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Field of the Invention

The present invention relates in general to a
piezoelectric and/or electrostrictive actuator (hereinafter

referred to as "P/E actuator"), and more particularly to a

uni~morph, bi-morph or other types of P/E actuators or
actuator units having a plurality of piezoelectric and/or
electrostrictive elements (hereinafter referred to as "P/E
elements") formed on a ceramic substrate thereof. The
10 present invention is concerned with such P/E actuators or
actuator units which undergo £lexural displacement upon

actuation of .the P/E elements and which are used as ink

pumps of an ink jet print head.

Discussicn of the Rela'_ced Art

15 | As a means for raising a pressure in a pressure
chamber formed within a ceramic substrate of an actuator
unit, there is recently known a P/E element formed on a wall
partially defining the pressure chamber so as to change a
volume of the pressure chamber due to displacement. of the
10 P/E element. Such a piezoelectric and/or electrostrictive
actuator uﬁit may be used for éach of a plurality of ink

pumps of a print head of an ink jet printer, for example. To
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referred to as "P/E actuator"), and nore particularly to a uni-norph,

bi - morph or other types of P/E actuators or actuator units having a
plurality of piezoelectric and/or elegtrostrictive elenents (hereinafter
referred to as "P/E elenments”) formed on a ceram c substrate thereof. The
present invention is concerned with such P/E actuators or actuator units
whi ch undergo fl exural displacenent upon actuation of the P/E elenents and
whi ch areffiessd pxrimdngoulmys btheanprhktj ebepdi ntahedidk mateddaslcudsi on of

the Related Art As a neans for raising a pressure in a pressure
. chanber suppdeicedii toi hhe pyessuresdramber 50 £ildctihe osameni andt Adee is
1 recently known a P/E elenment forned on a wall partially defining the

pr essur dedfaning Lok apressukgnyathin the pressure chamber is ralised

due to displacement of the P/E element, -so that a droplet of

5 ‘the ink is jetted through a nozzle communicating with the
pressure chamber.

The assignee of the present invention proposed one

example of ink jet print head, as disclosed in U.S. Patent

Applicai;ion No. 08/066,193 which employs the above-described

P/E actuator unit. More specifically described, the proposed

actuator unit has an actuator portion comprising: a ceramic
substrate -consisting of a plurality of ceramic green sheets
which are superposed on each other and sintered into an
integral laminar structure having pressure chambers therein;
115 and a plurality of P/E elements each of which is formed by a
film-forming method on an outer surface of a wall which

partially defines the corresponding pressure chamber of the

ceramic substrate. This actuator portion is bonded to a
suitable ink nozzle member, thereby  to provide an integral
structure of the proposed actuator unit. Generally, an ink
jet print head uses many actuator units arranged side by
side.

Described in detail referring to Figs. 5 and 6, an
actuator portion generally indicated at 12 used in an ink
jet print head comprises a ceramic substrate 14 obtained by
integrally sintering a laminar structure of ceramic green

sheets superposed on each other and a plurality of film-like
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vol une of the pressure chanber due to displacenent; of the P/E elenent.
Such a piezoelectric and/or electrostrictive actuator unit may be used for
‘each of a plurality of ink punps of _aqprint head of an ink jet printer,

for exanple. To - 2- effect printing
by the print head, an ink material is supplied to the pressure chamber to
fill the sane, and the level of ink pressure within the pressure chanber

.is rai se@/E elements 16 formed on an outer surface of the ceramic
substrate 14 by a film-forming method. The ceramic substrate
14 has a plurality of pressure chambers 18 formed therein
which are aligned with the respective P/E elements 16. The
5 thus constructed actuator portion 12 is bonded to an ink
nozzle member indicated at 20 which includes a plurality of
nozzles 22, ink discharge holes 24 and an ink supply channel

26. In operation, the ink material which is fed into the ink

supply channel 26 is supplied to the pressure chambers 18 of

the. actuator portion 12 through respective through-holes 28.

Upon actuation of the P/E elements 16, the upper walls of
the pressure chambers 18 are deformed, thereby to raise the
pressure of the ink within the pressure chambers 18. Then,
the ink material within the pressure chambers 18 is jetted
i 1B) outwards from the appropriate nozzles 22 through the
corresponding through-holes 29 of the ceramic substrate 14

and the corresponding ink discharge holes 24 of the ink

nozzle member 20.

In an attempt to provide an ink jet print head
which is capable of performing highly accurate and
high-quality printing, a relatively large number of pressure
chambers .18 are formed within the substrate 14 of the
.actuator portion 12 and arranged at a relatively small
pitch, and a correspondingly large number of nozzles 22 are.
formed for effecting highly accurate and high-quality

printing.
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due to displacenent of the P/E elenent, so that a droplet of the ink is

jetted through a nozzle comrunicating with the pressure chanber.

The assignee of the present invention_pgoposed one exanple of ink jet

pr.int head, as disclosed in U S. Patent Application No. 08/ 066, 193 which

enpl oys the above-described P/E actuator unit. Mre specifically

descri bed, the proposed actuator unit has an actuator portion conprising:
- a ceramic substrattheongikst jag oprinpl Uhehdt el SEIRyT &€h@r €88t8he6ES

whi ch are superposed on each other and sintered into an integral |am nar

struct ur edmbiaory b2 econst rokcaedeas tdeserhbedamtboreplin adadly aét®ator
_elements each of which is formed by a filmformng nmethod on an outer
'{surface afmit vihéredf chhopaver al hgsdehiffes edhef o r@ spoohlileny jmessmms

chamber of the . L
of the operating characteristics of the P/E elements 16.

#1 5 That is, among the plurality of P/E elements 16 which are
formed in a row on the substrate 14 so as to be aligned with
the respective pressure chambers 18, two outermost elements

16 which are located at the opposite ends of the row are

inferior in the operating charactéristics to the other or

adjacent inner elements 16 interposed therebetween.

More specifically described, in the actuator unit
12 constructed as described above, the amount of flexural
deformation of each P/E element 16 {(the amount of flexural
deformation of the upper wall of each pressure chamber 18)
2415 was measured by applying a suitable voltage to each of the
elements 16. The result of the measurement showed that the

~amounts of flexural deformation of the above-indicated two

outermost piezoelectric/electrostrictive elements 16 are
smaller by about 30% than those of the other, inner elements
16 interposed therebetween. Thus, the two outermost elements
do not undergo sufficiently large amounts of flexural
deformation as compared with the inner eiements. A variation
or fluctuation in the amount of the flexural deformation or
inconsistent operating characteristics of the P/E elements
16 of the actuator portion 12 undesirably causes
inconsistency or fluctuation in the ink-jetting capability

of the print head and deterioration of the quality of
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ceram c substrate. This actuator portion is bonded to a suitable ink
nozzl e menber, thereby to provide an integral structure of the proposed
actuator unit. Generally, an ink® jet grint head uses many actuator units
arranged side by side. Described in detail referring to Figs. 5
and 6, an actuator portion generally indicated at 12 used in an ink jet
print head conprises a ceram c substrate 14 obtained by integrally

sinteri Rgrihted NBhagds uc?ﬂbsu@édcerqu GHH egsrirhechgaglpewwnesedt@e each
other and a plurality of filml
above~constructed actuator units are used as ink pumps for
the ink jet print head.
! As a result of a further study by the inventors of
the present invention, there was proposed a P/E actuator as
disclosed in U.S. Patent No. 5,376,856 in an attempt to
solve the above-described problem, wherein the actuator

portion of each actuator unit has two dummy cavities or.

enclosed spaces within the substrate formed ‘adjacent to

respective two outermost pressure chambers which are located
at opposite ends of a row of the pressure chambers, such
that the two dummy cavities sandwich the row of pressure
chambers. In this arrangement, the rigidity of the substrate
at the two outermost pressure chambers located at opposite
115 ends of the row is effectively reduced due to the existence
of the dummy cavities, whereby the two outermost chambers

are more likely to be deformed, and therefore, the two

outermost P/E elements corresponding to the two outermost
pressure chambers exhibit improved operating characteristics
which are substantially equal to those- of the other inner
elements interposed between the two outermost elements.
However, in the above actuator portion which is
provided with the above-described dummy cavities formed
adjacent to the two outermost pressure chambers, the size
and configuration of the dummy cavities must be suitably
selected for enabling the two outermost P/E elements

corresponding to the two outermost pressure chambers to
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- 3- P/ E el enents 16 forned on an outer surface of the ceramc substrate
14 by a filmformng nmethod. The ceranic substrate 14 has a plurality of
pressure chanbers 18 formed therein _which are aligned with the respective
P/E elenents 16. The thus constructed actuator portion 12 is bonded to. an
i nk nozzle nenber indicated at 20 which includes a plurality of nozzles
22., ink discharge holes 24 and an ink supply channel 26. In operati on,
the ink sghepis! thWbi 6Peratifng thheatkeriil ics pubsteihtingly2equalswep! i ed
to the pressure chanbers 18 of the actuator portion 12 through respective
t hrough-thdse 2% thédpobnaerualienermis t han@wiEchedmbyt sarid, bébweanpahenal | s
of

two outermost elements. Usually, the selection or adjustment

of the size and configuration of the dummy cavities must be
b5 effected by trial-and-error depending upon the operating
characteristics of the P/E elements of each actuator

portion. As a result, there arises a problem that it takes a

lot of time and cost to initially design the actuator
portion and subsequently modify the design of the actuator
. portion.” In particular, where windows which give the
pressure chambers and dummy cavities are formed by punching
off the corresponding portions of a green sheet which
constitutes a part of the ceramic substrate, various kinds
of metal molds used for punching operation must be prepared
in order to obtain the dummy cavities having desired sizes
and configurations for permitting the two outermost P/E
elements to exhibit improved operating characteristics. The
preparation of the metal molds requires considerable cost
and time, undesirably pushing'up the manufacturing cost of

the actuator portion of the actuator unit.

SUMMARY OF THE INVENTION
It is therefore an object of the present invention
to provide a piezoelectric and/or electrostrictive (P/E)
actuator which includes a ceramic substrate having a
Plurality of pressure chambers formed in a row extending in

its longitudinal direction, and a plurality of piezoelectric
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the pressure chanbers 18 are defornmed, thereby to raise the pressure of
the ink wwthin the pressure chanbers 18. Then, the ink nmaterial within the
pressure chanbers 18 is jetted outwar fromthe appropriate nozzles 22
through the corresponding through-holes 29 of the ceram c substrate 14
‘and the corresponding i nk discharge holes 24 of the ink nozzle nmenber 20.
In an attenpt to provide an ink jet print head which is capable of
per f or m agad/birghd decraddict 1vand( PPEYN-dlahdit's PEbRIEB i@ &ehald Véd Y
| ar ge nunber of pressure chanbers 18 are fornmed within the substrate 14 of
the act gakobugert sQrfadeadd aheacgetniic asuisstatdteel yn sabd dnment aitiand a
correspondi ngly | arge nunber of nozzles 22 are

the respective pressure chambers, - wherein the operating

. —

characteristics of the two outermost P/E.elements which are
5 located at opposite ends of the row are effectively
improved, so that all of the P/E elements of the actuator
exhibit excellent operating characteristics. It is also an

object of the invention to provide such a P/E actuator which

permits simplified design and which can be produced with
improved efficiency at a significantly reduced cost.

The above object may be accomplished according to

the principle of the present invention which provides a
pPiezoelectric and/or electrostrictive actuator comprising
(a) a ceramic substrate in which pressure chambers are
£) 15 formed in a row extending in a longitudinal direction of the
substrate, the ceramic substrate including a spacer plate

having a plurality of windows which provide the pressure

chambers, the plurality of windows being formed in a row
extending in a longitudinal direction of the spacer plate, a

closure plate superposed on one of opposite major surfaces

$ of the spacer plate so as to close one of opposite openings
% of each of the windows, and a connecting plate superposed on

the other major surface of the spacer plate so as to close

the other opening of each of the windows, the spacer plate,
the closure plate and the connecting plate being formed from
respective ceramic green sheets which are laminated on each

other and fired into an integral structure as the ceramic -
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forrred for effecting highly accurate and high-quality printing.
-4- The ink jet print head enploying the actuator portion 12
constructed as descri bed above in eaechgastuator wunit thereof, however, has
suffered froma problemin terns of the operating characteristics of the
P/E elenents 16. That is, anong the plurality of P/E elenents 16 which are
substrate, and (b) piezoelectric and/or electrostrictive
elements which are disposed on xespective portions of an
outer surface .of the closure plate which partially define
the pressure chambers, respectively, the elements being
& 5 energized to cause deformation of the respective portions,
s0 as to change pressure levels of the corresponding

pressure chambers, each of the piezoelectric and/or

electrostrictive elements comprising a lower electrode, a

(L piezoelectric and/or electrostrictive layer and an wupper
m"w electrode which are formed in the order of description by a
film-forming method on the outer surface of the closure
plate in alignment with the respective pressure  chambers,
wherein the spacer plate has auxiliary windows having a
predetermined size formed adjacent to respective two
215 " outermost windows which are located at opposite ends of the
row of the plurality of windows of the spacer plate, the
auxiliafy windows providing dummy cavities within the

ceramic substrate such that the dummy cavities are formed

adjacent to respective two outermost pressure chambers which
#§20 are located at opposite ends of the row of the pressure
chambers, and wherein displacement adjusting layers having a
suitable pattern are integrally formed on respective

portions of the outer surface of the closure plate which are -

aligned with the auxiliary windows of the spacer plate.
In the piezoelectric and/or electrostrictive
actuator constructed according to the present invention, the

displacement adjusting layers are integrally formed by a
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formed in a row on the substrate 14 so as to be aligned with the
respective pressure chanbers 18, two outernost elenents 16 which are
"l ocated at the opposite ends of the row are inferior in the operating
characteristics to the other or adjacent inner elenents 16 interposed
“ther ebet ween. More specifically described, in the actuator unit
12 constructed as descri bed above, the anount of flexural deformation of
each P/ E elmrformilfy (méehadoont the fiespactive aparivenonobf thee oupper wal |
of each pressure chanber 18) was neasured by applying a suitable voltage
to each sMrface ofenthe s cli@suliee pdsget Whiche ansmsalegnad shidkedthhRat the
amounts of flexural, deformation of the above-indicated two outernost
pi ezoel AWFI LIV IRAQWS cof vEhe| SRBREE PAd3%fe smaller by about 30%t han

t hose of °the ot her, i nner el enents
Accor :{ng to a preferred form of the present

5 invention, each of the displacement adjusting layers
includes at least one layer which is similar to the lower
electrode and/or the piezoelectric and/or electrostrictive

layer. The displacement adjusting layers may be formed on

the respective portions of the outer surface of the closure

plate, at the same time when the piezoelectric and/or

electrostrictive elements are formed on the closure plate.
5 The displacement adjusting layers may include an insulating
-resin layer made of an electrically insulating resin
material.

w415 In the piezoelectric and/or electrostrictive
actuator constructed according to the present invention, a

plurality of pressure chambers corresponding - to the

respective windows are formed within the ceramic  substrate
in a row extending in the longitudinal direction of the
substrate, while dummy <cavities or enclosed spaces
corresponding to the respective auxiliary windows having a
suitable size are also formed within the substrate, such
that the dummy cavities are formed adjacent: to the
respective two outermost pressure chambers which are located
at the opposite ends of the row of the pressure chambers so
as to sandwich +the plurality of the pressure chambers

therebetween. According to this arrangement, the rigidity of
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16 interposed therebetween. Thus, the two outernost elenents do not
undergo sufficiently large anmounts of flexural deformation as conpared
with the inner elements. A variatian j@r-fluctuation in the anmount of the
flexural deformation or inconsistent operating characteristics of the P/E
el enments 16 of the actuator portion 12 wundesirably causes

I nconsi stency or fluctuation in the ink-jetting capability of the print
head andndetstibsiaitieonn®f théeagoaki-iyditated two outermost pressure

chambers is effectively lowered due to the existence of the
dummy cavities, whereby the two outermost pressure chambers
are more. likely to be deformed. Moreover, in the present
5 actuator, the displacement adjusting layers having a
suitable pattern are integrally formed on the respective
portions of the outer surface of the closure plate which are
aligned with the auxiliary  windows giving ' the dJummy
cavities. The provision of the displacement adjusting layers
according to the present invention effectively permits

precise and fine adjustment of the rigidity at the two

outermost pressure chambers located adjacent to the
respective dummy cavities.

Described in detail, the rigidity at the

15 above~-indicated two outermost pressure chambers can be

[ . adjusted by varying the size of the auxiliary_windows which

give the dummy cavities. That is, the degree of lowering of

. the rigidity can be controlled by changing the size of the
g, auxiliary windows. On the other hand, the formation of the
20 . displacement adjusting layers integrally on the ceramic

substrate according to the present invention leads to an
increase in the rigidity at the two outermost pressure
chambers which has been lowered by the provision of the
dummy cavities. Further, the degree of increase in the
25 . rigidity oﬁ these chambers can be adjusted by  suitably
determining the pattern of the displacement adjusting layers

to be formed on the substrate. Accordingly, the rigidity at
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printed i mages produced by the print head, when the above-constructed
actuator units are used as ink punps for the ink jet print head.
-As a result of a further study byaqhqjinyentors of the present invention,
there was proposed a P/E actuator as “"disclosed in U S. Patent No.
5,376,856 in an attenpt to solve the above-described problem wherein the
‘actuator portion of each actuator unit has two dunmy cavities or enclosed
spaces whkhi fiyd Neutehaiostt epf 85 SR He A BERM r & O cahe SHEC tlone rba e@Ut £ NDST
pressure chanbers which are located at opposite ends of a row of the
pressur geghaggersy Ssigicaidihptl ddiedtihgudie Cuitideas Sasdvech $vgpd ow of
pressure chanbers. In this arrangenent, the rigidity of the substrate
-thickness, etc.) of the displacement adjusting lavers, in

addition to the selection of the size of the auxiliary
5 windows which give the dummy cavities. Since tﬁe rigidify at

the two outermost pressure chambers can be properly adjusted

by the provision of the displacement adjusting layvers of the

present invention, the two outermost pressure chambers

undergo the substantially same amount of deformation as the
inner chambers ' interposed between the two outermost

- chambers, upon actuation of the corresponding piezoelectric

and/or electrostrictive elements, permitting all the
piezoelectric and/or electrostrictive elements including the
two outermost elements corresponding to the two outermost
&rs chambers to exhibit excellent and stable operating
characteristics.

Therefore, when the actuator portién constructed

as described above is used in each of the actuator units or ‘

ink pumps for an ink jet print head, for example, the ink

jet print head assures excellent ink-jetting capability
owing to the improved operating characteristics of the
piezoelectric and/or electrostrictive elements. Thus, the
4 ink Jjet print head wusing:- the piezoelectric and/or
electrostrictive actuator wherein each actuator unit has the
§F above-constructed actuator portion is capable of producing

improved quality of printed images with high stability.
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at the two outernost pressure chanbers |ocated at opposite ends of the row
Is effectively reduced due to the existence of the dunmy cavities, whereby
‘the two outernost chanbers are nore likely to be deforned, and therefore,
the two outernost P/E el enents corresponding to the two outernost

-pressure chanbers exhibit inproved operajing characteristics which are
substantially equal to those of the other inner elenents interposed

bet ween the two outernost el enents. However, in the above
actuator portion which is provided with the above-described dumry cavities

formed adjacent to tihad, WEdItidiSle P15 WLt eis, tHde si ze and
configuration of the dummy cavities nust be suitably selected for enabling
t he. two out erdizgil dddmesiter@iifussting layers and/or the sizes of the

auxiliary windows may be selected so that an operating
5 characteristic (eg. rigidity) of each of the two

outermost pressure chambers is substantially equal to

that of at least one other pressure chamber:

In some embodiments, the actuator may be

arranged so that an operating characteristic (eg.

