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AN ACCELERATION SENSOR, AN ACCELERATION DETECTION

APPARAT_US,- AND A POSITIONING DEVICE

 BACKGROUND OF THE INVENTION

1. Field of the Invention
The presént- invention relates to detecting angular acceleration
(rotational acceleration) and translational acceleration resulting from shock to

an electronic device.

2. Description of Related Art

Miniaturization of electronic cbfnponents has helped drive the
rapid adoption and distribution of notebook computers and other types of '
portable electronics. This has also increased demand for small, surface- |
mountable, high performance acceleration (shock) detectors in order to assure

and improve the reliability of these electronic devices. This is because physical

- shocks to a high density magnetic storage device while writing to the storage

medium can, for eXample, cause the position of the write head to shift. This caﬁ
result in data write errors and corruption or even damage to the head. It is
therefore necessary and desirable to detect shock to. the m'agnetic storage
d_evicé and either interrupt the write operation or move the h_ead to a safe
position.

As the recording density of magnetic storage devices has
increased, the track width on the disk surface has also gotten narrower. This
makes it even easier for the position of the head to shift (for.the track to shift) at

the slightest vibration. Another problem is that, in addition to impact and

| vibration from external sources abting on the magnetic storage device, small
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vibrations from the spinning of motors inside the magnetic storage device can

~ also cause the magnetic head to skip tracks.

" Vibrations ectihg.on the "magnetie storage device include both

" translational vibration and rotational vibration. For control purposes, it is

therefore necessary to distinguish translational acceleration  from angular
acceleration (refeﬁed to below as rotational acceleration), and a sensor-capable |
of detecting translational acceleration and rotational acceleration is needed.
Translational acceleration can be detected using a single prior art acceleration
sensor. Rotational acceleration can be detected with the greatest sensitivity
using two or more ecceleration sensors placed as far from each other and from
the axis of rotation as possible. If two. acceleration sensors are placed

equidistenily from -and on opposite sides of the rotational axis, the output’

- signals from the acceleration sensors will be opposite sign but the same

magnitude when rotational acceleration occurs. This will, however, only be true
when the center of rotation is centered between the two acceéleration sensors. _
Furthermore, when two acceleration sensors having the same pracﬁcal
characteristics are located on the same side of relative to.the exis of rotation,
translational acceleration will be the same at each acceleration sensor and the
output signals from the acceleration sensors 'in. resp‘onse to translational )

acceleration will have the same magnitude. On the other hand, when rotational

~ acceleration occurs, the output signals from the two acceleration sensors will

differ in magnitude because the distance from the axis of rotation to each

acceleration sensor differs. Rotational aecelera{ion c_en therefore be detected

_ by obtaining the difference between the two output signals:

A piezoelectric element, which produces a voltage as a result of
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deformation of a piezoelectric body in response to strain, can also be used as

an acceleratlon sensor as described in Japanese Patent Laid-open Publlcatlon

'(kokau) No 10-96742 One plezoelectnc element used for an acceleratnon o
" sensor is flat with a flat cantilevered portion. Strain deformation from

. acceleration is picked up as vibration of thé cantilever portion of the

piezoelectric body, thus producing a charge that can be detected to detect
acceleration. |

Thé p'roblem is that when the abceleration sensor consists of
plural piezoelectric elements, differences occur in the charac_terfstics of the
individual plezoelectnc: elements. |

Furthermore, when the acceleratlon sensor has two piezoelectric

“elements disposed at separate pos_ltlons, the sensmwty of the piezoelectric
* elements may be affected by where the elements are positioned. For example,

-temperature differences resulting from the position of the elements can offset

the sensitivity - of _eabh, piezoelectric element. In this case differences in the -
output signals from each piezoelectric element can cause rotationél- |
acceleration to be mistakenly detected when translationa_l acceleration occurred,
and rotational aCceIeratién cannot be accurately recognized.. .

) Yet further, redubing the dist_ance between piezoelectric elements

by housing two piezoelectric elements in the confined space inside a single

package also reduces the detection signal difference. . As a result, rotational
acceleration cahnot be detected with high sensitivity.
SUMMARY OF THE INVENTION

With consideration for the problems described above, it is

therefore an object of the present invention to provide an acceleration sensor
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that can be disp'o-sed' inside a limited space and can detect rotational

acceleratlon Wlth high sensitivity. .

o To achleve this object -an acceleratlon sensor accordmg to:the
present invention has first piezoelectric element having electrodes for outputting
a charge prcduced by strain deformation and second piezoelectric element
having electrodes for outputting a charge prccluced by strain deformation. The |
first piezoelectric element has at least one piezoelectric body and a support
block supporting the piezoelectric body. The second piezoelectric element has

at least one piezoelectric body and a support block supporting the piezoelectric

. body. The electrodes are provided on opposite'surfaces of the piezoelectric

element, and one surface of the first piezoelectric element and one surface of
the second plezoelectrlc element are effectlvely parallel to each other. -

One surface of the first piezoelectric element and one surface of

the second piezoelectric element are substantially parallel to each other so that

the vibrating surfaces of the piezoelectric elements are parallel and each
piezoelectric element will thus vibrate in the same direction in response to
acceleration in a single directicn. Yet further preferably, one surface of the first
piezoelectric element and one surface of the second piezoelectric element are
in the same plane. The piezo_electric elements nor_mally vibrate perbendlcula_r to

the cantilever surface, and the surfaces of the cantilever portions of the

- piezoelectric elements are therefore preferably parallel to each other.

Yet further preferably, the cantilever portion and support block'

portion of the piezoelectric body in each piezoelectric element are a co_ntinuous

monolithic portion, but the support block portion can be separate from the

cantilever portion.
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This configuration makes it possible to dispose first and second

piezoelectric elements for detecting acceleration in the same direction in a

confined space, and detect rotational acceleration with high sensitivity due to

the distance between the support blocks supporting the piezoelectric body of
the -piezoelectric elements. Rotational acceleration can also be detected
without being affected by en\/ironmental.factors due to the instaliaticn. o

Further preferably, the first and second piezoelectric elements are
cantiiei/ered, having a cantilever portion including a main piezoelectric body -
si.irface_ and a support block portion for supporting the piezoelectric body. The
first and second piezoelectric elements are aligned with the longitudirial axes of -
the cantilever portion with the support block portions disposed to the outside
mutually distant in opposite directions e.long the Iongitudinal axis, a fre_e end
pcrtion of the cantilever of the ﬁrst piezoelectric element and a free end portion
of the cantilever of the second piezoelectric element are pointing to each other.
Each free end portion of cantilever is located in mutual proximity to the inside,
and the ends of the cantilever portions are substantially mutu’ally'parallel.

Yet further preferably, the first piezoelectric element includes one

piezoelectric body and the second' piezoelectric element includes one

_ piezoelectric body.' The directicn of polarization of the piez_oelectric body_ of the

first piezoelectric element and the direction of polarization of the piezoelectric
body of the first piezoelectric element are opposite. It is noted that the direction
cf polarization may be called as the polarized direction.

Alternatively, the ﬁrst piezoelectric eletnent includes one
piezoei_ectric body and the second piezoelectric element includes one

piezoelectric body. The direction of polarization (polarized direction) of the



10

15

20

25

piezoelectric body of the first piezoelectric element and the direction of

polarization of the 'piezoel-ect_ric body of the second piezoelectric element are

 thesame. .-

_ Alternatively, the first piezoelectric element includes a plurality of
layers of bonded piezoelectric bodies and the second piezoelectric element
includes a plurality of layers of bonded piezoelectric. bodies. Thus bonding

plural piezoelectric bodies to form the piezoelectric elements produces a

~ stronger output signal.

Yet further preferably, the direction of polarization of all

piezoelectric bodies forming the piezoelectric elements is the same in each of

- the first and second piezoelectric' elements.

Alternatively, ~_'th'e direction's' of polarization of the piezoelectric
bodies constituting .the first piezoelectric element and the directions of |
pol’ariiation of the piezoelectric bodies constituting the second piezoelectric
element are mutually opposite. |

Yet further ‘preferably, the direction of polarization' of the
piezoelectric bodies constituting the first piezoelectric element and the direction
of pola'rization of the piezoelectric bodies constituting the second piezoelectric
element are the same.. ' _ | | |

Yet further preferably, the first piezoelectric element includes at
least two piezoelectric bodies and the secorrd piezoelectric element includes at
least two piezoelectric bodies. The piezoelectric bodies of each piezoelectric
element are bonded with surfaces | of the same polarity of polarization.
Therefore, the direction of one piezoelectric body and the dir-ection of another

piezoelectric body are opposite.
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Yet further preferably, the directions of polarization of the

~ corresponding piezoelectric bodies are mutually opposite in the first and second

piezoelectric elements: -~ - . . . s
Alternatively, the directions of polarization of the corresponding
piezoelectric bodies are the same in the first and second piezoelectric elements.

~ Yet further preferably, in one piezoelectric' element- the .

-. piezoelectric bodies of the piezoelectric element are bonded with an-inten_/enir\g .

shim therebetween.

| Substantially any material that can bond with the piezoelectric’
body can be used for the shim. Preferably, however, the shim will pass
vibration due to acceleraﬁon to the piezoelectric body. Yet further preferably
the shim is a silicon substrate.

Yet further preferably, the piezoelectric element is formed by

'bonding the plural piezoelectric bodies by direct bonding.

An adhesive layer is thus not formed at the interface between the
piezoelectric bodiee. Vibration due to ecc-eleration is thus not abserbed by en'
adhesive layer, and acceleration can be deiec_:ted with 'high sensitivity due to
device stability | o |

| Yet further preferably, the prezoelectnc element is formed by
bondlng a plurality of piezoelectric bodies by direct bonding by way of at least -
one of oxygen atoms and hydroxyl groups

The plezoelectrrc bodies can thus be strongly bonded to each
other as a result of the oXygen atoms or hydroxyl groups.

Yet further preferably, the acceleration sensdr .ha's an output

terminal for each electrode of the first and second piezoelectric elements.
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Yet further preferably, the acceleration sensor also has for eac_h of
the first and second. piezoelectric elemehts at least one output terminal
intereonhectiné electrodes of' ‘mutually diffe}'ent generated 'chane polaﬁty '
between different piezoelectric elements.

By connecting. an electrode of one charge polarity in.the first

. piezoelectric element to an electrode of the opposite charge pol'erity in the
~.second piezoelectric element, and connecting the node therebetween as the

'outp_ut terminal, the charges from the two piezoelectric elements are mutually

cancelling, and the excess charge is obtained as the difference between the
piezoelectric element outputs. When rotational acceleration occurs the charges

generated by .the piezoelectric elements differ according to the distance from

~ the center of rotation. On the dther hand, the charges generated by the

piezoelectric elements due to translational acceleration are the same. It is

therefore possible to detect rotational acceleration based on the difference

between the outputs. In other words, interconnecting the piezoelectric elements
as described above obtains the difference of the outputs. It is therefore nei
necessary to provide an externel differential circuit.

Yet further preferably, electrodes of the same generated charge

polarity in different piezoelectric elements are connected, and the first and

second piezoelectric elements each comprise an output terminal from an
electrode other than said connected electrodes.

In this case electrodes of the same generated charge polarity are
connected in series between the ﬁrsi and second piezoelectric elements,
charges of the same polarity are mutually cancelling, and the diffference

between the charges generated by the piezoelectric elements is output. Any
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-excess charge can thus be obtained as the difference in piezoelectric element

output, and rotational acceleration can be detected from this difference. In
other words, interconnecting .the piezoelectric elements as described above

obtains the difference of the outputs. It is-therefore not necessary to provide an

.external differential circuit.

Yet further preferably, the acceleration sensor also has at least

.one output terminal set for outputting a charge generated at each electrode of

the first and second piezoelectric elements.

Yet further preferably, the first piezoelectric element is effectively

adjusted to the same sensitivity as the second piezoelectric element.

" The first and second pieZoeiectric elements of this acceleration

sensor normally have substantially the same sensitivity by mant'.if'a_cturing both

piezoelectric elements to the same dimensions. However, to further improve

acceleration detection sensitivity, the sensitivity- of one piezoelectric element is
preferably adjusted to effectively the same sensitivity as the other piezoelectric
element. .Adjusting piezoelectric element sensitivity can be accompiished by,
for example, removing portion of the cantilever portion or adding a‘se.nsitivity
adjusting mass to the cantilever portion.

' 'Therefore, e portion of the cantilever portion of the first
piezoelectric element is preferably removed in another acceleration sensor of
this invention. |

Alternatively, a sensitivity .adjusting mass is affixed the cantilever
portion of the first piezoelectric element in another acceleration sensor of this
invention.

Yet further preferably; the first piezoelectric element is fixed by the
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support block portion inside a package and second. piezoelectric element is
fixed by the support block portion inside a package so that the cantilever portion
can vibraté'freelil. o B g |
.By thus housing the first and second piezoelectric elements in a
package, outpuf can be easily obtained from the electrodes of the piezoelectrie
elements:. |
Yet further preferably, the first and second piezoelectric elements

are mounted inside the package with the cantilever portion inclined to the

surface of the peckage.

. By thus mounting the piezoeleetric elements with the cantilever

inclined to the surface of the package, the cantilever will also vibrate at an

lincline to the surface. It is therefore possible to detect acceleration parallel to

_the paekage surface as well as acceleration perpendicular to the package'

surface.

Yet further preferably, the first and second piezoelectric elements
are. mounted to the package so that the angle of inclination between the
cantilever portions thereof and the package surface is mutually different;' |

Yet further preferably, two sets of piezoelectric elements are
mounted in the package, the first and second piezoelectric elements of the first
set mounted with the eantilever portion there.of perpendicular to the package
surface, and the first and second pieioelectric- elements of the second set
mounted with the cantilever portion parallel to the package surface.

By .thus' providing two sets of piezoelectric elements mounted with
the cantilever portions thereof respectively parallel and perpendicular to the

package surface, acceleration components parallel and perpendicular to the
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package surface can be separately detected. It will also be obvious that a third

- set of plezoelectnc elements could be added to detect acceleratlon components

-in a third axnal dlrectlon

This invention also provides an acceleration detection apperatus
having an acceleration sensor according to the present invention and a signal
processing circuit for processing output signals from the piezoelectric elements.

It is thus possible to contain both the acceleration sensor and a
semiconductor element integrating the signal processing circuit in a single
péckage, thereby shortening the wiring, making the ‘acceleration detection
apparatus.more resistant to noise, and able to detect acceleration with high
sensitivity. |

Yet further preferably, the first and second pieZOeIectr_ic elements -
are connected to output to the signal processing circuit same-polarity output
signals for acceleration in the same direction; and the signal processing circuit
determines the difference between the output signals.

Alternatively, the first and second piezoelectric elements are
connected to output to the signal processing circuit opposite-polarity output
signals for acceleration in the same direction; and the signal processing circuit
determines the sum of the output signals. | | |

Yet further preferably, the sign'al' processing circuit comprises a
circuit for detecting angular acceleration from the difference of the outputs from
the first and second piezoelectric elements

Rotational acceleration acting on first and second plezoelectnc
elements at different distances from the center of rotatlon will be different.

