torsion. However, when consideration is given to
variation in distance with respect to an outer circumferential
surface of the fixed assistant body 350B, a distance d (up) at
the upper part decreases, while a distance d (down) at the
lower part increases, as shown in the figure.

[0431] As aresult, in the table shown in FIG. 38, increased
are capacitance values of the capacitive elements C13, C23,
(33, C43 composed of counter electrodes arranged above.
And, decreased are capacitance values of the capacitive ele-
ments C14, C24, C34, C44 composed of counter electrodes
arranged below. Regarding counter electrodes arranged at the
center or on the right and left sides, those at the upper half
decrease in distance but those at the lower half increase in
distance. Thus, the decrease in distance at the upper half is
offset by the increase in distance at the lower half, and there is
no change in capacitance values of the capacitive elements
composed of the counter electrodes. The row +Fz in the table
of FIG. 39 shows the above results.

[0432] Then, consideration will be given to a case where
moment +My which is positive rotation around the Y-axis is
exerted on the force receiving ring 100B. In this case, in FIG.
37, the left end of the force receiving ring 100B moves in the
positive direction of the Z-axis (a direction in which it is lifted
up from the sheet surface). Therefore, the diaphragm D3 is
inclined as with that shown in FIG. 40, and a distance d (up)
at the upper part decreases, while a distance d (down) at the
lower part decreases. Thus, the capacitive element C33
increases in capacitance value, and the capacitive element
C34 decreases in capacitance value. On the other hand, the
right end of the force receiving ring 100B moves in the Z-axis
negative direction (a direction in which it moves to the back of
the sheet surface). Therefore, the diaphragm D1 is inclined in
a direction reverse to that shown in FIG. 40, and a distance d
(up) at the upper part increases, while a distance d (down) at
the lower part decreases. As a result, the capacitive element
C13 decreases in capacitance value, while the capacitive ele-
ment C14 increases in capacitance value. The other capacitive
elements do not change in capacitance value. The above
results are shown in the row +My in the table of FIG. 39. For
the same reason, the results shown in the row +Mx in the table
of FIG. 39 are obtained upon exertion of moment +Mx which
is positive rotation around the X-axis.

[0433] Finally, consideration will be given to a case where
moment +Mz which is positive rotation around the Z-axis is
exerted on the force receiving ring 100B. FIG. 41 is a cross
sectional view on the XY-plane which shows a deformed state
upon exertion of the moment +Mz around the Z-axis. In this
figure as well, for the sake of convenience of explanation,
only necessary constituents are extracted and each part is
shown in a deformed manner. Therefore, shapes of individual
parts do not precisely show an actual deformation mode. As
shown in the figure, upon exertion of the moment +Mz, the
force receiving ring 100B rotates counterclockwise, by which
the diaphragm D1 is inclined as shown in the figure. In this
case as well, the diaphragm D1 is depicted as a flat plate.
However, in practice, it assumes a complicated configuration
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including torsion. When consideration is given to variation in
distance with the outer circumferential surface of the fixed
assistant body 350B, as shown in the figure, a distance d (left)
on the left side (the upper side in FIG. 41) decreases when
viewed from the view point el, and a distance d (right) on the
right side (the lower side in FIG. 41) increases. As a result, the
capacitive element C11 increases in capacitance value, while
the capacitive element C12 decreases in capacitance value.
For the same reason, the capacitive elements C21, C32, C42
increase in capacitance value, while the capacitive elements
C22, C31, C41 decrease in capacitance value. The other
capacitive elements do not change in capacitance value. The
row +Mz in the table of FIG. 39 shows the above results.
[0434] ThetableinFIG. 39 shows the results obtained upon
exertion of force in a positive direction and moment which is
positive rotation. The results in which [+] and [-] are reversed
are to be obtained upon exertion of force in a negative direc-
tion and moment which is negative rotation. Consequently,
patterns of change in capacitance values of 20 sets of the
capacitive elements C11 to C45 differ depending on indi-
vidual cases upon exertion of six-axis-components. The
larger the exerting force and moment become, the larger the
variance is. Thus, detection circuits are used to conduct a
predetermined operation on the basis of measured values of
the capacitance, thus making it possible to independently
output detection values of the six-axis-components.

[0435] FIG. 42 is a view which shows specific arithmetic
expressions for determining forces Fx, Fy, Fz in the direction
of each coordinate axis and moments Mx, My, Mz around
each coordinate axis which are exerted on the force sensor
shown in FIG. 37. Each of C11 to C45 in the expressions
shows a capacitance value of each of the capacitive elements
C11 to C45 indicated by the same symbol. Reasons for
obtaining individual detection values by the arithmetic
expressions will be understood by referring to the table shown
in FIG. 39. For example, a first expression on Fx shows a
difference between a sum of capacitance values of five sets of
capacitive elements which are indicated by [+] in the row +Fx
in the table of FIG. 39 and a sum of capacitance values of five
sets of capacitive elements which are indicated by [-]. Second
and third expressions are expressions where, of five sets of
capacitive elements, only four sets or one set is used. This is
also true for other detection values.

[0436] Further, [+] and [-] shown in the table of FIG. 39 are
reversed upon exertion of forces Fx, Fy, Fz in a negative
direction and moments Mx, My, Mz, which is negative rota-
tion. Therefore, the arithmetic expressions shown in FIG. 42
are used as they are, by which individual detection values can
be obtained as negative values. The arithmetic expressions of
six-axis-components in FIG. 42 are free of interference with
other axis components, thus making it possible to obtain
individual detection values of the six-axis-components inde-
pendently. Still further, any of the arithmetic expressions can
be used to calculate a difference. Therefore, even where a
change in temperature environment causes the basic structure
to swell or shrink, resulting in errors in which distances
between counter electrodes vary, the errors can cancel each
other out. Thus, it is possible to obtain accurate results free of
disturbance components.

[0437] Here, examples of detection circuits for outputting
detection values of the six-axis-components are omitted on
the basis of the arithmetic expressions shown in FIG. 42. It is
possible to constitute the detection circuits according to the
circuit diagrams shown in FIG. 18. As a matter of course, a
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plurality of capacitive elements are connected in parallel, thus
making it possible to omit computing elements for arithmetic
addition. Further, A/D converters are used to take the capaci-
tance values C11 to C45 individually as the digital values, by
which each of the detection values can be output in terms of a
digital value as a result of digital operation.

[0438] Still further, the structure of the force sensor shown
in FIG. 37 is one example, a detailed specification of which
can be changed, whenever necessary, in view of design. For
example, the diaphragm D1 of'the force sensor shown in FIG.
37 is that in which, as shown in FIG. 43(a) (a view in which
the direction of origin O is observed from the positive direc-
tion of the X-axis), the contour is rectangular and a connec-
tion member 431 (the cross section of which is shown) is
jointed at the center thereof. The above-shaped diaphragm D1
can be formed by cutting a part of the detection ring 200B and
manufactured in a relatively simple process. However, the
diaphragm is not necessarily restricted to the rectangular
shape.

[0439] The example shown in FIG. 43(5) (also a view in
which the direction of origin O is observed from the positive
direction of the X-axis) is an example in which formed is a
diaphragm Dr having a circular contour. This example is
similar in that a connection member 431 is jointed at the
center of the diaphragm Dr. However, the diaphragm Dr is
formed by grooving in a circular shape on a detection ring
200B and a periphery thereof in its entirety is surrounded by
thick parts of the detection ring 200B.

[0440] On the other hand, FIG. 44 is a plan view which
shows modification examples of electrode groups used in the
force sensor shown in FI1G. 37 (hatching is made to clarify the
shape of each electrode and not for showing the cross sec-
tion). In the force sensor shown in FIG. 37, as shown in the
plan view of FIG. 38, one set of electrode groups is consti-
tuted by five electrodes consisting of one square electrode and
four trapezoidal electrodes. The number, shape and arrange-
ment of the electrodes which constitute each electrode group
are not restricted to those of the example shown in FIG. 38.
FIG. 44(a) is an example in which one set of electrode groups
is constituted by four isosceles-triangle electrodes. Further,
FIG. 44(b) is an example in which one set of electrode groups
is constituted by five electrodes consisting of one square
electrode and four L-letter shaped electrodes. Still further,
FIG. 44(c) is an example in which one set of electrode groups
is constituted by four square electrodes. As a matter of course,
in addition to this example, various constitutions of elec-
trodes are also available.

[0441] A detailed description will be omitted here about a
method for detecting six-axis-components where the consti-
tutions of electrodes shown as modification examples in FI1G.
44 are adopted. In any case, a table according to FIG. 39 can
be prepared. This table can be used to define arithmetic
expressions according to FIG. 42.