10 rigidity) is substantially equal for all pressure

chambers.

The present invention also provides a method
for manufacturing such an actuator, the method
including providing said spacer plate and said closure

15 plate formed from respective ceramic green sheets and
firing said plates into an integral structure as said

ceramic substrate, the method characterized by the

steps of:
Q#P forming said auxiliary windows (78) having a
20 predeterhined size in said spacer plate; and
forming said displacément adjusting layers (60)
having a suitable pattern on respective portions of the
outer surface of said closure plate aligned with said

auxiliary windows (78) of said spacer plate.
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- 6-
of the inner elenents sandwi ched by ad between the two outernost
el enents. Usually, the selection or adjustnment of the size and

configuration of the dummy cavities nust be effected by trial-and-error

dependi ng upon th% E@gratlngﬁacgﬁracterlstlcs of %bPE IenEnI . Of each

act uat or port i on.

corresponding to the two outernpst pressure chambers to
exhi bit the operating characteristics substantially equal to

ReFengitesiBVEP 5}9 *

of the ceramic substrate at the two outermost pressure

.chambers located at opposite ends of the row of the chambers

can be adjusted by the provision of the displacement
adjusting layers formed integrally on the ceramic substrate,
in addition to the provision of the dummy cavities partially

defined by the respective auxiliary windows. In this

arrangement, the auxiliary windows which give the dummy

cavities are formed with suitable dimensions in the spacer
plate of the ceramic substrate, so that the rigidity at the
two outermost pressure chambers located adjacent to the
respective dummy cavities is lowered due to the existence of
the dummy cavities. The thus lowered rigidity can be

adjusted as desired by providing suitably patterned

t hose

displacement adjusting layers on the ceramic substrate. That -

is, though the provision of the displacement adjusting
layers result in raising the rigidity at the two outermost
chambers, the degree of rise in the rigidity can be properly
and precisely controlled by the selection of. the pattern of
the displacement adjusting layers so as to obtain the
desired rigidity. This arrangement allows effective
adjustment of -the rigidity at the two outermost pressure
chambers with high accuracy. Since the rigidity can be
adjusted as desired by suitably selecting the pattern of the
displacement adjusting layers in the present invention, the
manufacturiﬁg cost of the present actuator is considerably

lowered as compared to the conventional actuator wherein the
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molds for punching operation. In this arrangement, the time
and cost required for changing the pattern of the
displacement adjusting layers can be effectively reduced.
Therefore, this arrangement permits fast and economical
design of the piezoelectric and/or electrostrictive actuator

and modification of design thereof.

BRIEF DESCRIPTION OF THE DRAWINGS
The above and optional objects, features and
advantages of +the present invention will be better

understood by reading the following detailed description of

a presently preferred embodiment of the invention, when -

considered in connection with the accompanying drawings, in
which:

Fig. 1 is an elevational wview in vertical cross

section, showing a piezoelectric and/or -electrostrictive

actuator portion of an actuator unit according to one
embodiment of the present invention;

Fig. 2 is an exploded perspective view showing the
structure of the piezoelectric and/or electrostrictive

actuator portion of Fig. 1;

Fig. 3 1is an elevational view in vertical cross

section, showing the actuator unit including the actuator
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SUMVARY OF THE | NVENTI ON It is therefore an object of the
present invention to provide a piezoelectric and/or electrostrictive (P/E)
actuator which includes a ceranic:-sub%#rate having a plurality of pressure
chanbers formed in a row extending in its longitudinal direction, and a
.plurality of piezoelectric -7-

and/or electrostrictive ( elenents formed i,n row o t he outer

surface B‘Pr?h‘éncgﬁarﬁl@'s@ost{'@ﬂ@hl REFBRHE n Mt I"FLS used as an 1ink

pump for an ink jet print head;

Fig. 4 is an exploded perspective view showing the

structure of an ink nozzle member of the actuator unit of
5 Fig. 3;

Fig. 5 is an elevational view in vertical cross
section, showing one example of a conventional actuator unit
used as an ink pump for an ink-jet print head; and

Fig. 6 is a cross sectional view taken along line

i0 6-6 of Fig. 5.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT
Referring first to Fig.. 1 schematically showing a
piezoelectric and/or electrostrictive actuator portion 34
{hereinafter referred to as "P/E actuator portion") of an
.15 actuator unit according to one embodiment of the present

invention, and to Fig. 2 which is an exploded perspective

view of the actuator portion 34, the P/E actuator portion 34

* includes a ceramic substrate 64 consisting .of a closure
plate 56, a spacer plate 62, and a connecting plate 58 each

20 having a relatively small thickness and formed of a ceramic
material. These plates 56, 62, 58 are superposed on each
other to provide an integral structure of the ceramic
substrate 64. The actuator portion 34 further includes a
plurality of film-like piezoelectric and/or electrostrictive

if 25 elements 70 (hereinafter referred to as "P/E elements")

formed on the outer surface of the closure plate 56. In
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t-he respective pressure chanbers, wherein the operating

characteristics of the two outernost P/E el enents which are

| ocat ed at

~opposite ends of the row are effectiLvgky- i nproved, so that all of the P/E

el enents of the actuator
is also an

permts sinplified design and which can be produced with inproved

exhi bit excellent operating characteristics.
obj ect of the invention to provide such a P/E actuator which

It

; ef ficienopenationjgnilie c@/E yelenlanéd c?6t.undergo contwacthiore alforct nmay

K ‘

be acconplished according to the principle of the present invention which

(a)

. { provi desapplptatbehemf i @ andlbagel ethevetpictanéd seonsgarerdoipys i Sibey
e

ta ceramc_substrate in which pressure chanmbers_are formed in a_row
ext endi nglepuse| phateulbnas Weddc@isorkhg RAR edaments: 40 eme cagect

15

substrate including a spager Eﬁate

to displacement in e form of bending or flexure. The
displacement causes deformation or strain of appropriate
pressure chambers 36 formed within the ceramic substrate 64,
so that a pressure level in each of the pressure chambers 36
is changed.

More specifically described referring to Fig. 2,
the spacer plate 62 of the ceramic substrate 64 has four
inner rectangular windows 68 formed through the thickness
thereof. The four inner windows 68 are formed in a row in
equally spaced-apart relation with each other in the
longitudinal direction of the spacer plate 62, as viewed in
a plane of the spacer plate 62. The spacer plate 62 further
has two auxiliary or outer windows 78, 78 each having
predetermined configuration and dimensions. In this
embodiment, each of the auxiliary windows 78  has
substantially the same configuration and dimensions as those
of the windows 68. The auxiliary windows 78, 78 are formed
adjacent to respective two outermost ones of the inner
windows 68, which are located at opposite ends of the row of
the four inner windows 68, such that the auxiliary windows
78 sandwich the four inner windows 68 therebetween. The
connecting plate 58 of the ceramic substrate 64 has four
pairs of first and second communication holes 66, 67 formed

through the thickness thereof. Each pair of the first and
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having a plurality of wi ndows which provide the pressure chanbers,
"plurality of windows being forned in a row extending in a |ongitudinal

~direction of the spacer plate,

a. clpsure pl ate superposed on one of

t he

.opposite major surfaces of the spacer plate so as to cl ose one of opposite
openings of each of the wi ndows, and a connecting plate superposed
maj or surface of the spacer plate so as to close the other opening
of eaclsegonidie comminvissattion dwdesy [Hl6at e,67 t lis claddgnedpl withanthiehe

ot her

connecting plate being fornmed from

ceramc

25

25

plane of the connecting plate 58.

The connecting plate 58 is bonded to one of
opposite major surfaces of the spacer plate 62 (more
precisely, the lower surface of the spacer plate 62 as seen
in Fig. 2), and the closure plate 56 is bonded to the other
major surface of the spacer plate 62 (more precisely, the
upper surface of the spacer plate 62 as seen in Fig. 2). The

superposed plates 56, 58, 62 are fired into an integral

- structure of the ceramic substrate 64. In the thus formed

ceramic substrate 64, the four inner windows 68 and the two
auxiliary or outer windows 78 of the spacer plate 62 are
closed at opposite openings thereof by the closure plate 56
and the connecting plate 58. According to this arrangement,
four pressure chambers 36 are formed within the ceramic

substrate 64 in alignment with the respective four inner

windows 68, such that the pressure chambers 36 are arranged -

in a row extending in the Jlongitudinal direction of the
ceramic substrate 64, as viewed in-a plane of the substrate
64. Each of the pressure chambers 36 is held in
communication with exterior space through the corresponding
pair of the first and second communication holes 66, 67.

Further, in the above-constructed ceramic substrate 64, two

dummy cavities or enclosed spaces 37, 37 corresponding to

the two auxiliary windows 78, 78 are formed adjacent to the-

two outermost pressure chambers of +the four pressure
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- 8- substrate, and (b) piezoelectric and/or electrostrictive elenents
whi ch are di sposed on respective portions of an outer surface of the
‘closure plate which partially define l’he pressure chanbers, respectively,
the el enments being energized to cause deformation of the respective
_portions, so as to change pressure | evels of the corresponding pressure
chanbers, each of th pi ezoel ectric and/or electrostrictive elenents

conpri si FY2RPEEReR el eﬁ’%ﬁ‘}bd@‘a& thezBEPe QUMY £RY BFLeF edf r SanaWichye:
| ayer and an ggﬁr pelectrode an&ﬁ are for d in the order f ngcrlptlon

by  a ressure C erebetween.
cavities 37 have suitably designed dimensions and
configuration, e.g., substantially the same volume as the
5 pressure chambers 36, in this embodiment.

The ceramic substrate 64 as described above has an
_integral fired ceramic structure formed in the following
manner. Initially, a ceramic slurry is prepared from ceramic
materials, binders, liquid solvents and other materials, and
the thus prepared ceramic slurry is formed into green sheets

by means of a generally used device such as a doctor blade

device or a reverse roll coater. Then, the obtained green
sheets are subjected to suitable mechanical machining
operation or laser machining operation such as cutting,
15 machining or punching, as needed, to form the windows 68,
auxiliary windows 78, and first and second communication
holes 66, 67. Thus, there are formed precursors for the

plates 56, 58, 62. These precursors are then laminated on

each other and co-fired into the integral structure of the

ceramic substrate 64. The thus formed ceramic substrate 64
assures complete and secure sealing between the adjacent
plates 56, 58, 62, without applying any bonding adhesive to
their interfaces.

For establishing more stable sealing between the
25 plates 56, 58, 62, it is preferable to print or coat a
slurry or paste formed of the same material as the slurry of

the green sheets, at the interfaces of the green sheets for

his Sheet Has Been Replaced

T




flln}forn1ng met hod on the outer surface of the closure plate in alignnment
with the respective pressure chanbers, wherein the spacer plate has
~auxiliary wi ndows having a predete*nl&ed size formed adjacent to
respective two outernpst wi ndows which are |ocated at opposite ends of
the row of the plurality of wndows of the spacer plate, the auxiliary

w ndows providing dummy cavities within the ceramc substrate such that

t he dumbhecRbatias e Jor i befiprr chiring; etpesebyetonbosnt surbace
pressure chanbers which  are | ocated at opposite ends of the row of the
pressuréaY(ﬁi?fnbéFs thad WHETGares s Pfacéhent gEGFBsﬁlPﬁF‘F%yer@’ehaWHﬁ a

s S B YAh K R R el i o
of the s&acerf& lea;[ eare likely to be spread over the entire surfaces
.5 of the green sheets under a .pressure when the green sheets
for the plates 56, 58, 62 are laminated and pressed onto
each other. Accordingly, the surface layers provide
sufficient bonding strength and assure increased and stable
sealing tightness at the interfaces of the plates 56, 58, 62

in the fired ceramic substrate 64.

In the ceramic -substrate 64 constructed as

described above, the pressure chambers 36 formed therein are
brought into communication with the exterior space through
the corresponding pairs of the first and second
15 communication holes 66, 67 formed in the connecting plate
58. This arrangement of the ceramic substrate 64 1is
advantageous when the ceramic substrate 64 of the actuator
portion 34 is bonded to an ink nozzle member 32 as shown in

Fig. 4 or other component which will be described, since a

sealing area between the ceramic substrate 64 and the ink
nozzle member 32 which must be sealed fluid-tightly is
considerably reduced, thereby assuring improved bonding
efficiency. Further, the existence of the connecting plate

58 effectively improves structural or mechanical strength of

5

the ceramic substrate 64, which favorably prevents warpage
of the ceramic substrate 64 upon firing thereof and permits

easy handling of the substrate 64 while the actuator portion
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I'n the

pi ezoel ectric and/or electrostrictive actuator constructed

‘according to the present invention, the displacenent adjusting |ayers are
integrally formed by a - 19 - -9-

filmform ng method on the respectlve portions of the outer
the closure plate which are aligned with the

spacer

pl at e. According to a preferred formof the present

i nvent i 34, is emahufatturkd odi sdeat dnenthe athkisjengpriiagehead. Since

the durmmy cavities 37 defined by the auxiliary windows 78,
closure plate 56, and connecting plate 58 are air-tightly
closed, there arises a pressure difference between the
inside of the dummy cavities 37 and the exterior space
because of a difference in temperature between the inside of
the dummy cavities 37 and the exterior space, upon firing

the ceramic substrate 64. This pressure difference will give

‘an adverse influence on the ceramic substrate 64, in view of"

the structural strength thereof. Therefore, it is desirable
to form suitable communication holes at the portions of the
connecting plate 58 corresponding to the respective
auxiliary windows 78, such that each of the dummy cavities
37 is brought into communication with the exterior space
through the communication holes.

While the ceramic material for forming the ceramic
substrate 64 is suitably selected from any known materials
and it is not particularly limited, alumina, zirconia or the
like may be favorably employed in view of its high
formability.- and other desired properties. Further, the
closure plate 56, connecting plate 58 and spacer plate 62
are favorably formed from green sheets having substantially
the same ceramic composition and distribution of grain size,
so as to achieve good sinterbility and matching of
coefficients of the thermal expansion of the plates 56, 58,

62.
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i'ncludes at |east one layer which is simlar to the |ower electrode and/or

the piezoelectric and/or electrostrictive Ilayer. The displacenent

adjusting |layers may be forned on ~-tR@ respective portions of the outer

surface of the closure plate, at the sanme tinme when the piezoelectric

.and/or electrostrictive elenents are fornmed on the closure- plate. The

di spl acenent adjustigg | ayers may include an_ insulating resin | ayer made
f

of an el ectrical |30 BRI Ae4iiespubskapsei $4 as descrihed ¢ geove,

pi ezoel ectric,and/or electrostrictive_actuyatoy consiructed cording to
the presRfittRHGERR$DOL athY) E&'QFPF? FafesRures cﬂ‘l'é?\éfe?%bjc%rgé‘é’boﬂﬂi ng to

the regPepily® MO AL Ll BIFY Wbk bRe SBLITLE, SUBRETT! Pnore
preferably, in a range of about 3-12um. The thickness of the
5. spacer plate 62 is preferably 10um or larger, more
.preferably, 50um or larger. The thickness of the connecting
plate 58 is preferably 30um or larger, more preferably, 50um

or larger, still more preferably, 100um or larger.
The film-like P/E elements 70 each consisting of a
10 lower. electrode 72, piezoelectric -and/or électrostrictive
layer 74 (hereinafter referred to as "P/E layer") and an
upper electrode 76 are formed by a film~forming method on
the outer surface of the closure plate 56 in alignment with
the respective pressure chambers 36. The electrode films
-t §1S (upper and lower electrodes 76, 72) and the P/E layer 74 are
formed on the outer surface of the closure plate 56, by any

one of various known film-forming methods which include

thick-film forming techniques such as screen printing,
spraying, dipping and coating, and thin~-film forming
techniques such as ion-beam method,' sputtering, vacuum vapor
deposition, ion plating, CVD and plating. The films and
layer 72, 74, 76 may be formed either before or after firing
of the closure plate 56  (the ceramic substrate 64). The
upper and lower electrodes 76, 72 and the P/E layer 74
formed on the closure plate 56 may be heat-treated or fired
as needed, either in different steps following formation of

the respective films and layer 76, 72, 74, or concurrently
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in arowextending in the longitudinal direction of the substrate, while
dunmy cavities or enclosed spaces corresponding to the respective
auxi liary windows having a suitablLejgize are also formed within the

substrate, such that the dumry cavities are formed adjacent to

respective two outernost pressure chanbers which are |ocated at the

opposite ends of the row of the pressure chanbers so

pluraliiy and hstepefallewimgnbosmatienchef wadl &fcdtdi nfibest kil

arrangenment, the rigidity of - 10 -

I

layexr 76, 72, 74.

The electrode films {(upper and lower electrodes
76, 72) of each P/E element 70 may be formed of any
electrically conductive material which can withstand a
high-temperature oxidizing atmosphere generated upon the
heat-treatment or firing as described above. For instance,
the electrode films 76, 72 may be formed of a single metal,
an alloy, a mixture of a metal or alloy and an electrically
insulating ceramic or glass, or an electrically conductive
ceramic. The P/E layer 74 of. each P/E element 70 may be
formed of any piezoelectric or electrostrictive material
which produces a relatively large amount of strain orxr
displacement due to the converse or reverse piezoelectric
effect or the electrostrictive effect. The piezoelectric
and/or electrostrictive material may be either a crystalline
material or an amorphous material, and may be a
semi-conductor material or a dielectric or ferroelectric
ceramic material. Further, the piezoelectric and/or
electrostrictive material may either require a treatment for
initial polarization or poling, or may not require such a
polarization treatment. Though the materials for forming the
upper and lower electrodes 76, 72 and P/E layer 74 are
suitably selected from any Kknown materials, it is
particularly preferable to employ materials -as disclosed in

JP~A-5-29675 and JP~-A-5-270912 which correspond to U.S.
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t He substrate at the above-indicated two outernost pressure chanbers is
effectively lowered due to the existence of the dumry cavities, whereby
the two outernost pressure chanmbers 2&re nore likely to be deforned.
Moreover, in the present actuator, the displacenent adjusting |ayers
having a suitable pattern are integrally fornmed on the respective
portions of the outer surface.of the closure plate which are aligned wth
the auRdténtyApmligendongiNang07/Rd2,88Ampssdaniedi k0 The @s®iigiesn of the
di spl acenent adjusting |ayers according to the present invention
ef f ect i 98| YhpcPFELEENtpPREEBE ARBLACAE1QB-ust nent of the rigidity at the two

outernDsF pressur%hghgygegie%ggg(%%é%gé§§¥ﬁcééhtgg described above
generally has a thickness - of not 1larger than 100um,

3 preferably not:- larger than 60um. The thickness of each of

the upper and lower electrode films 76, 72 is generally 20um

or smaller, preferably 5um or smaller. To assure a.

relatively large amount of displacement by application of a

relatively low voltage, the thickness of the P/E layer 74 is -

preferably 50um or smaller, more preferably, in a range of

3-40um.