Translational acceleration, however, will be the same. Therefore, by detecting
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the difference of the output from the two piezoelectric elements; output signal

components relatlng to translational acceleration will cancel and the output

* signal due to rotational acceleration can be detected T L e

Yet further preferably, the signal processing circuit adjusts output
so that the sensitivity of the first and second piezoelectric elements is effectively
equal. |

Yet further preferably, the signal processing circuit comprises one

impédance converting circuit for converting output signal impedance from the

'piezo,electric elements, and an amplifier circuit for amplifying the converted

output signals.

Yet further preferably, the signal proceesing circuit comprises two

| impedance converting circuits for converting output signal impedance from the |

piezoelectric elements, and an adding circuit for adding the converted output

signals.

Yet further preferably, the signal processing circuit comprises two
impedance converting circuits for converﬁng output signal impedance from the
piezoelectric elements, and a differential ampliﬁer.circuit for detecting and
afnplifying the converted output signal difference.

_Yet further preferably; the acceleration detection apparatus has a

- plurality of output terminals for simultaneously externelly outputting the

amplified output of the converted output after impedance conversion, and the

impedance—converied output signal of at least one piezoelectric element.

Yet further preferably, the first and second piezoelectric elements
are fixed at the support block portion in the package so that the cantilever

portions can vibrate freely, and the signal processing circuit is also housed
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inside the package.

A posmonlng apparatus accordlng to the present invention has an

'acceleratlon detectlon apparatus. accordlng to the ‘present |nvent|on for

detecting acceleration, a moving means for moving an object, and a control

. means for controlling the moving means. The control means controls the

moving means to move and position the object based on an output signal from

. the acceleration detection apparatus corresponding to detected acceleration.

" The object can therefore be aecurately positioned e\ren if external
interference applies acceleration to the positioning apparatus.
Yet further preferably, the cantilever portions of the first and
second piezoelectric elements of the acceleration detection apparatus are
dlsposed effectively parallel toa means for supportlng the object. |

A disk recording and readmg apparatus according to the present

~ invention has an acceleration detection apparatus for detecting acceleration

according to the present invention, -a head moving means for moving a head for
recording to and reading from the disk, and a control means for controlling the
head moving means. The control means calculates movement of the head
based on an output signal from the acceleration detection apparatus

eorresjpending to _detected acceleration, and moves and positions the head' by

means of the head moving means.

The head can therefore be accurately positioned even if external
interference applies acceleration to the disk drive. As a result, the durability of
the disk recording/reading mechanism can be improVed, and a high density
recording/reading apparatus can be achieved.

Yet further preferably, the cantilever portion of the first and second
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piezoelectric elements of the acceleration detection apparatus are diépoSed-

‘ effectively parallel to an arm supportlng the head.

Other- objects and attainments together with a fuller understanding
of -the invention will become apparent and _appreoiated by referring to the
following description and claims taken in conjunction with .the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1A is an oblique view of an acceleration sensor according to a
first embodiment of the invention;

Fig. 1B is a plan view of the same;

Fig. - 2A is a section view showing the hydrophilicelly processed
surfaces placed in proximity for ‘bonding by direct 'bondin'g in -the first
embodiment of the invention; | | |

Fig. 2B is a section view showing bonding at the inteﬁface as a
result of direct bonding by hydrogen bonds; | |

Fig. 2C is a section view showing bonding by direct bonding at the
interface by way of oxygen atoms;

Fig. 3 describes the principle of rotational acceleration detection

using the acceleration sensor of the first embodiment;

Fig. 4 is an oblique view -of an acoeleration sensor according to a
second embodiment of the invention;
Fig. 5 is a block diagram of acceleration detection using an
acceleration sensor according to a second embodiment of the invention;
| Fig. 6 is a circuit diagram of ‘acceleration detection using an

acceleration sensor according to a second embodiment of the invention;
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Fig. 7 is an alternative block diagram of acceleration detection

using an acceleration sensor according to a second embodiment of the

‘invention;.

Fig. 8 is a circﬁit diagram of acceleration detection equivalent to

the block diagram in Fig. 7; |
| | Fig. 9 is aﬁ_ oblique ;/iew of an acceleration sensor according to a

third embodiment of the invention; |

Fig. 10 is a block diagrarﬁ of an acceleration detection apparafus
according to a fourth embodiment of the ir_wention;

Fig. 11 is a circuit diagram of an acceleration detection apparatus
according to a fourth erhbodi-ment of the invention; -

. Fig. '_1.2A is a plan view of o_ther arrangement of an acceleration

sensor showing the cantilevers pointing in the same direction according to the

present invention,;

| Fig. 12B is a plan view of other arrangefnént of an acceleration
sensor showing the support block in the middle of the piezoelecfric. elements;

Fig. 12C is a plan View_ of other arrangement of an acceleration
sensor showing a support block at both ends of the deflection member of the
piezoelectric elemehts; |
'Fig. 13A is an oblique vfew of an acceleration sensor according to
a fifth embodiment of the invention; |
Fig. 13B is a plan view of the same;

Fig. 14 is an oblique view of an acceleration sensor according to a

sixth embodiment of the invention:

Fig. 15 is a block diagram of acceleration detection using an
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- acceleration sensor according to a sixth embodimlent of the invention;

- Fig. 16 is a circuit dia_grém of an acceleration detection apparatus

according fo a sixth-embodiment of the invention:

Fig. 17 is a block diagram of acceleration detection using an
acceleration sensor according to a séventh embodiment of the inventioh;-

Fig. 18 is a circuit diagram of an acceleration detection apparatus

- according to a seventh embodiment of the invention; '

Fig. 19 is a circuit diagram of an acceleration detection apparatus
according to a seventh embodiment of the invention;
| Fig. 20 is a block diagram of another acceleration detection
method using an acceleration sensor according to a seventh embodiment of the
invention; | |
| Fig. 21 is a circuit diagram of another aécele'ration detection
method using an acceleration sensor acﬁording to a seventh embodiment of the
invention; | |
Fig. 22 is an obli_que'-view of an acceleration detection apparatus
according to an eighth embodiment of the invention;

Fig. 23 is a circuit diagram of an acceleration detection apparatus

- -according to a ninth embodiment of the invention;

Fig. 24 is a block diagram of an acceleration detection apparatus
according to a tenth embodiment of the invention;
| Fig. 25 is a circuit diagram of an acceleration detection apparatus
aécording to a tenth embodiment of the invention; -
Fig. 26A is a plan view of other arrangement of a_n' acceleration

sensor showing the cantilevers pointing in the same direction according to the
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present invention;
Fig. 26B |s a plan view of other arrangement of an acceleration
sensor showmg the support block in the mlddle of the: piezoelectric elements
- Fig. 26C is a plan view of other arrangement of an acceleration
s'ens_or showing a support b.lock-at both  ends of the deflection member of the
piezoelectric elements;
F-ig. 27 is a plan view of lan' acceleration sensor according to an
11th embodtment of the invention; |
Fig. 28 is a block diagram ‘of acceleration detection using an
acceleration sensor according to an 11th embodiment of the inVentton;
Fig. 29 is-a plan view of an acceleration sensor according to a
12th embodiment of the invention; - | _
Fig. 30 is a plan vnew of an acceleratlon sensor-according to a -
13th embodiment of the invention;
Fig. 31 is a block diagram of acceleration detection using an
acceleration sensor according to a 13th embodiment of the invention;
.' Fig. 32 is a pla'n view of an acceleration sensor according to a
14th embodiment of the invention;

Fig. 33 is a plan view' of an acceleration sensor according to a -

15th embodlment of the invention;

Fig. 34 is a block diagram of acceleration detection -using an
acceleration sensor according to a 15th embodiment of the invention;

Fig. 35 is a plan view of an acceleration sensor according to a
16th embodiment of tne invention;

Fig. 36 is a plan view of an acceleration sensor according to a
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17th embodiment of the invention;

Fig. 37 is a block diagram of acceleration detection using an

" acceleration sensor according to a 17th embodiment of the invention;

Fig. 38 is a plan view of an acceleration sensor according to a

“18th embodiment of the invention;

Fig. 39 is an exploded oblique view of an acceleration sensor
according to a 19th embodiment of the invention; - |

Fig. 40A is an oblique view of an acceleration sensor accdrding to

" a 20th embodiment of the invention;

Fig. 40B is a side view of the same;

Fig. 41A shows side views of other arrangements of the
acceleration Sen_sor showing the directfons.of polari_zation t_he same with the
incline of the cantilevers symmetrfcal to the vertical plane according to the 20th
embodiment of the invention;

Fig. 41B shows side views of other arrangements of the
acceleration sensor showing opposite directions of polarization with the
cantilevers inclined in the same direction; |

Fig. 41C shows side views of other arrangements of the

‘acceleration sensor showing oppbsite directions of polarization with the incline

of the cantilevers symmetrical to the vertical plane;

Fig. 42A shows methods for adjuéting the sensitivity of the
piezoelectric elements of the acceleratioﬁ sensor in a 21st embodiment of the
invention; |

Fig. 42B shows other'me'thods., for adjusting_the sensitivity of the

piezoelectric elements of the acceleration sensor in a 21st embodiment of the
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invention; and

Fig. 43A shows the configuration of a disk recording and reading

‘apparatus accbrdin"g to a 22nd embodiment of the invention; and -

Fig. 43B shows a control block diagram for the same.
DESCRIPTION OF THE PREFERRED EMBODIMENTS
Preferred embodiments of the present invention are described

below with reference to the accompanying figures.

'Embodiment 1

Fig. 1A is an oblique view of an accéleration sensor according to
this first embodiment of the invention, and Fig: 1B is a plan view of the same.
As shown in Fig. 1, an acceleration sensor according to this -embodimeht
cdmprises two piezoelectric elements 1 and 2. Each piezoelelctric' element has -
a cantilevered structure in which one end of a bimorbh cantilever is suppoﬁed
by a support block 3. [Each bimorph cantilever comprises two bonded
piezoelectric bodies having oppoéite directjons' of polarization. An electrode
11'ai, 11b, 212, 21b is formed on-the two opposite sides of the cantilever of each
piezoelectric element 1 and 2. Because of the step between the cantilever and
suppoft block 3, the electrodes 11b énd 21b on the same side as the support
block 3 are formed continuously to the step face o that there is electrical
conductivity between the cantilever and support block 3. The electrodes 11a
and 21a on the side opposite the support biock 3 are formed over the entire
surface. |

As a result of the bimorph. cantilever structure bonding two
piez_oelectric-bodies 4 as described .above, the piezoelectric bodies 4 of these

piezoelectric elements 1 and 2 produce a potential difference as a result of the
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flexible vibration of the cantilever portion induced by acceleration transmitted to

~ the cantilever from the support block 3. This potential difference can then be

extracted from the electrodes 11a, 11b, 21a, 21b on the opposing sides of the
c_:antilever. A construction having one or a plurality of bonded piezoelectric body
layers with an electrode disposed to each side as described above is referred to
below as a "piezoelectric element." _ |

The piezoelectric elements 1 and 2 of fhe acceleration sensor 10
shown in Fig. 1 are disposed so that they have one mutually parallel side, and
more speciﬂCally so that.one side of each cantilever is on the same plane. The
piezoelectric eiements 1 and 2 are further -aligned in line on the same

longitudinal axis with the free ends of the cantilevers in proximity at the inside

-and the support block 3 ends of the cantilevers di'sposed to the outside in

mutually opposite directione as shown in Fig. 1. - |

Piezoelectric element 1 and piezoelectric element 2 of this
acceleration sensor 10 each comprise two piezoelectric bodies 4 with mutually
opposite directions of polarizatioh and the same-polarity sides of the two
piezoelectric bodies 4 bonded together. - In addition_, the polarizatien direction of

cor'reSponding piezoelectric bodies are mutually opposite in piezoelectric

- element -1 and piezoelectric.element 2. 'In other words, the polarity of the

bonding surfaces in piezoelectric element 1 is opposite the polarity of the
bonding surfaces in piezoelectric element 2. The polarization directions of the

piezoelectric bodies are shown in Fig. 1B where the arrows -p.oint from the

~ positive polarity side to the negative polarity side. The arrows thus start from

the positive polafity side and point to the negative polarity side. The two

piezoelectric bodies in piezoelectric element 1 are thus bonded together with
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the negative polarity sides thereof facing each other, and the two piezoelectric
bodies in' piezoelectric element 2 are bonded together with the 'positive polarity
sides thereof facing each other. o | | o

The resonance frequency 6f a piezoelectric element is generally.

determined by the length and thickness of the piezoelectric element. The

' sensitivity of a piezoelectric element increases as the frequency of .the

- acceleration approaches the resonance frequency, and the shape of the

piezoelectric element can therefore be determined so that the resonance

- frequency is higher than the measured frequency range. In this first

embodiment of the invention the piezoelectric element.is 100. um thick and 2
mm long with.a resonance frequency of 20 kHz. The piezoelectric elemeht is
made by bonding .two 50 Hm thick piezoe‘lectric bodies together The
piezoelectric bodies in this embodiment are lithium niobate (LINDO;), a
piezoelectric single crystal.

A method of manufacturing the piezoelectric éléments used in this
acceleration sensor is described next.

First, two lithium niobate piezoelectric bodies each 400 um thick

are bonded by direct bonding. The bonding surfaces are polished to a uniform

. mirror surface during this direct bonding process, and the surfaées are. then

washed to remove any foreign matter and contaminants. The two piezoelectric

bodies are then hydrophilically processed and surface activated, dried, and then

: plaéed together.

The pnncuple whereby base layer and plezoelectrlc layer are
bonded by direct bonding is described next with reference to Fig. 2. Fig. 2

shows the interfacial states of the piezoelectric layers at each step of the direct
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bonding. operation in the method for manufacturing piezoelectric elements used
in an acceleration sensor acbording to this first embod_i_ment'_of the invention. L1,
L2, and L3 in Fig. 2 indicate the diétanée' bétv've.e‘n the piezoélectric layei’s. As
noted 'above, both sides of the lithium niobate (LiNbO,) substrates 1a and 1b,

the piezoelectric layers, are first mirror polished. The lithium niobate substratés'

-1a and 1b,ére_ then hydrophilically processed by washing with a. solution of

ammonia, hydrogen peroxide, and water in a 1:1:6 volunfle ratio. As shown in
Fig. 2A, the surfaces of the piezoelectric layers 1a and 1b washed witn this
solution are terminated by a hydroxyl group (-OH), and are thus made
hydrophilic. This is the state before bonding.

| Then, as shown in Fig. 2B, the two hydrophilically processed

- piezoelectric layers (LINbO;) 1a and 1b ‘are placed togéther so that"the

polarization axes are oriented in opposite directions, and bonded (L1 > L2).
This causes dehydraiion, and results in piezoelectric layer (LiINbO;) 1a and
piezoelectric layer (LINbO;) 1b being pulled together by the attraction of
hydroxyl group polymerization and hydrogen coupling. Bonding as a result of

thus surface processing the mirror polished surfaces, then: placing these

.sur_faces_ in contact, and thereby bonding the mated surfaces without using a

layer of adhesive, for-example, at the '-bonding interface is called bonding by.