[0442] Finally, features of the embodiment described in
Section 6 will be summarized as follows. First, as shown in
FIG. 35, four exertion points Q11 to Q14 and four fixing
points P11 to P14 are alternately arranged on an annular
channel along the contour of the detection ring 200B, and
vicinities of the four exertion points Q11 to Q14 on the
detection ring 200B constitute diaphragms D1 to D4 which
are thinner in thickness than other parts. Then, four connec-
tion members 431 to 434 are connected to the diaphragms D1
to D4 respectively at the exertion points Q11 to Q14, and four
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fixing members 531 to 534 are connected to the lower surface
of the detection ring 200B at the fixing points P1 to P4.
[0443] As a matter of course, the number of exertion points
and that of fixing points are not necessarily restricted to four
and can be set to any given plural number of n. In brief, it is
acceptable that n number of plural exertion points Q11 to Qin
and n number of plural fixing points P11 to Pln are alternately
arranged on an annular channel along the contour of the
detection ring 200B, the vicinities of n number of exertion
points Q11 to Qln on the detection ring 200B constitute
diaphragms D1 to Dn which are thinner in thickness than
other parts, n number of connection members are connected
to the individual diaphragms, and the fixing points P11 to Pin
are fixed individually on the supporting substrate 300B by n
number of fixing members. Then, detection elements for elec-
trically detecting elastic deformation of each of the dia-
phragms D1 to Dn may be added to the above-constituted
basic structure.

[0444] However, in practical use, as described in the above
embodiment, detection can be made in practice very effi-
ciently in the following manner, that is, four exertion points
and four fixing points are arranged on the annular channel
along the contour of the detection ring 200B in the order of the
first exertion point Q11, the first fixing point P11, the second
exertion point Q12, the second fixing point P12, the third
exertion point Q13, the third fixing point P13, the fourth
exertion point Q14 and the fourth fixing point P14, then, the
first diaphragm D1 is constituted in the vicinity of the first
exertion point Q11 on the detection ring 200B, the second
diaphragm D2 is constituted in the vicinity of the second
exertion point Q12, the third diaphragm D3 is constituted in
the vicinity of the third exertion point Q13, the fourth dia-
phragm D4 is constituted in the vicinity of the fourth exertion
point Q14, and detection elements are used to electrically
detect elastic deformation of the first to the fourth diaphragms
D1 to D4.

[0445] In particular, the above-described embodiment is
the most efficient constitution in realizing a force sensor
which is capable of independently detecting six-axis-compo-
nents, that is, forces Fx, Fy, Fz in the direction of each coor-
dinate axis and moments Mx, My, Mz around each coordinate
axis, in an XYZ three-dimensional orthogonal coordinate
system. To be more specific, regarding exertion points, the
first exertion point Q11, the second exertion point Q12, the
third exertion point Q13 and the fourth exertion point Q14 are
arranged respectively at a positive domain of the X-axis, a
positive domain of the Y-axis, a negative domain of the X-axis
and a negative domain of the Y-axis. Further, the first dia-
phragm D1, the second diaphragm D2, the third diaphragm
D3 and the fourth diaphragm D4 are to be positioned respec-
tively at the positive domain of the X-axis, the positive
domain of the Y-axis, the negative domain of the X-axis and
the negative domain of the Y-axis.

[0446] Then, the first diaphragm D1 is connected to the
force receiving ring 100B via a first connection member 431
extending along the positive domain of the X-axis, the second
diaphragm D2 is connected to the force receiving ring 100B
via a second connection member 432 extending along the
positive domain of the Y-axis, the third diaphragm D3 is
connected to the force receiving ring 100B via a third con-
nection member 433 extending along the negative domain of
the X-axis, and the fourth diaphragm D4 is connected to the
force receiving ring 100B via a fourth connection member
434 extending along the negative domain of the Y-axis.
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[0447] On the other hand, regarding the fixing points, it is
acceptable that the V-axis is defined so as to pass through the
origin O in an XYZ three-dimensional orthogonal coordinate
system, a positive domain being positioned at a first quadrant
of'the XY-plane and a negative domain being positioned at a
third quadrant of the XY-plane and to form 45 degrees with
respect to the X-axis and the W-axis is defined so as to pass
through the origin O in an XY 7 three-dimensional orthogonal
coordinate system, a positive domain being positioned at a
second quadrant of the X Y-plane and a negative domain being
positioned at a fourth quadrant of the XY-plane and to be
orthogonal to the V-axis, the first fixing point P11, the second
fixing point P12, the third fixing point P13 and the fourth
fixing point P14 are defined to be arranged respectively at the
positive domain of the V-axis, the positive domain of the
We-axis, the negative domain of the V-axis and the negative
domain of the W-axis, and the detection ring 200B is fixed to
the supporting substrate 300B at each of the fixing points.
[0448] Here, clastic deformation of each of the diaphragms
D1 to D4 may be electrically detected by a method in which
capacitive elements or others are used to measure displace-
ment of each part or by a method in which strain gauges or
others are used to measure a mechanical strain caused at each
part. The force sensor shown in FIG. 37 adopts the former
method, and is provided with the following device in order to
measure displacement efficiently by using the capacitive ele-
ments.

[0449] First, both the force receiving ring 100B and the
detection ring 200B are given circular rings arranged on the
XY-plane so that the Z-axis is a central axis, and these rings
are arranged so that the force receiving ring 100B is outside
and the detection ring 200B is inside. Then, in order to sup-
port the fixed electrodes, a cylindrical fixed assistant body
350B whose lower surface is fixed onto the upper surface of
the supporting substrate 300B, with the Z-axis being a central
axis, is provided further inside the detection ring 200B.
[0450] Then, the detection elements are constituted by the
following four capacitive element groups. That is:

[0451] (1) a first capacitive element group C10 composed
of a plurality of capacitive elements C11 to C15 constituted
by a first displacement electrode group T10 composed of a
plurality of displacement electrodes T11 to T15 arranged at a
first diaphragm D1 on the inner circumferential surface of the
detection ring 200B and a first fixed electrode group U10
composed of a plurality of fixed electrodes U1l to U15
arranged at positions facing individual displacement elec-
trodes of the first displacement electrode group T10 on the
outer circumferential surface of the fixed assistant body
3508,

[0452] (2) a second capacitive element group C20 com-
posed of a plurality of capacitive elements C21 to C25 con-
stituted by a second displacement electrode group T20 com-
posed of a plurality of displacement electrodes T21 to T25
arranged at a second diaphragm D2 on the inner circumfer-
ential surface of the detection ring 200B and a second fixed
electrode group U20 composed of a plurality of fixed elec-
trodes U21 to U25 arranged at positions facing individual
displacement electrodes of the second displacement electrode
group T20 on the outer circumferential surface of the fixed
assistant body 3508,

[0453] (3) a third capacitive element group C30 composed
of a plurality of capacitive elements C31 to C35 constituted
by a third displacement electrode group T30 composed of a
plurality of displacement electrodes T31 to T35 arranged at a
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third diaphragm D3 on the inner circumferential surface of
the detection ring 200B and a third fixed electrode group U30
composed of a plurality of fixed electrodes U31 to U35
arranged at positions facing individual displacement elec-
trodes of the third displacement electrode group T30 on the
outer circumferential surface of the fixed assistant body
3508, and

[0454] (4)afourth capacitive element group C40 composed
of a plurality of capacitive elements C41 to C45 constituted
by a fourth displacement electrode group T40 composed of a
plurality of displacement electrodes T41 to T45 arranged at a
fourth diaphragm D4 on the inner circumferential surface of
the detection ring 200B and a fourth fixed electrode group
U40 composed of a plurality of fixed electrodes U41 to U45
arranged at positions facing individual displacement elec-
trodes of the fourth displacement electrode group T40 on the
outer circumferential surface of the fixed assistant body
350B.

[0455] Here, there is found such a relationship that a pro-
jection image in which one of the electrodes constituting each
of the capacitive elements C11 to C45 is projected on a
surface on which the other electrode is formed is included in
the other electrode. Then, detection circuits are used to output
apredetermined detection value on the basis of a capacitance
value of each of the capacitive elements C11 to C45.

[0456] As shown in FIG. 44, electrodes of individual
capacitive elements which are members of each of the capaci-
tive element groups may be available differently as to the
number, shape and arrangement pattern thereof. In the force
sensor adopting the embodiment shown in FIG. 38, each of
the capacitive element groups is available in the following
constitution.