The P/E elements 70, which are supported by the
closure plate 56 of  the ceramic substrate 64, exhibit
sufficiently high mechanical strength and toughness even

15 though the elements 70 have a relatively small thickness. In

addition, the film-forming method used for forming the

electrode films 76, 72 and the P/E layer 74 permits a

7| relatively large number of the P/E elements 70 to be formed
ey on the closure plate 56. That is, in the film forming
20 process as described above, ‘the elements 70 can be

concurrently and easily formed with a small spacing left
between the adjacent ones, without using an adhesive or the
like. -

In the actuator portion 34 of the actuator unit 30
25 constructed according to the present invention, in addition
to the P/E elements 70 formed on the outer surface of the

closure plate 56 in a row extending in the longitudinal
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reéspective dunmmy cavities. Described in detail, the rigidity
‘at  the above-indicated two outernost pressure chanbers can be adjusted
by varying the size of the auxiliary ®Bndows which give the dummy
cavities. That is, the degree of lowering of the rigidity can be

-control |l ed by changi ng the si ze of the auxiliary w ndows. On the other

?ﬁEch%%é’éEE%é??agf Eor FRG=REe! nBAREkart® § py AR oA egra'w'q%nh":

L t {

® boon | o BAEb§RTRe 15%5%- ?Odnhéiq }4%39%&5%”355‘38??%@55&&Pﬁ%?er?lhear'&égreZ‘S
t {

gw'tQE[ifﬁge{!g?% FOERE' B, B, U COHERRE ofoRPE S R, il

56 so as to be aligned with the respective auxiliary windows

5 78 (dummy cavities 37). The displacement adjusting layers 60
are formed adjacent to the respective two outermost P/E
elements 70 which are located at the opposite ends of the
row of the elements 70. The provision of the displacement
adjusting layers 60 raises the rigidity at the portions of.
the ceramic substrate 64 on which the displacement adjusting
layers are formed, making it possible. to suitably adjust the

amount of deformation of the two outermost pressure chambers

36 which are located adjacent to the respective dummy
cavities 37, upon the actuation of the corresponding two

B outermost P/E elements 70.

1 While the displacemer_lt adjusting layers 60 are
formed by any one of various kn.own methods, it is preferable
to form the displacement adjusting layers 60 integrally on

e the outer surface. of the closure plate 56 by the film-

0 forming method as employed in forming the P/E elements 70,
i.e., the upper electrode 72, P/E layer 74, and upper
electrode 76. When the displacement adjusting layvers 60 are
formed by the film~-forming method as described above, it is

-possible to form the displacement adjusting layers 60

R
(¥ 4]

concurrently with the formation of the P/E elements 70,
reducing the manufacturing process and cost of the actuator .

to be produced, and permitting easier patterning of the
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'to be formed on the substrate. Accordingly, the rigidity at
;- §the two outernost pressure chanbers can be controlled as desired by
é'%suitably sel ecting the pattern (sizepas4shape, thickness, etc.) of the
dlsplacenent adjusting layers, in addition to the selection of the size of
ithe auxiliary w ndows which give the dumy cavities. Since the rigidify at
the two outernost pressure chanbers can be properly adjusted
oy displacement adjusting layers 60. These advantages offered
by forming the displacement adjusting layers 60 concurrently
i with the formation of the P/E elements 70 are sufficiently
obtained when each of the displacement adjusting layers 60
; consists of at least one layer which is similar to the lower
electrode 72 and/or the P/E layer 74. It is particularly
preferable that each displacement adjusting layer 60 consist
of layers similar to or identical with the lower electrode
72 and the P/E layer 74, or a laminar structure consisting

of layers similar to or identical with the lower electrode

72, P/E layer 74, and upper electrode 76.

The displacement adjusting layers 60 may include
an insulating resin layer formed of an electrically
insulating resin material which is used for the purpose of
5 electrically insulating adjacent P/E elements 70, 70 formed
in a row on the outer surface of the closure plate 56. For
instance, the displacement adjusting layers 60 may consist
of only the insulating resin layer as described above.

Alternatively, the adjusting layers 60 may have a laminar

structure consisting of the insulating resin layer and at -
least one layer similar to the lower electrode 72, P/E layer
74 or upper electrode 76, which cooperate to give each of
the P/E element 70. The insulating resin material for’
forming the insulating resin layer is not particularly
%ls limited provided that the material is an insulating resin

having a predetermined hardness which permits application of

the film-forming method such as screen printing when the
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oy the provi sion of the displacenent adjusting |ayers of the present
4 nvention, the two outernost pressure chanbers wundergo the substantially
same anount of deformation as the Lnggr_ chanbers interposed between
the two outernost chanbers, upon actuation of the corresponding
piezoelectric and/or electrostrictive elenents, permtting all the
pi ezoel ectric and/or electrostrictive elenents including the two outernost
el ement g ngniaRSIIA dteigin Ader t1® Poimedoeh thbasheeg stiefaexhobi the
excellent and stable operating characteristics. Ther ef or e,
5 when t helaghurad oplabet B6n cOnsisugimEfemblesthabedthbovetesiakedava each
- of the actuator units or ink punps for an ink jet print head, for exanple,
% the inkYoung's modulus in a range of 1lkg/mm? -~ 1000kg/mm2 In

particular, a thermosetting resin such as acrylic resin or
; epoxy resin is preferably used as the material for the
insulating resin layer. In view of the electrical insulating
property and film formability of the insulating resin layer,
various kinds of solder resist may be preferably used as the
material for the insulating resin layer.

The displacement adjusting layers 60 constructed

as described above are provided so as to adjust the rigidity
at the two outermost pressure chambers 36 which has been
lowered due to the presence of the auxiliary windows 78,
i.e., the dummy cavities 37. Therefore, the pattern of the
5 displacement adjusting layers 60 can be appropriately

determined depending upon the lowered rigidity values at the

two outermost pressure chambers 36. By varying the pattern
of the displacement adjusting layers 60, it is possible to
regulate the degree of increase in the rigidity at the two
» outermost pressure chambers 36. Accordingly, the
displacement adjusting layers 60 cooperate with the dummy
cavities 37 to adjust the amount of deformation of the two
outermost pressure chambers 36 located adjdacent to the

respective dummy cavities 37. It is noted that the thickness

of the displacement adjusting layers 60 influences the
rigidity at the two outermost pressure chambers 36 to a

certain extent. That is, the rigidity at the two outermost
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j et print head assures excellent ink-jetting capability owing to the

{ inmproved operating characteristics of the piezoelectric and/or

i electrostrictive elenents. Thus, the26nk jet print head using the _
pi ezoel ectric and/or electrostrictive actuator wherein each actuator unit
has the above-constructed actuator portion is capable of producing
I nproved quality of printed_inmages with high stability. .

pressure chambers 36 increases with an increase in the
thickness of the displacement adjusting layers 60. It is
preferable that the thickness of each displacement adjusting

layer 60 be not 1larger than 70um, more preferably, not

5 larger than 50um. If the thickness of the displacement
adjusting layer 60 is much larger than the preferred values

as indicated. above, the displacement adjusting layer 60

tends to suffer from cracking and may consequently be peeled

off from the outer surface of the closure plate 56 while it

is formed on the outer surface of the closure plate 56.

In the thus formed actuator portion 34 of the

present invention, in addition to the four pressure chambers

36 (corresponding to the four inner windows 68) formed
within the ceramic .substrate 64 in a row extending in the
15 - longitudinal direction of the substrate 64, the two dummy
cavities 37 which have predetermined configuration and

dimensions and which are aligned with the auxiliary windows

‘ 78 are formed within the ceramic substrate 64 adjacent to
Q the two outermost pressure chambers_. 36, such that the two
20 dummy cavities 37 sandwich the "four pressure chambers 36

therebetween. The provision of the dummy cavities 37 .formed
as described above is effective to reduce the rigidity at
the two outermost pressure chambers 36. Further, in the
above-constructed actuator portion 34, the displacement
25 adjusting layers 60 having a suitable pattern are formed
integrally on the portions of the outer surface of the

closure plate 56 which are aligned with the respective dummy
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Y- 12 - Thus, for exanple, the patterns of the displacenent

. %adj usting layers and/or the sizes of the auxiliary wi ndows may be sel ected

so that an operating characteristi-caeg. rigidity) of each of the two

out er nost pressure chanbers is substantially equal to that of at |east one

ot her pressure chanber. In sonme enbodi nents, the actuator may be

iarranged so that an operating characteristic (eg. rigidity) is

Subst antaelitjesqual?, f wheatdbypr eheur eigikkther at the  two T jemmwestt
nvention al so provides a net hod

' pressure chambers 36 which has been lowered due to the

f provision of the dummy cavities 37 are suitably increased as
s | desired. Thus, the dummy cavities 37 and the displacement
3 adjusting layers 60 cooperate with each other to adjust the
rigidity at the two outermost pressure chambers 36,
consequently the amount of deformation thereof so that all
of the four P/E elements 70, in other words, the four
pressure chambers 36 undergo substantially the same amount
¢ . of displacement so as to assure improved operating
characteristics of the actuator portion 34 of the actuator

unit 30 with high stability. Upon firing the P/E elements 70
formed on the closure plate 56, the elements 70 may suffer

from thermal stresses due to thermal contraction generated

15 while the piezoelectric and/or electrostrictive material for
the elements 70 is sintered and densified. The elements 70

may further suffer from thermal stresses caused due to a

; difference in coefficients of thermal expansion between the
!I'l piezoelectric and/or electrostrictive material and the
20 ceramic material for the closure plate 56 partially defining
the pressure chambers 36. These stresses undesirably
deteriorate the operating characteristics of the two
outermost P/E elements 70. However, in the present actuator

portion 34 wherein the dummy cavities 37 corresponding to

25 the auxiliary windows 78 are formed within the ceramic

substrate 64, the deterioration of the operating
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and

-

o

or
Hpacer plate and said closure

25

manuf acturing such an actuator, the nmethod including providing said
plate formed fromrespective ceram c green
heets and firing said plates intec &8 imntegral structure as said ceramc
ubstrate, the nethod characterized by the steps of: form ng said
.auxiliary windows (78) having a predeterm ned size in said spacer plate;
o formi ng said displacenent adjusting |layers (60) _having a

¢, $ui t abl ENGFRACHETIGFYCEs pddt | VENPor tWens odftameshut BReBaRtEce 78 S8 d

cl osure
pl at e.

| ate aligned with ,said_ auxiliary wi ndows (78) of said spacer
advantageo éiy eliminated or reduééd. (78) . P

Further, in +the ©present actuator portion 34
constructed as described above, the rigidity at the two
outermost pressure chambers 36 located at the opposite ends
of the row of the chambers 36 can be finely and precisely
adjusted by varying the pattern of the displacement
adjusting layers 60. This arrangement is advantageous in
view of the required cost and time for adjusting the
rigidity at the two outermost pressure chambers 36 over the
conventional arrangement wherein the rigidity is adjusted by
changing the configuration (size and shape) of the auxiliary
windows 78 (dummy cavities 37). Described in detail, in the
present arrangement, the rigidity at the two outermost
pressure chambers 36 formed adjacent to the respective dummy
cavities 37 is suitably adjusted by providing the
displacement adjusting layers 60 on the portions of the
outer surface of the closure plate 56 which are aligned with
the respective dummy cavities 37. Further, the rigidity can
be adjusted as desired b§ changing the pattern of the
displacement adjusting layers 60, whereby the manufacturing
cost of. the actuator is effectively reduced. The
modification of the pattern of the displacement adjusting
layers 60 can be effected at a lower cost in a shorter time,
than in the case where the rigidity is adjusted by changing
the size and'shape of the auxiliary windows 78 using various

kinds of metal molds for punching operation. Thus, the
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- 13 - According to the present invention, the rigidity of the

: ceramic substrate at the two outernost pressure chanbers |ocated at

* ‘opposite ends of the row of the chanB8rs can be adjusted by the provision
of the displacenent adjusting layers forned integrally on the ceramc
substrate, in addition to the provision of the dummy cavities partially
defined by the respective auxiliary windows. In this arrangenent, the
auxi | i RYLSERE oA XARISNRY e RIERFMEETAYidNEs eqNa G winditidadi t abl e

di rensions,in the acer  cs .
design 02 éﬂ% actuator and subsequent modifications of the

design.

The actuator portion 34 as described above can be
5 used for each of ink pumps or actuator units used in an ink
jet print head, for instance. Referring to Fig. 3
schematically showing the actuator unit 30 constructed
according to the present = invention, wherein the
above-indicated ink nozzle member 32 and the actuator
vvo portion 34 as described above are bonded together to provide
an integral structure of the actuator unit 30. As shown in
Fig. 4, the ink nozzle member 32 consists of a nozzle plate
38 and an orifice plate 40 both having a relatively small
thickness, and a channel plate 42 interposed between these
i5 plates 38, 40. The nozzle plate 38 and the orifice plate 40
are integrally bonded to the channel plate 42 by means of an

adhesive.
, More specifically described, the orifice plate 40
“ of the ink nozzle member 32 has through-holes 46 and
20 orifices 48 formed through the thickness thereof. The
through-holes 46 and the orifices 48 are respectively
aligned with the first communication holes 66 and the second
communication holes 67 of the connecting plate 58 of the
actuator portion 34. The orifice plate 40 further has a
5 supply port 54 through which an ink is fed into an ink
supply channél 52 which will be described. The channel plate

42 has through-holes 47 formed in alignment with the
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llate of the ceram c substrate, so that the rigidity at the two outernost
ressure chanbers | ocated adjacent to the respective dummy cavities is
owered due to the existence of the dgmy cavities. The thus | owered
éigidity can be adjusted as desired by providing suitably patterned
" di spl acenent adjusting layers on the ceranic substrate. That is, though
~ the provision of the displacenent adjusting layers result in raising the
< njigi di tyrespedeivew thrbaghebbleshadbersf the degifikcef pliate | 40t h&hei gidity
- can be properly and precisely controlled by the selection of. the. pattern
of the chaphabtenphatedj 42ti AF | fermedo wdtho obt awkndee . H68si mbd.ch
rigidity. This arrangement allows effective adjustnment of the
ri gi di t ycommaptcates otkteh npRe préfdges 48 and the supply port 54 of

the orifice plate 40. The nozzle plate 38 has nozzles 44

; formed through the thickness thereof for permitting jets of
fine ink particles. The nozzles 44 ‘are aligned with the
respective through-holes 47 of the channel plate 42.

The nozzle plate 38, orifice plate 40, and channel

plate 42 are superposed on each other and bonded together by

270 a suitable adhésive, so as to form an integral structure of
the ink nozzle member 32. In the thus formed ink nozzle

member 32, the window 50 of the channel plate 42 is closed

at its opposite openings by the nozzle plate 38 and the

orifice plate 40, respectively, whereby the above-indicated

‘5 ink supply channel 52 is defined by the channel plate 42,
nozzle plate 38, and orifice plate 40.

While the material for these plates 38, 40, 42 of’

5 the ink nozzle member 32 is not particularly limited, these

\- plates 38, 40, 42 are preferably made of a plastic or a

0 metal such as nickel or stainless steel, which permits the
nozzles 44 and orifices 48 to be formed in the respective
nozzle and orifice plates 38, 40 with high accuracy. Each of
the orifices 48 is desirably formed in a tapered shape as
shown in Fig. 3, for instance, such that the diameter of the

25 orifice 48 is reduced in the direction of the flow of the
ink (i.e., in the direction from the ink supply channel 52

toward the pressure chamber 36), so as to function as a
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. nbers with high accuracy. Since the rigidity can be adjusted as desired
suitably selecting the pattern of the displacenent adjusting |layers in
2 present invention, the nanufactgnirg cost of the present actuator is
nsi derably | owered as conpared to the conventional actuator wherein the
- H4a - rigidity at the tw outernopst pressure chanbers is
'Covtrolled by varying the configuration and di nensi ons of
check valve for inhibiting the the ink from flowing in the
reverse direction.

The thus constructed ink nozzle member 32 is
integrally bonded to the actuator portion 34 as described
above by using a suitable adhesive so as to provide each of
many actuator units 30 of the ink jet print head. In the
thus formed actuator unit 30, the ink material which is fed
into the supply channel 52 through the supply port 54 is

supplied to the pressure chambers 36 of the actuator portion

34 through the respective orifices 48 of the orifice plate
40 of the ink nozzle member 32, and is passed through
selected pairs of the through-~holes 46, 47 and jetted
outwards from the corresponding nozzles 44, upon operation
of the corresponding P/E elements 70 of the actuator portion
5 34.

While the adhesive used for bonding the ink noizle
member 32 and the actuator portion 34 is not particularly
limited, the adhesive may be selected f£rom wvarious known
adhesives containing any one of wvinyl, acryl, polyamide,
0 phenol, resorcinol, urea, melamine, polyester, epoxy, furan,

polyurethane, silicone, rubber, polyimide and polyolefin, as
long as the selected adhesive 1is resistant to the ink
material when the actuator unit 30 obtained by bonding the
ink nozzle member 32 and the actuator portion 34 is used as
25 the ink pump in the ink jet print head.
| It is desirable in terms of production efficiency

that the adhesive be in the form of a highly viscous paste
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=+t he auxi | i ary wi ndows by using various kinds of the nmetal nolds for
punching operation. In this arrangement, the time and cost required for
changing the pattern of the dl'spnac'emant adjusting | ayers can be
effectively reduced. Therefore, this arrangenent permts fast and
econom cal design of the piezoelectric and/or el ect rost rictive actuator
and m)dlflcatlon of desi t heg eof . . BRI EF DESCRI PTI ON OF THE
DRAW NGS* in form é%gv% §§?&e6:pti]btha?'sol§}°é'c,et defiLables tandseadvant ages

f h d h
19 ol | E)wie re e&y%\éggfa'd&es n of Whlc ééﬁlyr%gef %%ggg‘éﬁ%% %é‘l?l{lng te he
'“Ve”“%%at%egn £8R8S1 dsfed h”a‘iﬁi&?f&éomﬂléﬁ e BeeABARNYLRY JLgwi nos,

in
temperature. It is particularly preferable to use an elastic

; epoxy adhesive, a silicone-contained adhesive or an
.epoxy—type adhesive containing silicone resin which can be
applied by screen-printing, or a sheet-like, hot-melt type
adhesive containing polyolefin or polyester which permits
punching of the adhesive sheet.