"direct bonding." _
Because adhesive is not used in bonding by direct bonding, there

is no adhesive iayer'at the bonding interface. An adhesive layer is known to

" absorb vibrations and thus lower Sensitivity, cause variations, and degrade
temperature characteristics. Bonding by direct bonding, however, has no

vibration absorption at the bonding interface, and can thus provide a bond free
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of such variations and degraded temperature characteristics. Heat treatment
will also generally change an mtermolecular force bond to a strong bond such
asa covalent bond |on bond, or other atomic leve! bond.

The plezoelectrlc layers (LiNbO;) 1a and 1b bonded by dlrect

bonding as.described above can therefore be heated at 450 degrees centlgrade '

" as.desired. As shown in Fig. 2C, thi's-produce's a covalent bond between the

constituent atoms of piezoelectric layer (LiNbO3) 1a and th_e-constituent atoms

of piezoelectric layer (LiNbO,) 1b by way of fhe oxygen atoms (L2 > L3), and

the piezoelectric layers 1a and 1b are thus bonded even more strongly by direct

bonding at the atomic level. That is, a bond that does not have a layer of .

- adhesive at the bonding interface can be achieved. It should be noted that a

covalent bond between _.the constituent atoms of piezoelectric layer (LiNbOs) 1a

and the constituent atoms of piezoelectric layer (LiNbO;) 1b by way of hydroxyl

-groups can also be achieved, again resulting in the piezoelectric layers 1a and

1b bonding strongly by direct bonding at the atomic level.

It should be noted that if the piezoelectric layers are net
particularly resistant to heat, heat treatment can be omitted. |

It is also_ importaht to note that when heat treatment is used, the
terhperature ehould not exceed the Curie point, that is, the 'temperature at which
the piezoelectric body loses bolerization. The Curie point of lithium nioba_te
(LiINbO,) is 1210 degrees centigrade. Because the characteristics of lithium
niobate degrade when the -temperature hysteresis approaches this temperature,
heat treatment is preferably limited to a temperature range below the curie point
so as to assure bonding by strong direct bonding. |

" The entire surface of one of the two bonded lithium niobate layers
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is-then polished by surface grinding to a thickness of 50 pm. The other layer is
also ground to a 50 m thickness except |n the part where the support block i is
formed The thickness of the cantllever portlon of the plezoelectnc eIement thus

becomes 100 um and the thickness of the support block portion becomes 450

~um. A 50 nm thick layer of chrome and then a 200 nm thick layer of gold is then

deposited to both ground surfaces to form the electrodes. A flat electrode is
thus formed on one side because the surface is flat, but the presence of the
support block on the other side produces a step between the cantilever surface
and the support block. The electrode films are deposited using a metal mask
on the step face between the support block and the cantile\rer to assure
electrical conductivity between the electrodes on the cantilever surface and the
support block. A dicing saw is then used to cut 0.5 mm wide strips parallel to
the Iongitudinal eXis of the cantilever portion. |

.The principle \rvhereby rotational acceleration is detected using an
acceleration sensor comprising two piezoelectric elements according to this
preferred embodiment is described next with reference to Fig. 3.

Referring to Fig. 3, piezoelectric elements 1 and 2 are Ioca‘ted
distance r from center of rotation O. The piezoelectric elements 1 and 2 are
disposed with the support blocks 3 that sense ecoeleration sepérated distance
or. When rotational acceleration of d2 0 /dt®> occurs, acceleration a1 8 and a2
0 is applled in the dlrectlon tangential to the rotation. When the center of
rotation does not vary, a1 0 is proportional to rd? 8 /dt?, and a2 8 is proportional
to (r+ 8.r)d? 8 /di®. Because each piezoelectric element outputs a potential
difference proportional to the amount of acceleration, output voltage difference

V2-V1 of the two piezoetectric elements 1 and 2 having the same proportional
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coefficient will be proportional to 6 r(d* 6 /dt?), and an output signal proportional

to the rotational acceleration (angular acceleration) d? 6 /dt® can be obtained.

" When translational acceleration occurs, the translational
acceleration acting on piezoelectric elements 1 and 2 has the same magnitude,
the éignals output aé a result of this translational acceleration are substantialiy
the same in magnitude, and the practical difference therebetween is nearly zero.
Howevér, when rotational acceleration occurs, - there is an output -signa_l.

difference proportional to the product of rotational acceleration d 6 /dt* and

- distance §r between the two piezoelectric.elements 1 and 2. It is therefore

possib!é to detect rotational acceleration by obtaining the difference between
the output signals of _the, two piezoelectric elements 1 and 2. To improve the
accuracy of the detected rotational accéleration,"the distance between the two
piezoelectric elements should be as great as possible to increase the output
signal difference. Because acceleration is transmitted from the support block 3
to the cantilever with the cantilevered piezoelectric elements shown in Fig. 1,
the distance between the point of contact between the cantilever and support
block 3 in each piezoelectric element can be treated as the distance between
the two_piezoelectric elements. As a result, the arrangement shown in Fig. 1
yields the highest possible-sensiti\/'.ity to angulér velocfty within a confined space.
When the output signals of the two piezoelectric_elemenlts. are at least a
particular level but the difference between the signals is substantially zero,
rbtational acceleratibh is effectively zero and can be ignored.. In this case,
translational acceleration can be detected frbm the output of either piezoelectric
element. |

Embodiment 2
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Fig. 4 is an oblique view of an acceleration sensor 10 according to

a second embodiment of the invention. This embodiment differs from the first

embodiment in that it houses an acceleration sensor of the first embodimenit in

a package 6a, and makes it easier to extract the output of the piezoelectric

. element electrodes from-_ext_ernal electrodes on thé sides of the package. The

polarization directions of the piezoelectric bodies 4 of the piezoelectric elements
1 and 2 in this acceleration sensor 10 are the-same as in the acceleration
sensor of the first embodiment. The pi.ezoelectric elements 1 and 2 of the
acceleration sensor 10 are fixed to the package 6a at the respective support
blocks 3. A recess 7 is formed in the package 6a so that the cantilevérs of the
piezoelectric elements do not contact the package 6a, and the package 6a 'thus
does not interfere with flexure caused by the tr?némis_sion-of acceleration.

| An éxternal- electrode 8a, éb forms an output terminal at each end
of the package 6a. Electrode 11a of piezoelectric element 1 and electrode 21a
of piezoelectric element 2 are connected to external electrode 8a by an
intervening conductive layer on the package 6a. Electrode 11b of piezoelectric
element. 1 and electrode 21b of piezoelectric element 2. are connected to

external electrode 8b by an intervening conductive layer on the package 6a.

~ The conductiVe-Iayér and electrodes are electrically connected by a condUcti_ve_

~ paste 9. 'Thé package 6a is then covered by package 6b, forming acceleration

sensor 100 (Fig. 5).

By establishing conductivity between. the conductive layer of the
package and the surface of support blocks. 3 of piezoelectric elements 1 and 2
in Fig. 4 using a conductiye paste 9, it is not necessary to establish conductivity

at the cantilever. of the vibrating portion of the piezoelectric element, and the
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amount of conductive paste applied to the cantilever thus has no effect on the

resonance frequency of the .eanti.le\'/er. More specifically,” variation in the

" resonance frequency, sensitivity, and other piezoelectric element characteristics

can be reduced by connecting from the support block 3 to the external electrode
using a conductive paste at the one flat surface 11a and 21a.

In other words, if the external connection is made to the cantilever

- of the piezoelectric element using a conductive paste, variations in the amount

of conductive paste applied alnd differences in the oversbread of conductive

paste onto the cantilever will affect and cause variations in the characteristics of

_the piezoelectric element. On the other hand, if connection is ‘made to the
: s_uppert block 3, there is no direct effect on cantilever vibration, piezoelectric

- element characteristics are determined only by the shape of the piezoelectric

element with no relationship to the amount of conductive paste, and
performance variations can be reduced. The step between the support block
and cantilever at the other side 11b and 21b means that the electrode portion is
divided into two parts, but these two parts are still electrically conductive. The
small area of the cantilever on this side limits the amount of conductive paste
that can be applied, and it is therefore desirable to connect to the electrode
portion on the support block 3. Perforrhance_ chafacteristics will also be affected
on this side by variations in the amount of paste used and overspread of the
paste Onto. the cantilever if connection is made from the cantilever using
conductive paste. It is therefore also desirable to connect to the external

electrode from the electrode portion on the support block 3 on this side of the

cantilever.

If solder, for example, is used to make an electrically conductive
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connection directly to the cantilever, the heat conducted to the piezoelectric

~ body of the plezoelectrlc element can raise the plezoelectrlc body to a high

-temperature causing such problems as degraded performance and reduced

sensitivity. These problems can be avoided, however, by soldering to the
support block 3 because heat transfer to the cantilever is more difficult.

A method for detecting acceleration using this acceleration sensor
is described next with reference to the: acceleration detection block ‘diagram
shown in Fig. 5. Electrodes 11a and 21a of piezoelectric elements 1and 2 are
connected to a common node connected to one terminal of a signal detector 12.

The other electrodes 11b and 21b are likewise connected to a common node

- connected to another terminal of the. signal detector 12. A reference potential

generator 22 is also provided for applying a reference potential. _

The polarization directions of piezoelectric elements 1 and 2 are
described next. These piezoelectric elements are formed by bonding two
piezoelectric bodies having mutually opposite directions of polarization with the
same-polarity sides together. In addition, the polarization. direction of
corresponding piezoelectric bodies are mutually opposite i.n piezoelectric
element 1 and piezoelectric element 2. In other words, the polarity of the
bonding surfaces in piezoeleotric element 1 is-'opposite the polarity of the
bonding surfaces in -piezoelectric element 2. The polarization directions of the
piezoelectric bodies are shown in Fig. 5 with the arrows pointing from the
positive polarity side to the negative polarity side. The arrows thus start from

the positive polarity side and point to- the negative polarity side. It should be

noted that the polarity is determined by the polarization, and does not

necessarily match the polarity'of the charge generated when stress is applied.
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The output obtained from the two piezoelectric elements 1 and 2

when rotational acceleration acts on this acceleration sensor is described next

with reference to Fig..5. When the_center of rotation is at some point offset -

~along an extension of the longitudinal axis of the cantilevers of piezoelectric

elements 1 and 2, acceleration a1 @ applied to piezoelectric-element. 1 at a
point farther from the center of rotation will be greater than acceleration a2 8
applied to piezoelectric element 2 as indicated by the size of the arrows in Fig. 5.

When the respective acceleration is applied in the directions indicated by the

~ arrows in Fig. 5, cantilever displacement will be greater at piezoelectric element

1 than in piezoelectric element 2 as indicated by the dotted lines.

- Of the two piezoelectric bodies of piezoelectric element 1, the
plezoelectnc body on the side of electrode 11b will be extended and - the
piezoelectric body on the snde of electrode 11a will compress as shown in Fig. 5. |
The piezoelectric body that COmpresses produces a charge of the same polarity
as the polarity of polarization, but the charge produced by the piezoelectric body
that stretches is the inverse of polarity of pol’ariéa_ﬁon, and a potential occurs
between the opposing surfaces. This means that electrode 11a on the

compressed piezoelectric body is positively charged matching the polarity of

. polarizati'on, and electrode 11b on the extended piezoelectric body is negatively

charged, which is the inverse of the polarity of polarization.

As noted aboye, the polarization directions of the piezoelectric
bodies of piezoelectric element 2 are oppdeite.those in piezoelectric element 1.
As a result, the electrode 21a on the compressed piezoelectric body is
negatively charged, and the electrode 21b on the stretched piezoelectric body is

positively charged.
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Electrodes 11a and 21a, and electrodes 11b and 21b are

respectively connected and output through common nodes. The charges

generated at each electrode miove, and the différence of the overall charge

~produced by piezoelectric element 1 and piezoelectric element 2 can be

detected. The charge generated by the piezoelectric element 1 farther from the
center of rotation is greater than the charge generated by the other piezoele_ctric
element 2. The charge from piezoelectric element 2 is thus decimated by the
charge from piezoelectric element 1, and the difference between the charges is

passed to the node. This charge is then detected by the signal detector 12, and

- the rotational acceleration can be derived from the resulting output signal. By

thus wiring the electrodes of different polarity' charges generated by the
respeétive piezoelectric elem_ent_s, the geherated charges cancel each other and
the difference of the respective outputs can be obtained. Itis theréfore possible
to detect-the difference of the outputs without providing a separate diffe.rence
circuit, and thereby determine the rotational acceleration. It should be nqted

that the charge generated due to translationai acceleration is effectively the

~ same at each piezoelectric element, and is therefore cancelled by the wiring.

Furthermore, this embodiment Has been described with the center of rotation at

a point on a line extended along the cantilevers of piezoelectric elements 1 and ,

2 as also shown in Fig. 5, but it is also possible to detect rotational acceleration
in the same way for any center of rotation because the magnitude of rotational
acceleration is proporiional to the difference in the distance from the center of
rotation to piezoelectric element 1 and piezoelectric element 2.

It should be noted that rotational acceleration is thought to be

instantly applied. Movement of the piezoelectric body produces a reciprocating
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vibration from the maximum displacement that results when the rotational

acceleration is applied, but the rotatlona| acceleratlon can be detected by

detecting the output at the pomt of greatest dlsplacement

Fig. 6 shows a circuit diagram for a S|gnal detection means that
detects acceleration using an ecceleration sensor' according to this second
embodiment. This signal detection means has a field effect transistor (FET) 14
and resistance as a-source follower, and an operating amplifier 15. Output from

electrodes 11b, 21b of piezoelectric elements 1 and 2 is input to the gate of FET

~ 14. Electrodes 11a and 21a are grounded by an external electrode of the

package. A resistance is connected between the ground end the gate of FET
14, converting output from the piezoelectric element to a voltage. A resistance
is atso connected to the source of FET 14, forming a 'soUrce following circuit.
This source follower constitutes an impedance conversion circuit. |

Output from the FET 14 is input through the resistance to .
operating amplifier 15 and amplified. Operating amplifier 15 is an arnpliﬂer.
ctrcuit. The reference potential is obtained by resistance voltage dividing the
source voltage. It will thus be apparent that the difference of the acceleration

applied to two piezoelectric bodies can be: detected using_ only a simple

' amp_l-iﬁer circuit, and it is not necessery to use a differential amplifier or other

such circuit.

Another method of'detecting acceleration using this acceleration
sensor is described next below. Fig. 7 Iis a block diagram of this acceleration
detection method using the acceleration sensor of the second embodiment of
the invention. Electrodes 11b and 21a of the piezoele_ctric elements 1 and 2 are

connected together, and electrodes 11a and 21b are connected to an input
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terminal of the signal detector 12.. The two piezoelectric elements are, as a
result, connected in s'eries.' A referénd_e pdtentia[ generator 22 is also provided
for applying a reference potential.. . | | - |

The output obtained from the two piezoelectric elements 1 and 2
when rotational acceleration acts on this acceleration sensor is described next.
with reference to Fig. 7. When the center of retation is at some point offset.
along an .extension of the longitudinal axis of the cantilevers of piezoelectric
elemhents 1 and 2, acceleration a1 8 applied to piézoelecitric element 1 at a
point farther from the center of rotation will be greater than acceleration a2 0
applied to piezoelectric element 2 as indicated by the size of the arrows in Fig. 7.
When the reépectiVe acceleration is applied in the directions indicated by the
arrows in Fig. 7, cantilever displacement will be gr_eater at piezoelectric element
1 than in piezoelectric element 2 as indicated by the dotfed lines. |

Of the two piezoelectric bodies of piezoelectric element 1, the
piezoelecific body on the side of electrode 11b will be extended and the
piezoelectric body on the side of eledtrode'1 1'a will compress as shown in Fig. 7.
The p'iezoelectric body that compresses produces a charge of the same polarity
as the polarity of polérization, buf the charge produced by the pieioelectric body
that stretches is the inverse of polarity of polarization, and. a potential oceurs
between: thé opposing -surfaces. This means that -electrode 11a on the
compressed piezoelectric body is positively charged matching the polarity of
polarization, and electrode 11b on the extended piezoelectric body is negatiVer
charged, which is the inverse of the polarity of polarization.