[0457] (1) The first capacitive element group C10 is pro-
vided with an on-axis capacitive element C15 of the first
group arranged on the X-axis, a first capacitive element C11
of the first group arranged in the positive direction of the
Y-axis adjacent to the on-axis capacitive element C15 of the
first group, a second capacitive element C12 ofthe first group
arranged in the negative direction of the Y-axis adjacent to the
on-axis capacitive element C15 of the first group, a third
capacitive element C13 of the first group arranged in the
positive direction of the Z-axis adjacent to the on-axis capaci-
tive element C15 of the first group, and a fourth capacitive
element C14 of the first group arranged in the negative direc-
tion of the Z-axis adjacent to the on-axis capacitive element
C15 of the first group,

[0458] (2) The second capacitive element group C20 is
provided with an on-axis capacitive element C25 of the sec-
ond group arranged on the Y-axis, a first capacitive element
C21 of the second group arranged in the positive direction of
the X-axis adjacent to the on-axis capacitive element C25 of
the second group, a second capacitive element C22 of the
second group arranged in the negative direction of the X-axis
adjacent to the on-axis capacitive element C25 of the second
group, a third capacitive element C23 of the second group
arranged in the positive direction of the Z-axis adjacent to the
on-axis capacitive element C25 of the second group, and a
fourth capacitive element C24 of the second group arranged
in the negative direction of the Z-axis adjacent to the on-axis
capacitive element C25 of the second group,

[0459] (3) The third capacitive element group C30 is pro-
vided with an on-axis capacitive element C35 of the third
group arranged on the X-axis, a first capacitive element C31
of the third group arranged in the positive direction of the
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Y-axis adjacent to the on-axis capacitive element C35 of the
third group, a second capacitive element C32 of the third
group arranged in the negative direction of the Y-axis adjacent
to the on-axis capacitive element C35 of the third group, a
third capacitive element C33 of the third group arranged in
the positive direction of the Z-axis adjacent to the on-axis
capacitive element C35 of the third group, and a fourth
capacitive element C34 of the third group arranged in the
negative direction of the Z-axis adjacent to the on-axis capaci-
tive element C35 of the third group.

[0460] (4) The fourth capacitive element group C40 is pro-
vided with an on-axis capacitive element C45 of the fourth
group arranged on the Y-axis, a first capacitive element C41 of
the fourth group arranged in the positive direction of the
X-axis adjacent to the on-axis capacitive element C45 of the
fourth group, a second capacitive element C42 of the fourth
group arranged in the negative direction of the X-axis adja-
cent to the on-axis capacitive element C45 of the fourth
group, a third capacitive element C43 of the fourth group
arranged in the positive direction of the Z-axis adjacent to the
on-axis capacitive element C45 of the fourth group, and a
fourth capacitive element C44 of the fourth group arranged in
the negative direction of the Z-axis adjacent to the on-axis
capacitive element C45 of the fourth group.

[0461] In the embodiment which uses the above-consti-
tuted capacitive element groups, capacitance values of the
individual capacitive elements C11 to C45 are expressed as
C11 to C45 by using the same symbols, by which the detec-
tion circuits are able to detect detection values of force Fx in
the direction of the X-axis, force Fy in the direction of the
Y-axis, force Fz in the direction of the Z-axis, moment Mx
around the X-axis, moment My around the Y-axis and
moment Mz around the Z-axis on the basis of the following
arithmetic expressions:

Fx=—(Cl1+C12+C13+Cl4+ C15)+
(C31 +C32+ C33+C34 + C35) or
=—(Cl1+C12+C13+Cl4) +
(C31+C32+C33+C34) or
=-CI5+(C35

Fy=—(C21 +C22+ C23+ C24+ C25) +
(C41 + C42 + C43 + C44 + C45) or
=—(C21 +C22+ C23+ C24) +
(C41 + C42 + C43 + C44) or
=-C25+C45

Fz=(Cl3+C23+ C33+C43)— (C1l4 + C24 + C34 + C44)
Mx = (C23 + C44) — (C24 + C43)

My = (Cl4 + €33) - (C13 + C34)

Mz =(Cl1+C21 + C32 + C42) — (C12 + €22 + C31 + C41).

[0462] Also in the embodiment shown in FIG. 37, at least
the diaphragms D1 to D4 on the detection ring 200B are
composed of a flexible conductive material, by which the
surface of each of the diaphragms can be given as a common
displacement electrode E0 to constitute each of the capacitive
elements C11 to C45. In practice, the detection ring 200B in
its entirety is constituted by a metal such as an aluminum
alloy so that the diaphragms D1 to D4 thinner in thickness can
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be flexible. In this case, the diaphragms D1 to D4 of the
detection ring 200B have functions as the displacement elec-
trode groups T10, T20, T30, T40, thereby eliminating a
necessity for providing a displacement electrode as a separate
body.

<<<Section 7. Other Modification Examples>>>

[0463] Finally, a description will be given of modification
examples applicable to the embodiments described above.

<7-1. Modification Example on Detection of Displacement>

[0464] In Section 3 and Section 6, a description has been
given of the embodiments in which capacitive elements are
used to detect displacement at predetermined sites on the
detection ring. The detection elements used in detecting the
displacement are not necessarily limited to capacitive ele-
ments, and any detection elements may be used as long as
they are, in general, elements capable of detecting a distance.
[0465] FIG. 45 is a cross sectional view in which a force
sensor according to a modification example having distance
detection elements M1 to M4 on the V-axis and the W-axis on
an outer circumferential surface of a fixed assistant body 350
is cut along the X Y-plane in order to measure distances d1 to
d4 at the basic structure shown in FIG. 10. Here, although an
inner structure of each of the distance detection elements M1
to M4 is not shown, any elements can be used as long as it is
a generally used element for detecting a distance.

[0466] For example, at least a measurement target surface
of the detection ring 200 (an inner circumferential surface in
the vicinities of the V-axis and the W-axis in the example
shown in the figure) is constituted by a conductive material,
by which an eddy current displacement sensor can be used as
the distance detection elements M1 to M4 provided on the
reference surface facing thereto. FIG. 46 is a view which
shows a basic principle of measuring a distance by an eddy
current displacement sensor. The eddy current displacement
sensor is a device which is constituted by a high-frequency
oscillation circuit 71 and a coil 72, having functions to elec-
trically detect a distance between the coil 72 and a conductive
detection object 73 arranged adjacent to the coil 72.

[0467] The following is a basic principle of detecting a
distance by the eddy current displacement sensor. First, when
high-frequency current is allowed to flow from the high-
frequency oscillation circuit 71 to the coil 72, the coil 72
generates a high-frequency field 74. Next, eddy current 75
flows to the conductive detection object 73 due to electro-
magnetic induction of the high-frequency field 74. Then, the
eddy current 75 causes a change in impedance of the coil 72,
thus resulting in a change in oscillation of the high-frequency
oscillation circuit 71. The impedance change of the coil 72
depends on a distance between the coil 72 and the detection
object 73. Therefore, a circuit for detecting a change in oscil-
lation is provided on the high-frequency oscillation circuit 71,
by which it is possible to electrically detect a distance
between the coil 72 and the detection object 73.

[0468] Further, at least a measurement target surface of the
detection ring 200 is constituted by a magnet, by which a Hall
element can be used as distance detection elements M1 to M4
provided on a reference surface facing thereto. The Hall ele-
ment is an element having functions to detect a magnetic field
by the Hall effect. Therefore, as long as the measurement
target surface of the detection ring 200 is constituted by a
magnet, it is possible to detect displacement of the measure-
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ment target surface on the basis of variation in a magnetic
field. To be more specific, the detection ring 200 in its entirety
may be constituted by a magnet (in this case, it is necessary to
use a magnet having a mechanical strength resistant to defor-
mation) or a magnet may be firmly attached onto the inner
circumferential surface of the detection ring 200. The mag-
netic field exerted on the Hall elements arranged as the dis-
tance detection elements M1 to M4 change in strength
depending on displacement of the measurement target sur-
face. Therefore, it is possible to use a detection value of the
magnetic field of each of the Hall elements as a measured
value of distance.

[0469] It is also possible to use a distance meter using a
light beam as the distance detection elements M1 to M4. It is
acceptable that, for example, a light beam irradiator for irra-
diating a light beam obliquely to a measurement target sur-
face (in the example shown in the figure, an inner circumfer-
ential surface in the vicinities of the V-axis and the W-axis)
and a light beam receiver for receiving the light beam
reflected on the measurement target surface are fixed on a
counter reference surface facing the measurement target sur-
face (in the example of the figure, an outer circumferential
surface of the fixed assistant body 350) and there is also
provided a measurement circuit for outputting a measured
value of distance on the basis of a light receiving position of
the light beam by the light beam receiver. When the measure-
ment target surface of the detection ring 200 (the inner cir-
cumferential surface) undergoes displacement, the light beam
is changed in position of irradiation and the reflected beam is
changed in direction of emission. Thereby, the light beam
detected by the light beam receiver is also changed in light
receiving position. Thus, the measurement circuit is able to
output a measured value of distance on the basis of the light
receiving position.

<7-2. Modification Example on Shape and Arrangement of
Each Part>

[0470] In the embodiments which have been described
above, circular ring members are used as the force receiving
ring 100 and the detection ring 200. These rings are not
necessarily a circular ring body but may be a loop-shaped
member having an opening. They may be annular rings which
are, for example, in a right octagonal, right hexagonal or
square shape. They may be also annular rings in any given
shape.

[0471] However, in practice, a circular ring body is prefer-
ably used as shown in the embodiments described above.
Circular ring members are used as the force receiving ring
100 and the detection ring 200 and arranged concentrically,
with the Z-axis being the central axis, by which the basic
structure is structured to be in plane symmetry about both the
XZ-plane and the YZ-plane. Here, each of the detection ele-
ments is arranged so as to be in plane symmetry about both the
XZ-plane and the YZ-plane as the embodiments described
above, thus making it possible to simplify signal processing
by detection circuits.