0 In the thus constructed actuator unit 30, the
. actuator portion 34 stably exhibits improved operating
characteristics as described above so as to assure enhanced
performance thereof as an ink pump, whereby the present
print head actuator unit 30 offers excellent ink-jetting

15 capability with high stability.
A sample of the actuator portion 34 illustrated in
Figs. 1 and 2 was prepared, wherein seven pressure chambers
36 (Nos. 1-7) are formed within the ceramic substrate in a
” row, and two enclosed spaces or dummy cavities 37 in
20 alignment with the respective two auxili;ry windows 78 are
formed within the substrate adjacent to the respective two
outermost pressure chambers 36 (No. 1 and No. 7) which are
located at opposite ends of the row of the seven pressure
chambers 36. The actuator portion 34 further |has
25 displacement adjusting layers 60 formed integrally on the
portions of .the outer surface of the closure plate 56 which

are aligned with the respective dJdummy cavities 37, by a
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g ch: Fig. 1 is an elevational viewin vertical cross section,
gowi ng a piezoelectric and/or electrostrictive actuator portion of an
gt uator unit according to one enbodiyent of the present invention;

ifg. 2 is an expl oded perspective view show ng the structure of the

ilezoel ectric and/or electrostrictive actuator portion of Fig. 1;

Fig. 3 is an elevational viewin vertical cross section, show ng the

ct uat or knuwn | Aitlmdfogmihg astthadr at the same time when the P/E

elements 70 were formed on the outer surface of the closure

plate 56 in alignment with the respective seven pressure
chambers 36. Each of the displacement adjusting layvers 60

5 consists of two layers which are similar to the lower
electrode 72 and the P/E layer 74, respectively. By applying

a given voltage to the seven elements 70 which correspond to

the respective seven pressure chambers 36, the amount of
flexural deformation was measured of each of the seven

w10 pressure chambers 36 (Nos. 1-7), by using a laser Doppler
. measuring device. As comparative examples, two kinds of
actuator portions were prepared. One of these actuator
portions (indicated by "II" in the following TABLE 1) has

seven pressure chambers 36 formed within the substrate in a

15 row while the auxiliary windows 78 as provided in the
actuator portion 34 of the present invention are not formed

in the spacer plate 62. The other - actuator portion
(indicated by "I" in the TABLE 1) has two auxiliary windows

" 78 formed in the spacer plate 62 and the corresponding two
20 dummy cavities 37 formed within the substrate 64, in
addition to seven pressure chambers 36, so that the two

dummy cavities 37 sandwich the row of the seven pressure
chambers 36. However, this actuator portion is not provided

with the displacement adjusting layers 60 corresponding to

25 the respective dummy cavities 37, unlike the actuator
portion 34 of the present invention. The amount of flexural

deformation was similarly measured of each of the seven
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,5 - portion of Fig. 1, which actuator unit is used as an ink punp for
niink jet print head, Fig. 4 is an expl oded perspective view
hqmnng the structure of an ink nozzlyg nenber of the actuator unit of

~Fig. 3 Fig. 5is an elevational viewin vertical cross section,
showi ng one exanple of a conventional actuator unit wused as an ink punp
for an ink jet print head; and Fig. 6 is a cross sectional view

Ttaken al prgsbure chafmbeflrsFi3g. (Nos. 1-7), by applying a given voltage
to the corresponding P/E elements 70 in each of the actuator
portions of the comparative examples I, II. The results of

- measurement are indicated in the following TABLE 1. It is
noted that the configuration of the auxiliary windows 78 was
made identical with that of the windows 68 in both the

actuator portion 34 of the present invention and the

actuator portion of the comparative example I.
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DETAI LED DESCRI PTI ON OF THE PREFERRED EMBCDI MENT Referring first
to Fig.. 1 schematically showing a piezoelectric and/or electrostrictive
actuator portion 34 (hereinafter-r@8berred to as "P/E actuator portion") of
an actuator unit according to one enbodi nent of the present invention,
and to Fig. 2 which is an expl oded perspective view of the actuator
portion 34, the P/E actuator portion 34 includes a ceram c substrate 64
consisting of a closure plate 56, a spacer plate 62, and a connecting
plate 58 each having a relatively small thickness and fornmed of a ceramc
material. These pl ates 56 62, 58 are superposed on each ' other to provide

an integral structure—of—the—cegranic ubgtLarg £4. [The actuator portion 34
further includes a pguraltfy of 1%1H4_|ke<9|e20ﬁlectr|c and/ or
el ectrostrictive @ O-d o o o
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““elements 70 (hereinafter referred to as "P/E el enents") forned on the
outer surface of the closure plate 56. In

- 16 - operation, the P/E el ements3g0_undergo contraction upon
application of a voltage thereto, and consequently, the closure plate 56
as well as the P/E elenents 70 are subject to displacenent in the form of
bendi ng or flexure. The displacenent causes deformation or strain of
appropriate presagrelebatbenmdérévostd faidnhi the heecalay dmlikited e 64,

in the above TABLE 1, in the present actuator portion 34

wherein the dummy cavities 37 corresponding to the
respective auxiliary windows 78 are formed adjacent to the

5 respective two outermost pressure chambers 36 and the
displacement adjusting layers 60 are formed on the outer

surface of the closure plate 56 so as to be aligned with the
respective dummy cavities 37, the amounts of flexural

w deformation of the two outermost pressure chambers 36 {(No. 1
‘0 and No. 7) upon acdtuation of the corresponding two outermost
P/E elements 70 were substantially equal to those of the

five inner chambers (Nos. 2-6) interposed between the two
outermost chambers 36. Therefore, the actuator portion
constructed according to the present invention ensures

5 improved operating characteristics with high stability. In
contrast, in the actuator portion of the comparative example
II wherein neither the dummy cavities 37 nor the
displacement adjusting layers 60 were provided, the amounts
of flexural deformation of the two outermost pressure
0 chambers (No. 1 and No. 7) upon actuation of the
corresponding P/E elements 70 were considerably small,
deteriorating the operating characteristics of the actuator
portion. In the actuator portion of the comparative example

I wherein the displacement adjusting layers 60 were not

!5 formed on the outer surface of the closure plate 586
corresponding to the respective dummy cavities 37, the

amounts of. flexural deformation of the two outermost
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0 t hat

a pressure level in each of the pressure chanbers 36 is chang

Nbre specifically described referring to Fig. 2, the spacer plate 62

" ‘the ceramic substrate 64 has four. irnen rect angul ar wi ndows 68 forned

t hr ough.
row in

the thickness thereof. The four inner wi ndows 68 are forned
equal |y spaced-apart relation with each other in the |ongitud

direction of the spacer plate 62, as viewed in a_plane of the spacer
62. The sphambep$at@®2 flur @t Npas Tho Wexel i argesirablyr WPAdAATIR8, 78
each having predeterm ned configuration and djnensions. In _ this

embodi nenbecawsehthef rigdity gk they

sane confjguration and di pensions as tho

lowered due to inadequately se?%cted size of the auxiliary
windows 78 (dummy cavities 37). In the actuator portion of
the comparative sample II, too, the operating
characteristics thereof were unfavorably f£luctuated.

While the present invention has been described in

detail in its preferred embodiment with a certain degree of

ed.
of

in a
i nal
pl at e

e WHRIoGBAMPET ShAS RHEeSHHYY y t he

particularity, it is to be understood that the invention is .

not limited to the details of the illustrated embodiment but
may be otherwise embodied with various changes,
modifications and improvements without departing from the
spirit and scope of the invention defined in the appended
claims.

For instance, the construction of the actuator
unit 30 or actuator portion 34 is by no means limited to
that of the illustrated embodiment. Various other known
constructions may be equally employed in the present
actuator unit 30 or actuator portion 34. The configurations,
positions, - numbers and other parameters of the pressure
chambers 36 and the P/E elements 70 in the actuator portion
34 are not limited to those of the illustrated embodiment,
but may be suitably selected depending upon the utility or
application of the actuator portion 34 of the actuator unit
30 provided that the pressure chambers 36 are formed within
the substré.te in a row, so as to be sandwiched by and

between the dummy cavities 37 corresponding to the auxiliary
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"~ of the windows 68. The auxiliary windows 78, 78 are forned adjacent to
respective two outernost ones of the inner w ndows 68, which are |ocated
at opposite ends of the row of the fagg 4 nner wi ndows 68, such that the
auxiliary windows 78 sandwi ch the four inner wi ndows 68 therebetween. The
connecting plate 58 of the ceram c substrate 64 has four pairs of first
and second communi cati on holes 66, 67 forned through the thickness
t her eof . wEadbwsai7B.oflrt Hthd | 13lushdated embodiment, although the two - 17

) auxiliary windows 78 which give the dummy cavities 37 are
formed adjacent to the respective two outermost pressure
chambers 36 located at the opposite ends of the row, two or

5 more auxiliary windows may be formed adjacent to each of the
two outermost pressure chambers 36. In this case, one or
more displacement adjusting layers 60 is/are formed on the
outer surface of the closure plate 56, for each of the two

‘E’ or more auxiliary windows 78 which are provided adjacent to

10 each outermost pressure .chamber 36.

The actuator unit . constructed according to the
present invention may be used as an ink pump for various ink
jet print heads other than the described above, and may also
be used for microphones, piezoelectric loudspeakers,

5 sensors, vibrators or resonators, filters and other

components or devices.
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second comuni cation holes 66, 67 is aligned with the corresponding on@
the inner wi ndows 68, as viewed in a plane of the connecting plate 58.
The connecting plate 58 is bonded te Q@ge-of opposite nmajor surfaces of the
spacer plate 62 (more precisely, the |ower surfaduisGhect 8 BeRaEHLP! at € 62
as seen in Fig. 2), and the closure plate 56 is bol her maj or
surface of the spacer plate 62 (nore precisely, th r’mgﬂlﬂmgmwe of the
spacer pl ate 6RAAMSseen in Fig. 2). The superpose h , 62 are
fired into an integral structure of the ceram c substrate 64. In the thus

formed ceram c substrate 64, the four inner wi ndows 68 and the two

auxiliary or outer windows 78 of, the spacer plate 62 are closed at
opposi t e openi ngs t her ebf byAt R3 Gtrlg anggor electrostrictive

actuator comprising (a) a ceramic substrate (64) in which

pressure chambers (36) are formed in a row extending in a
longitudinal direction of said substrate, said ceramic
substrate including a spacer plate (62) having a plurality
of windows (68) which provide said pressure chambers, said
g plurality of windows being formed in a row extending in a
longitudinal direction of said spacer plate, a closure plate
(56) superposed on one of opposite major surfaces of said
spacer plate so as to close one of opposite openings of each
of said windows, and a connecting plate (58) superposed on
the other major surface of said spacer plate so as to close
the other opening of each of said windows, said spacer
plate, said closure plate and said connecting plate being
formed from respective ceramic green sheets which are
laminated on each other and fired into an integral structure
’ as said ceramic substrate, and (b) piezoelectric and/or
electrostrictive elements (70) which are disposed on
respective portions of an outer surface of said closure
plate which partially define said pressure chambers,
respectively, said elements being energized to cause
deformation of said respective portions, so as to change
pressure levels of the corresponding pressure chambers, each
of said piezoelectric and/or electrostrictive elements

comprising a lower electrode (72), a piezoelectric and/or

RH 0 4R T A



@l t he connecting plate 58. According to this arrangenent, four pregsure
anmbers 36 are formed within the ceramc substrate 64,in aljanment %‘éegh
' 6

e respective four inner w.ndows _6805_ych that the pre

.are arranged in a row extending in tﬁ]e | ongi t udi nal di rgﬂmﬁm m n

“ ceram c substrate 64, as viewed in a plane of the substr ! of
the pressure chambers 36 is held in commnication with exterior
space t81gddkokheiciRRSPRGERT (PRY I &d t heh f hipplerand) 88€PHEe CQBANI cat i on
holes 66, 67. Further, in the above-constructed ceram c substrate 64, two
dummy caMithes adle enfdRted SRACEThY, XdEO! r egpoadisagiptiohhebiyno a
auxiliary windows 78, 78 are forned adjacent to the two outernopst pressure

chanber £idfn-Ebemfimgr methsdr ®n the outer surface of said closure

plate in alignment with the respective pressure chambers,
said actuator being characterized in that:
said spacer plate has auxiliary windows (78)
having a predetermined size formed adjacent to respective
two outermost windows which are located at opposite ends of
Q the row of said plurality of windows of said spacer plate,
said auxiliary windows providing dummy cavities (37) within
said cerz;unic substrate éuch that said dummy cavities are
formed adjacent to respective two outermost pressure
chambers which are located at opposite ends of said row of
said pressure chambers; and
| displacement adjusting layers (60) having a
suitable pattern are integrally formed on respective
portions of the outer surface of said closure plate which
are aligned with said auxiliary windows of said spacer

plate.

2. A piezoelectric and/or electrostrictive
actuator according to claim 1, wherein said displacement
adjusting layers (60) are integrally formed by a £film-
forming. method on said respective portions of the outer

surface of said closure plate (56).
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18 - cha eert nﬁég,cabedt hat the two dummy cavities 37 sandwich the

four presS e t herebetween. The dummy cavities 37 have

suitably d SI ons and- 4&bnfiguration, e.g., substantially

t he sanme vol essure chanbers 36, in this enbodi ment .

The ceram c substrate 64 as described above has an integral fired ceramc

structure formed in the following manner. |nitially, a ceramc slurry is

prepared fromceramc 3. A piezoelectric and/or electrostrictive
actuator according to claim 1 or 2, wherein each of said
displacement adjusting layers (60) includes at 1least one
layer similar to said lower electrode (72) and/or said
piezoelectric’ and/or electrostrictive 1layer (74), said
displacement adjusting layers being formed on said
respective portions of the outer surface of said closure
plate (56), at the same time when said piezoelectric and/or

' electrostrictive elements are formed on said closure plate.

4. A pilezoelectric and/or electrostrictive
actuator according to any one of claims 1-3, wherein each of
said displacement adjusting layers (60) includes a layer

similar to said upper electrode (76).

5. A piezoelectric and/or electrostrictive
actuator according to any one of claims 1-4, wherein each of
said displacement adjusting layers (60) includes ' an

Q insulating resin layer made of an electrically insulating

resin material.

6. A piezoelectric and/or electrostrictive
actuator according to any one of claims 1-5, wherein each of
said displacement adjusting layers (60) has a thickness of

not larger than 70um.

L



i terials, binders, I|qU|d sol vents and ot her naterl H us
| Bee ace

‘prepared ceramc slurry Is formed into green sheets

"general ly used device such as a doct o, bl ade device II |
coater. Then, the obtained green sheé%s are subjecte

mechani cal machi ning operation or |aser machining operation such as
cutting, machining or punching, as needed, to formthe w ndows 68,

auxiliary windows 78, gnd fiar S;h@é%m@@ﬁﬂcc@mmrcaél@&r&p&ﬁfcﬁ&e 67.
Thus, there are forned precursors for the plates 56, 58, 62. These

precur saetuator Regoraingated clainedch wiidwsimnsh - inswXhtiri ddwin nt egr al
structure of the ceramic substrate 64. The thus forned ceram c substrate
64 assmat¢erdiadipl hhe aYousgtisr emedullisg het waenrahgeadpficetitg/m?at es 56,
58, 62, without applying any bondi ng adhesive to

1000kg/mm?.,

8. A piezoelectric and/or electrostrictive
actuator according to claim S, wherein said insulating resin
material includes a thermosetting resin such as acrylic

0 resin or epoxy resin.

g. A piezoelectric and/or electrostrictive
actuator according to claim 5, wherein said insulating resin

material includes a solder resist.

10. A piezoelectric and/or electrostrictive
actuator according to any one of claims 1-9, wherein said

ceramic substrate (64) is formed of alumina or zirconia.

11. A piezoelectric and/or electrostrictive
actuator according to any one of claims 1-10, wherein said

closure plate (56) has a thickness of not larger than 50um.
12. A piezoelectric and/or electrostrictive

actuator according to any one of claims 1-11, wherein said

spacer plate (62) has a thickness of not smaller than 10um.

R



t he

19 -

plates 56, 58, 62, it is preferable to pri paie Beplased rry o
paste forned of the sane material as-th® sl urryr”"m”' sheet s,
the interfaces of the green sheets for

the plates 56, 58, 62 before firing, thereby to form surface

tHeir interfaces. For establishing ﬁ9g9w§ggb e seal ing between

r
at’

| ayers

at the interfaces of the green sheets, The . thus }orne surfage,la ers are

softer than the green shiet s AgRgezoelectric and

or electrostrictive
actuator according to any one of claims 1-12, wherein said
connecting plate (58) has a thickness of not smaller than

30um.

14. A piezoelectric and/or electrostrictive
actuator according to any one of claims 1-13, wherein said
piezoelectric and/or electrostrictive element (70) has a

thickness of not larger than 100um.

15. A piezoelectric and/or electrostrictive
actuator according to any one of claims 1-~14, wherein each
of said upper and lower electrocdes (76, 72) has a thickness

of not larger than 20um.

l6. A piezoelectric and/or electrostrictive
actuator according to any one of claims 1-15, wherein said
piezoelectric and/or electrostrictive 1layer (74) has a

thickness of not larger than 50um.

17. A piezoelectric and/or electrostrictive
actuator according to any one of claims 1-16, which is used
as an actuator unit of an ink jet print head, and which
further comprises an ink nozzle member (32 )including an
orifice plate (40) having orifices (48) and through-holes
(46), a chénnel plate (42) having a window (50) formed

therethrough and through-holes (47) formed in alignment with
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therefore, are likely to be spread over the entire Suki$@aSis Bikn RGQ" €EN

sheets under a pressure when the green sheets for th , 62
are | am nated and pressed onto each # her. Accordi ;@“Eﬂm,ﬂgiuﬂ& ace.
| ayers provide sufficient bonding strength and assu d
stable sealing tightness at the interfaces of the plates 56, 58, 62 in
the fired ceram c substrate 64. In the ceram c substrate 64
const r ucsatid ashrdugbrhpeesabdy saidhepiicrmlatenband acnézszhedplateein
are brought into communication with the exterior space through the

corr espohdBhghagings nozgles had) ,f iSakd epbficecpdage .csahshi ehanresl hol es

66, 67 foimed in_the ,connecting RI ate_. 58. This arrangenent of the ceranic
subst r at B1gkie; and said nozzle plate being superposed on each other

and bonded together so that said window of said channel
plate is closed by said orifice plate and said nozzle plate
so as to form an ink supply channel (52) through which an
ink flows into said pressure chambers of said actuator via
the respective orifices of said orifice plate, said ink
being jetted from said pressure chambers through said
nozzles of said nozzle plate, via said through-holes of said
orifice plate and said channel plate, when said elements
(70) corresponding to said pressure chambers (36) are

selectively energized.
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advant ageous when the ceram c substrate 64 of the actuator portion 34 isﬁf
bonded to an ink nozzle nmenber 32 as shown in Fig. 4 or other conponent -
which will be described, since a -sealing area between the ceramc
substrate 64 and the ink nozzle nerbgs 32 which nust be seal ed
fluid-tightly is considerably reduced, thereby assuring inproved bondi ng
efficiency. Further, the existence of the connecting plate 58 effectively
|nproves structural or nechanlcal strength of the ceram c substrate 64,

3 A e ] HECTROSE i & ‘ ate 64 upon firing
t her eof and perntts easy handllng of the substrate 64 whi | e the actuator
portion

ABSTRACT

A piezoelectric and/or electrostrictive actuator including a
ceramic substrate and piezoelectric and/or electrostrigtive
elements is disclosed. The ceramic substrate includes: a
spacer plate having a plur_ality' of windows which' provide
pressure chambers, the windows being formed in a row in the
longitudinal direction of the spacer plate; a closure plate
superposed on one of opposite major surfaces of the spacer
plate so as to close one of opposite openings of each
window; and a connecting plate superposed on the other major
surface of the spacer plate so as to close the other opening
"of each window. The piezoelectric and/or electrostrictive
elements are disposed on respective portions of the outer
surfaée of the closure plate in alignment with the
g!’ respective pressure chambers. The spacer plate has auxiliary
| windows formed adjacent to respective two outermost windows
which are located at opposite ends of the row, the auxiliary
windows providing dummy cavities within the cg;amic
substrate such that the dummy cavities are formed adjacent

to respective two outermost pressure chambers, while

0 displacement adjusting layers are integrally formed on

respective portions of the outer surface of the closure

eet Has Been Replaced
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- 20 - 34 is manufactured or used in the ink jet print head. Since the
dummy cavities 37 defined by the auxiliary windows 78, closure plate 56,
and connecting plate 58 are air-tigft I4§ “cl osed, there arises a pressure
di fference between the inside of the dummy cavities 37 and the exterior
space because of a difference in tenperature between the inside of the .

d i 1. f h
cuber r atlAtE i eR SdB B (O PR Gl lihRY "uifanver elvinpl ddsce on
t he cer meﬁnf“@é“@ié’s?”ﬂ in view of
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the structural strength thereof. Therefore, it is desirable to form '
suitabl e conmuni cation holes at the portions of the connecting plate 58//
corresponding to the respective auxiliary windows 78, such that each of
the dummy cavities 37 is brought into communication with the exterior

‘space through the conmmunication hoIEZ While the ceramc
material for formng the ceramc Frate 64 is suitably selected from
any known materials and it is not particularly limted, alumna, zirconia
or the Ilike may be favorably enployed in view of its high formability and

ot her desired properties. Further, the closure plate 56, connecting plate
58 and spacer plate 62 are favorably forned from green sheets having
substantially the sane ceram c conposition and distribution of grain size,

f‘-’ZSL‘—\ 34
% 76 | /
S W W
5 .,’.P T 7 A 56
¢ 68—+ 36 71,6264

. , A 58

, / } ,II / /,/ ) l/ ’/ / :_‘_L,-

67
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so as to achieve good sinterbility and matching of coefficients of the
t hermal expansion of the plates 56, 58, 62.