As noted above, the polarization diredtions of the piezoelectric

bodies of piezoelectric element 2 are opposite those in piezoelectric element 1.
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As a result, the electrode 21a on ‘the compressed piezoelectric body is.

negatively cha;ged, and the electrode 21b on the stretched piezoelectric-body is

positivély charged.

Because electrodes 11b and 21a are connected, the respective

- charges. travel and the difference between the same-polarity charges o

electrode 11a of piezoeléctric element 1 and electrode 21b of piezoelectric
element 2 can be detected. Rotational acceleration acting on this acceleration
sensor produces a higher charge in the piezbelecfric element farther from the
center of rotation, which cancels the charge ge_nerated by the other
piezoelectric element and results in the diffefence between the charges being
input to the signal detector 12. This charge is then detected by the signal
detector 12, aqd‘ the rotational acceleration can.be _derivéd from the 'resUIti_ng
output signal.‘l Because the two biezoeiecfric elemehts are seriélly c;onnécted,
the static capacitance of the accelération sensor viewed from thé input terminal
of the signal detector 12 is lower, and the voltage output at the same charge is
higher _comhared with the configuration shown in Fig. 5. The configuration
shown in Fig. 7 thus provides higher sensitivity.

Fig. 8 shows a circuit diagram of the signal detection means for

~ this other acceleration de_te'c'tion' method using an acceleration sensor according

to this-second embod-iment of the invention. The circuit elements are the same
as shown in Fig. 6, and further description thereof is thus omitted.

It should be nbted that the configuration of this acceleration
sensor shall not be limited to the conﬁgUra_tion of the. present embodiment. It is
also possible, for eXampI'e, to arrange the two piezoelectric elements with the

cantilevers pointing in the same direction as shown in Fig. 12A; to dispose the
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support block in the middle of the piezoélectric elements as shown in Fig. 12B;
or to dispose support blocks _at both ends of the deflection member of the
pieioeleétric'elementsjas shown in Fig.12C. |

It will also be noted that while the above embodiments are

~ described with the support block disposed to only. one side of the cantilever

deflection member of the .piezoelectric element, the support .block could be
provided on both sides. .

Furthermore, while lithium niobate is used for the .piezoelectric
bodies in the above embodiments; the invention shall not be so limited. Lithium
tantalate, quartz, and other piezoelectric single crystals could al.ternatiVer- be
used. -Piezoelectric elements using a piezoelectric ceramic or piezoelectric
ceramic laminate could further éltematively be used. |

F uﬁhermore, the piezoelectric bodies are preferably bonded using
direct bonding as described above, but the invention shall not be so limited and
an adhesive could be used. | |

Yet further, the signal processing circuits of the above
en;bodiments use ﬁeld-effecf transistors and operating amplifiers, but it is also

possible to directly input piezoelectric element output to the operating amplifier.

Furth.er, a reference vdltage circuit.'or filter circuit could be provided, or an .

analog/digital converter could be incorporated.

Conductive paste is used for connecting the electrodes of the
piezoelectric elements 1 ari_d 2 to the conductive layer on the package 6a, but
the invention shall not be so limited. Solder or leadffree solder could
alternatively bé used. Reliability under high temperature, high humidity

operating conditions can be improved by using solder, for example.
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Embodiment 3

Fig. 9 is an oblique view of an.agc_eleifation sensor 100 according

fo a third embodiment of the invention. ‘This embddimént. differs from the first

and second embodiments in that it houses an acceleration sensor 10 of the first
embodimént in a package 6a, 6b with-connections to external electrodes 8a, 8b,
8c, 8d, and further incorporates a semiconductor element 16 for processing
piezoelec;tric element output inside the ‘same package; This acceleration
sensor 100 thus consists of piezoelectric elementé 1 and 2, semiconductor
element 16, package 6a, 6b, and external electrodes 8a, 8b, 8c, 8d.
Piezoelectric elements 1 and-2 are identiéal to the piezoelectric elements of the
acceleration sensor- according to the ﬁfst. embodiment. - The semiconductor
element 16 is uééc_l_as a bare chip, thus_ helping to make the o_vgérall acceleration
sensor small.

_ Electrodes on the top of the semiconductor element 16 aré
connected to the conductive layer on package 6a by wire bonding, while
électrodes on the bottom are die bonded. The piezoelectric element electrodeé
and conductive layer are connected with conductive paste. The external
electrodes 8a, 8b, 8c, 8d are used as a power supply terminal, ground terminal,
and output terminals. | |

The semiconductor elen;nent.16 integrates the circuit shown in the
block diagram in.Fig. 5 according to thé acceleration sensor of the second
embodiment. More specifically, the signal processing circuit integrated in this
semiconductor element comprises a field-effect transistor and resistance as a

source following circuit, and an operating amplifier. The source following circuit

~ is an impedance conversion circuit. FET output passes the resistance and is
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input to the operating amplifier 15 for ampliﬁcation.' The o.pérating ampilifier thus

. constitutes an amplifier circuit. The signal processing circuit thl._lS consists of

one impedance- circﬁi't'and én amplifier circuit. Circuit operation is 'as"describ'ed
in the second embodiment. The circuit design of the semiconductor element 16
using a FET is as shown in Fig. 6, the operation of the semiconductor element
16 is as described in the second embodiment, and further description is
therefore omitted. |

| An equivalent detection cfrcuit can also be built by disposing the

elements on a printed circuit board, but the longer wiring lengths increase the

 effects of noise and lower the S/N ratio.. On the dther hand, noise can be

reduced and a high S/N ratio achieved by housing the semiconductor element
and resistanbe in proximity to the piezoelectric elements inside the Same
package; Sensor detection resolution is determined by the S/N ratio, and high
resolution can be achieved by HoUsing the semiconductor element and other

components in the same package. This is particularly important with

~ piezoelectric elements made of iithium niobate or piezoelectric single crysfal

because the static capacitahce is Idw, impedance is high, and the piezoelectric
elements are thus susceptible to noise. In addition, the resistance of the
current'-yoltage converting resistor must be indreased- when the cut-off
frequency oh thé low frequency side is lowered, and susceptibility to noise is

thus. increased. The construction of the present embodiment is a particularly

 effective means of avoiding these problems.

Furthermore, differences in the amplification rate due to

~ differences in temperature or other environmental factors can also be

substantially ignored as a result of housing the piezoelectric element and



10

15

20

25

37

semiconductor element in the same package._ Rotational acceleration can
therefore be detected with excellent accuracy.

i '-wi_ll ‘be fuirther noted that the circuit configuration of the
semiconductor element shall not be limited to that described above. For
example, piezoelectric element output could be input directly. to an ampliﬁér
circuit without using a buffer amplifier or impedénce.conversion circuit, or an .

amplifier circuit for additional gain could be provided downstream. An amplifier .

.circuit for obtaining even greater gain, or an analog/digital conversion circuit

could also be provided downstream of the adder.

It is yet further possible to house only some of the circuit elements

.inside the same package 6a, 6b and place the remaining circuit elements on a

. printed circuit board instead of housing all circuit elements in the package 6a,

6b.

It MII also be obvious that the construction of the at:cel_eration
sensor shall not be limited to that of the first embodiment. It is also possible, for
example, to arrange the two piez_oelectric elements with the cantilevers pointing
in the same direction as shown in Fig.-12A,; to dispose the support block in the

middle of the piezoelectric elements as shown in Fig. 12B; or to dispose support

-blocks at both ends of the deflection member of the piezoeleclric elements as

shown in Fig. 12C.

An acceleration sensor according to this embodiment of the
invention is' thus compact, can detect rotational acceleration with good
sensitivity using only one sensor, and features a high S/N fatio and resolution.
Embodiment 4 |

An acceleration detection apparatus according to a fourth
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"embodiment of the invention is the same as the acceleration detection

apparatus of the thlrd embodlment in appearance as shown in Fig. 9, but differs
therefrom in the circuit conf guratlon of the. semlconductor element 16 housed '
inside package 6a, 6b. Fig. 10 is a block diagram of an acceleration detection
apparatus 100 according .to the present embodiment. The acceleration sensor
10 of this acceleration detection apparatus is the same --as the acceleration .
sensor of the first embodiment. The piezoelectric elements 1 and 2 are - .
connected to a respective signal detector 12 and reference potential generator
22. The electrodes on the same right and left sides of the piezoelectric .
elements 1 and 2 are connected to the same-function 'terminals of the signal
detectors 12. Output signals from the piezoelectric elements are input to'an
adder 23. Because the polanty at the bonding mterface of the two plezoelectnc
bodles formlng piezoelectric element 1 is the inverse of the same polarity in
piezoelectric element 2, the signal detectors 12 will o_utput inverse polarity
signals in response to acceleration in the same direction. When these output
signals are then in put to adder 23, the adder 23 outputs a signal proportional to
the difference in acceleration acting on the two plezoelectnc elements and
rotational acceleration can be detected

F|g 11 shows the equ:valent circuit dlagram for an acceleration
detection apparatus according to this fourth embodiment of the invention. The
signal detectors 12 comprise a buffer amplifier 24a, 24b and resistance; adder |
23 comprises a downstream differential circuit 26 and resistance, and outputs a

rotational acceleration signal. The reference potential generator 22 is a

~ resistance voltage divider. The buffer amplifiers and differential circuit are

operating amplifiers. Operating. ampliﬂer_s can therefore be used for the
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semiconductor elements, which can thus be simplified. The signal processing

circuit in this configuration consists of two signal detectors 12 each having a

- buffer amp_liﬁe‘r and resisténce, *a-nd a adder.23 having a 'differential circuit and

resistance. More specifically, the signal processing circuit consists of two
impedance conversion circuits and an adder. With this configuration the adder
outputs a signal proportional to the rotational acceleration. It should be noted
that some wiring, including the power source and ground, are not shown in Fig.
11.

When the output signals from the two piezoelectric elements are

added, rotational acceleration can be ignored in practice if the difference is zero

“because the output signal are practically the same in magnitude but inverse

polarity. In this case, however, the output signal from one of the signal

detection means can be used as indicative of translational acceleration. This

~ translational acceleration can be detected by, for example, connecting the

output of buffer amplifier 24a in Fig. 9 to an external electrode. It is therefore
possible using this one acceleration detection apparatus to detect both
rotational acceleration and detect translational acceleration when rotational
acceleration is effectively zero and there is only translational acceleration.

This acceleration _detectioh apparatus 100 can houSe the

-acceleration sensor 10 and semiconductor element 16 in the same package in

the same way as the acceleration detection apparatus of the third embodiment

_shown in Fig. 7. Itis therefore simple to connect electrodes on the same sides

of the piezoelectric elements to terminals of the same function in the -
semiconductor element, and wiring is thus simplified. Furthermore, an -adder

can be used because the outputs of the piezoelectric elements 1 and 2 are
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inverse polarity, it is not necessary to use an operating amplifier with a high
common-mode rejection ratio when using a differential circuit;, and the
configuration 6f the semiconductor element caﬁ be simpliﬁed. | | |

An equivaleni de'tec_tion circuit can also be built by disposing the
elements on a printed circuit board, but the longer wiring lengths increase the
effects of noise and lower the S/N ratio. On the other hand, .noise can be
reduced and a high S/N ratio achieved by housing the semiconductor element
and resistance in proximity to the piezoelectric elements inside the same
package. Sensor detection resolution is determined by the S/N ratio, and high
resolution éan be achieved by housing the semiconductor element and other-
components in the same package. ~ This is particularly importa.nt with
piegoelectric-elements made of lithium niobate or pieZoelect'ric':.single crystal
because the static Capacitancé is low, impedance is High, and the piezoelectric
elements are thus susceptible to noise. In a’ddition, the resistance of the
current-voltage converting resistor must be increased when the cut-off
frequency on the low frequency side is lowered, and susceptibility to noise is
thus increa;ed. The construction of the present embodiment is a particularly
effective mean.'s'_;of avoiding these problems.

- Furthermore, _diffefencés in the ampliﬁcation. -rate due to
differehceé in temperature or other environmental factors éan also be
substantially ignored as a result of housing the piezoelectric element and
semiconductor element in the same packagé. Rotational acceleration can
therefore be detected with excellent accuracy.

It will be further noted that the circuit configuration of the

semiconductor element shall not be limited to that described above. For
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example, piezoelectric element output could be input directly to an amplifier

circuit without using a buffer amplifier or impedance conversion circuit, or an’

" amplifier circuit for additional gain could be provided downstream. An amplifier

circuit for obtaining even greater gain, or an analog/digital conversion circuit
could also be provided downstream of the adder.

It is yet further possible to house only some ef the circuit elements
inside the s'eme package and 'place the remaining circuit elements on.a printed
cireuit board instead of housing alhl circuit elements in the package.

It-will also be obvious that the construction. of the acceleration

sensor shal_l not be limited to that of the first embodiment. It is also possible, for

~example, to arrange the two piezoelectric elements with the cantilevers pointing

in the same direction as ehewn in Fig. 12A; to dispose the support_ block in the
middlel of the piezoelectric elements as shown in Fig. 12B; or to dispose support
blocks at both ends of the deflection member of the piezoelectric elements as
shown in Fig. 12C. |

An acceleration sensor according to this embodiment of the-
invention is thus compact, can detect rotational acceleration with good

sensitivity using only one sensor, and features a high S/N ratio and resolution.

Embodiment 5

Fig. 13Ais an oblieu_e view of an acceleretion sensor according to
a fifth embodiment of the invention, and Fig. 13B is a plan view of the same.
This acceleration sensor 10 is the same as the acceleration sensor of the first
embodiment in that two -piezoelectric bodies. with opposite polarization
directione_ are bonded with the same polarity sides thereof together in one of the

piezoelectric elements. This acceleration sensor 10 differs in that the
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polarization directions of the piezoelectric bodies are the same in piezoelectric
element 1 and piezoelectric element 2. More Speciﬂcally, the piezoelectric

bodies are bonded with the same polarity sides td'gether so that the polérity of -

polarization of the bonded surfaces is the same in piezoelectric elements 1 and

2. In other words, the polarization directions -of the two pi‘ezoelectric bodies
forming one piezoelectric element are symmetrically oriented in 6pposite
directions, and the polarization directions of the piezoelectric bodies 6n the -
same sides of the piezoelectric elements 1 and 2 are oriented in thé same
direction.