[0472] Forexample, in the arithmetic expressions shown in
FIG. 17, FIG. 20, FIG. 42, each term indicating a capacitance
value is not multiplied by a coefficient. This is due to the fact
that the above-described symmetry is secured. Where the
detection ring 200 is constituted by an annular body in any
given shape, it is necessary to multiply each term of the
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arithmetic expressions by a predetermined coefficient. As a
result, the actual detection circuit ends up being complicated
in constitution.

[0473] Further, shapes of the displacement electrode and
the fixed electrode constituting a capacitive element are not
limited to those shown in the embodiments described above.
There may be adopted electrodes in any shape. However, as
described above, in order to simplify the arithmetic expres-
sions for obtaining detection values of individual axis com-
ponents, it is preferable that an electrode forming pattern is
such that which is in plane symmetry about both the XZ-plane
and the YZ-plane.

<7-3. Omission Of Constituents Unnecessary for Detection>

[0474] Each of the embodiments which have been
described above is such a force sensor that mainly detects
six-axis-components. However, it is sufficient for the force
sensor according to the present invention to have functions to
detect at least force or moment with regard to one axis, among
force in the direction of each coordinate axis and moment
around each coordinate axis in an XYZ three-dimensional
orthogonal coordinate system. Therefore, the present inven-
tion is applicable to a force sensor for detecting only force Fx
exerted in the direction of the X-axis or a force sensor for
detecting only moment My exerted around the Y-axis.

[0475] Therefore, in manufacturing a force sensor special-
ized in detecting only a particular component, it is possible to
omit constituents which are not necessary for detection. For
example, the force sensor shown in FIG. 37 is provided with
functions to detect all the six-axis-components. However,
where only force Fx exerted in the direction of the X-axis is
required for detection, at least, the capacitive elements C15
and C35 will be sufficient as shown in the cell of Fx in FIG.
42. Similarly, where only moment My exerted around the
Y-axis is required for detection, it is sufficient to provide only
the capacitive elements C13, C14, C33, C34 as shown in the
cell of My in FIG. 42.

<7-4. Combination of Disclosed Technical Ideas>

[0476] A description has been above given of technical
ideas of the present invention by referring to various embodi-
ments and also given of technical ideas on various modifica-
tion examples. Many technical ideas described in the present
application can be combined freely, unless special restrictive
reasons are found. For example, a technical idea that an
inside/outside positional relationship between the force
receiving ring 100 and the detection ring 200 are reversed is
applicable to the various embodiments which have been
described above. Further, it is possible to use a strain gauge
for detecting elastic deformation of the basic structure shown
in FIG. 35 (in this case, no fixed assistant body 350B is
required). It is also possible to fix the detection ring 200B via
fixing members to the fixed assistant body 350B at the basic
structure shown in FIG. 35.

[0477] The present application does not describe embodi-
ments covering all and any possible combinations on the basis
of various technical ideas which have been disclosed. How-
ever, a person skilled in the art is able to freely design an
embodiment which is not directly disclosed in the present
application by combining various technical ideas which have
been disclosed in the present application.
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INDUSTRIAL APPLICABILITY

[0478] The force sensor according to the present invention
is optimally used in detecting force and moment for control-
ling motions of a robot and an industrial machine. The force
sensor can be also used as a man/machine interface of an input
device of electronics. This is in particular usable as a thin-type
force sensor which detects six-axis-components which are
force in the direction of each coordinate axis and moment
around each coordinate axis in an XYZ three-dimensional
orthogonal coordinate system.

1. A force sensor detecting force or moment with regard to
atleast one axis, among force in a direction of each coordinate
axis and moment around each coordinate axis, in an XYZ
three-dimensional orthogonal coordinate system,

the force sensor comprising:

aforce receiving ring (100; 100A; 100B) which is arranged
on an XY-plane so that a Z-axis is given as a central axis
and receives exertions of force or moment to be detected;

a detection ring (200; 200A; 200B) which is arranged on
the XY-plane so that the Z-axis is given as a central axis
and also arranged so as to be inside or outside the force
receiving ring (100; 100A; 100B), at least a part of the
detection ring undergoing elastic deformation by exer-
tions of force or moment to be detected;

a supporting substrate (300; 300A; 300B) which has an
upper surface parallel to the XY-plane and is arranged at
certain intervals below the force receiving ring (100;
100A; 100B) and the detection ring (200; 200A; 200B);

a connection member (410, 420; 410A, 420A; 431 to 434)
which connects the detection ring (200; 200A; 200B) to
the force receiving ring at a predetermined exertion
point (Q1, Q2; Q11 to Q14);

a fixing member (510, 520; 515, 525; 531 to 534) which
fixes the detection ring (200; 200A; 200B) to the sup-
porting substrate (300; 300A; 300B) at a predetermined
fixing point (P1, P2; P11 to P 14);

a detection element (C1 to C10; G1 to G12; C11 to C45)
which electrically detects elastic deformation of the
detection ring (200; 200A; 200B); and

a detection circuit (380) which detects a detection value of
force in a predetermined coordinate axis direction or
moment around a predetermined coordinate axis which
is exerted on the force receiving ring (100; 100A; 100B),
with the supporting substrate (300; 300A; 300B) being
fixed, on the basis of detection result of the detection
element (C1 to C10; G1 to G12; C11 to C45); wherein

a projection image of the exertion point (Q1, Q2; Q11 to
Q14) on the XY-plane and a projection image of the
fixing point (P1, P2; P11 to P14) on the XY-plane are
formed at mutually different positions.

2. The force sensor according to claim 1, wherein

n number of plural exertion points (Q1, Q2) and n number
of plural fixing points (P1, P2) are alternately arranged
on an annular channel along a contour of the detection
ring (200), and

the detection element (C1 to C8; G1 to G12) electrically
detects elastic deformation of the detection ring (200) in
vicinity of a measurement point (R1 to R4) defined
between an exertion point and a fixing point adjacently
arranged.

3. The force sensor according to claim 2, wherein

two exertion points and two fixing points are arranged on
the annular channel along the contour of the detection
ring (200) in an order of a first exertion point (Q1), a first
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fixing point (P1), a second exertion point (Q2) and a
second fixing point (P2), and

individually defining a first measurement point (R1)
arranged between the first exertion point (Q1) and the
first fixing point (P1) on the annular channel, a second
measurement point (R2) arranged between the first fix-
ing point (P1) and the second exertion point (Q2) on the
annular channel, a third measurement point (R3)
arranged between the second exertion point (Q2) and the
second fixing point (P2) on the annular channel, and a
fourth measurement point (R4) arranged between the
second fixing point (P2) and the first exertion point (Q1)
on the annular channel, the detection element (C1 to C8;
G110 G12) electrically detects elastic deformation of the
detection ring (200) in vicinities of the first to the fourth
measurement points (R1 to R4).

4. The force sensor according to claim 3, wherein

the first exertion point (Q1), the first fixing point (P1), the
second exertion point (Q2), and the second fixing point
(P2) are arranged respectively at a positive domain of an
X-axis, a positive domain of a Y-axis, a negative domain
of'the X-axis and a negative domain of the Y-axis,

vicinity of the first exertion point (Q1) on the detection ring
(200) is connected to the force receiving ring (100) via a
first connection member (410) extending along the posi-
tive domain of the X-axis, and vicinity of the second
exertion point (Q2) on the detection ring (200) is con-
nected to the force receiving ring (100) via a second
connection member (420) extending along the negative
domain of the X-axis, and

the detection element electrically detects elastic deforma-
tion of the detection ring (200) in vicinities of the first
measurement point (R1), the second measurement point
(R2), the third measurement point (R3) and the fourth
measurement point (R4) arranged respectively at a first
quadrant, a second quadrant, a third quadrant and a
fourth quadrant of the XY-plane.

5. The force sensor according to claim 4, wherein

defining a V-axis which passes through an origin O in the
XYZ three-dimensional orthogonal coordinate system,
with a positive domain positioned at the first quadrant of
the XY-plane and with a negative domain positioned at
the third quadrant of the XY-plane and forms 45 degrees
with respect to the X-axis, and a W-axis which passes
through the origin O in the XYZ three-dimensional
orthogonal coordinate system, with a positive domain
positioned at the second quadrant of the XY-plane and
with a negative domain positioned at the fourth quadrant
of'the XY-plane and is orthogonal to the V-axis, the first
measurement point (R1), the second measurement point
(R2), the third measurement point (R3) and the fourth
measurement point (R4) are arranged respectively at the
positive domain of the V-axis, the positive domain of the
W-axis, the negative domain of the V-axis and the nega-
tive domain of the W-axis.