- 21 - In the ceram c.substrate 64 as described above, the
t hi ckness of the closure plate 56 is preferably 50[err]mor snaller, nore
preferably, 20[err]mor smaller, still nore preferably, in a range of

about 3-12[err]m The thickness of taes

FIG. 2
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spacer plate 62 is preferably 10[err]m or larger, nore preferably,
50[err]mor larger. The thickness of the connecting plate 58 is preferably
30[err]mor |arger, nore preferably, 50[err]m or larger, still nore
preferably, 100[err]mor |arger. The filmlike P/E elenents 70
each consisting of a |ower electrodqhgg, pi ezoel ectric and/ or
electrostrictive layer 74 (hereinafter  referred to as "P/E layer"”) and an
upper electrode 76 are formed by a filmform ng method on the outer
surface of the closure plate 56 in alignment with the respective pressure
chanmbers 36. The electrode filnms (upper and | ower electrodes 76, 72) and
the PFE | ayer 74 are formed on the outer surface of the closure plate 56,
by any one of various known filmform ng nethods which include thick-film
form ng techniques such as screen printing,

2 Y a
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spraying, dipping and coating, and thin-filmformng techniques such as

| on- beam net hod, sputtering, vacuum vapor deposition, ion plating, CVD and
plating. The filns and I|ayer 72, 74, 76 may be forned either before or
after firing of the closure plate 56 (the ceramic substrate 64). The

upper and |lower electrodes 76, 72 and the P/E |layer 74 fornmed on the
closure plate 56 may be heat-treated4db fired as needed, either in
different steps following formation of the respective filns and | ayer 76,
72, 74, or concurrently
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whi ch produces a relatively large anount of strain or displacenment due to

the converse or reverse piezoelectric effect or the electrostrictive
effect. The piezoelectric and/or electrostrictive material nay be either a

crystalline material or an anorphous materigl, and may he a -
sem -conductor material or a dielectric or ferroglectric ceramy = 4
material. Further, the piezoelectric and/ory electrostrictiye materisgl

may either require a treatnent” for initial polayization or poligng, or may
not require such a polarization treatnment. Though the materials for

form ng the upper and |ower electrodes 76, 72 and P/ E | ayer 74 @Pg
suitably selected from any known materials, it is particularly -
preferable to enploy materials as disclosed in

PIEZOELECTRIC AND/OR ELECTROSTRICTIVE ACTUATOR

Field of the Invention

The present invention relates in general to a
pj.ezoel_ectric and/or electrostrictive actuator (hereinafter
referred to as "P/E actuator"), and more particularly to a
uni-morph, bi-moxrph or other types of P/E actuators orx
actuator units having a plurality of piezoelectric and/or
electrostrictive elements (hereinafter referred -to as "P/E
elements") formed on a ceramic substrate thereof. The
present invention is concerned with such P/E actuators or
dctuator units which undergo flexural displacement upon
actuation of .the P/E elements and which are used as ink
pumps of an ink jet print head.

Discussion of the Relaf:.ed'Art

As a means for raising a pressure in a pressure
chamber .formed within a éeramic substrate of an actuator
unit, there is recently known a P/E element formed on a wall
partially defining the pressure chamber so as to change a
volume of the pressure chamber due to displacement. of the
P/E element. Such a piezoelectric and/or electrostrictive
actuatof uﬁit may be used for each of a plurality of ink

pumps of a print head of an ink jet printexr, for example. To
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JP- A-5-29675 and JP-A-5-270912 which correspond to U. S.

- 23 - Pat ent Application No. 07/912,920 assigned to the assignee of the
present patent application. The P/E el enment 70 constructed as
descri bed above generally has a thickness of not |l|arger than
100[err]m preferably not larger than 60[err]m The thickness of each of
the upper and | ower electrode filnms.76,- 24 s generally 20[err]m or

smal ler, preferably 5[errJmor smaller. To assure a.

effect printing by the print head, an ink material is
supplied to the pressure chamber to £ill the same, and ‘the
level of ink pressure within the pressure chamber is raised'
due to displacement of the P/E element, -so that a droplet of
the ink is jetted through a nozzle communicating with the
pressure chamber.

The assignee of  the present invention proposed one
example of ink jet print head, as disclosed in U.S. Patent
Applicapion No. 08/066,193 which employs the above-described
P/E actuator unit. More specifically described, the proposed
actuator unit has an actuator portion comprising: a ceramic
substrate -consisting of a plurality of ceramic green sheets
which are superposed on each other and sintered into an
integral laminar structure having pressure chambers therein;
and a plurality of P/E elements each of which is formed by a
film-forming method on an outer surface of a wall which
partially defines the corresponding- pressure chamber of the
ceramic substrate. This actuator portion is bonded to a
suitable ink nozzle member, thereby  to provide an integral
structure of the proposed actuator unit. Generally, an ink
jet print head uses many actuator units arranged side by
side.

Described in detail referring to Figs. 5 and 6, an
actuator portion generally indicated at 12 used in an ink
jet prinﬁ head comprises a ceramic substrate 14 obtained by
integrally sintering a laminar structure of ceramic green

sheets superposed on each other and a plurality of film-like
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relatively | arge anmount of displacenent by application of a relatively | ow
vol tage, the thickness of the P/E layer 74 is preferably 50[err]mor
smaller, nore preferably in a range of 3-40[err]m The P/ E

el enents 70, which are supported by the <closure plate 56 of. the
ceram c substrate 64, exhibit sufficiently high nmechanical strength and
t oughness even though the elenents 70 have a relatively small thickness.

In addition, the filmform ng.nethod us&d-for formng the electrode filns
76, 72 and the P/E |layer 74 permts a relatively |large nunber of the P/E
el ements 70 to be forned on the closure plate 56. That is, in the film

form ng rocess as described above, the elenents 70 can be _concurrently
and easi | §/Foelepants 46sHEaumagain@neputer surface of the ceramic

substrate 14 by a film-forming method. The ceramic substrate
14 has a plurality of pressure chambers 18 formed therein
which are aligned with the respective P/E elements 16. The
thus constructed actuator portion 12 is bonded to an ink
nozzle member indicated at 20 which includes a plurality of
nozzles 22, ink discharge holes 24 and an ink supply channel
26. In operation, the ink material which is fed into the ink
supply channel 26 is supp}ied to the pressure chambers 18 of
the. actuator po;tion 12 thfough respective through-holes 28.
Upon actuation of the P/E elements 16, the upper walls of
the pressure chambers 18 are deformed, thereby to raise the
pressure of the ink within the pressure chambers 18. Then,
the ink material within the pressure chambers 18 is jetted
outwards from <the appropriate nozzles 22 through the
corre;ponding through-holes 29 of the ceramic substrate 14
and tl}e cérrespo_nding ink discharge holes 24 of the ink
nozzle member 20. |

In an attempt to provide an ink jet print head
which is capable of performing highly accurate- and
high~quality printing, a relatively large number of pressure
chambers -18 are formed within the substrate 14 of the
.actuator portion 12 and arranged at a relatively small
pitch, and a correspondingly large number of nozzles 22 are

formed for effecting highly accurate and high-quality

printing.



bet ween the adj acent ones, w thout using an adhesive or the |ike.

In the actuator portion 34 of the actuator unit 30 constructed according
to the present invention, in addition to the P/E elenents 70 fornmed on the
outer surface of the <closure plate 56 in a row extending in the

| ongi t udi nal - 24 - direction of the
closure plate 56, the displacenent. adjgsting |layers 60, 60 having a
predeterm ned pattern are

The ink jet print head employing the actuator
portion 12 constructed as described above in each actuator
unit thereof, however, has suffered.from a problem in terms
of the operating characteristics of the P/E elements 16.
That is, among the plurality of P/E elements 16 which are
formed in a row on the substrate 14 so as to be aligned with
the respective pressure chambers 18, two outermost elements
16 which are located at- the opposite ends of the row are
inferior in the operating characteristics to the other or
adjacent inner elements 16 interposed therebetween.

More specifically described, in the actuator unit
12 constructed as described above, the amount of flexural
deformation of each P/E element 16 (the amount of flexural
deformation of the upper wall of each pressure chamber 18)
was measured by applying a suitable voltage to each of the
elements 16. The result of the measurement showed that the
amounts of  flexural deformation of the above-indicated two
outermost piezoelectric/electrostrictive elements 16 are
smaller*by about 30% than those of the other, inner elements
16 interposed therebetween. Thus, the two outermost elements
do not wundergo sufficiently large amounts of flexural
deformation as compéred with the inner eiements. A variation
or fluctuation in the amount of the flexural deformation or
inconsistent operating characteristics of the P/E elements
16 of the actuator portion 12 |undesirably causes
inconsistency or fluctuation in the ink-jetting capability

of the print head and deterioration of the quality of
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integrally formed on the outer surface of the closure plate 56 so as to be
aligned with the respective auxiliary windows 78 (dummy cavities 37). The
di spl acenent adjusting |ayers 60 are forned adjacent to the respective two
outernost P/E elenments 70 which are |ocated at the opposite ends of the
row of the elenments 70. The provision of the displacenent adjusting |ayers
60 raises the rigidity at the portions ofg the ceram c substrate 64 on

whi ch the di splacenment adjusting |ayers. are fornmed, nmaking it possible to
suitably adjust the anmount of deformation of the two outernost pressure
chanbers 36 which are |ocated adjacent to the respective dummy cavities
37, upon t peiatiedat iimagds t heredice@d pobgi NG:Hevo pwititer mhehdl/ Ewdlegtyrendhe 70.

above-constructed actuator units are used as ink pumps for
the ink jet print head.

As a result of a further study by the inventors of
the present invention, there was proposed a P/E actuator as
disclosed in U.S. Patent No. 5,376,856 in an attempt to
solve the above-described problem, wherein the actuator
portion of each actuator unit has two dummy cavities or
enclosed spaces within the substrate formed -adjacent to
respective two outermost pressure chgmbers which are located
at opposite ends of a row of the pressure chambers, such
that the two dummy cavities sandwich the row of éressure
chambers. In this arrangement, the rigidity of the substrate
at the two outermost pressure chambers located at opposite
ends of the row is effectively reduced due to the existence
of the dummy cavities, whereby'the two outermost chambers
are more 1ikely to be deformed, and therefore, the two
outermost P/E elements corresponding to the two outermost
pressure chambers exhibit improved operating characteristics
which are substantially equal to those of the other inner
elements interposed between the two outermost elements.

However, in the above actuator portion which is
provided with <the above-described dummy cavities formed
adjacent to the two outermost pressure chambers, the size
and configuration of the dummy cavities must -be suitably
selected for enabling the two outermost P/E elements

corresponding to the two outermost pressure chambers to
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Wil e the displacenent adjusting |layers 60 are formed by any one of
various known nethods, it is preferable to formthe displacenent adjusting
| ayers 60 integrally on the outer surface. of the closure plate 56 by the
film formng nethod as enployed in formng the P/E elenents 70, i.e.,
t he upper electrode 72, P/E | ayer 74, and upper electrode 76. \Wen the
di spl acenent adjusting |layers 60 are -feraed by the filmform ng nethod as
descri bed above, it is possible to formthe displacenent adjusting |ayers
60 concurrently with the formation of the P/E elenents 70, reducing the
manuf acturi ng process and cost of the actuator to be produced, and
perm tti ehddditetheatoperdttipnofchampacteristics substantially equal to
those of the inner elements sandwiched by and between the
two outermost elements. Usually, the selection or adjustment
of the size and configuration of the dummy cavities must be
effected by trial-and-error depending upon the operating
characteristics of the P/E elements of each actuator
portion. As a result, there arises a problem that it takes a
lot of time and cost to initially design the actuator
portion and subsequently modify the design of the actuator
portion.” In particular, where windows which give the
pressure chambers and dummy cavities are formed by punching
off the corresponding portions of a green sheet which
constitutes a part of the ceramic substrate, various kinds
of metal molds used for punching operation must be prepared
in order to obtain the dummy cavities having desired sizes
and configurations for permitting the two outermost P/E
elements to exhibit improved operating characteristics. The
preparation of the metal molds requires considerable cost

and time, undesirably pushing up the manufacturing cost of

the actuator portion of the actuator unit.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention
to provide a piezoelectric -and/or electrostrictive (P/E)
actuator which includes a ceramic: substrate having a
Plurality of pressure chambers formed in a row extending in
its longitudinal direction, and a plurality of piezoelectric

Thooo LT



-25 -  displacenent adjusting |ayers 60. These advantages offered by
formng the displacenent adjusting |ayers 60 concurrently wth the
formation of the P/E elenents 70 are sufficiently obtained when each of

t he di spl acenment adjusting |layers 60 consists of at |east one |ayer which.
Is simlar to the lower electrode 72 and/or the P/E |layer 74. It is
particularly preferable that ‘each ‘di spl dcement adjusting |ayer 60 consi st
of layers simlar to or identical with the |ower electrode 72 and the P/E
| ayer 74, or a lamnar structure consisting of layers simlar to or

| denti cal %&Paé hgl‘legﬁgsglrgggggge (P/BE) elements formed in a row on
the outer surface of the ceramic substrate in alignment with
the respective pressure chambers, -wherein the operating
characteristics of the two outermost P/E.elements which are
located at opposite ends of the row are effectively
improved, so that all of the P/E elements of the actuator
exhibit excellent operating characteristics. It is also an
object of the invention to provide such a P/E actuator which
permits simplified design and which can be produced with
improved efficigncy at a significantly reduced cost.
The above object may be accomplished according to
the principle of the present invention which provides a
piezoelectric and/or electrostrictive actuator comprising
(a) a ceramic substrate in which pressure chambers are
formed in a row extending in a longitudinal direction of.thé
substrate, the ceramic substrate including a spacer plate
having a plurality of windows which provide the pressure
chambers, the plurality of windows being formed in a. row
extending in a longitudinal direction of the spacer plate, a
closure plate superposed on one of opposite major suifaces
of the spacer plate so as to close one of opposite openings
of each of the windows, and a connecting plate superposed on
the other major surface of the spacer plate so as to close
the other opening of each of the windows, the spacer plate,
the closure.plate and the connecting plate being formed from
respective ceramic green sheets which are laminated on each
other and fired into an integral structure as the ceramic
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72, P/E layer 74, and upper electrode 76. The di spl acenent
adjusting layers 60 may include an insulating resin |ayer forned of an
electrically insulating resin material which is used for the purpose of
electrically insulating adjacent P/E elenents 70, 70 forned in a row on
the outer surface of the closure plate 56. For instance, the displacenent
adj usting layers 60 may consist of ofl  the insulating resin |ayer as
descri bed above. Alternatively, the adjusting | ayers 60 may have a | am nar
structure consisting of the insulating resin |ayer and at |east one |ayer

ahi oh cobYRPRRR Ry AR el o 4ARE B R G e A RS SR eR T Y

materi al efl(gfnents which are disposed on xespective portions of an
outer surface .of the closure plate which partially define
the pressure chambers, respectively, the elements being
energized to cause deformation of the respective portions,
so as to change pressure 1levels of the corresponding
pressure chambers, each of the piezoelectric and/or
electrostrictive -elements comprising a lower electrode, a
piezoelectric and/or electrostrictive layer and an upper
electrode which are formed in the order of description by a
film~-forming method on the outer surface of the -closure
plate in alignment with the respective pressure . chambers,
wherein the spacer plate has auxiliary windowé having a
prredetermined size formed - adjacent <to respective two
outermost windows which are located at opposite ends of the
row of the. plurality of windows of the spacer plate, the
.auxiliafy windows providing dummy cavities within the
ceramic substrate such that the dummy cavities are formed
adjacent to respective two outermost.pressure chambers which
are located at' opposite ends of the row of the pres.sure
chambers, and wherein displacement adjusting layers having a
suitable pattern are integrally formed on respective
portions of the outer surface of the closure plate which are

aligned with the auxiliary windows of the spacer plate.
In the piezoelectric and/or electrostrictive

actuator constructed according to the present invention, the

displacement adjusting layers are integrally formed by a
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formng the insulating resin layer is not particularly limted provided .
that the material is an insulating resin having a predeterm ned hardness
which permts application of the filmform ng method such as screen
printing when the - 26 - i nsul ati ng
resin layer is fornmed on the outer surfale of the closure plate 56. It is
preferable that the material- have Young's nodulus in a range of

1kg/mm{err] - 1000kg/mmferr]. In particular, a thernosetting resin such as
acrylic refifhgforming method on the respective portions of the outer

surface of the closure plate which are aligned with the
auxiliary windpws of the spacer plate. -
: ‘ Aéﬁording to a preferred form of the present
invention, each of the displacement adjusting layers
includes at least one layer which is similar to the lower
electrode and/or the piezoelectric and/or electrostrictive
layer. The displacement adjusting layers may be formed on
the respective portions of the outer surface of the closure
plate, at the same time when the piezoelectric and/or
electrostrictive elements are formed on the closure- plate.
The displacement adjusting layers may include an insulating
resin layer made of an electrically insulating resin
material.

In the piezoelectric and/or electrostrictive
actuator constructed according to the present invention, a
plurality of ﬁressure chambers corresponding - to the
respective:windows are formed within the ceramic substrate
in a row extending in the longitudinal direction of the
substrate, while dummy cavities or enclosed |spaces
corresponding to the respective auxiliary windows having a
suitable size are also formed within the substrate, such
that the dummy cavities are formed adjacent- to the
respective two outermost pressure chambers which are located
at the opposite ends of the row of the pressure chambers so
as to sandwich the plurality of the pressure chambers

therebetween. According to this arrangement, the rigidity of
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epoxy resin is preferably used as the material for the insulating resin
|l ayer. In view of the electrical insulating property and filmformability
of the insulating resin layer, various kinds of solder resist my be
preferably used as the material for the insulating resin |ayer.