An acceleration sensor according to this embodiment comprises

~ two piezbelectric elements 1 and 2. Each piezoelectric element has ‘a

cantilevered structure in Whicl__'i one end of a bimorph cantilever is supported by
a support block 3; each bimok‘ph_cantilever comprises tw§ bonded piezoelectric-
bodies with the diréction of polarization oriented in opposite directions. An
electrode 11a, 11b, 21a,_ 21b is formed on t_he two opposite sides of the
cantilever of each piezoelectric element 1 and 2. Because of the step between
the cantilever and su'pport block 3, the electrodes 11b and 21b on the same
side as the support block 3 are formed continuously to the step face so that
there is electrical conductivity betwgen the cantilever and sbpport block 3.. The

electrodes 11a and 21a on the side opposite the support block 3 are formed

.over the entire surface.

- Because their bimorph structure bonding two piezoelectric bodies,
the cantilevers convert vibration induced by acceleration to an electrical signal,
which can be extracted from thé electrodes. The surfaces of the cantilever

portions of the piezoelectric elements 1 and 2 are aligned effectively on the
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'same plane in order to detect acceleration in the same direction using two

piezoelectric elements. ln order to improve the precision with which rotational -
acceleration is detected in a limited space, it is preferable to place the two .
piezoelectric elements so that the support biocks 3 to whrch acceleration is

conveyed are separated as much as possible and the free ends of the

_cantilever portions are in mutual proximity. More specifically, the piezoelectric

- elements 1 and 2 are aligned in line on the same longitudinal axis with the free

ends of the cantilevers in proximity and the support block ends of the
cantilevers disposed to the outside in mutually opposite directions as shown in
Fig. 13.

The piezoelectric elements 1 and 2 of this acceleration sensor 10

‘are manufactured by direct bonding of two prezoelectric bodies in the same was

as the piezoelectric elements of the acceleration sensor according to the first

embodiment.

Embodiment 6
Fig. 14 is an oblique view of an acceleration sensor 10 according
to a sixth embodiment of the invention. This embodiment differs from the fifth

embodiment in that it houses an acceleration sensor of the fifth embodiment in

a package 6a, 6b and makes it easier to extract the output of the -piezoeleCtric _

element electrodes from external electrodes on the sides of the peckage. The
piezoelectric elements 1 end .2 of the acceleration sensor 1.0 are fixed to the
package 6a at the respectiye support blocks 3. A recess 7 is for_rried in the
package 6a so that the cantilevers of the piezoelectric elements do not contact
the package 6a, and the package 6a thus does not interfere with flexure caused

by the transmission of acceleration.
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External eIectrodes 8a, 8b, and 8c form an output terminal at each
end and at the middle of the package 6a. Electrodes 11a and 11b of
piezoelectric element 1 ‘are connected to extefrial electrodes_ 8c and 8b by' way

of the conductive layer on package 6a. Electrodes 21a and 21b of piezoelectric

" element 2 are connected to exter'nal_ electrodes 8c and 8a by way of the

conductive layer on package 6a. The conductive layer.and electrodes are
electrically connected by a conductive paste 9. The package 6a is then covered
by package 6b, forming acceleration sensor 10.

With this configuration -of an acceleration sensor 10, conductivity
between the surface of support block 3 and the conductive layer on the package -
is achieved with the conductive paste, and the amount of conductive paste
applied t_hus ‘has no effect on the resonance frequency of the .cantilever, for
example. More specifically, by connecting'the eupport block 3 to the electrodes |

using a conductive paste, variation in such characteristics as the resonance

~ frequency and sensitivity of the pie:zoelectric'elements 1 and 2 can be reduced.

If output is obtained from the cantilevers of the piezoelectric elements by

epplying- the conductive paste thereto, differences in the amount of paste

" applied and overspread to the cantilever will cause piezoelectric element

_ characterisiics_ to vary. However, by obtained pi-ezcelect-ric element output from

the support block portion; performance is determined substantially only by the
shape of the piezoelectric element regardiess of the amount of conductive paste
applied, and -variatioh in piezoelectric element characteristics can be reduced.
The smaller area of the ccnnection on the surface where tﬁe electrode is
divided into two parts limits the amount of conductive paste that can be applied,

and it is therefore preferable to connect to the support block electrode.
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If solder, for example, is used to make an electrically conductive

connectlon directly to the cantllever the heat conducted to the piezoelectric

- body of the plezoelectnc element can raise the plezoelectnc body to a high

temperature, ‘causing. such problems as degraded performance and reduc_ed
sensitivity. . These problems can be avoided, however, by soldering to the
sUpport block 3 because heat transfer to the cantilever is more difficult. . | |
A method for detecting acceler:ation using this acceleration sehsor
is described next. Fig. 15 is a block diagram of acceleration detection using the
acceleration sensor according to this embodiment of the invention. Output from

piezoelectric elements 1 and 2 of acceleration sensor 10 is connected to the

respective signal detector 12, and the output of signal detector 12 is connected - -

to differential ampliﬁer 13. - A reference potential generator 22 is also p'royided_'
for applying a reference potential. The same-side electrodes (that'is, 11a and
21a, and 11b and 21b) of the cantilever portion of piezoeleetric elements 1 and
2 are respectively connected to the same-function terminals of the signal
detectors 12. This assures that a positive signal is output from sighal detectors
12 when acceleration is applied as indicated by the arrow in the figure.

| Fig. 16 is a circuit diagram of the signal detection means of this
embodiment. Output from .electrodes 11b, 21b of piezoelectric elements 1 and
2is input to the gate of l;'ET 14a and 14b, respectively. Electrodes 11a and 21a
are 'grounded by an external electrode of the package. A resistance is
connected parallel to piezoelectric elements 1 and 2, converting piezoelectric
element output to a voltage. A resistance is also connected to the source of
FET 14a and 14b, forming a source 'follqwing circuit. This source follower

constitutes an impedance conversion circuit. The reference potential is the
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ground potential.

When acceleratlon occurs as indicated by the arrow in Flg 16,
both plezoelectrlc elements output a posmve sngnal Output from FETs 14a and-
14b is input through the resistance to operating amplifier 15 and amplified. The
operating amplifier 15 is a differential amplifier that outputs the difference.

between the output signals from FETs 14a and 14b. The difference between

- the output signals from the two piezoelectric elements 1 and 2 i.s thus detected.

It is thus possible to detect the difference between the acceleration applied to
the two piezoelectric elements.

As described above, rotational acceleration can be detected from
the differential output. As described above with reference to Fig. 3, rotational

acceleration detection sensitivity is prbportiohal to the interval & r between t_he

support blocks 3 of the two piezoelectric elements 1 and 2. It is therefore

necessary to increase distance 46r as much as possible in oreler to increase
rotational acceleration detection sensitivity. A cantilever type acceleration
sensor operates in a fixed-end drive mode in which acceleration is transferreel
from the support block. It is therefore preferable to increase the distance

between the support blocks 3 of the two piezoelectric elements as much as

_ possible. In tttis embodiment the support blocks 3 -are positioned at opposite

ends inside the package 6a, 6b, thereby maximizing the distance therebetween.

It should be noted that the signal processing circuits 12 use field-
effect transistors and operating amplifiers, but it is also possible te directly input
piezoelectric .element output to the operating amplifier without using FETs.
Further, a reference voltage circuit or filter circuit could be provided, or an

analog/digital converter could be incorporated.
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Embodiment 7

- An acceleration sensor accordmg to thls seventh embodlment |s
the same as the acceleration sensor of the sixth embodlment in that it houses |
an acceleration sensor according to the fifth embodiment in a package 6a, 6b,
but differs from the sixth embodisment in the external electrodes provided as

output terminals. More specifically, this acceleration sensor has a .set of

. external electrodes connecting electrodes of the same charge polarity between

the piezoelectric elements. More speciﬁcally, electrode 11a of piezoelectric
element 1 and electrode 21b of piezoelectric element 2 are connected to a
common node connected to one external electrode, electrode 11b .of
piezoelectric element 1 and electrode 21a of .piezoelectric element 2 are
connected to another common node connected to another external electrode,
and these e__xtemal electredes form a pair of output terminals.. |

- An acceleration detection method using this acceleration sensor
10 is described next with reference to Fig. 17. As shown in Fig. 17, electrodes
of different charge polarities generated by the piezoelectric elements are
connected to the same outputs, and these outputs from the piezoelectric

elements.1 and 2 of acceleration sensor 10 are connected to signal detector 12.

'Mo_re specifically, electrodes (11a and 21b, and 11b and 21a) on different sides

of the cantilevers of piezoelectric elements 1 and 2 are connected to common

" nodes, which are then connected to a respective terminal of signal detector 12.

As aresult, when acceleratioh is applied as indicated by the arrows in the figure,
rotational acceleration can be detected from the output signal of the signal
detector 12, which corresponds to the difference between the charges

generated by the piezoelectric elements 1 and 2.



10

16

20

25

48

Fig. 18 shows an equivalent circuit diagram for the block diagram

shown in_ Fig. 17. This signal_detectidn means has a field effect transistor (FET)

' 14 and resistance as a source follower, and an operating amplifier 15. Outbut

from electrbde's 11b, 21a of piezoelectric elements 1 and 2 is input to the gate

" of FET 14. Electrodes 11a and 21b are grounded by an external electrode of

the package. A resistance is connected between the ground and the Qate of

- FET 14, converting output from the piezoelectric element to a voltage.-. A

resistance is also connected to the source. of FET 14, forming a source

following circuit. This source follower constitutes an impedance conversion

- cireuit.

Output from the FET 14 is input through the resistance to
operating amplifier 15 and amplified. - Operating ampl_iﬁer 15 is an amplifier
circuit. The reference potential is obtai_ﬁed by resistance voltage dividing the
source voltage. It will thus be apparent that the difference of the acceleration
applied to two piezoelectric bodies can be detected using only a simple
amplifier circuit, and it is not necessary to use a differential amplifier or otheln"'-
such circuit. ' |

Fig. 19 shows another equivalent circuit diagram for the block
diagram shown in Fig. 17. With- the signal detection meéns_shown in Fig. 19
piezoelectric element output is input directly to the operating amplifier witﬁout
using a FET 14, and comprises two operating amplifiers and a resistance.
Outht from electrodes 11b and 21é of piezoelectric elements 1 and 2 is input
to the operating amplifier 15a. Electrodes 11a and 21b are grounded from an
external electrode of the package. Output from operating amplifier 15a is input

through a resistance to operating amplifier 15 and amplified. Operating
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amplifier 15.is thus an amplifier circuit. The reference potential is obtained by

resistance voltage dividing the_sourc_e voltage. It will thus be apparent that the

" difference’ cf the acceleration applied to two pieioele'ctric bodies can be -

detected using a simple ampiiﬁer circuit consisting of an cperating ampliﬂer.

A further- method for detecting acceleration using the acceleration -
sensor 10 of this embodiment is .described below with reference to the block
diagram in Fig. 20. In this case output electrodes of the same charge polarities
generated by the piezoelectric elements are connected, and the other output
electrodes of the piezoelectric elements 1 and 2 of acceleration sensor 10 are
connected to signal detector 12. More specifically, electrodes 11a and 21a on
the same sides of the cantilever portions of the biezoelectric elements 1and 2. -
are interconnected, and the electrodes 11b and 21b on the other sides of the-
cantilevers are connected to-the terrninals of the signal detector 12. The two
piezoelectric elements are thus connected in series. Therefore, when
acceleration is applied as indicated by the arrows in the figure, the signal
detector 12 outputs a signal correspbnding‘ to the difference in the charges
genereted by the two piezoelectric elements 1.and 2, and rotational acceleration
can be detected from this signal detector output signal. Because the two
piezoelectric elements are serially connected, the static capacitance of the
acceleration sensor viewed from the input terminal of the signal detector 12is
lower, and sensitivity is thus increased. |

A circuit diagram equivaient to the block diagram shown in Fig. 20
is shown in Fig. 21. The elements of this circuit are the same as shown in Fig.
18, and further description is omitted. It will also be noted that the circuit shown

in Fig. 19 may also be used.
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Embodiment 8 -

Fig. 22-is an oblique view of an acceleration sensor 100 according

toan eighth ‘embodiment of the invention. This embodiment differs from the -

acceleration sensor of the sixth embodiment in that it houses a semiconductor
element 16 for processing piezoelectric element output inside the package 6a,
6b.. '_I'his.acceleration' sensor 100 consists of piezoelectric elements 1 and 2,
semiconductor element 16, package 6a, 6b, and external electrodes 8a, 8b, 8¢,
8d. Piezoelectric elements 1 _and 2 are identical to the piezoelectric elements of
the acceleration sensor according to the fifth embodiment. The semiconductor
element 16 is used as a bare chip, thus helping to make the overall acceleration
sensor small.

Thé sémiconducto,r element 16 integrates the signal processing
circuit,_ énd comprises two impedance' conversion circuits and a differehtial
amplifier.  Electrodes on the top of the semiconductor element 16 are
connected to the conductive layer on package 6a by wire bonding, whiie
electfodes on the bottom are die bonded. The piezoelectric element electrodés
and conductfve layer are connected with conductive paste. The external -
electrodes 8a, 8b, 8c, 8d are used as a power supply terminal, ground terminal,
and output terminals. |

The se.micondu.ctor element 16 integrates the cfrcuit shown in the
block diagram in Fig. 15, and operates as described in the fitth embodiment. A
semiconductor element 16 using FETs can be achieved as shown in Fig. 16.
The -operation is again as described in the fifth embodiment, and further
description is therefore omitted. '

Embodiment 9 |
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An acceleration detection. apparatus according to a ninth

embodiment of the invention is the same as t,he' acceleration detection

apparatus of the ei'ghth'em't.)odimen't'-in appearance as shown in Fig. 22, but
differs therefrom in the ci_rcuit configuration of the semiconductor element 16
housed inside package 62, Gb. Fig. 23 is a block diagram of an acceleration.
detection apparatus according to the present embodiment. This is one

configuration that differs from the circuit diagram shown in Fig. 16 for-the block

- diagram shown in Fig. 15. In this case the signal detector 12 is a pair of buffer

amplifiers 24a, 24b with a differential amplifier 25 disposed downstream, and
the differential amplifier 25 outputting a rotational acceleration signal.. The
reference potential generator 22 is a resistance voltage divider. Because
operating amplifiers can be used for" the buffer ampliﬁers and differential |
amplifier, simple operating amplifiers can be used for. the semiconductor
elements. It should be noted that power supply, grounding, and other wiring is
not shown in the figure.
Embodiment 10

An acceleration detection apparatus according to a tenth
embodiment of the invention is the .same as the acceleration detection
apparatus of the eighth embodiment in appearance as shown in Fig. 22, but
differs therefrom in the circuit configuration of the semiconductor elemenf 16
housed inside package 6a, 6b. A circuit diagram of this acceleration detection
apparatus 100 is shown in Fig. 24. Unlike the configuration shown in the block
diagram in Fig. 15, electrodes on the same sides of the cantilevers of
piezoelectric elements 1 and 2 (that is, 11a and 21a, and 11b and 21b), and the

signal detector 12 and reference potential generator 22 are connected. That is,
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electrode 11a and electrode 21b are connected to reference potential generator

22, and electrode 11b and electrode 21a are connected directly to signal

~ detector 12. As a result, when acceleration is applied in the direction indicated-

by the arrows in the figure, the signals output from piezoelectric elements 1 and
2 via signal detector 12 are opposite polarity. These output signals are then
input to adder 23. Because the outputs from piezo'electric elements 1 and 2 are
opposite polarity, a signal proportional to the difference in ac;celera'tion applied
to the two piezoe'lectric elements is output from adder 23, and rotational
acceleration can be detected. |

An equivalent circuit diagram for the block diagram shown in Fig.
24 is shown in Fig. 25. .Similarly to the configuration shown in Fig. 23,' this
acceleration detection .apparatus 1'00 can be achieved using operating
ampliﬂéré. The buffer ampliﬁefs_ 24a and 24b output ppposite polarity signals
because the placement of the electrodes for connecting to the non-inverting
input terminal ‘of the buffer amplifiers 24 and the reference potential generator
22 is different in piezoelectric elements 1 and 2. The adder 26 is also an
operatihg amplifier. A signal proportional to rotational acceleration is output
from the output terminal of the adder with this circuit design. It should be noted
that some Wiring, -iricluding the power source and ground, are not shown in thé
figure. | |

An equivalent detection circuit can also be built by disposing the
elements separated from the piezoelectric elements on a printed. circuit. board,
but the longer wiring lengths increase the effects of noise and lower the S/N
ratio. On the other hand, noise can be réduced and a high S/N ratio achieved

by housing the semiconducfor element and resistance in proximity to the



10

16

20

25

53

piezoelectric elements inside the same package. Acceleration sensor detection

resolution is determined by the S/N ratio, and. high resol_utiori can be achieved
by housing the semiconductor éleméht and other co-mpoifients in the same.
package. This is particularly important with piezoelectric elements made of -
lithium niobate or piezoelectric single crystal because the static capacitance is

low, impedance is high, and the piezoelectric elements are thus susceptible to

noise. In addition, the resistance of the current-voltage converting resistor must

be increased when the cut-off 'freduency on the low frequency side is lowered,

and susceptibility to noise is thus incréase‘d. - The construction of the present

embodiment is a particularly effective means of avoiding these problems.