6. The force sensor according to claim 1, wherein

n number of plural exertion points (Q11 to Q14) and n
number of plural fixing points (P11 to P14) are alter-
nately arranged on an annular channel along a contour of
the detection ring (200B),

vicinities of n number of the exertion points (Q11 to Q14)
on the detection ring (200B) constitute diaphragms (D1
to D4) thinner in thickness than other parts,
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n number of plural connection members (431 to 434) are
connected respectively to the diaphragms (D1 to D4),
and

the detection element (C11 to C45) electrically detects
elastic deformation of the diaphragms (D1 to D4).

7. The force sensor according to claim 6, wherein

four exertion points and four fixing points are arranged on
the annular channel along the contour of the detection
ring (200B) in an order of the first exertion point (Q11),
the first fixing point (P11), the second exertion point
(Q12), the second fixing point (P12), the third exertion
point (Q13), the third fixing point (P13), the fourth exer-
tion point (Q14) and the fourth fixing point (P 14),

vicinity of the first exertion point (Q11) on the detection
ring (200B) constitutes a first diaphragm (D1), vicinity
of the second exertion point (Q12) on the detection ring
(200B) constitutes a second diaphragm (D2), vicinity of
the third exertion point (Q13) on the detection ring
(200B) constitutes the third diaphragm (D3), vicinity of
the fourth exertion point (Q14) on the detection ring
(200B) constitutes the fourth diaphragm (D4), and

the detection element (C11 to C45) electrically detects
elastic deformation of the first to the fourth diaphragms
(D1 to D4).

8. The force sensor according to claim 7, wherein

the first exertion point (Q11), the second exertion point
(Q12), the third exertion point (Q13) and the fourth
exertion point (Q14) are arranged respectively at a posi-
tive domain of an X-axis, a positive domain of a Y-axis,
a negative domain of the X-axis and a negative domain
of the Y-axis, and the first diaphragm (D1), the second
diaphragm (D2), the third diaphragm (D3) and the fourth
diaphragm (D4) are positioned respectively at the posi-
tive domain of the X-axis, the positive domain of the
Y-axis, the negative domain of the X-axis and the nega-
tive domain of the Y-axis,

defining a V-axis which passes through an origin O in the
XYZ three-dimensional orthogonal coordinate system,
with a positive domain positioned at a first quadrant of
the XY-plane and with a negative domain positioned at a
third quadrant of the XY-plane, and forms 45 degrees
with respect to the X-axis, and a W-axis which passes
through the origin O in the XYZ three-dimensional
orthogonal coordinate system, with a positive domain
positioned at a second quadrant of the XY-plane and
with a negative domain positioned at a fourth quadrant
of the XY-plane and is orthogonal to the V-axis, the first
fixing point (P11), the second fixing point (P12), the
third fixing point (P13) and the fourth fixing point (P14)
are arranged respectively at the positive domain of the
V-axis, the positive domain of the W-axis, the negative
domain of the V-axis and the negative domain of the
W-axis, and

the first diaphragm (D1) is connected to the force receiving
ring (100B) via a first connection member (431) extend-
ing along the positive domain of the X-axis, the second
diaphragm (D2) is connected to the force receiving ring
(100B) via a second connection member (432) extend-
ing along the positive domain of the Y-axis, the third
diaphragm (D3) is connected to the force receiving ring
(100B) via a third connection member (433) extending
along the negative domain of the X-axis, and the fourth
diaphragm (D4) is connected to the force receiving ring
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(100B) via a fourth connection member (434) extending
along the negative domain of the Y-axis.

9. The force sensor according to claim 1, wherein

a lower surface of the detection ring (200; 200A; 200B) is
connected to the upper surface of the supporting sub-
strate (300, 300A; 300B) via the fixing member (510,
520; 531 to 534).

10. The force sensor according to claim 1, wherein

both rings are arranged so that the force receiving ring
(100) is outside and the detection ring (200) is inside,

a fixed assistant body (350) whose lower surface is fixed
onto the upper surface of the supporting substrate (300)
is provided further inside the detection ring (200), and

an inner circumferential surface of the detection ring (200)
is connected to an outer circumferential surface of the
fixed assistant body (350) via the fixing member (515,
525).

11. The force sensor according to claim 1 comprising;

a force receiving substrate (600; 600A) which is provided
with an upper surface parallel to the XY-plane and
arranged at certain intervals above the force receiving
ring (100; 100A) and the detection ring (200; 200A),
wherein

alower surface of the force receiving substrate (600; 600A)
is partially connected to an upper surface of the force
receiving ring (100; 100A), and

a predetermined clearance (H3) is formed between the
lower surface of the force receiving substrate (600;
600A) and an upper surface of the detection ring (200;
200A).

12. The force sensor according to claim 11, wherein

an inclusive tubular body (650) which includes the force
receiving ring (100A) and the detection ring (200A) is
connected to an outer circumference of the lower surface
of the force receiving substrate (600A), and a clearance
(H4,H5) is formed between a lower end of the inclusive
tubular body (650) and an outer circumference of the
supporting substrate (300A), and

the clearance (H4, HS) is set dimensionally in such a man-
ner that the lower end of the inclusive tubular body (650)
is brought into contact with the outer circumference of
the supporting substrate (300A), thereby restricting dis-
placement of the force receiving substrate (600A), when
force or moment exceeding a predetermined tolerance
level is exerted on the force receiving substrate (600A).

13. The force sensor according to claim 1, wherein

a vertically penetrating through-hole (105, 107) is formed
at a predetermined site on the force receiving ring (100),
and a groove (101 to 104) larger in diameter than the
through-hole is formed at a position of the through-hole
on an upper surface of the force receiving ring,

adisplacement control screw (111 to 114) which is inserted
through the through-hole (105, 107) whose leading end
is fixed to the supporting substrate (300) and whose head
is accommodated into the groove (101 to 104) is addi-
tionally provided, and a clearance is formed between the
displacement control screw and inner surfaces of the
through-hole and the groove, and

the clearance is set dimensionally in such a manner that the
displacement control screw (111 to 114) is brought into
contact with the inner surface of the through-hole or the
inner surface of the groove, thereby restricting displace-
ment of the force receiving ring (100), when force or
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moment exceeding a predetermined tolerance level is
exerted on the force receiving ring (100).

14. The force sensor according to claim 1, wherein

the force receiving ring (100; 100A; 100B) is composed of
arigid body which does not substantially undergo defor-
mation as long as exerting force or moment is within a
predetermined tolerance level.

15. The force sensor according to claim 1, wherein

both the force receiving ring (100; 100A; 100B) and the
detection ring (200; 200A; 200B) are circular rings
arranged on the X Y-plane so that the Z-axis is given as a
central axis.

16. The force sensor according to claim 1, wherein

a detection circuit substrate (380) which packages elec-
tronics constituting the detection circuit is provided on
the upper surface of the supporting substrate (300A).

17. The force sensor according to claim 1, wherein

the detection element (C1 to C10; C11 to C45) electrically
detects displacement of the detection ring (200; 200A;
200B) at a predetermined measurement point (R1 to
R4).

18. The force sensor according to claim 17, wherein

the detection element electrically detects a distance (d1' to
d4") between a measurement target surface in vicinity of
the measurement point (R1 to R4) on the detection ring
(200) and a counter reference surface facing the mea-
surement target surface of the force receiving ring (100).

19. The force sensor according to claim 17, wherein

both rings are arranged so that the force receiving ring
(100; 100A; 100B) is outside and the detection ring
(200; 200A; 200B) is inside,

a fixed assistant body (350) whose lower surface is fixed
onto the upper surface of the supporting substrate (300;
300A; 300B) is provided further inside the detection
ring (200; 200A; 200B), and

the detection element electrically detects a distance (d1 to
d4) between a measurement target surface in vicinity of
the measurement point (R1 to R4) on an inner circum-
ferential surface of the detection ring (200; 200A; 200B)
and a counter reference surface positioned on an outer
circumference of the fixed assistant body (350) and fac-
ing the measurement target surface.

20. The force sensor according to claim 17, wherein

the detection element electrically detects a distance (d5 to
d8; d9, d10) between a measurement target surface posi-
tioned in vicinity of the measurement point (R1 to R4)
on a lower surface of the detection ring (200; 200A) and
a counter reference surface positioned on the upper sur-
face of the supporting substrate (300; 300A) and facing
the measurement target surface.

21. The force sensor according to claim 18, wherein

the detection element is constituted by a capacitive element
(C1 to C10) having a displacement electrode (E21 to
E30) provided on the measurement target surface and a
fixed electrode (F11 to E20) provided on the counter
reference surface.

22. The force sensor according to claim 21, wherein

the detection ring (200) is composed of a flexible conduc-
tive material, and a surface of the detection ring is used
as a common displacement electrode to constitute
capacitive elements (C1 to C8).

23. The force sensor according to claim 18, wherein

at least the measurement target surface on the detection
ring (200) is composed of a conductive material, and the
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detection element is constituted by an eddy current dis-
placement sensor (M1 to M4) provided on the counter
reference surface.

24. The force sensor according to claim 18, wherein

at least the measurement target surface on the detection
ring (200) is composed of a magnet, and the detection
element is constituted by a Hall element (M1 to M4)
provided on the counter reference surface.