The di spl acement adjusting layers 60.cpgpstructed as described above are
provided so as to adjust the rigidity at the two outernbst pressure
chanbers 36 which has been |owered due to the presence of the auxiliary
w ndows 78, i.e., the dummy cavities 37. Therefore, the pattern of the
di spl aceqnat subgitiaitien gt aies Saboveadndd caed pewat ehyertheiser presgure
dependi ng upon the lowered rigidity values at the two outernpst pressure
chanberscBﬁmbB;svasweﬁf&dEnvn&yelowembdtﬂmaﬂ@@lahenenﬁsadpaetpﬁgtMayers

60, it is possible to

dummy cavities, whereby the two outermost pressure chambers
are more. likely to be deformed. Moreover, in the present
actuator, the displacement adjusting layers having a
suitable pattern are integrally formed on the respective
portions of the outer surface of the closure plate which are
aligned with the auxiliary windows giving - the dumny
cavities. The provision of the displacement adjusting layers
according  to the present invention effectively permits
precise and fine adjustment of the rigidity at the -two
outermost pressure chambers 1located adjacent to the
respective dummy cavities.

Described in detail, the -rigidity at the
above-indicated two outermost pressure chambers can be
adjusted by varying the size of the auxiliaty windows which
give the dummy cavities. That is, the degree of lowering of
the'rigiditf can be controlled by changing the size of the
auxiliary windows. On the other hand, the formation of the
displacement adjusting 1aYers ‘integrally .6n the ceramic
substrate according to the present invention leads to an
increase in the rigidity at the two outermost pressure
chambers which has been lowered by the provision of the
dummy cavities. Further, the degree of increase in the
rigidity oﬁ these chambers can be adjusied. by suitably
determining the pattern of the displacement adjusting layers

to be formed on the substrate. Accordingly, the rigidity at
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regul ate the degree of increase in the rigidity at the two outernost

pressure chanbers 36. Accordingly, the displacenent adjusting

| ayers 60 cooperate with the dumry cavities 37 to adjust the anmount of

deformation of the two outernost pressure chanbers 36 | ocated adjacent to

the respective dummy cavities 37. It is noted that the thickness of the

di spl acenent adjusting |layers 60 influences the rigidity at the two

out ernost pressure chanbers 36 to a cenfjai-n extent. That is, the rigidity

at the two outernost
the two outermost pr-essure chambers can be céntrolled as
desired by suitably selecting the pattern (size, shape,
-thickness, etc.) of the displacement adjusting layers, in
addition to the selection of the size of the auxiliary
windows which give the dummy cavities. Since the rigidify at
the two outermost pressure chambers ‘can be properly adjusted
by the provision of the displacement adjust;.ing layers of the
present invention, the two outermost pressure chambers
undergo the substantially same amount of deformation as the
inner chambers ° interposed between the two outermost
chambers, upon actuation of the corresponding piezoelectric
and/or electrostrictive elements, permitting all . the
piezoelectric and/or electrostrictive elements including the
two outermost elements corresponding to the two outermost
chambers to exhibit excellent and stable operating
characteristics.

Therefore, when the actuator portibn constructed
as described above is used in each of the actuator units or
ink pumps for an ink jet print head, for example, the ink
jet print head assures excellent ink-jetting capability
owing to the improved operating characteristics of the
piezoelectric and/or electrostrictive elements. Thus, the
ink Jjet print Thead using: the. piezoelectric and/or
electrostrictive actuator wherein each actuator unit has the

above-const:;ucted actuator portion is capable of producing

improved quality of printed images with high stability.
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- 27 - pressure chanbers 36 increases with an increase in the thickness
of the displacenent adjusting layers .60. It is preferable that the

t hi ckness of each displacenent adjusting |ayer 60 be not |arger than
70[err]m nore preferably, not Jlarger than 50[err]m If the thickness of
the displacenment adjusting |ayer 60 is nuch |arger than the preferred

val ues as indicated above, the displacenent adjusting |ayer 60 tends to
suffer fromcracking and nay consequently be peeled off fromthe outer
surface of the closure plate 56 while it 1is fornmed on the outer surface of

the cl osure plate 56. In the thus forned actuator portion 34 of
the present invention, in addition to the four pressure chanbers
- 12 -

Thus, for example, the patterns of the
displacement adjusting . layers and/of the sizes of the
auxiliary windows may be selected so that an operating
characteristic (eg. rigidity) of each of the two
outermost pressure chambers is substantially equal to
that of at least one other pressure chamber:

In some embodiments, the actuator may be
arranged so that an operating characteristic (eg.
rigidity) is substantially equal for all pressure
chambers.

The present invention also provides a method
for manufacturing such an actuator, the method
including providing said spacer plate and said closure
plate formed from respective ceramic green sheets and
firing said plates into an integral structure as said
ceramic substrate, the method characterized by the
steps of:

forming said auxiliary windows (78) having a
predeterhined size in said spécer plate; and

forming said displacément adjusting layers (60)
having a suitable pattern on respective portions of the
outer surface of said closure plate aligned with said

auxiliary windows (78) of said spacer plate.



36 (corresponding to the four inner windows 68) formed wthin the ceramc
substrate 64 in a row extending in the |l|ongitudinal direction of the
substrate 64, the two dummy cavities 37 which have predeterm ned
configuration and dinensions and which are aligned with the auxiliary
wi ndows 78 are formed within the ceram c substrate 64 adjacent to the two-
out ernost pressure chanbers. 36, such ghat the two dummy cavities 37
sandwi ch the -four pressure chanbers 36 therebetween. The provision of the
dummy cavities 37 forned as described above is effective to reduce the
g dity At Lhe W MUGIAER BECSHY CpEHBERET S MenfHiA MoEne! Bib1Ry

[, Phe~ai éﬁgrs

above-constructed actuator portion 34 Spl acenent  adjustin
60 having afsuthabl GePahier is@h8tf2EAEdat the two outermost pressure

.chambers located at opposite ends of the row of the chambers

can be adjusted by the provision of the displacement
adjusting layers formed integrally on the céramic substrate,
in addition to the provision of the dummy cavities partially
defined by the respective auxiliary windows. In this
arrangement, the auxiliary windows which give the dummy
cavities are formed with suitable dimensions in the spacer
pPlate of the ceramic substrate, so that the rigidity at the
two outermost pressure chambers located adjacent tb the
respective dummy cavities is lowered due to the existence of
the dummy cavities. The thus lowered rigidity can be
adjusted as desired by providing suitably patterned
displacément adjusting layers on the ceramic substrate. That
is, though the provision of the displacement adjusting
layers ;es@lt in raising the rigidity at the two outermost
chambers, the degree of rise in the rigidity can be properly
and precisely controlled by the selection of. the. pattern of
the displacement adjusting layers so as to obtain the
desired rigidity. This arrangement allows effective
adjustment of -the rigidity at the two outermost pressure
chambers with high accuracy. Since the rigidity can be
adjusted as desired by suitably selecting the pattern of the
displacement adjusting layers in the present invention, the
manufacturing cost of the present actuator is considerably

lowered as compared to the conventional actuator wherein the
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integrally on the portions of the outer surface of the «closure plate 56
whi ch are aligned with the respective dumy

- 28 - cavities 37, whereby the rigidity at the two outernopst pressure .
chanbers 36 which has been | owered due to the provision of the dumy
cavities 37 are suitably increased as desired. Thus, the dummy cavities 37
and the displacenent adjusting |ayers 60 cooperate with each other to

adj ust the - 14 -

rigidity at the two outermost pressure chambers is
controlled by varying the configuration and dimensions of
the auxiliary windows by using various kinds of the metal
molds for punching operation. In this arrangement, the time
and cost required for <changing the pattern of the
displacement adjusting lavers can be effectively reduced.
Therefore, this arrangement permits ~ fast and economical
design of the piezoelectric and/or electrostrictive actuator

and modification of design thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and optional objects, -features and
advantages of the present invention will be Dbetter
understood by reading the following detailed description of
a presently preferred embodiment of the invention, when
considered in connection with the accompanying drawings, in
which: |

Fig. 1 is an elevational wview in vertical cross
section, showing a piezoelectric and/or -electrostrictive
actuator portion of an actuator uﬁit according to one
embodiment of the present invention;

Fig. 2 is an exploded perspective view showing the
structure of the piezoelectric and/or electrostrictive
actuator portioh of Fig. 1;

Fig. 3 is an elevational view in vertical cross

section, showing the -actuator unit including the actuator
Trig ip ke verdaeamant sheet
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rigidity

at the two outernost pressure chanbers 36, consequently the

anmount of deformation thereof so that all of the four P/E el enents 70,
ot her words, the four pressure chanbers 36 undergo substantially the s

anount

of displacenent so as to assure inproved operating

characteristics of the actuator portion 34 of the actuator wunit 30 wt
high stability. Upon firing the P/E etd®ents 70 formed on the closure

pl ate 56,

the elements 70 may suffer fromthermal stresses due to ther

contraction generated while the piezoelectric and/or electrostrictive

mat eri al

foortiba elfermigys 10 iwhidht geedatod denstf iied udée akemmnt snk

may further suffer fromthermal stresses caused due to a dlfference I n
coef fi ci erpempf foheamainkxpahnspoinkethenely t he .

Fig. 4 is an exploded perspective view showing the
structure of an ink nozzle member of the actuator unit of
Fig. 3;

Fig. 5 is an elevational view in vertical cross
section, showing one example of a conventional actuator unit
used as an ink pump for an ink-jet print head; and

Fig. 6 is a cross sectional view taken along line

6-6 of Fig. 5.

DETAILED DESCRIPTION OF THE PREFERRED EIdBODIM

Referring first to Fig.. 1 schematically showing a
piezoelectric and/or electrostrictive actuator portion 34
(hereinafter referred to as “P/E actuator portion") of an
‘actuator unit according to one embodiment of the present
invention, .'and to Fig. 2 which is an exploded perspective
view of the actuator portion 34, the P/E actuator portion 34
includes a ceramic substrate 64 consisting .of a closure
plate 56, a spacer plate 62, and a connecting plate 58 each
having a relatively small thickness and formed of - a ceramic
material. These plates 56, 62, 58 are superposed on each
other to provide an integral structure of the ceramic
substrate 64. The actuator portion 34 further includes a
plurality of film-like piezoelectric and/or electrostrictive
elements 76 (hereinafter réferred to as "P/E elements")

formed on the outer surface of the closure plate 56. In
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pi ezoel ectric and/or electrostrictive material and the ceramc material
for the closure plate 56 partially defining the pressure chanbers 36
These stresses undesirably deteriorate the operating characteristics
of the tw outernost P/E elenments 70. However, in the present actuator
portion 34 wherein the dummy cavities 37 corresponding to the auxiliary

w ndows 78 are fornmed within the ceran+clé substrate 64, the
deterioration of the operating - 29 -

operation, the P/E elements 70 undergo contraction upon
application of a voltage thereto, and consequently, the
closure plate 56 as well as the P/E elements 70 are subject
to displacement in the form of bending or flexure. The
displacement causes deformation or strain of appropriate
pressure chambers 36 formed Qithin the ceramic substrate 64,
so that a pressure level in each of the pressure chambers 36
is changed.
More specifically described referring to Fig. 2,
the spacer plate 62 of the ceramic substrate 64 has four
inner rectangular windows 68 formed through. the thickness
thereof. The four inner windows 68 are formed in a row in
equally spaced-apart relation with each other in the
longitudinal direction of the spacer plate 62, as viewed in
a plane of the spacer plate 62. The spacer plate 62 further
has two auxiliary or outer windows 78, 78 each having
predetermined configuration and dimensions. In this
embodiment, each of the auxiliary windows ‘78 |Thas
substantially the same configuration and dimensions as those
of the windows 68. The auxiliary windows 78, 78 are formed
adjacent to respective two outermost ones of the inner
windows 68, which are located at opposite ends of the row of
the four inner windows 68, such that the auxiliary windows
78 sandwich the four inner windows 68 therebetween. The
- connecting plate 58 of the ceramic substrate 64 has four
pairs of first and second communication holes 66, 67 formed

through the thickness thereof. Each pair of the first and
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characteristics in the two outernost elenents 70 is advantageously
el imnated or reduced. Further, in the present actuator portion
34 constructed as descri bed above, the rigidity at the two outernopst
pressure chanbers 36 |ocated at the opposite ends of the row of the
chanbers 36 can be finely and precisely adjusted by varying the pattern of
t he di spl acement adjusting |layers 60.~THi s arrangenment is advantageous in
view of the required cost and tine for adjusting the rigidity at the two
out ernost pressure chanbers 36 over the conventional arrangenment wherein
t he rigi disgcondad¢ommutdibatiohanhgbhgst hé6¢onb7guiat i abigsede witth shepe) - of
the auxiliary w ndows 78 (dummy cavities 37). Described in detail, in the
corresponding one of the inner windows 68, as viewed in a
plane of the connecting plate 58.

The connecting plate 58 is bonded to one of
opposite major surfaces of the spacer plate 62 (more
precisely, the lower surface of the spacer plate 62 as seen
in Fig. 2), and the closure plate 56 is bonded to the other
major surface of the spacer plate 62 (more precisely, the
upper surface of the spacer plate 62 as seen in Fig. 2). The
superposed plates 56, 58, 62 are fired into an integral
structure of the ceramic substrate 64. In the thus formed
ceramic substrate 64, the four inner windows 68 and the two
auxiliary or outer windows 78 of the spacer plate 62 are
closed at opposite openings thereof by the closure plate 56
and the connecting plate 58. According to this arrangement,
four pressure chambers 36 are formed within the ceramic
substrate 64 in alignment with the respective four inner
windows 68, such that the pressure chambers 36 are arranged
in a row extending in the longitudinal direction of the
ceramic substrate 64, as viewed in-a plane of the substrate
64. Each of the pressure chambers 36 is held in
communication with exterior space through the corresponding
pair of the first and second communication holes 66, 67.
Further,_in the above-constructed ceramic substrate 64, two
dummy cavities or enclosed spaces 37, 37 corresponding to

the two auxiliary windows 78, 78 are formed adjacent to the

two outermost pressure chambers of the four pressure
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present arrangenent, the rigidity at the two outernost pressure chanbers
36 forned adjacent to the respective dumy cavities 37 is suitably
adjusted by providing the displacenent adjusting |ayers 60 on the
portions of the outer surface of the closure plate 56 which are aligned
with the respective dummy cavities 37.4gFurther, the rigidity can be
adj usted as desired by changing the pattern of the displacenent adjusting
| ayers 60, whereby the manufacturing cost of the actuator is
effectively reduced. The nodification of the pattern of the .
di spl acembamizdisusd 6 ng suchyetbat0 Wen beoeiduantedcavibieswd? Eadwichy -
shorter tinme, than in the case where the rigidity is adjusted by changi ng
the sizethwd dimape giresgurexi champerisnddfs tTheraRerwash ousing (g
net al nnlds,fqrénnmhing operation, Thus, the , . )
cavitie 37 have suitably designed dimensions and
configuration, e.g., substantially the same volume as the
pressure chambers 36, in this embodiment.

The ceramic substrate 64 as described above has an
integral fired ceramic structure formed in the following
manner. Initially, a ceramic slurry is prepared from ceramic
materials, binders, liquid solvents and other materials, and
the thus prepared ceramic slurry is formed into green sheets
by means of a generally used device such as a doctor blade
device or a reverse roll coater. Then, the obtained green
sheets are subjected to suitable mechanical = machining
operation or laser machining operation such as cutting,
machining or punching, as needed, to form the windows 68,
auxiliary windows 78, and first and second communication
holes 66, 67. Thus, there are formed precursors for the
plates 56,'58, 62. These precursors are then laminated on
each other and co-fired into the integral structure of the
ceramic substrate 64. The thus formed ceramic substrate 64
assures complete and secure sealing between the adjacent
plates 56, 58, 62, without applying any bonding adhesive to
their interfaces.

For establishing more stable sealing between the
plates 56, 58, 62, it is preferable to print or coat a

slurry or paste formed of the same material as the slurry of

the green sheets, at the interfaces of the green sheets for

e



- 30 - present arrangenment permts easy and economcal initial design of
the actuator and subsequent nodifications of the design. The
actuator portion 34 as descri bed above can be used for each of ink punps
or actuator units used in an ink jet print head, for instance.
Referring to Fig. 3 schematically show ng the actuator unit 30
constructed according to t he préséﬂt‘ I nvention, wherein t he

the plates 56, 58, 62 before firing, thereby to- form surface
layers at the interfaces of the green -sheets. The thus
formed surface layers are softer than the green sheets, and
therefore, are likely to be spread over the entire surfaces
of the green sheets under a.pressure when the green sheets
for the plates 56, 58, 62 are laminated and pressed onto
each other. Accordingly, the surface 1layers provide
sufficient bonding strength and assure increased and stable
sealing tightness at the interfaces of the plates 56, 58, 62
in the fired ceramic substrate 64.

In the ceramic -substrate 64 constructed as
described above, the pressure chambers 36 formed therein are
brought into communication with the exterior space through
the corresponding ©pairs of <the first and second
communication holes 66, 67 formed in the connecting plate
58. This arrangement of +the ceramic substrate 64 is
advantageous when the ceramic substrate 64 of the actuator
portion 34.is bonded to an ink nozzle member 32 as shown in
Fig. 4 or other component which will be described, since a
sealing area between the ceramic substrate 64 and the ink
nozzle member 32 which must be sealed fluid-tightly is
considerably reduced, thereby assuring improved bonding
efficiency. Further, the existence of the connecting plate
58 effectively improves structural or mechanical strength of
the ceramic substrate 64, which favorably prevents warpage
of the ceramic substrate 64 upon firing thereof and permits

easy handling of the substrate 64 while the actuator portion
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above-indi cated i nk nozzle nmenber 32 and the actuator portion 34 as

descri bed above are bonded together to provide an integral structure of
the actuator unit 30. As shown in Fig. 4, the ink nozzle nmenber 32
consists of a nozzle plate 38 and an orifice plate 40 both having a
relatively small thickness, and a channel plate 42 interposed between
these plates 38, 40. The nozzle plate 38 and the orifice plate 40 are
integrally bonded to the channel plate 42 by nmeans of an adhesive.

More specifically described, the orifige_plate 40 of the ink nozzle nenber
32 has through-holes 46 and orifices 48 fornmed through the thickness
thereof. The through-holes 46 and the orifices 48 are respectively

34 is manufactured or used in the ink jet print head. Since
the dummy cavities 37 defined by the auxiliary windows 78,
closure plate 56, and connecting plate 58 are air-tightly
closed, there ariseé a pressure difference between the
inside of the dummy cavities 37 and the exterior space
because of a difference in temperature between the inside of
the dummy cavities 37 and the exterior space, upon firing
the ceramic substrate 64. This pressure difference will give
'an adverse influence on the ceramic substrate 64, in view of-
the structural strength thereof._Thereforé; it is desirable
to form suitable communication holes at the portions of the
connecting plate 58 <corresponding to the respective
auxiliary windbws 78, such that each of the dummy cavities
37 is Dbrought into communication with the exterior space
through the communication holes. |

While the ceramic material for forming the ceramic
substrate 64 is suitably selected from any known materials
and it is not particularly limited, alumina, zirconia or the
like may be favorably employed 4in view of its high
formability. and other desired properties. Further, the
closure plate 56, connecting plate 58 and spacer plate 62
are favorably formed from green sheets having substantially
the same ceramic composition and distribution of grain size,
so as to achieve good sinterbility and matching of

coefficients of the thermal expansion of the plates 56, 58,

62.
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aligned with the first conmunication holes 66 and the second

hol es 67

orifice plate 40 further has a supply port 54 through which an ink is féd )

into an ink supply channel 52 which will be described. The channel plate

42 has
- 31 -
pl ate 42

of the connecting plate 58 of the actuator portion 34. The

t hrough-holes 47 fornmed in alignnent with the

respective through-hol es 46%£t_the orifice plate 40. The channel

is formed with a wi ndow. 50 i ch

In the ceramic substrate 64 as described above,
the thickness of the closure plate 56 is preferably 50um or
smaller, more preferably, 20um or smaller, still ‘more
preferably, in a range of about 3-12um. The thickness of the

spacer plate 62 1is preferably 10um or larger, more

.preferably, 50um or larger. The thickness of the connecting

plate 58 is preferably 30um or larger, more preferably, 50um
or larger, still more preferably, 100um or larger.