Furthermore, differences in the amplification rate, for example, -

~ due to differences in temperature or other environmental factors can also:be

" substantially igndred as a result of housing not only the piezoelectric elements

but also two semiconductor elements in the same package. Rotational
accelerétion can therefore be detected with excellent accuracy.

It will be further noted that the circuit configuration of the
semiconductor element shall not be limited to that described above. For
example, piezoelectric element output could be input directly to an amplifier

circuit without using a buffer amplifier or impedance conversion circuit, or an

_ amplifier circuit for additional gain could be provided downstream. An amplifier

circuit for obtaining even gain, or an analog/digital conversion circuit, could also

be provided downstream of the adder or differential circuit.
It is yet further possiblé to house only some of the circuit elements
inside the same package and place the remaining circuit elements on a printed

circuit board.
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It will also be obvious that the construction of the acceleration
sensor shall not be limited to that of the present embodiment. It is also possible,
for example to arrange the two p|ezoelectr|c -elements wnth the cantllevers
pointing in the same direction as shown in Fig. 26A; to dispose the support
block. in the middle of the piezoelectric elements as shown in Fig. 26B; or to
dispose support blocks at both ends of the deflection member of the
piezoelectric elements as shown in Fig. 26C.

An acceleration sensor according to. this embodiment of the

invention is thus. compact, can detect rotational acceleration with good

. sensitivity using only one sensor, and featur-ee a high S/N ratio and resolution.

Embodiment 11

Fig. 27 is a plan.view of an acceleraticn '.sensor according to an
eleventh embocliment ot the invention. Unlike the acceleration sensor of the
first embodiment, this acceleration sensor 10 is a unimorph type in which each
piezoelectric element has only one piezoelectric body bonded to a silicon
_substrate support block. This acceleration sensor 10 has two piezoelectric
elements 1 and 2, each piezoelectric element 1, 2 having a unirmorph cantilever
comprising one piezoelectric body bonded to silicon substrate 30 \lvith the
cantilever sdpported on one end 'by a support block 3. In addition, the
polarization directions of the piezoelectric body are oppcsite in piezoelectric
element 1 and piezoelectric element 2. Electrodes 11a, 11b, 21a, and 21b are

formed on opposing surfaces of the cantilevers of piezoelectric elements 1 and

| 2. Output from electrodes 11b and 21b on the surfaces bonded to silicon

substrate 30 is extracted from the end. Electrodes 11a and 21a formed-on the

side opposite the support block 3 are formed over the entire surface.
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The cantilever structure of these piezoelectric elements 1 and 2
énables a potential difference prod__qced_ in the piezoelectric bodies 4 _l:_Jy flexible
vibration of the cantilever as a result of .'aCcelératidn- transmitted from the
support blbck 3 to be detected from the electrodes 114, 11b, 21a, and 21b.

| The piezoelectric elements 1.and 2 of this acceleration sensor 10
are disposed parallel to each other so that' one side of each is on the same
plane. The piezoélectric elements are further aligned in line on the same
longitudinal axis with the free ends of the cantilever_s in proximity at the inside
and the support block 3 ends of the cantilevers disposed to the outside in
mutually opposite directions as shown in Fig. 27. _

It should be noted thét the piezoelectric bodies 4 and the silicon
substrate forming the support block can be bonded with an adhesive or by
direct bdnding. Bohding by direct bdnding is preferable.

The piezoelectric elements 1 énd 2 of this acceleration sensor 10
are arranged so that the polarization directions of the piezoelectric bodies 4-are
different. The arrows in Fig. 27 indicate the direction of polarization of the
piezoelectric bodies with the arrows starting from the positive side and pointing
to the negative side. Electrode 11a of piezoelectric element 1 is therefore on
the positive side, and electrode 11b is on the negative 'side.' Electrode 21a of
piezoelectric element 2 is thus on the negative side, and electrode 21b is on the
positive side. |

A method of detectfng acceleration using this acceleration sensor
is described next with reference to the block diagram in Fig. 28. Electrodes 11a
and 21a of piezoelectric elements 1 and 2 are interconnected and connected to

signal detector 12. Eleotrode_s 11b and 21b of piezoelectric elements 1 and 2
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are also interconnected and connected to another terminal of signal detector 12.
A referéncge potential generator 22 is also provided for applying a referénce
boteﬁtial. o . | | .

| When acceleration. fs applied as indicated by the arrow in Fig. 28,
piezoelectric element 1 generates a positive charge at electrode 11a and a
negative charge at electrode 11b. Because the polarizationl directions of the
constituent piezoelectric bodies of the two piezoelectric elements are opposite,
piezoeléctric’ element 2 generates a negative charge in electrode 21a and a
positive' charge in electrode 21b. Furthermore, because electrodes 11a and
21a, and electrodes 11b and 21b afe connected to each other, the charges
move, and the charges produced by piezoelectric elements 1'e_1nd 2. are
balanc_ed. _. However, 'when rotational acceleration is applied, - 'the' charge
produced by the piezoeléptric élement férther from the center éf rotation will be
greater. The charge produced by the othe.r, piezoelectric element will thus be
decimated by'the stronger charge, and the difference between the charges will
be passed to the node. These charges are applied as signéls to the signal
detector 12, which then outputs a rotational acceleration signal.
Embodiment 12

Fig. 29 is a plan view of an adcel_eration sensor according to a

twelfth embodimeﬁt of the invention. Tl;Iis acceleratién sensor differs from the
acceleration sensor of the eleventh embodiment in that- the polarization
directions of the piezoelectric bodies are the same. The accéleration sensor 10
comprises two piezoelectric elements 1 and 2. Each piezoelectric elements 1
and 2 has a unimorph cantilever comprising one piezoelectric body bonded to

silicon substrate 30 with the cantilever supported on one end by a support block
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3. In addition, the direction of polarization of the piezoelectric body is the same

in piezoelectric element 1 and piezoe_lectric_: element 2.

E.mb'odir'r.\'e'nt 13 - S - |
Fig. 30 is a plan view of an acceleration sensor according to a

thirteenth embodiment of the invention. This accelér.ation sensor 10 differs from

the: acceleration sensor of the first embodiment in that the piezoelectric

elements are made by bonding two piezoelectric bodies. having the same

direction of polarization. In other words, the direction of polarization of each
piezoelectric body constituting one piezoelectric element is the same.
Furthermore, because the surfaces of the piezoelectric bodies at the bonding

interface, that is, the surfaces that are bonded together, have different polarities,.

' the: potential occurring at the - bonding interface must be used as the

piezoelectric elément ‘output. This acceleration sensor 10 therefore further
differs from the acceleration sensor of the first embodiment in that an electrode
is provided at the bonded surfaces.

This acceleration sensor 10 thus has two piezoelectric elementé 1
and 2, each piezoelectric element comprising two bonded piezoelectric bodies
and each of the piezoelectric bodies having thé same direction of polarization.
In éddition, the direction of 'polarizatioh of the piezoeleétric bodies in
piezoelectric element 1 ié opposite the direction of polarization of the
piezoelectric bodies in piezoelectric element 2.

Each piezoelectric element has a cantilevered structure in which
one end of a bimorph cantilever formed by bonding two piezoelectric bodies is
supported by a support block 3. Electrodes 11a, 11b, 21a, 21b are formed on

the two opposite sides of the cantilevers of each piezoelectric element 1 and 2.
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An electrode 11c and 21c¢ is also disposed to the bonding surface between each
of the two piezoelectric bodies.

.Beééuse of the étep -betwe'en the cantilever aﬁd S'upﬁ'o.r‘t bIock 3,
the electrodes. 11b and 21b on the same side as the support block 3 are

electrically connected to the SUppoﬂ block. The electrodes 11a and 21a on the

. side opposite the support block 3. are formed over the entire surface. The

electrodes 11c, 21c at_ the bonding interface are preferably disposed thereto
before bonding.

As a result of the bimorph cantilever stfucture bonding two
piezoelectric bodies as described above, the piezoelectric bodies 4 of these
piezoelectric elements 1 and 2 produce a potential difference as a result of the
flexible vibration of the cantilever portion induced by -acceleration transmitted to |
the cantilever from the support block 3. This poteﬁtial difference can thén be
extracted from the electrodes 11a, 11b, 21a, 21b on the opposing sides of the
cantilever, and the electrodeé 11c, 21c at the bonding surface.

The biezoelectric elements 1 and 2 of this acceleration sensor 10

‘are disposed so that they have one mutually parallel side, and more specifically

so that one side of each cantilever is on the same plane. The piezoelectric

elements 1 and 2 are further aligned in line on the same lohgitudinal axis with -

the free ends of the cantilevers in proximity at the inside and the support bldck 3
ends of the cantilevers disposed to the outside in mutually opposite directions
as shown in Fig. 30.

This acceleration sensor 10 comprises piezoelectric elemént"l
and piezoelectric element 2. Each of the piezoelectric elements is made by

bonding two piezoelectric bodies 4 having the same direction of polarization.
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The piezoelectric bodies 4 are disposed so that the direction of pdlarization of

the piezoelectric bodies 4 in piezoelectric element 1 is opposite the direction of

. polarization of the piezoelectric bodies 4 in piezoelectric element 2. The

direction of polarization of the piezoelectric bodies in this acceleration sensor 10

is indicated by the arrows in Fig. 30. The arrows start at the positive side and

point to the negative side. It will thus be known that electrode 11a of

- piezoelectric element 1 is the posit'ive side and electrode 11b is the negative

side, and electrode 11c is at the interface between positive and negative
surfaces. Likewise, electrode 21a of piezoelectric element 2 is the negative
side and electrode 21b is the positive side, and el_ectrode 21cis at the interface
between positive and negative surfaces.

A method for detecting acé:e_leration using this acceleration sensor

is described next with reference to the acceleration detection block diagram

shown in Fig. 31." Electrodes 11a and 21a of piezoelectric elements 1 and 2 are
connected to a common node connected to one terminal of a signal detector 12.

The other electrodes 11b and 21b are likewise connected to a common node

" connected to another terminal of the signal detector 12. A reference potential

generator 22 is also provided for applying a reference potential.

j When acceleration is applied as indicated by th_e arrow in Fig. 31,
piezoelectric element 1 generates a positive charge at electrode 113, a p’ositivé
charge at electrode 11b, and a negative charge at electrode 11c. Because the
direction of polarization is _Opposite in piezoelectric elements 1 and 2,
piezoelectric element. 2 ger_lerates a negative charge at electrode 21a, a
negative charge at electrode 21 b, and a positive charge at electrode 21c.

Electrodes 11a, 11b, 21a, and 21b are interconnected, and electrodes 11c and
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21c are interconnected. The respective charges therefore move and the

charges produced by piezoelectric eleme_nt's. 1 and 2 are balanced. However, if

. rotational -acceleration is applied, .the charge 'genei"ated by the piezbeléctric

element farther from the center of rotation will be greater. The charge produced -
by the other piezoelectric element will thus be decimated by the'stronger charge,
and the difference between the charges will be passed to the node. These

charges are applied as signals to the signal detector 12; which then outputs a

" rotational acceleration signal.

Embodiment 14

Fig. 32 is a plan view of an écceleratioh sensor according to a
fourteenth embodiment of the invention. This acceleration sensor differs. from
the acceleration sensorlbf the thirteenth erﬁbodiment in that the direction of
polafization of the piezoelectric bodies is the samé in eaéﬁ of the piezoelectric
elements 1 and 2. This acceleration sensor 10 comprises two piezoelectric
elements 1-and 2. Each of thé piezoelectric elements 1 and 2 has a bimorph
cantilever comprising two piezoelectric bodies bonded so that the directidn of
polarization is the same. in each piezoelectric element 1 and 2. Each cantilever
is supported on one end by a suppdrt block 3.
Embodiment 15

Fig. 33 is a plan view 6f an accelefation sensor according to a
fifteenth embodiment of the invention. This acceleration sensor 10 differs from
the acceleratioh sensor of the first embodiment in that the piezoelectric
elements are made by bonding two piezoelectric bodies with an intervening
shim therebetween rather than bonding the piezoelectric bodies directly to eacﬁ

other. More specifically, the acceleration sensor 10 comprises two piezoelectric
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elements 1 and 2. Each of the piezoelectric elements 1 and 2 comprises two

piezoelectric bodies with different directions -of pol.arization. The piezoelectric

_bodies are bonded with an intérvehing'- shim between the piézbelectric bodies.

The piezoélectric bodies are fu_rither arranged - so that the directions of
polarization of the piezoelectric bodies are mutually opposite in piezoelectri;::
elements 1 and 2. In other words, the directions of polarization of the
piezoelectric bodies in the proximally positioned piezoelectric elements are -
oriented in opposite directions so that the polarity of polarization at the bonding
interface between the piezoelectric body and shim is different in each
piezoelei:tric element.