25. The force sensor according to claim 18, wherein

the detection element (M1 to M4) is constituted by

a light beam irradiator which is fixed on the counter refer-
ence surface to irradiate a light beam obliquely with
respect to a measurement target surface,

a light beam receiver which is fixed on the counter refer-
ence surface to receive the light beam reflected on the
measurement target surface, and

a measurement circuit which outputs a measured value of
distance on the basis of a position at which the light
beam is received by the light beam receiver.

26. The force sensor according to claim 1, wherein

the detection element (G1 to G12) electrically detects a
mechanical strain in vicinity of a predetermined mea-
surement point (R1 to R4) of the detection ring (200).

27. The force sensor according to claim 26, wherein

the detection element is constituted by a strain gauge (G1 to
(G12) attached onto a surface of the detection ring (200)
in vicinity of the measurement point (R1 to R4) so that a
direction along an annular channel along a contour of the
detection ring (200) is given as a detection direction.

28. The force sensor according to claim 5, wherein

both the force receiving ring (100) and the detection ring
(200) are circular rings arranged on the XY-plane so that
the Z-axis is given as a central axis,

said rings are arranged so that the force receiving ring (100)
is outside and the detection ring (200) is inside,

a cylindrical fixed assistant body (350) whose lower sur-
face is fixed on the upper surface of the supporting
substrate (300), with the Z-axis being given as a central
axis, is provided further inside the detection ring (200),

the detection element comprises:

a first capacitive element (C1) including a first displace-
ment electrode (E21) arranged in vicinity of the first
measurement point (R1) on an inner circumferential
surface of the detection ring (200) and a first fixed elec-
trode (E11) arranged at a position facing the first dis-
placement electrode (E21) on an outer circumferential
surface of the fixed assistant body (350),

a second capacitive element (C2) including a second dis-
placement electrode (E22) arranged in vicinity of the
second measurement point (R2) on the inner circumfer-
ential surface of the detection ring (200) and a second
fixed electrode (E12) arranged at a position facing the
second displacement electrode (E22) on the outer cir-
cumferential surface of the fixed assistant body (350),

a third capacitive element (C3) including a third displace-
ment electrode (E23) arranged in vicinity of the third
measurement point (R3) on the inner circumferential
surface of the detection ring (200) and a third fixed
electrode (E13) arranged at a position facing the third
displacement electrode (E23) on the outer circumferen-
tial surface of the fixed assistant body (350),

a fourth capacitive element (C4) including a fourth dis-
placement electrode (E24) arranged in vicinity of the
fourth measurement point (R4) on the inner circumfer-
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ential surface of the detection ring (200) and a fourth
fixed electrode (E14) arranged at a position facing the
fourth displacement electrode (E24) on the outer cir-
cumferential surface of the fixed assistant body (350),

a fifth capacitive element (C5) including a fifth displace-
ment electrode (E25) arranged in vicinity of the first
measurement point (R1) on a lower surface of the detec-
tion ring (200) and a fifth fixed electrode (E15) arranged
at a position facing the fifth displacement electrode
(E25) on the upper surface of the supporting substrate
(300),

a sixth capacitive element (C6) including a sixth displace-
ment electrode (E26) arranged in vicinity of the second
measurement point (R2) on the lower surface of the
detection ring (200) and a sixth fixed electrode (E16)
arranged at a position facing the sixth displacement elec-
trode (E26) on the upper surface of the supporting sub-
strate (300),

a seventh capacitive element (C7) including a seventh dis-
placement electrode (E27) arranged in vicinity of the
third measurement point (R3) on the lower surface of the
detection ring (200) and a seventh fixed electrode (E17)
arranged at a position facing the seventh displacement
electrode (E27) on the upper surface of the supporting
substrate (300), and

an eighth capacitive element (C8) including an eighth dis-
placement electrode (E28) arranged in vicinity of the
fourth measurement point (R4) on the lower surface of
the detection ring (200) and an eighth fixed electrode
(E18) arranged at a position facing the eighth displace-
ment electrode (E28) on the upper surface of the sup-
porting substrate (300),

a projection image of one of a pair of electrodes constitut-
ing said capacitive elements (C1 to C8) projected on a
surface on which the other of said pair of electrodes is
formed is included in the other electrode, and

when a capacitance value of the first capacitive element
(C1) is given as Cl1, a capacitance value of the second
capacitive element (C2) is given as C2, a capacitance
value of the third capacitive element (C3) is given as C3,
acapacitance value of the fourth capacitive element (C4)
is given as C4, a capacitance value of the fifth capacitive
element (C5) is given as C5, a capacitance value of the
sixth capacitive element (C6) is given as C6, a capaci-
tance value of the seventh capacitive element (C7) is
given as C7, and a capacitance value of the eighth
capacitive element (C8) is given as C8, the detection
circuit (380) outputs detection values of force Fx in a
direction of the X-axis, force Fy in a direction of the
Y-axis, force Fz in a direction of the Z-axis, moment Mx
around the X-axis, moment My around the Y-axis and
moment Mz around the Z-axis on the basis of the fol-
lowing arithmetic expressions:

Fx=(C1+C4)-(C2+C3)
Fy=(C3+C4)-(C1+C2)
Fr=—(C5+C6+CT+CR)

Mx=(CT+C8)-(C5+C6)
My=(C5+C8)-(C6+CT)

Mz=(C2+C4)~(C1+C3).
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29. The force sensor according to claim 5, wherein

both the force receiving ring (100) and the detection ring
(200) are circular rings arranged on the XY-plane so that
the Z-axis is given as a central axis,

said rings are arranged so that the force receiving ring (100)
is outside and the detection ring (200) is inside,

a cylindrical fixed assistant body (350) whose lower sur-
face is fixed on the upper surface of the supporting
substrate (300), with the Z-axis being given as a central
axis, is provided further inside the detection ring (200),

with the first exertion point (Q1) given as a fifth measure-
ment point and the second exertion point (Q2) given as a
sixth measurement point, the detection element com-
prises:

a first capacitive element (C1) including a first displace-
ment electrode (E21) arranged in vicinity of the first
measurement point (R1) on an inner circumferential
surface of the detection ring (200) and a first fixed elec-
trode (E11) arranged at a position facing the first dis-
placement electrode (E21) on an outer circumferential
surface of the fixed assistant body (350),

a second capacitive element (C2) including a second dis-
placement electrode (E22) arranged in vicinity of the
second measurement point (R2) on the inner circumfer-
ential surface of the detection ring (200) and a second
fixed electrode (E12) arranged at a position facing the
second displacement electrode (E22) on the outer cir-
cumferential surface of the fixed assistant body (350),

a third capacitive element (C3) including a third displace-
ment electrode (E23) arranged in vicinity of the third
measurement point (R3) on the inner circumferential
surface of the detection ring (200) and a third fixed
electrode (E13) arranged at a position facing the third
displacement electrode (E23) on the outer circumferen-
tial surface of the fixed assistant body (350),

a fourth capacitive element (C4) including a fourth dis-
placement electrode (E24) arranged in vicinity of the
fourth measurement point (R4) on the inner circumfer-
ential surface of the detection ring (200) and a fourth
fixed electrode (E14) arranged at a position facing the
fourth displacement electrode (E24) on the outer cir-
cumferential surface of the fixed assistant body (350),

a fifth capacitive element (C9) including a fifth displace-
ment electrode (E29) arranged in vicinity of the fifth
measurement point (Q1) on a lower surface of the detec-
tion ring (200) and a fitth fixed electrode (E19) arranged
at a position facing the fifth displacement electrode
(E29) on the upper surface of the supporting substrate
(300), and

asixth capacitive element (C10) including a sixth displace-
ment electrode (E30) arranged in vicinity of the sixth
measurement point (Q2) on the lower surface of the
detection ring (200) and a sixth fixed electrode (E20)
arranged at a position facing the sixth displacement elec-
trode (E30) on the upper surface of the supporting sub-
strate (300),

a projection image of one of a pair of electrodes constitut-
ing said capacitive elements (C1 to C4, C9, C10) pro-
jected on a surface on which the other of said pair of
electrodes is formed is included in the other electrode,
and

when a capacitance value of the first capacitive element
(C1) is given as Cl1, a capacitance value of the second
capacitive element (C2) is given as C2, a capacitance
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value of the third capacitive element (C3) is given as C3,
acapacitance value of the fourth capacitive element (C4)
is given as C4, a capacitance value of the fifth capacitive
element (C9) is given as C9 and a capacitance value of
the sixth capacitive element (C10) is given as C10, the
detection circuit (380) outputs detection values of force
Fx in a direction of the X-axis, force Fy in a direction of
the Y-axis, force Fz in a direction of the Z-axis, moment
My around the Y-axis and moment Mz around the Z-axis
on the basis of the following arithmetic expressions:

Fx=(C1+C4)-(C2+C3)
Fy=(C3+C4)-(C1+C2)
Fz=—(C9+C10)
My=C9-C10
Mz=(C2+C4)~(C1+C3).