The film-like P/E elements 70 each consisting of a
lower. electrode 72, piezoelectric -and/or electrostrictive
layer 74 (hereinafter referred to as - "P/E layer") and an
upper electrode 76 are formed by a £film-forming method on
the outer surface of the closure plate 56 in alignment with
the respective pressure chambers 36. The electrode films
(uppér and lower electrodes 76, 72) and the P/E layer 74 are
formed on the outer surface of the closure plate 56, by any
one of various known film-forming methods which include
thick-film forming techniques such as screen printing,
spraying, dipping and coating, and thin-film forming
techniques such as ion-beam method, sputtering, vacuum vapor
deposition, ion plating, CVD and plating. The films and
layer 72, 74, 76 may be formed either before or after firing
of the closure plate. 56 . (the ceramic substrate 64). The
upper and lower electrodes 76, 72 and the P/E laver 74
formed on the closure plate 56 may be ‘heat-treated or £fired
as needed, either in different steps following formation of

the respective films and layer 76, 72, 74, or concurrently
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comuni cates with the orifices 48 and the supply port 54 of the orifice

pl ate 40. The nozzle plate 38 has nozzles 44 formed through the thickness
thereof for permtting jets of fine ink particles. The nozzles 44 are
aligned with the respective through-holes 47 of the channel plate 42.

The nozzle plate 38, orifice plate 40, and channel plate 42 are superposed
on each other and bonded together by a suitable adhesive, so as to forman
integral structure of the ink nozzie2dember 32. In the thus formed ink
nozzle menber 32, the wi ndow 50 of the channel plate 42 is closed at its
opposi te openings by the nozzle plate 38 and the orifice plate 40, -
respecti vely, QM‘?erﬁé?Pt Heo ldiwiang npemadaion nefsupply Q!haﬁgél f5hlns @b8fi ned

by t he channel |late_42, nozzle plate 38, and orifice plate 40.
Y layex 76, 725" 74. P - prate.

The electrode films (upper and lower electrodes
76, 72) of each P/E element 70 may be formed of any
electrically conductive material which can withstand a
high-temperature oxidizing atmosphere generated upon the
heat-treatment or firing as described above. For instance,
the electrode films 76, 72 may be formed of a single metal,
an alloy, a mixture of a metal or alloy and an electrically
insulating ceramic or glass, or an electrically conductive
ceramic. The P/E layer 74 of each P/E element 70 may be
formed of any piezoelectric or electrostrictive material
which produces a relatively large amount of strain or
displacement due to the converse or reverse piezoelectric
effect or the electrostrictive effect. The piezoelectric
and/or electrostrictive material may be either a crystalline
material .or an amorphous material, and may be a
semi-conductor material or a dielectric or ferroelectric
ceramic material. Further, the piezoelectric and/or
electrostrictive material may either require a treatment for
initial polarization or poling, or may not require such a
polarization treatment. Though the materials for forming the
upper and lower electrodes 76, 72 and P/E layer 74 are
suitably selected from any known materials, it is
particularly preferable to employ materials  -as disclosed in

JP-A~-5-29675 and JP-A-5-270912 which correspond to U.S.
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Wiile the material for these plates 38, 40, 42 of the ink nozzle nenber
Is not particularly limted, these plates 38, 40, 42 are preferably made

of a plastic or a netal such as nickel or stainless steel, which permts
nozzles 44 and orifices 48 to be fornmed in the respective

t he

orifice plates 38, 40 with high accuracy. Each of the orifices 48 is
desirably fornmed in a tapered shape as>3 Shown in Fig. 3, for instance, such
that the dianmeter of the orifice 48 is reduced in the direction of the
flowof the ink (i.e., inthe direction fromthe ink supply channel 52
toward thpapefss wppldhedticsn 38p. 074512 mIiongssAgned &o the assignee

of the present patent application.

The P/E element 70 constructed as described above
generally has a thickness - of not larger than 100um,
preferably not- larger than 60um. The thickness of each of

the upper and lower electrode films 76, 72 is generally 20um

or smaller, preferably S5Sum or smaller. To assure a.

relatively large amount of displacement by application of a
relatively low voltage, the thickness of the P/E layer 74 is
preferably 50um or smaller, more preferably, in a range of
3-40um., |

The P/E elements 70, which are supported by the
closure plate 56 of  the ceramic substrate 64, exhibit
sufficiently high mechanical strength and toughness even
though the elements 70 have a relatively small thickness. In
addition, the film-forming method used for forming the
electrode films 76, 72 and the P/E layer 74 permits a
relatively large number of the P/E elements 70 to be formed
on the closure plate 56. That is, in the f£film forming
process as described above, "the elements 70 can be
concurrently and easily formed with a small spacing left
between the adjacent ones, without using an adhesive or the
like. -

In the actuator portion 34 of the ;ctuator'unit 30
constructed according to the present invention, in addition
to the P/E elements 70 formed on the outer surface of the

closure plate 56 in a row extending in the 1longitudinal
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- 32 - check valve for inhibiting the the ink fromflowng in the
reverse direction. The thus constructed ink nozzle nmenber 32 is
integrally bonded to the actuator portion 34 as described above by using a-
sui tabl e adhesive so as to provide each of nmany actuator units 30 of the
ink jet print head. In the thus fQj?Eq_actuator unit 30, the ink material
which is fed into the supply channel"52 through the supply port 54 is
supplied to the pressure chanbers 36 of the actuator portion 34 through
the respective orifices 48 of the orifice plate
direction ‘of the <closure plate 56, the displacement
adjusting layers 60, 60 having a .predetermined pattern are
integrally formed on the outer surface of the closure plate
56 so as to be aligned with the respective auxiliary windows
78 (dummy cavities 37). The displacement adjusting layers 60
are formed adjacent to the respective two outermost P/E
elements 70 which are located at the opposite ends of the
row of the elements 70. The provision of the displacement
adjusting layers 60 raises the rigidity at the portions of
the ceramic substrate 64 on which the displacement adjusting
layers are formed, making it possible. to suitably adjust the
amount of deformation of the two outermost pressure chambers
36 which are located adjacent to the respective dummy
cavities 37, upon the actuation of the corresponding two
outermost P/E elements 70.
While the displacement adjusting layers 60 are
formed by any one of various kn&wn methods, it is preferable
to form thé displacement adjusting layers 60 integrally on
the outer surface. of the closure plate 56 by the £film-~ |
forming method as employed .in forming the P/E elements 70,
i.e., the upper electrode 72, P/E layer 74, and upper
electrode 76. When the.displacement adjusting layers 60 are
formed by the film-forming method as described above, it ié
-possible to form the displacement adjusting layers 60
concurrently with the formation of the P/E elements 70,

reducing the manufacturing process and cost of the actuator

to be produced, and permitting easier patterning of the
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40 of the ink nozzle nmenber 32, and is passed through selected pairs of
t he. t hrough-hol es 46, 47 and jetted outwards fromthe correspondi ng
nozzl es 44, upon operation of the corresponding P/E elenents 70 of the
actuator portion 34. Wi | e the adhesi ve used for bonding the
I nk nozzle nenber 32 and the actuatarpartion 34 is not particularly
limted, the adhesive may be selected fromvarious known adhesives
cont ai ni ng any one of vinyl, acryl, polyam de, phenol, resorcinol, urea,
mel am ne, pal yester, epo furan, ¥é&Iyurethane S|I|cone r ubber,

pol yi mi de Hi'tﬂ%‘i‘%‘?? naXAE‘StP-BHg ¢fe 80-ecThesadReyrntages, afifarad (o

the ink m?o erform:.ng ﬁé‘ edfgéfaégxaengl ta.dggs%t{[nag' rleéjyeb (3 ndc'orr]x utrr}:ently
with the formation of the P/E elements 70 are sufficiently
obtained when each of the displacement adjusting layers 60
consists of at least one layer which is similar to the lower
electrode 72 and/or the P/E layer 74. It is particularly
.preferable that each displacement adjusting layer 60 consist
of layers similar to or identical with the lower electrode
72 and the P/E layer 74, or a laminar structure consisting
of layers_similar to or identical with the lower electrode
72, P/E layer 74, and upper electrode 76.

The displacement adjusting layers 60 may include
an insulating resin layer formed of an electrically
insulating resin material which is used for the purpose of
electrically insulating adjacent P/E elements 70, 70 formed

in a row on the outer surface of the closure plate 56. For
instance, the displacement adjusting layers 60 may consist
of only £he insulating resin layer as described above.
.Alternatively, the adjusting layers 60 may have a laminar
structure consisting of the insulating resin layer and at
least one layer similar to the lower electrode 72, P/E layer
74 or upper electrode 76, which cooperate to give each of
the P/E element 70. The insulating resin mgterial for
forming +the insulating resin layer is not particularly
limited proyided that the material is an insulating resin
having a predetermined hardness which permits application of

the film-forming method such as screen printing when the
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I nk nozzl e nenber 32 and the actuator portion 34 is used as the ink punp

in the ink jet print head. It is desirable in terns of
production efficiency that the adhesive be in the formof a highly viscous
paste - 33 - or in the formof a sheet.

It is nore desirable to use a hot-nelt pype adhesive which requires

relatively short heating tine, or an adhesive which is curable at room

tenperature. It is particularly preferable to use an elastic
insulating resin layer is formed on the outer surface of the:
cldéure plate 56. It is preferable that "the material have
Young's modulus in a range of 1lkg/mm? -~ 1000kg/mm2. In
particular, a thermosetting resin such as acrylic resin or
epoxy resin is preferably used as the material for the
insulating resin layer. In view of the electrical insulating
property and £ilm formability of the insulating-resin layer,
various kinds of solder resist may be pfeferably used as the
material for the insulating resin layer.

The displacement adjusting layers 60 - constructed
as described above are provided so as to adjust the rigidity
at the two outermost pressure chambers 36 which has been
lowered due to the presence of the auxiliary windows 78,
i.e., the dummy cavities 37. Therefore, the pattern of the
displacement , adjusting layers 60 can be appropriately
determined depending upon the lowered rigidity values at the
two outermost pressure chambers 36. BY varying the pattern
of the diéplacement adjusting layers 60, it is possible to
regulate the degree of increase in the rigidity at the two
outermost pressure chambers 36. Accordingly, the
displacement adjusting layers 60 cooperate with the dummy
cavities 37 to adjust the amount of deformation of the two
outermost pressure chambers 36 located adjacent to the
respective dummy cavities 37. It is noted that the thickness
of the displacement adjusting layers 60 influences the
rigidity at the two outermost pressure chambers 36 to a

certain extent. That is, the rigidity at the two outermost
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epoxy - adhesive, a silicone-contained adhesive or an epoxy-type
adhesi ve containing silicone resin which can be applied by
screen-printing, or a sheet-like, hot-nelt type adhesive containing
pol yol efin or polyester which permts punching of the adhesive sheet.

In the thus constructed actuator unit 30, the actuator portion 34 stably
exhi bits inproved operating characterdsyics as described above so as to
assure enhanced perfornmance thereof as an ink punp, whereby the present
print head actuator unit 30 offers excellent ink'jetting capability with
hi gh st abi

fr el 4l d
in Figs. ?rgﬁﬁuf%ghmﬁ’é?eggfpvwﬂ%&e%sgﬁ%%’u s? re&éﬁgﬁ%gﬁl HS e ©

thickness of the displacement adjusting layers .60. It is
preferable that the thickness of each displacement adjusting
layer 60 be not larger than 70um, more preferably, not
larger than 50um. If the thickness of the displacement
adjusting layer 60 is much larger than the preferred values
as indicated. above, the displacement adjusting layer 60
tends to suffer from cracking and may consequently be peeled
off from the outer surface of the closure plate 56 while it
is formed on the outer surface of the closure plate 56.

In the thus formed actuator portion 34 of the
present invention, in addition to the four pressure chambers
36 (corresponding to the four inner windows 68) formed
within. the ceramic .substrate 64 in a row extending in the
‘longitudinal direction of the substrate 64, the two dummy
cavities 37 which have predetermined configuration and
dimensions and which are aligned with the auxiliary windows
78 are formed within the ceramic substrate 64 adjacent to
the two outermost pressure chamber§.36, such that the two
dummy cavities 37 sandwich the 'four pressure chambers 36
therebetween. The provision of the dummy cavities 37 .formed
as described above is effective to reduce the rigidity at
the two outermost pressure chambers 36. Further, in the
above-constructed actuator portion 34, the displacement
adjusting layers 60 having a suitable pattern are formed
integrally én the portions of the outer surface of the

‘closure plate 56 which are aligned with the respective dummy

e
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36 (Nos. 1-7) are forned within the ceram c substrate in a row, and two
encl osed spaces or dummy cavities 37 in alignnent wwth the respective two
auxiliary windows 78 are fornmed within the substrate adjacent to the
respective two outernost pressure chanbers 36 (No. 1 and No. 7) which are
| ocated at opposite ends of the row of the seven pressure chanbers 36.
The actuator portion 34 further has displacenent adjusting |ayers 60
formed integrally on the portions of the outer surface of the closure
plate 56 which are aligned with the-rgspective dumy cavities 37, by a

cavities 37, whereby the rigidity at the two outermost
pres-sure chambers 36 which has been lowered due to the
provision of the dummy cavities 37 are suitably increased as
desired. Thus, the dummy cavities 37 and the displacement
adjusting layers 60 cooperate with each other to adjust the
rigidity at the two outermost pressure chambers 36,
consequently the amount of deformation thereof so that all
of the four P/E elements 70, in other words, the four
pressure chambers 36 undergo substantially the same amount
of displacement so as to assure improved operating
characteristics of the actuator portion 34 of the actuator
unit 30 with high stability.  Upon firing the P/E elements 70
formed on the closure plate 56, the elements 70 may suffer
from thermal stresses due to thermal contraction generated
while the piezoelectric and/or electrostrictive material for
the elements 70 is sintered and densified. The elements 70
may further suffer from thermal stresses caused due to a
difference in coefficients of thermal expansion between the
piezoelectric and/or electrostrictive material and the
ceramic material for the closure plate 56 partially defining
the pressure chambers 36. These stresses undesirably
deteriorate the operating characteristics of the two
outermost P/E elements 70. However, in the present actuator
portion 34 wherein the dummy cavities 37 corresponding to
the auxiliary windows 78 are formed within the ceramic

substrate 64, the deterioration of the operating
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- 34 - known filmformng nethod at the sane tine when the P/E el enents
70 were fornmed on the outer surface of the closure plate 56 in alignnent
with the respective seven pressure chanbers 36. Each of the displacenent
adjusting layers 60 consists of two |ayers which are simlar to the | ower
el ectrode 72 and the P/E | ayer 74, respectively. By applying a given
voltage to the seven elenents 70 which_correspond to the respective seven
pressure chanbers 36, the anount of “f#&xural deformation was neasured of
each of the seven pressure chanbers 36 (Nos. 1-7), by using a |aser
Doppl er neasuring device. As conparative exanples, two kinds of _
characteristics in the two outermost elements 70 is
advantageously eliminated or reduced.

Further, in the present actuator portion 34
constructed as described above, the rigidity at the two
outermost pressure chambers 36 located at the opposite ends
of the row of the chambers 36 can be finely and precisely
adjusted by varying the pattern of the displacement
adjusting layers 60. This arrangement is advantageous in
view of the required cost and time for adjusting the
rigidity at the two outermost pressure chambers 36 over the
conventional arrangement wherein the rigidity is adjusted by
changing the configuration (size and shape) of the auxiliary
windows 78 (dummy cavities 37). Described in detail, in the
present arrangement, the rigidity at the two outermost
pressure chambers 36 formed adjacent to the respective dummy
cavities 37 1is suitably adjusted Dby providing the
displacement adjusting layers 60 on the portions of the
outer surface of the closure plate 56 which are aligned with
the respective dummy cavities 37. Further, the rigidity can
be adjusted as desired b§ changing the pattern of the
displacement adjusting layers 60, whereby the manufacturing
cost of. the actuator is effectively reduced. The
modification of the pattern of the displacement adjusting
layers 60 can be effected at a lower cost in a shorter time,
than in the case where the rigidity is adjusted by changing
the size and shape of the auxiliary windows 78 using various

kinds of metal molds for punching operation. Thus, the
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actuator portions were prepared. One of these actuator portions (indicated
by "I'l" in the follow ng TABLE 1) has seven pressure chanbers 36 forned
within the substrate in a row while the auxiliary wi ndows 78 as provided
in the actuator portion 34 of the present invention are not forned in
the spacer plate 62. The other _actuator portion (indicated by "I"
in the TABLE 1) has two auxiliary wi fows 78 forned in the spacer plate 62
and the corresponding two dummy cavities 37 formed wthin the

bstrat ddi t t re chanbers 36 olhattetwo
dunmy i‘afaaqseegx%%a%éﬁ&?%%%ﬁﬁﬁsPhégéiveanﬁr CeStnerteal A St sl
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The actuator portion 34 as described above can be
used for each of ink pumps or actuator units used in an ink
jet print head, for instance. Referring to Fig. 3
schematically showing the actuator unit 30 constructed
according to. the present = invention, wherein the
above-indicated ink nozzle member 32 and the actuator
portion 34 as described above are bonded together to provide
an integfal structure of the actuator unit 30. As shown in
Fig. 4, the ink nozzle member 32 consists of a nozzle plate
38 and an orifice plate 40 both having a relatively small
thickness, and a channel plate 42 interposed between these
plates 38, 40. The nozzle plate 38 and the. orifice plate 40
are integrally bonded to the channel plate 42 by means of an
adhesive.

More specifically described, the orifice plate 40
of the ink nozzle member 32 has through-holes 46 and
orifices 48 formed through the <thickness thereof. The
through~-holes 46 and the orifices 48 are respectively
aligned with the first communication holes 66 and the second
communication holes 67 of the connecting plate 58 of the
actuator portion 34. The orifice plate 40 further has a
supply port 54 through which an ink is fed into an ink
supply channél 52 which will be -described. The channel plate

‘42 has through-holes 47 formed in alignment with the



portion 34 of the present invention. The anount of flexural deformation
was simlarly nmeasured of each of the seven

- 35 - pressure chanbers 36 (Nos. 1-7), by applying a given voltage to
the corresponding P/E elenments 70 in each of the actuator portions of the
conparative exanples I, 1l1. The resul h; of measurenent are indicated in
the following TABLE 1. It is noted tHat the configuration of the auxiliary

W ndows 78 was

respective through-holes 46 -of the orifice plate 40. The
channel plate 42 is formed with a window. 50 which
communicates with the orifices 48 and the supply port 54 of
the orifice plate 40. The nozzle plate 38 has nozzles 44
formed through the thickness thereof for permitting jets of
fine ink particles. The nozzles 44 .are aligned with the
respective through-holes 47 of the channel plate 42.