Each piezoelectric element has a cantilevered structure in .which

one end of a birﬁorph‘ cantilever is supported by a 'support block 3. Each -

bimorph cantilever 'is formed by bonding two piezoelectric bodies with an
intervening shim therebetween. An electrode 11a, 11b, 21a, 21b is formed on
the two opposite s.ides of the cantilever of each piezoelectri.c element 1 and 2..
Because of the step between the cantilever and support block 3, the electrodes
11b and 21b on the same side as the support block 3 are electrically connected
to the support blqék. The electrodes 11a and 21a on the side opposite the
suppdrt block 3 are formed ovér the entire surface. |

| As a result. qf the cantilever structure described above, the
piezoelectric bodies 4 of these piezoelectric elements 1 and 2 produce a
potential difference és a f_esult of the flexible vibration of the cantilever portion
ihduced by acceleration transmitted to the cantilever frbm the support block 3.
This potential difference can then be extracted from the electrodes 11a, 11b,

21a, 21b on the opposing sides of the cantilever.
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The piezoelectric elements 1 and 2 of this acceleration sensor 10
are dlsposed so that they have one mutually parallel side, and more specifically
so that-one side of each cantllever |s on the same plane “The plezoelectrlc

elements 1 and 2 are further aligned in line on the same longitudinal axis with

- the free ends of the cantilevers in proximity at the inside and the support block 3
. .ends of the cantilevers disposed to the outside in mutually opposite directions

- as shown in Fig. 33.

The direction of polarization of the piezoelectric bodies in this
acceleration sensor 10 is indicated by the arrows in Fig. 33. The arrows start at
the positive side and point to the negative side. It will thus be known. that

electrode 11a of piezoelectric element 1 .is on a positive side and electrode 11b

isona positive side.. Likewise, electrode 21a of piezoelectric element 2 is on a

negative side and electrode 21b is on a negative side.

A method for detecting acceleration using this acceleration sensor

is described next with reference to the acceleration detection block diagram

shown in Fig. 34. Electrodes 11a and 21a of piezoelectric elements 1 and 2 are
connected to a common node connected to one terminal of a signal detector 12.

The other electrodes 11b and 21b are likewise connecied to a common nhode

' connecied_fo another terminal of the signal detector 12. A reference potentiall

generator 22 is also provided for applying a reference potential.

When acceleration is applied as indicated by the arrow in Fig. 34,
piezoelectric element 1 generates a positive charge at electrode 11a and a
negative charge at electrode 11b. Because the directioh of polarization is
opposite in piezoelectric elements 1 and 2, piezoelectric element 2 generates a

negative charge at electrode 21a and a positive charge at electrode 21b.
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Because electrodes 11a and 21a, and 11b and 21b are interconnected, the

respective charges move and the charges produced by piezoelectric elements 1

" and 2 are balanced. However, if fotafionél accelerafion'-_is applied, the-chargé :

generated by the piezoelectric element farther from the center of rotation will be
greater. The charge produced by'the other pieZoe_Iectrib element will thus be
decimated by the stronger charge, and the difference between the charges will
be passed to the node. These charges are applied.és signals to the signal -
detector 12, which then outputs a rotational acceleration signal.
Embodiment 16

Fig. 35 is a plan view of an acceleration sensor according to a
sixteenth embodiment of the invention. This acceleration sensor differs from -
the acceleration sensor of the fiteenth embodiment in that the dir_eéti‘on of -
polarization of correspondihg piezoelectn.'ic bodies is the samé in each of the
piezoelectric elements 1 and 2. In other words, the pblarity of polarization at the

bonding interface between the shim and each piezoelectric body of the

" piezoelectric element is the same in piezoelectric element 1 and piezoelectric

element 2.
This acceleration sensor 10 thus comprises two piezoelectric
elements 1 and 2. Each piezoéléctricelerhenf has a cantilevered structure in

which one end of a bimorph cantilever is supported by a support block 3. Each

~ bimorph cantilever is formed by bonding two pieioelectric bodies having

mutually opposite directions of polarization with an intervening shim
therebetween.
Embodiment 17

Fig. 36 is a plan view of an acceleration sensor according to a
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seventeenth embodiment of the invention. This acceleration sensor 10 differs

from the acceleration sensor of the first embodiment.in that each piezoelectric

| élement is made.by bonding four piezoeléct'ri'c bodies. This acceleration sensor

10 has two piezoelectric elements 1 and 2. Each piezoelectric element 1 and 2

is a laminate of two laminates each formed by bonding two piezoelectric bodies

“with different directions of polarization. In addition, the directions of polarization

of the corresponding piezoelectric bodies are hutual—ly opposite in piezoelectric
elements 1 and 2. In other words, the polarity at the bonded surfaces of the
piezoelectric bodies in piezoelectric element 1 is opposite that in piezoelectric
element 2.

Each piezoelectric element has a cantilevered structure in which
one end of thé cantilever_ is supported by a support block 3. The cantilever is |
formed by combining two laminates of two bonded piezoelectric bodies.

Electrodes 11a, 11b, 21a, 21b are formed on the two opposite sides of the

cantilevers of each piezoelectric element 1 and 2.

As shown in Fig. 36, electrode 11a electrically connects surfaces
producing a charge of the same polarity when acceleration is applied, and

electrode 11b also electrically connects surfaces producing a charge of the

'-same. polarity whehaccelerati_on is applied. - Electrodes 21a and 21b do the

same. |

As a result of the cantilever structure described above, the
piezoelecfric bodies 4. of these piezoelectric elements 1 and 2 produce a
potential difference as a result of the flexible vibration of the cantilever portion
induced by acceleration transmitted to the cantilever from the support block 3.

This potential difference can then be extracted from the electrodes 11a, 11b,
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21a, 21b of the piezoelectric elements 1 and 2.

The piszoelectric elements 1-and 2 of this acceleration sensor 10

“are disposed so that they have one mutually paral-lel ,side,-and more spéciﬂcally

so that one side of each cantilever is on the same plane. The piezoelectric
elements 1 and 2 are further aligned in line on the same longitudinal axis with

the free ends of the cantilevers in proximity at the inside and the support block 3

‘ends of the cantilevers disposed to the outside in°mutually opposite directions

as shown in the figure.

The direction of polarization of the piezoelectric bodies in this
acceleration sensor 10 is indicated by the arrows in Fig. 36. The arrows start at
the positive side and point to the negative side. It will thus be- known that the
negative sides of the piezoelectric bodies 4 are bonded together in piezoelectric
el-ement 1, and the positive -sides of the piezoelectric':. bodies 4 are bonded
together in piezoelectric element 2. |

| A method for detecting acceleration using this acceleration sensor
is déscribed next with reference to the acceleration detection block diagram
shown in ng. 37. Electrodeé 11a and 21a of piezoelectric elements 1 and 2 aré

connected to a common node connected to one terminal of a signal detector 12.

_The other electrodes 11b and 21b are likewise connected to a common node

connected to another terminal of the signal detector 12. A reference potential

generator 22 is also provided for applying a reference potential.

When acceleration is applied as indicated by the arrow in Fig. 37,
piezoelectric element 1 generates a positive charge at electrode 11a and a
negative charge at electrode 11b. Because the direction of polarization is

opposite in piezoelectric elements 1 and 2, piezoelectric element 2 generates a
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negative charge at electrode 21a and a positive charge at electrode 21b.

Electrodes 11a and 21a, and 1_.1b and 21b are interconnected. The respective

_charges therefore move and the charges produced by piezoelectric elements 1--

and 2 are balanced. However, if rotational acceleration is applied, the charge

generated by the piezoelectric element farther from the center of rotation will be

.greater. The charge produced by the other piezoelectric element will thus be

decimated by the stronger charge, and the difference between the charges will
be passed to the node. These qharges are applied as signals to the signal
detector 12, which then outputs a rotational acceleration sfgnal.

Embodiment 18

Fig. 38 is a plan view of an acceleration sensor according to an

. eighteenth embodiment of the invention. - ‘This acceleration sensor 10 differs

from the acceleration sensor of the seventeenth embodiment in that
corresponding piezoelectric bodies have the same direction of polérization in
piezoelectric element 1 and piezoelectric element 2. In other words, the polarity

at the bonded surfaces of the piezoelectric bodies is the same in piezoelectric

_ element 1 and piezoelectric element 2. This acceleration sensor 10 has two

piezoelectric elements 1 and 2. Each‘piezoelectr_ic element 1 and' 2 has a
g:anﬁlevered struéture,_the cantilever being a la.r_ninate' of two laminates each
formed by bonding two piezoelectric bodies with different directions of
polarization, and one end of each cantilever supported by a support block 3.
Embodiment 19

Fig. 39 is an oblique view of an acceleration sensor according to a
nineteenth embodiment of the invention. The accelerétion sensor of this

embodiment can detect rotational ‘acceleration on two different axial directions.
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More specifically, this acceleration sensor can détect a rotational acceleration
component in the direction parallel to the mounting surface of package 6a, and
can also detect a  rotational acceleration component in the direction
perpendicular to the rﬁounting ;urface. The rotational acceleration component
parallel to the mounting surface is detected by piezoelectric elements 1a and 2a.
This corresponds to acceleration detection as shown in Fig. 4. The rotational
acceleration compc;nent perpendicular to the mounting surface is detected by
piezoelectric elements 1b and 2b.

These two piezoelectric elements 1b and 2b are disposed so that
the surface of the cantilever is parallel to the mour_\ting surface of the package
(also referred to as "horizontal" below), the free ends of the cantilevers are in
mutual _proxfmity, and the cantilevers are fixed to support blocks '_disp'osed
substantially in line. The cantilevers of these piezoelectric elements 1b and 25
are above the surface of the package and can vibrate freely, and it is therefore
not necessary to provide a recess in the surface of the package 6a so that the
cantilevers can vibrate. The bottom of the support blocks is fixed with a
conductive paste, and an electrode cohductive to the support block portion is
electrically connected to an external electrode 8d on the package 6a. The
electrodes on the top of the cantilevers are also electrically. connected to the
external electrode 8d of package 6a by wire bonding. This configuration
enables rotational acceleration components on two axes to be separétely
detected using a single package.

It will be obvious that piezoelectric elements as described in any

of the preceding embodiments 1 through 18 can be used in this embodiment. In

addition, any of the described circuit designs and electrode connections
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between the piezoelectric elements. Furthérmore, éemiconductor circuits as
shown in Fig. 9 can be incorporated fo_r-the two axes. It will also be readily
a'pbérenf that a third set of piezbeleétr‘ic elements can be additiohally provided
for separately detecting a rotational acceleration componenton a third axis.
Embodiment 20 |

In an acceleration sensor according to a twentieth embodiment of
the invention the surface of the cantilever of the piezoelectric element is inclined
to the mounting surface. Fig. 40A is an oblique view of the piezoelectric
elements of an acceleratiOn sensor according to this embodiment. Fig. 40B is

an end view of the acceleration sensor as seen from the arrow in Fig. 40A.

. Note that Fig. 40B shows side by side end views of piezoelectric elements 1

and 2. The portions of these piezoelectric elements 1 and 2 are the same as in
the acceleration sensor of the fith embodiment, and the directibn,s of
polarization of the piezoelectric bodies in one piezoelectric element are mutually
opposite. This acceleration sensor differs with that of the fifth embodiment,
however, in that the primary surface of the cantilever is inclined 25 degrees to a
line perpendicular to the mounting surface.
These piezoelectric elements 1 and 2 can sense accelera_tion both
parallel to (horizpnfal)_ and perper-udicular-to (vertical) ihe modnting surface as a
result of the cantilevers and vibration direction of the cantilevers being inclined
to the rﬁounting surface. | |
| Using this acceleration sensor and the signal processing method
of the piezoelectric elements of the fifth embodiment enables-a single device
package to measure rotational acceleration including rotational acceleration

components in.two directions, although the horizontal and vertical rotational
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acceleration components cannot be separated.
| Fig. 41A to Fig. 41C are end views of other combinations -of
piézoelet:tric elements having-the cantilever inclihed to the packége surface.

Note that these figures show the end views of piezoelectric elements 1 and 2

side by side. The directions of polarization shown in_Fig. 41A are the-same as

shown in Fig. 40B, but the inclines of the cantilevers face in opposite directions.
When the piezoelectric elements 1 and 2 shown in Fig. 41A are connected as
shown in Fig. 15, Fig. 17, or Fig. 20, rotational accele_ration is detected as a
horizontal éomp‘onent and translational accele'ration is detected as a vertical

component. When connected as shown in Fig. 5, Fig. 7, or Fig. 10, the

“horizontal component is detected as translational acceleration and the vertical

component is detected as rotational acceleration.

The directions of polarization of the pieioelectric bodies of the
piézoelectric elementé 1 and 2 shown in Fig. 41B are opposite, but the
cantilevers are inclined in the same direction. When these piezoelectric
elements are connected as shown in Fig. 5 or Fig. 7, rotational acceleration can
be detected in both horizontal and vertical directions. When the angle of

inclinations differ as shown in Fig. 41C and the piezoelectric elemen‘ts.1 and 2.

are connected as shbw_n in Fig. 15, Fig. 17, or Fig. 20, the horizontal component.

is detected as translational acceleration and the vertical component is detected

as rotational acceleration; when connected as shown in Fig. 5, Fig. 7, or Fig. 10,

- the horizontal component is detected as rotational acceleration and the vertical

component is detected as translational acceleration.
It will thus be known that rotational acceleration in both horizdnta_l

and vertical directions can be detected by inclining the primary sensing axis. In



10

16

20

25

70

addition, translational acceleration can be detected by changing the orientation

of_ the inclined surfaces. .