30. The force sensor according to claim 28, wherein

the detection ring (200) is composed of a flexible conduc-
tive material and a surface of the detection ring is used as
a common displacement electrode to constitute each of
the capacitive elements (C1 to C10).

31. The force sensor according to claim 5, wherein

both the force receiving ring (100) and the detection ring
(200) are circular rings arranged on the XY-plane so that
the Z-axis is given as a central axis,

said rings are arranged so that the force receiving ring (100)
is outside and the detection ring (200) is inside,

the detection element includes a plurality of strain gauges
(G1 to G8) attached onto surfaces in vicinity of each of
the first to the fourth measurement points (R1 to R4) of
the detection ring (200) so that a direction along an
annular channel along a contour of the detection ring
(200) is a detection direction,

when one of an inner circumferential surface and an outer
circumferential surface of the detection ring (200) is
defined as a laterally arranged surface and one of an
upper surface and a lower surface of the detection ring
(200) is defined as a longitudinally arranged surface,
each of the plurality of strain gauges is constituted by
any one of strain gauges having the following eight
attributes:

a strain gauge (G1) having a first attribute which is attached
in vicinity of the first measurement point (R1) on the
laterally arranged surface,

a strain gauge (G2) having a second attribute which is
attached in vicinity of the second measurement point
(R2) on the laterally arranged surface,

a strain gauge (G3) having a third attribute which is
attached in vicinity of the third measurement point (R3)
on the laterally arranged surface,

a strain gauge (G4) having a fourth attribute which is
attached in vicinity of the fourth measurement point
(R4) on the laterally arranged surface,

a strain gauge (G5) having a fitth attribute which is attached
in vicinity of the first measurement point (R 1) on the
longitudinally arranged surface,

a strain gauge (G6) having a sixth attribute which is
attached in vicinity of the second measurement point
(R2) on the longitudinally arranged surface,
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a strain gauge (G7) having a seventh attribute which is
attached in vicinity of the third measurement point (R3)
on the longitudinally arranged surface, and

a strain gauge (G8) having an eighth attribute which is
attached in vicinity of the fourth measurement point
(R4) on the longitudinally arranged surface, and

a detection circuit (380) outputs:

a detection value of force Fx in a direction of the X-axis by
a Wheatstone bridge circuit in which a strain gauge (G 1)
having the first attribute and a strain gauge (G4) having
the fourth attribute are given as first opposite sides, and
a strain gauge (G2) having the second attribute and a
strain gauge (G3) having the third attribute are given as
second opposite sides,

a detection value of force Fy in a direction of the Y-axis by
a Wheatstone bridge circuit in which a strain gauge (G1)
having the first attribute and a strain gauge (G2) having
the second attribute are given as first opposite sides, and
a strain gauge (G3) having the third attribute and a strain
gauge (G4) having the fourth attribute are given as sec-
ond opposite sides,

a detection value of moment Mx around the X-axis by a
Wheatstone bridge circuit in which a strain gauge (G5)
having the fifth attribute and a strain gauge (G6) having
the sixth attribute are given as first opposite sides, and a
strain gauge (G7) having the seventh attribute and a
strain gauge (G8) having the eighth attribute are given as
second opposite sides,

a detection value of moment My around the Y-axis by a
Wheatstone bridge circuit in which a strain gauge (G5)
having the fifth attribute and a strain gauge (G8) having
the eighth attribute are given as first opposite sides, and
a strain gauge (G6) having the sixth attribute and a strain
gauge (G7) having the seventh attribute are given as
second opposite sides, and

a detection value of moment Mz around the Z-axis by a
Wheatstone bridge circuit in which a strain gauge (G1)
having the first attribute and a strain gauge (G3) having
the third attribute are given as first opposite sides, and a
strain gauge (G2) having the second attribute and a strain
gauge (G4) having the fourth attribute are given as sec-
ond opposite sides.

32. The force sensor according to claim 5, wherein

both the force receiving ring (100) and the detection ring
(200) are circular rings arranged on the XY-plane so that
the Z-axis is given as a central axis,

said rings are arranged so that the three receiving ring (100)
is outside and the detection ring (200) is inside,

the detection elements include a plurality of strain gauges
(G1 to G12) attached onto surface in vicinity of each of
the first to the fourth measurement points (R1 to R4) of
the detection ring (200) so that a direction along an
annular channel along a contour of the detection ring
(200) is a detection direction,

when one of an inner circumferential surface and an outer
circumferential surface of the detection ring (200) is
defined as a laterally arranged surface, and one of an
upper surface and a lower surface of the detection ring
(200) is defined as a first longitudinally arranged surface
and the other of them is defined as a second longitudi-
nally arranged surface, each of the plurality of strain
gauges is constituted by any one of strain gauges having
the following 12 different attributes:
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a strain gauge (G1) having a first attribute which is attached
in vicinity of the first measurement point (R1) on the
laterally arranged surface,

a strain gauge (G2) having a second attribute which is
attached in vicinity of the second measurement point
(R2) on the laterally arranged surface,

a strain gauge (G3) having a third attribute which is
attached in vicinity of the third measurement point (R3)
on the laterally arranged surface,

a strain gauge (G4) having a fourth attribute which is
attached in vicinity of the fourth measurement point
(R4) on the laterally arranged surface,

a strain gauge (G5) having a fitth attribute which is attached
in vicinity of the first measurement point (R1) on the first
longitudinally arranged surface of the detection ring
(200),

a strain gauge (G6) having a sixth attribute which is
attached in vicinity of the second measurement point
(R2) on the first longitudinally arranged surface of the
detection ring (200),

a strain gauge (G7) having a seventh attribute which is
attached in vicinity of the third measurement point (R3)
on the first longitudinally arranged surface of the detec-
tion ring (200),

a strain gauge (G8) having an eighth attribute which is
attached in vicinity of the fourth measurement point
(R4) on the first longitudinally arranged surface of the
detection ring (200),

a strain gauge (G9) having a ninth attribute which is
attached in vicinity of the first measurement point (R1)
on the second longitudinally arranged surface of the
detection ring (200),

a strain gauge (G 10) having a tenth attribute which is
attached in vicinity of the second measurement point
(R2) on the second longitudinally arranged surface of
the detection ring (200),

a strain gauge (G11) having an eleventh attribute which is
attached in vicinity of the third measurement point (R3)
on the second longitudinally arranged surface of the
detection ring (200), and

a strain gauge (G12) having a twelfth attribute which is
attached in vicinity of the fourth measurement point
(R4) on the second longitudinally arranged surface of
the detection ring (200), and

the detection circuit (380) outputs:

a detection value of force Fx in a direction of the X-axis by
a Wheatstone bridge circuit in which a strain gauge (G1)
having the first attribute and a strain gauge (G4) having
the fourth attribute are given as first opposite sides, and
a strain gauge (G2) having the second attribute and a
strain gauge (G3) having the third attribute are given as
second opposite sides,

a detection value of force Fy in a direction of the Y-axis by
a Wheatstone bridge circuit in which a strain gauge (G1)
having the first attribute and a strain gauge (G2) having
the second attribute are given as first opposite sides, and
a strain gauge (G3) having the third attribute and a strain
gauge (G4) having the fourth attribute are given as sec-
ond opposite sides,

a detection value of force Fz in a direction of the Z-axis by
a Wheatstone bridge circuit in which a serial connection
side of a strain gauge (G5) having the fifth attribute with
a strain gauge (G6) having the sixth attribute and a serial
connection side of a strain gauge (G7) having the sev-
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enth attribute with a strain gauge (G8) having the eighth
attribute are given as first opposite sides, and a serial
connection side of a strain gauge (G9) having the ninth
attribute with a strain gauge (G10) having the tenth
attribute and a serial connection side of a strain gauge
(G1) having the eleventh attribute with a strain gauge
(G12) having the twelfth attribute are given as second
opposite sides,

a detection value of moment Mx around the X-axis by a
Wheatstone bridge circuit in which a strain gauge (G5)
having the fifth attribute and a strain gauge (G6) having
the sixth attribute are given as first opposite sides, and a
strain gauge (G7) having the seventh attribute and a
strain gauge (G8) having the eighth attribute are given as
second opposite sides,

a detection value of moment My around the Y-axis by a
Wheatstone bridge circuit in which a strain gauge (G5)
having the fifth attribute and a strain gauge (G8) having
the eighth attribute are given as first opposite sides, and
a strain gauge (G6) having the sixth attribute and a strain
gauge (G7) having the seventh attribute are given as
second opposite sides, and

a detection value of moment Mz around the Z-axis by a
Wheatstone bridge circuit in which a strain gauge (G1)
having the first attribute and a strain gauge (G3) having
the third attribute are given as first opposite sides, and a
strain gauge (G2) having the second attribute and a strain
gauge (G4) having the fourth attribute are given as sec-
ond opposite sides.