Embodiment 21

Fig. .' 42A and Fig. 42B illustrate a method for adjusting the
sensitivity of a piezoelectric element in the acceleration sensor according to.a
twenty-first embodiment of the invention. |

When rotational aéceleration is detected using two ‘piezoelectric
elements and there is a difference -i'n the sensitivity of the two piezoelectric
elements, the translational acceleration component cannot be sufficient
removed from the output of the two piezoelectric .elements and detection

sensitivity drops. It is therefore desirable to minimize the sensitivity difference

between the two piezoelectric elements. When two acceleration sensors are

separately installed for detecting angular acceleration, the user must adjust the
sensitivity after fh_e sensors are installed. However, because the acceleration
sensors are typically housed in a package, there is no way to adjust the
piezoelectric elements. Using the method of the present embodiment, however,
it is possible for the manufacturer to adjust piezoelectric element sensitivity of
an acceleration sensor supplied housed inside a single package before factory
shipping. | | | |

A method for adjusting the sensitivity of one piezoelectric element
to practically match the sensitivity of the other piezoelectric element in this
acceleration sensor is described next. |

As shown in Fig. 42A, one method for adjusting piezoelectric
element sensitivity is to remove a portion of the cantilever. By removing a

portion (notch 25) of the cantilever of piezoelectric element 1, the sensitivity of
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piezoelectric element 1 can be changed to substantially equal the sensitivity of

plezoelectnc element 2. Part of the cantilever can be removed by processnng

witha grinding wheel by laser, or other technlque

Another method for adjusting piezoeleciric element sensitivity is to
add a sensitivity adjusting weight 26 to the cantilever of one piezoelééfric
element as shown in Fig. 42B. Sensitivity can be increased by addiﬁg a weight
26 to the cantilever of piezoelectric element 1, thereby matching the sensitivity
of 'piezoelectric' element 1 to the sensitivity of piezoelectric element 2. Adding
material to the cantilever increases sensitivity. Various mateﬁals can be used
for the sensiti.vity adjusting weight 26, including resin and metal. The sensitivity
adjusting weight 26 can be fixed to the cantiiever by coating, -adhesive bonding,
inkjet deposmon vapor deposition, or other method. _

These methods can be used to directly adjust the sensitivity of the
piezoelectric element and significantly reduce the translational acceleration
component prior to shipping. |

it will also be obvious that sensitivity adjustment shall not be
limited io adjusting the piezoelectric element, and can also be achieved by

adjusting the gain of the amplifiers when the output signals of the piezoelectric

| elements are passéd fhrough an amplifier as shown in Fig. 10, Fig. 11, Fig. 15,

Fig. 16, Fig. 23, Fig. 24, and Fig. 25.
Embodiment 22

A disk reading and writing apparatus (disk drive) 200 according to
a twenty-second embodiment of the invention is shown in Fig. 43A. This disk -
drive 200 has a disk 31 for storing data, a head 32 for reading -and writing to the

disk 31, a head carriage 40 'for moving the head 32, a position detection means
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50 for detectirig the position of the head 32, a controller 60 for controlling the

head carriage 40, and an ac_cel'eratioh detector 70 for detecting rotational

acceleration. The head 32 is moved radially to the disk 31 by the head carriage

40, and is thus positioned to a specific location on the disk 31. When
acceleration, a type of external interference, is applied to the disk drive 200, the
acceleration can cause the head 32 to shift from the specified .location.
Acceleration sensor 10 is provided to prevent this by detecting rotational
acceleration br translational acceleration acting on the disk drive 200 and
control the position of the head 32 in opposition to this interference. -

The positi‘on of the center of rotation 6f rotational acéeleration :
acting as interference on the disk drive 200 is generally unknown and not
always 'th'e same. - When the head is moved quickly by the head cérriag'e 40,

rotational vibration often occurs in reaction to the movement. In this case the

| pivot'41 supporting the head tends to be the center of rotation. Rotational

movement in the arm 42 supporting head_ moves radially also tends to occur.
This means that rotational acceleration can be detected with high sensitivity if
the acceleration sensor 10 is installed so thaf the longitudinal axis of the
cantilever portion of the piezoelectric elements is substantially parallel to the
arm 42.- The acceleration sensor '10_ is_thereforé preferably disposed with the
longitudinal axis of the cantilever portion of the piezoelectric elements. parallel to
the arm 42.

Fig. 43B is a control block diagram for this disk drive 200. When
there is no external vibration, the position detection means 50 recognizes the
location of head 32 based oh address information recorded to the disk 31, the

controller 60 determines movement of the head 32, and the head carriage 40
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moves and positions the head. .Wh_en there is external vibration, the
acceleration detectpr 70 deter_r_nines_ the. presence and amount of rotational
acceleration bésed onbutput from the écc,elerétioﬁ detection.apbarét'us 100. If
the rotational acceleration can be effectively ignored, translational acceleration
is detected. Based on the result supplied from adceleration detector 70,
controller 60 calculates the movement of head 32 to a particular position, and
applies an appropriate contrql signal to the head carriage 40 so as to move the
head 32. It should be noted that if the acceleration detection apparatus 100
outputs only rotational accelerétion, the acceleration detector 70 can be omitted.
Furthermore, the process for evaluating acceleration can be accomplished by
the controller_' 60, in which case it is not necessary to provide a separate
acceleration detector 70. Yet further, the p'osition detection means 50 can be
omitted if the confroller 60 also has a function for detecting the location of head
32.

By thus controlling operation, the head 32 can be positioned to a
specific location when rotational acceleration applies external vibratiqn to the
disk drive 200. The head 32 can thus be precisely positioned, and a high
density disk 31 can be achieved. |
Advantages of the invention |

As will be known from the preceding description of preferred
embodiments, an acceleration sensor according to the present invention houses
at least two piezoelectric elements in a confined space so that the distance
between the support block portions is greatest. It is therefore possible to detect
acceleration in the same direction, and to detect rotational accelerétion from the

difference in the outputs of the piezoelectric elements. It is therefore possible to
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provide an acceleration sensor that can detect rotational acceleraﬁon (angular
'acceleratidn) with high sensitivity and high resolution .using a single acceleration
sensor Without.b'eihg affected by t'er:nberaturé and dtﬁer envirdnmental factors,
and to identifiably detect translational acceleration when the rotational
acceleration can be effectively ignored. |

This inve_ntioh also provides an acceleration detection apparatus

and an acceleration detection method using -this acceleration sensor, and a

~ positioning apparatus using this acceleration detection apparatus.

| Although the present invention has been described in connection
with the preferred embodiments thereof with reference to the accompanying
drawings, it is to.be noted that various changes and modifications will be
appa_reht to those skilléd in the art. Such changes and modifications are to be

understood as included within the scope of the present invention as defined by

‘the appended claims, unless they depart therefrom.
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What is claimed is:
1. An aqceleration sensor comprising:
| first piezoelectric element - having' ‘electrodes fdr 6ﬁtputting a
charge produced by strain deformation; and |

second piezoelectric element having electrodes for outputting a
charge produced by strain defdrmation,

| said first piezoelectric element including at least one piezoelectric

body and a support block supporting the. piezo_electric body, the electrodes
being provided on opposite surfaces of the first piezoelectric element,

said second piezoelectric element including at least one.
piezoelectric body and a support block supporting the piezoelectric body, the
electrodes being provided on opposite surfaces of the second piezoelectric
element, and | |

one surface of the first piezoeiectric element and one surface of
the second piezoelectric element are substéntially parallel to each other.
2. An acceleration sehsor as described in claim 1, wherein said
support block of the first piezoelectric element is firmly held to provide a
cantilevered piezoelectric body, and wherein said support block of the second
pie'zo-electric element is ﬁrmly held to provid_e_ a cantilevered piezoelectric body,

wherein the first and second piezoelectric elements have their
longitudinal axes aligned,_ and a free end portion of the cantilevered
piezoelectric body of the first piezoelectric element and a free end portion of the
cantilevered piezoelectric body of the second piezoelectric element are pointing
to each other. |

3. An acceleration sensor as described in claim 1, wherein the first
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piezoelectric element includes one piezoelectric body, and second piezoelectric

element mcludes one piezoelectric body, | ' .
wherein direction - of polanzatlon of the plezoelectnc body of the '.

first pie?oeledric element and direction of polarization of the piezoelectric body

of the second piezoelectric element are opposite.

- 4. _ An acceleration sensor as described in claim 1, wherein the first

plezoelectnc element includes one plezoelectnc body, and second piezoelectric
element includes one piezoelectric body,

wherein direction of polarization of the piezoelectric body of the
first piezoelectric element and direction of polarization of the eiez_oelectric body

of the second piezoelectric element are the same.

. 5. .- An ac’:celeretion sensor as described in claim 1, wherein the first

- piezoelectric element includes a plurality of layered piezoelectric bodies, and

second piezoeleetric element includes a plurality of layered piezoelectric bodies.
6. An acceleration sensor as described in claim 5, wherein the
direction of polarization of all piezoelectric 'bodies forming the piezoelectric
element is the same in each of the first and second piezoelectric elements.

7. An acceleration sensor as described in claim 6, wherein the
direction of polarizati.on of the piezoelectric bodies_ constituting the first
piezoelectric element-and the direction of polarization of the piezoelectric bodies
constituting the second piezoelectric elements are opposite.

8. An acceleration sensor as described in claim 6, wherein the
direction of polarization of the piezoelectric bodies constituting the first
piezoelectric element and the direction of polarization of the piezoelectric bodies

constituting the second piezoelectric element are the same.
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9. An acceleration sensor as described in claim 5, wherein the first

'pie_zoele.ctric.element includes at least two piezoelectric bodies, and second

piezoelectric element includes at least two piezoelectric bodies,

wherein the piezoelectric bodies of each piezoelectric element are
bonded with surfaces of the same polarity of polarizaﬁon, whereby the direction
of one piezoelectric body and the direction of another piezoelectric body are '
opposite. | |

10. . An acceleration sensor as described in claim 9, wherein the

-direction of polarization of the piezoelectric body of the first piezoelectric

. element is opposite to the direction of the correspdnding piezoelectric body of

the second piezoelectric element.

11. .~ An acceleration sensor as described in claim 9, wherein the

direction of polarization of the piezoelectric body of the first piezoelectrjc
element is the same as the direction of the corresponding piezoelectric body of
the second piezoelectric element.

12. ~ An acceleration sensor as described in claim 5, wherein the
piezoelectric bodies of the piezoelectric element are bonded with an intervening

shim therebetween.

13 - An acceleration sensor as described' in ciaim 5, wherein the

piezoelectric element is formed by bonding the plural piezoelectric bodies by
direct bonding.

14. An acceleration sensor as described in claim 13, wherein the
piezoelectric element is formed by bonding a-plurality of piezoelectric bodies by
direct bonding by way of at least one of oxygen atoms and hydroxyl groups.

15. An acceleration sensor as described in claim 1, further comprising
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an output terminal for each electrode of the first and second piezoelectric
elements. o _ | |
16. | "An éccelerétibn sensor as deééfibed | in clairh 1,  further
comprising:

at least one outht terminal interconnecfing between an electrode

of the first piezoelectric element and an electrode of the second piezoelectric

. element,

wherein the: polarity of charge generated on the electrode of the
first piezoelectric element and the polarity of charge generated on the electrode
of the second piezoelectric element are different. | |
17. An acceleration sensor as described in claim 1, further
comprising: | . |

| first output terhinal-interconnecting between an electrode of the

first piezoelectric element and an electrode of the second piezoelectric element;
and |

second output terminal from an electrode other than said
connected electrodes,

wherein the polarity of charge generated on the electrode of the
firs‘_t piezoeleétric .elemer'lt and the polarity of charge generated on the electrode
of the second piezoelectric element are the same. |
18. An acceleration sensor as described in claim 1, further comprisi'ng
at least one output terminal set for outputting a charge generated at e_ach
electrode of the first and second piezoelectrié elements.
19. An accéleration sensor as described in claim 1, wherein the first

piezoelectric element is substantially adjusted to the same sensitivity as the
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second piezoelectric element.

20. An acceleration sensor as deécri_bed in claim 19, wherein a portion
of the &énfilevér portion of the first piezoelectric element is removed.

21.. An acceleration sensor as described in claim 19, wherein a
sensitivity adjusting. mass is affixed the cantilever portion of the first
piezoelectric element.

22. An acceleration sensor as described in claim 1, wherein the first
piezoelectric element is fixed by the support block portion inside a package, and
the second piezoelectric element is ﬁxed by the support block portipn inside a
package, whereby the cantilever portion can vibrate freely.

23. An acceleration sensor as described in claim 22, wherein the first
'piezoelectric element is mounted inside the package with the cantilever portibn
inclined to the surface of the package, and second piezoelectric element is
mounted inside the package with.the cantilever portion inclined to the surface of
-the package.

24, An acceleration sensor as described in claim 23, wherein the first
piezoelectric element is mounted to the package, and sec_bnd piezoelectric

element is mounted to the'packagé, whereby the angle of inclination between

- the cantilever portions thereof and the package surface is 'different.'

25. An acceleration sensor as described in claim 22, wherein first set
of piezoelectric elements is mounted in the package, and se_cond set of
piezoelectric elements is mounted,

wherein the first and second piezoelectric elements of the first set
mounted with the cantilever portion thereof perpendicular to the package

surface, and the first and second piezoelectric elements of the second set
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mounted with the cantilever portion parallél to the package surface.
26. An acceleration detection apparatus comprising:
o ian acceleration s_ehso’r as deécribéd in claim 1; and _
a signal processing circuit for processing output signals from the
piezoelectric elements of the acceleration sensor.

27. An acceleration detection apparatus as described in claim 26,

-wherein the first and second piezoelectric elements are connected to the signal

processing circuit to output same-polarity output signals for acceleration in the
same direction, and

the signal processing circuit determines the difference between

-the output signals.

28. : An acceleration detection -apparatus as 'despribéd in claim 26,
wherein the ﬁrst and second pfezoelectric elements are connected to the signal
processing circuit to output opposite-polarity output signals for acceleration in
the same direction, and |

the sfgnal Pprocessing circuit determines: the sum of the output
signals. '
29. An acceleration detection apparatus as described in 6Iaim 26,
wherein the. signal processing t.:ircu.it' inéludes a circuit .for detectirig angular
acceleration from the difference of the outputs from the first and second
piezoelectric elements. |
30. An acceleration detection apparatus as described in claim 26,
wherein the signal processing circuit adjusts output so that the sensitivity of the
first piezoelectric element and the sensitivity - of the second 'piezoélectric

element are substantially equal.
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31. An acceleration detection apparatus as described in claim 26,
wherein the signal processing circuit cpmprises: | _ l
o | one impedance -E-o'r.\verti-ng_ circuit for convertihg output signal
impédance from the piezoelectric element; and

an amplifier circuit for amplifying the converted output signals.
32. .~ An acceleration .detection apparatus as described in claim 26,
wherein the signal processing circuit comprises: |

two impedance converting cifcuits for converting output signal

impedahce from the piezoelectric elements; and

an adding circuit for adding the converted output signals.

33. An acceleration detection. apparatus as described in cIaim' 26,

-wherein the signal processing circuit comprises:

two impedance converting circuits for converting output signal
impedance from the piezoelectric elements; and

“a differential amplifier circuit for detecting and amplifying the
converted output signal difference.
34. An acceleration detection apparatus as described in claim 26,
wherein the apparatus includes a plurality of output terminals for simultaneously
e'xtérnally outputting the impedance-converted piezoelectric 'elemerit output
signals and amplified output of th_‘e converted output after impedance

conversion.

35. An acceleration detection apparatus as described in claim 26,

wherein the first piezoelectric elements is fixed at the éupport block portion in

the package, and the second piezoelectric elements is fixed at the support block

- portion in the package,
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whereby the cantilever portions can vibrate fre_ely, and the signal
processing circuit is housed inside the package.
6. A bositiohing appéfatus COrhpfising:_

an acceleration detection apparatus as described in claim 26 for -
detecting acceleration; |

a moving means for-moving_ an object; and

a control means for controlling the moving means,

wherein the control means cbntrols the mdving means to move
and position the object based on an output signal' from the acceleration
dete,ction_ apparatus corresponding to detected acceleration.
37. - A position apparfatus as described 'in claim 36, wherein the
cantilever portions of the first and Second piezoelectric elements of the '
acceleratfon detection apparatus are provided suhstantially parallel to a.means
for supporting the object.
38. A disk recording and reading apparatus comprising:

an acceleration detection apparatus as described in claim 26 for
detecting acceleration; |

a head moving means for -moving a ‘head for recording to and

reading from the disk; and

a control means for controlling the head moving means,

wherein the control means calculates movement of the head
based on an output signal from the acceleration detection apparatus -
corresponding to detected acceleration, and moves and positions the head by
means of the head moving means.

39. A disk recording and reading apparatus as described in claim 38,
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~ wherein the cantilever portion of the first and second piezoelectric elements of

the acceleration detection apparatus are provided substantially parallel to an

" arm supporting the head, -