33. The force sensor according to claim 8, wherein

both the force receiving ring (100B) and the detection ring
(200B) are circular rings arranged on the XY-plane so
that the Z-axis is given as a central axis,

said rings are arranged so that the force receiving ring
(100B) is outside and the detection ring (200B) is inside,

a cylindrical fixed assistant body (350B) whose lower sur-
face is fixed on the upper surface of the supporting
substrate (300B), with the Z-axis being given as a central
axis, is provided further inside the detection ring (200B),

the detection element comprises:

afirst capacitive element group (C10) including a plurality
of capacitive elements (C11 to C15) constituted by a first
displacement electrode group (T10) including a plural-
ity of displacement electrodes (T11 to T15) arranged at
a first diaphragm (D1) on an inner circumferential sur-
face of the detection ring (200B) and a first fixed elec-
trode group (U10) including a plurality of fixed elec-
trodes (U 11 to U15) arranged at positions facing the
respective displacement electrodes of the first displace-
ment electrode group (T10) on an outer circumferential
surface of the fixed assistant body (350B),

a second capacitive element group (C20) including a plu-
rality of capacitive elements (C21 to C25) constituted by
a second displacement electrode group (T20) including
a plurality of displacement electrodes (121 to T25)
arranged at a second diaphragm (D2) on the inner cir-
cumferential surface of the detection ring (200B) and a
second fixed electrode group (U20) including a plurality
of fixed electrodes (U21 to U25) arranged at positions
facing the respective displacement electrodes of the sec-
ond displacement electrode group (T20) on the outer
circumferential surface of the fixed assistant body
(350B),
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athird capacitive element group (C30) including a plurality
of capacitive elements (C31 to C35) constituted by a
third displacement electrode group (T30) including a
plurality of displacement electrodes (131 to T35)
arranged at a third diaphragm (D3) on the inner circum-
ferential surface of the detection ring (200B) and a third
fixed electrode group (U30) including a plurality of fixed
electrodes (U31 to U35) arranged at positions facing the
respective displacement electrodes of the third displace-
ment electrode group (T30) on the outer circumferential
surface of the fixed assistant body (350B), and

a fourth capacitive element group (C40) including a plu-
rality of capacitive elements (C41 to C45) constituted by
a fourth displacement electrode group (T40) including a
plurality of displacement electrodes (T41 to T45)
arranged at a fourth diaphragm (D4) on the inner cir-
cumferential surface of the detection ring (200B) and a
fourth fixed electrode group (U40) including a plurality
of fixed electrodes (U41 to U45) arranged at positions
facing the respective displacement electrodes of the
fourth displacement electrode group (T40) on the outer
circumferential surface of the fixed assistant body
(350B),

a projection image of one of a pair of electrodes constitut-
ing said capacitive elements (C 11 to 15, C21 to C25,
C311t0 C35,C41 to C45) projected on a surface on which
the other of said pair of electrodes is formed is included
in the other electrode, and

the detection circuit (380) outputs a detection value on the
basis of a capacitance value of each of the capacitive
elements (C11 to C15, C21 to C25, C31 to C35, C41 to
C45).

34. The force sensor according to claim 33, wherein

the first capacitive element group (C10) includes an on-
axis capacitive element (C15) of the first group arranged
on the X-axis, a first capacitive element (C11) of the first
group arranged in a positive direction of the Y-axis adja-
cent to the on-axis capacitive element (C15) of the first
group, a second capacitive element (C12) of the first
group arranged in a negative direction of the Y-axis
adjacent to the on-axis capacitive element (C15) of the
first group, a third capacitive element (C13) of the first
group arranged in a positive direction of the Z-axis adja-
cent to the on-axis capacitive element (C15) of the first
group, and a fourth capacitive element (C14) of the first
group arranged in a negative direction of the Z-axis
adjacent to the on-axis capacitive element (C15) of the
first group,

the second capacitive element group (C20) includes an
on-axis capacitive element (C25) of the second group
arranged on the Y-axis, a first capacitive element (C21)
of the second group arranged in a positive direction of
the X-axis adjacent to the on-axis capacitive element
(C25) of the second group, a second capacitive element
(C22) of the second group arranged in a negative direc-
tion of the X-axis adjacent to the on-axis capacitive
element (C25) of the second group, a third capacitive
element (C23) of the second group arranged in the posi-
tive direction of the Z-axis adjacent to the on-axis
capacitive element (C25) of the second group, and a
fourth capacitive element (C24) of the second group
arranged in the negative direction of the Z-axis adjacent
to the on-axis capacitive element (C25) of the second

group,
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the third capacitive element group (C30) includes an on-

axis capacitive element (C35) of the third group
arranged on the X-axis, a first capacitive element (C31)
of the third group arranged in the positive direction of
the Y-axis adjacent to the on-axis capacitive element
(C35) of the third group, a second capacitive element
(C32) of the third group arranged in the negative direc-
tion of the Y-axis adjacent to the on-axis capacitive ele-
ment (C35) of the third group, a third capacitive element
(C33) of the third group arranged in the positive direc-
tion of the Z-axis adjacent to the on-axis capacitive
element (C35) of the third group, and a fourth capacitive
element (C34) of the third group arranged in the negative
direction of the Z-axis adjacent to the on-axis capacitive
element (C35) of the third group, and

the fourth capacitive element group (C40) includes an on-

axis capacitive element (C45) of the fourth group
arranged on the Y-axis, a first capacitive element (C41)
of the fourth group arranged in the positive direction of
the X-axis adjacent to the on-axis capacitive element
(C45) of the fourth group, a second capacitive element
(C42) of the fourth group arranged in the negative direc-
tion of the X-axis adjacent to the on-axis capacitive
element (C45) of the fourth group, a third capacitive
element (C43) of the fourth group arranged in the posi-
tive direction of the Z-axis adjacent to the on-axis
capacitive element (C45) of the fourth group, and a
fourth capacitive element (C44) of the fourth group
arranged in the negative direction of the Z-axis adjacent
to the on-axis capacitive element (C45) of the fourth
group, and

when a capacitance value of the first capacitive element

(C11) of the first group is given as C11, a capacitance
value of the second capacitive element (C12) of the first
group is given as C12, a capacitance value of the third
capacitive element (C13) of the first group is given as
C13, a capacitance value of the fourth capacitive ele-
ment (C14) of the first group is given as C14 and a
capacitance value of the on-axis capacitive element
(C15) of the first group is given as C15,

when a capacitance value of the first capacitive element

(C21) of the second group is given as C21, a capacitance
value of the second capacitive element (C22) of the
second group is given as C22, a capacitance value of the
third capacitive element (C23) of the second group is
given as C23, a capacitance value of the fourth capaci-
tive element (C24) of the second group is given as C24,
and a capacitance value of the on-axis capacitive ele-
ment (C25) of the second group is given as C25,

when a capacitance value of the first capacitive element

(C31) of the third group is given as C31, a capacitance
value of the second capacitive element (C32) of the third
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group is given as C32, a capacitance value of the third
capacitive element (C33) of the third group is given as
(33, a capacitance value of the fourth capacitive ele-
ment (C34) of the third group is given as C34, and a
capacitance value of the on-axis capacitive element
(C35) of the third group is given as C35, and

when a capacitance value of the first capacitive element

(C41) of the fourth group is given as C41, a capacitance
value of the second capacitive element (C42) of the
fourth group is given as C42, a capacitance value of the
third capacitive element (C43) of the fourth group is
given as C43, a capacitance value of the fourth capaci-
tive element (C44) of the fourth group is given as C44,
and a capacitance value of the on-axis capacitive ele-
ment (C45) of the fourth group is given as C45,

the detection circuit (380) outputs detection values of force

Fx in a direction of the X-axis, force Fy in a direction of
the Y-axis, force Fz in a direction of the Z-axis, moment
Mx around the X-axis, moment My around the Y-axis,
and moment Mz around the Z-axis, on the basis of the
following arithmetic expressions:

Fx=—(Cl1+C12+C13+Cl4+ C15)+
(C31 +C32+ C33+C34 + C35) or
=—(Cl1+C12+C13+Cl4) +
(C31+C32+C33+C34) or
=-CI5+(C35

Fy=—(C21 +C22+ C23+ C24+ C25) +
(C41 + C42 + C43 + C44 + C45) or
=—(C21 +C22+ C23+ C24) +
(C41 + C42 + C43 + C44) or
=-C25+C45

Fz=(Cl3+C23+ C33+C43)— (C1l4 + C24 + C34 + C44)
Mx = (C23 + C44) — (C24 + C43)
My = (C14 + C33) - (C13 + C34)

Mz =(Cl1+C21 + C32 + C42) — (C12 + €22 + C31 + C41).

35. The force sensor according to claim 33, wherein
at least the diaphragms (D1 to D4) of the detection ring

(200B) are composed of flexible conductive material,
and a surface of a diaphragm is used as a common
displacement electrode to constitute each of capacitive
elements (C11 to C15, C21 to C25, C31 to C35, C41 to
C45).