The nozzle plate 38, orifice plate 40, and channel
plate 42 are superposed on each other and bonded together by
a suitable adhésive , SO as to form an integra_l structure of
the ink nozzle member 32. In the thus formed ink nozzle
member 32, the window 50 of the éhannel plate 42 is closed
at its opposite openings by the nozzle plate .38 and the
orifice plate 40, respectively, whereby ‘the above-indicated
ink supply channel 52 is defined by the channel plate 42,
nozzle plate 38, and orifice plate 40.

While the material for these plates 38, 40, 42 of’
the ink no.zzle member 32 is not particularly limited, these
prlates 38, 40, 42 are preferably made of a plastic or a
metal such as nickel or stainless steel, which permits the
nozzles 44 and orifices 48 to be formed in the respective
nozzle and orifice plates 38, 40 with high accuracy. Each of
the orifices 48 is desirably formed in a tapered shape as
shown in Fig. 3, for instance, such that the diameter of the
orifice 48 is reduced in the direction of the flow of the
ink {i.e., in the direction from the ink supply channel 52
toward the pressure chamber 36), so as to function as a
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made identical with that of the windows 68 in both the actuator portion 34
of the present invention and the actuator portion of the conparative
exanple I. - 36 - [err]

- 32 -

check valve for inhibiting the the ink from flowing in the
revérse direction.

The thus constructed ink nozzle member 32 is
integrally bonded to the actuator portion 34 as described
above by using a suitable adhesive so as to provide each of
many actuator units 30 of the iﬁﬂ: jet print head. In the
thus formed actuator unit 30, the ink material which is fed
into the supply channel 52 through the supply port 54 is
supplied to the pressure chambers 36 of the actuator portion
34 through the respective orifices 48 of the orifice plate
40 of the ink nozzle member 32, and is passed through
selected pairs of the through-holes 46, 47 and jetted
outwards from the corresponding nozzles 44, upon operation
of the corresponding P/E elements 70 of the actuator portion
34.

While the adhesive used for bonding the ink noézle
member 32 and the actuator portion 34 is not particulgrly
limited, the adhesive may be selected from various known
adhesives containing any one of wvinyl, acryl, polyamide,
prhenol, resorcinol, urea, melamine, polyester, epoxy, furan,
polyurethane, silicone, rubber, polyimide and polyolefin, as
long as the selected adhesive is resistant to the ink
material wﬁen the actuator unit 30 obtained by bonding the
ink nozzle member 32 and the actuator portion 34 is used as
the ink pump in the ink jet print head.

| It is desirable in terms of production efficiency

that the adhesive be in the form of a highly viscous paste

Linreet aihaed
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- 37 - As clearly understood fromthe results indicated in the
above TABLE 1, in the present actuator portion 34 wherein the dumy
cavities 37 corresponding to the respective auxiliary wi ndows 78 are
formed adjacent to the respective two outernost pressure chanbers 36 and
the displacenent adjusting |ayers 60 are formed on the outer surface of
the closure plate 56 so as to be alzgned with the respective dummy
cavities 37, the anounts of flexuraﬁ deformati on of the two outernost
pressure chanmbers 36 (No. 1 and No. 7) upon adtuation of the correspondi ng

five i nnePoihbdie FREE OF o} FHErSosth Bt wite: Retizsbie B Gee ' a®
hot-melt type adhesive which requires relatively short
heating time, or an adhesive which is curable at room
temperature. It is particularly preferable to use an elastic
epoxy adhesive, a silicone-contained adhesivé or an
epoxy-type adhesive containing silicone resin which can be
applied by screen-printing, or a sheet-like, hot-melt type
adhesive containing polyolefin or polyester which permits
punching of the adhesive sheet.

In the thus constructed actuator unit 30, the
actuator portion 34 stably exhibits improved operating
characteristics as described above so as to assure enhanced
‘performance thereof as an ink pump, whereby tﬁe present
print head actuator unit 30 offers excellent ink-jetting
capability with high stability.

A sample of the actuator portion 34 illustrated in
Figs. 1 and 2 was prepared, wherein seven pressure chambers
36 (Nos. 1-7) are formed within the ceramic substrate in a
row, and two enclosed spaces or dummy cavities 37 in
alignment with the respective two auxili;ry windows 78 are
formed within the substrate adjacent to the respective two
outermost pressure chambers 36 (No. 1 and No. 7) which are
located at opposite ends of the row of the seven pressure
chambers 36. ?he actuator portion 34 furthér has
displacement adjusting layers 60 formed integrally on the
portions of'the outer surface of the closure plate 56 which

are aligned with the respective dummy cavities 37, by a

LI



out ernost chanbers 36. Therefore, the actuator portion constructed
according to the present invention ensures inproved operating
characteristics with high stability. In contrast, in the actuator portion
of the conparative exanple 1[Il wherein neither the dumy cavities 37
nor the displacenent adjusting |ayers 60 were provi ded, the anmounts of
fl exural deformation of the two outemrgost pressure chanbers (No. 1 and No.
7) upon actuation of the corresponding P/E elenents 70 were consi derably
smal |, deteriorating the operating characteristics of the actuator

portion. wrbydle £a9hi2oenifg’ hdthed tde ¢p@PasahkVerBx@hen |thdersim the
di spl acenent adjusting |layers 60 were not forned on the outer surface of

tEe closgxerdits PO weper£6pnedi Ba tthd RutespeakifueedgimEheadliosfred’,
t he

plate 56 in alignment with the respective seven pressure
chambers 36. Each of the displacement adjusting layers 60
consists of two 1layers which are similar to the lower
electrode 72 and the P/E layer 74, respectively. By applying
a given voltage to the seven elements 70 which correspond to
the respective seven pressure chambers 36, the amount of
flexural deformation was measured of each of the seven
pressure chambers 36 (Nos. 1-7), by using a laser Doppler
measuring device. As comparative examples, two kinds of
actuator portions were prepared. One of these actuator
portions (indicated by "II" in the following TAELE 1) has
seven pressure chambers 36 formed within the substrate in a
row while the auxiliary windows 78 as provided in the
actuator portion 34 of the present invention are not formed
in the spacer plate 62. The other - actuator portion
(indicated by "I" in the TABLE 1) has two auxiliary ﬁindows
78 formed in the spacer plate 62 and the corresponding two
dummy cavities 37 formed within the substrate 64, in
addition to seven pressure chambers 36, so that the two
dummy cavities 37 sandwich the row of the seven pressure
chambers 36. However, this actuator portion is not provided
with the displacement adjusting layers 60 corresponding to
the respec;ive dummy cavities 37, unlike the actuator
portion 34 of the present invention. The amount of flexural
deformation was similarly measured of each of the seven
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anmounts of flexural deformation of +the two outernost
- 38 - chanbers (No. 1 and No. 7) were undesirably too | arge because the
rigidity at these two chanbers was excessively |owered due to inadequately
selected size of the auxiliary w ndows 78 (dunmy cavities 37). In the
actuator portion of the conparative sanpl e I, t oo, t he
operating characteristics thereof were unfavorably fl uctuated.
Wiil e the present invention has been 3e3scribed in
pressure chambers 36 (Nos. 1-7), by applying a given voltage
to the corresponding P/E elements 70 in each of the actuator
portions of the comparative examples I, II. The results of
measurement are indicated in the following TABLE 1. It is
noted that the configuration of the auxiliary windows 78 was
made identical with that of the windows 68 in both the
actuator portion 34 of the present invention and the

actuator portion of the comparative example I.



detail - in its preferred enbodinent with a certain degree of particularity,
it is to be understood that the inventionis not limted to the details of
the illustrated enbodi mrent but may be ot herw se enbodied wth

vari ous changes, nodifications and i nprovenents w thout departing from
the spirit and scope of the inventioRédefined in the appended clains.

For instance, the construction of the actuator unit 30 or actuator
portion 34 is by no neans limted to that of the illustrated enbodi nent.
Vari ous other known constructions may be equally enployed in the present
actuator unit 30 or actuator portion 34. The configurations, positions,
nunbers and ot her paraneters of the pressure
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chanbers 36 and the P/E elenents 70 in the actuator portion 34 are not
limted to those of the illustrated enbodi nent, but nmay be suitably

sel ect ed depending upon the utility or application of the actuator portion
34 of the actuator unit 30 provided that the pressure chanbers 36 are
formed wthin the substrate in a row, so as to be sandw ched by and

bet ween the dumry cavities 37 corresp@iding to the auxiliary

- 39 - wi ndows 78. In the illustrated enbodi nent, although the two

As clearly understood from the results indicated
in the above TABLE 1, in the present actuator portion 34
wherein the dummy cavities 37 corresponding ¢to the
respective auxiliary windows 78 are formed adjacent to the
respective two outermost pressure chambers 36 and the
displacement adjusting layers 60 are formed on the outer
surface of the closure plate 56 so as to be aligned with the
respective dummy cavities 37, the amounts of flexural
deformation of the two outermost pressure chambers 36 (No. 1
and No. 7) upon actuation of the corresponding two outermost
P/E elements 70 were substantially equal to those of the
five inner chambers (Nos. 2-6) interposed between the two
outermost chambefs 36. Therefore, the actuator portion
constructed according to the present invention ensures
improved operating characteristics with high stability. In
contrast, in the actuator portion of the comparative example
II wherein neither the dummy cavities 37 nor the
displacement adjusting layers 60 were provided, the amounts
of flexural deformation of the two outermost pressure
chambers (No. 1 and No. 7) upon actuation of the
corresponding P/E elements 70 were considerably small,
deteriorating the operating characteristics of the actuator
rortion. In the actuator portion of the comparative example
I wherein the displacement adjusting layers 60 were not
formed on the outer surface of the closure plate 56
corresponding to the respective dummy cavities 37, the

amounts of. flexural deformation of the two outermost
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auxiliary wi ndows 78 which give the dummy cavities 37 are forned adjacent
to the respective two outernost pressure chanbers 36 |located at the
opposite ends of the row, two or nore auxiliary wi ndows may be forned

adj acent to each of the two outernost pressure chanbers 36. In this case,
one or nore displacenent adjusting |ayers 60 is/are forned on the outer
surface of the closure plate 56, for ead® of the two or nore auxiliary

wi nhdows 78 which are provided adjacent to each outernost pressure chanber

36. The actuat or unit constructed according to the present
I nvention m%bg S S n fgr v us 197 1 ppoh Ot her
than the la‘escrl ed ggove 1 éasﬂglpso?) aétgeduh§581&% ?ophoﬁes

]P: letzgrelsecbbgﬁuslemﬁﬁ@ei‘!{‘éﬁaltys%Oi'.ﬁesev'&i@t ehambers WP NekeéSsively
lowered due to inadequately selected size of the auxiliary
windows 78 (dummy cavities 37). In the actuator portion of
the comparative sample II, too, the operating
characteristics thereof were unfavorably fluctuated.

While the present invention has been described in
detail in its preferred embodiment with a certain degree of
particularity, it is to be understood that the invention is
not limited to the details of the illustrated embodiment but
may be otherwise embodied with various changes,
modifications and improvements without departing from the
spirit and scope of the -invention defined in the appended
claims.

For instance, the construction of the actuator
unit 30 or actuator portion 34 is by no means limited to
that of the illustrated embodiment. Various other known
constructions may be equally emploved in the present
actuator unit 30 or actuator portion 34. The configurations,
positions, - numbers and other parameters of the pressure
chambers 36 and the P/E elements 70 in the actuator portion
34 are not limited to those of the illustrated_embodiment,
but may be suitably selected depending upon the utility or
application of the actuator portion 34 of the actuator unit
30 provided that the pressure chambers 36 are formed within
the substfate in a row, so as to be sandwiched by and
between the dummy cavities 37 corresponding to the auxiliary

. . N -, .
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conponents or devi ces. - 40 -
CLAI MVE: 1. A piezoelectric and/or electrostrictive
actuator conprising (a) a ceram c substrate (64) in which pressure
chanbers (36) are forned in a row extending in a |ongitudinal direction of
said substrate, said ceramc

' - 39 -~

windows 78. In the illustrated embodiment, although the two
auxiliary windows 78 which give the dummy cavities 37 are
formed adjacent to the respective two outermost pressure
chambers 36 located at the opposite ends of the row, two or
more auxiliary windows may be formed adjacent to each of the
two outermost pressure chambers 36. In this case, one or
more displacement adjusting layers 60 is/are formed on the
outer surface of the closure plate 56, for each of the two
or more auxiliary windows 78 which are provided adjacent to
each outermost pressure .chamber 36.

The actuator unit constructed according to the
present invention may be used as an ink pump for Various ink
jet print heads other than the described above, and may also
be used for microphones, piezoelectric loudspeakers,
sensors, vibrators or resonators, filters and other

components or devices.



substrate including a spacer plate (62) having a plurality of w ndows (68)
whi ch provide said pressure chanbers, said plurality of w ndows being
formed in a row extending in a |ongitudinal direction of said spacer
plate, a closure plate (56) superposed on one of opposite major surfaces
of said spacer plate so as to cl ose one of opposite openings of each of
said wi ndows, and a connecting pl ate {gb8) superposed on the other mgjor
surface of said spacer plate so as to close the other opening of each of
said wi ndows, said spacer plate, said closure plate and said connecting

plate being fegRefs.from respective ceramic green sheets which are
| am nat ed on each other and fired into an integral structure as said

ceram c substrate, and (b) piezoelectric and/or electrostrictive elenents
(70) which are disposed on )

1. A piezoelectric and/or electrostrictive
actuator comprising (a) a ceramic substrate (64) in which
pressure chambers (36) are formed in a row extending in a
longitudinal direction of said substrate, said ceramic
substrate including a spacer plate (62) having a plurality
of windows (68) which provide said pressure chambers, said
plurality of windows being formed in a row extending in a
longitudinal direction of said spacer plate, a closure plate
(56) superposed on one of opposite major surfaces of said
spacer plate so as to close one of opposite openihgs of each
of said windows, and a connecting plate (58) superposed.on
the other major surface of said spacer plate so as to close
the other opening of each of said windows, said spacer
plate, said closure plate and said connecting plate being
formed <£from respective ‘ceramic green sheets which are
laminated on each other and fired into an integral structure
as said ceramic substrate, and (b) piezoelectric and/or
electrostrictive elements (70) which are disposed on
respective portions of an outer surface of said closure
plate which partially define said pressure chambers,
respectively, said .elements being energized to cause
deformation of said respective portions, so as to change
pressure levels of the corresponding pressure chambers, each
of said piezoelectric and/or electrostrictive elements

comprising a lower electrode (72), a piezoelectric and/or
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respective portions of an outer surface of said closure plate which
partially define said pressure chanbers, respectively, said elenents being
energi zed to cause deformation of said respective portions, so as to
change pressure levels of the corresponding pressure chanbers, each of
said piezoelectric and/or electrostrictive elenents conprising a |ower

el ectrode (72), a piezoelectric and/or

- 41 -

- 41 -

electrostrictive layer (74) and an upper electrode (76)
which are formed in the order. of description by a
film-forming method on the outer surface of said closure
plate in alignment with the respective pressure chambers,
said actuator being characterized in that:

said spacer plate has auxiliary windows (78)
having a predetermined size formed adjacent to respective
two outermost windows which are located at opposite ends of
the row of said plurality of windows of said spacer plate,
said auxiliary windows providing dummy cavities (37) within
said ceramic substrate such that said dummy cavities are
formed adjacent to respective two outermosﬁ pressure
chambers which are located at opposite ends of said row of
said pressure chambers; and

displacement adjusting layers (60) Thaving a
suitable pattern are integrally formed on respective
portions of the outer surface of said closure plate which

are aligned with said auxiliary windows of said spacer

plate.

2. A piezoelectric and/or electrostrictive
actuator according to c¢laim 1, wherein said displacement
adjusting layers (60) are integrally formed by a £ilm-
forming method on said respective portions of the outer

surface of said closure plate (56).

R 0 O o
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el ectrostrictive layer (74) and an upper electrode (76) which are forned
in the order of description by a filmformng nmethod on the outer surface
of said closure plate in alignment with the respective pressure chanbers,
sai d actuator being characterized in that: sai d spacer plate has
auxiliary windows (78) having a predeterm ned size forned adjacent to
respective two outernpbst w ndows which are | ocated at opposite ends of
the row of said plurality of wi ndows of said spacer plate, said auxiliary
wi ndows providing dummy cavities (37) ithin said ceram c substrate such
that said dummy cavities are forned adjacent to respective two outernost
pressure chanbers which are |located at opposite ends of said row of

3. A piezoelectric and/or electrostrictive
acéuator according to claim 1 or 2, wherein each of said
displacement adjusting layers (60) includes at least one
layer similar to said lower electrode (72) and/or said
piezoelectric' and/or electrostrictive layer (74), said
displacement adjusting layers being formed on said
respective portions of the outer surface of said closure
plate (56), at the same time when said piezoelectric and/or

electrostrictive elements are formed on said closure plate.

4. A piezoelectric and/or electrostrictive
actuator according to any one .of claims 1-3, wherein each of
said displacement adjusting layers (60) includes a layer

similar to said upper electrode (76).

5. A piezoelectric and/or electrostrictive
actuator according to any one of claims 1-4, wherein each of
said displacement adjusting layers (60) includes ~ an
insulating resin layer made of an electrically insulating

resin material.

6. A piezoeléctric and/or electrostrictive
actuator according to any one of claims 1-5, wherein each of
said displacement adjusting layers (60) has a thickness of

not larger than 70um.

W - Ny |



sai d pressure chanbers; and di spl acenent adjusting | ayers (60)
having a suitable pattern are integrally forned on respective portions of
the outer surface of said closure plate which are aligned with said
auxi liary wi ndows of said spacer plate. 2. A
pi ezoel ectric and/or electrostrictive actuator according to claima1,
wherein said displacenent adjusting layers (60) are integrally fornmed by a
film formng nethod on said respec£i4\5e_portions of the outer surface of
said closure plate (56).
7. A piezoelectric and/or electrostrictive
actuator according to claim S, wherein said insulating resin
material has Young's modulus in a range of 1kg/mm? -

1000kg/mm?2.

8. A piezoelectric and/or electrostrictive
actuator according to claim 5, wherein said insulating resin
material includes a thermosetting resin such as acrylic

resin or epoxy resin.

9. A piezoelectric and/or electrostrictive
actuator according to claim 5, wherein said insulating resin

material includes a solder resist.

10. A piezoelectric and/or electrostrictive
actuator according to any one of claims 1-9, wherein said

ceramic substrate (64) is formed of alumina or zirconia.

11. A piezoelectric and/or electrostrictive
actuator according to any one of claims 1-10, wherein said

closure plate (56) has a thickness of not larger than 50um.

12. A piezoelectric and/or electrostrictive
actuator according to any one of claims 1-11, wherein said

spacer plate (62) has a thickness of not smaller than 10um.
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- 42 - 3. A piezoelectric and/or electrostrictive
actuator according to claiml1l or 2, wherein each of said displacenent
adjusting layers (60) includes at |east one l|ayer simlar to said | ower
el ectrode (72) and/or said piezoelectric and/or electrostrictive |ayer
(74), said displacenent adjusting l|ayers being fornmed on said
respective portions of the outer sudBate of said closure plate (56), at
the sane tinme when said piezoelectric and/or

13. A piezoelectric and/or electrostrictive
actuator according to any one of claims 1-12, wherein said
connecting plate (58) has a thickness of not smaller than

30um.

14. A piezoelectric and/or electrostrictive
actuator according to any one of claims 1-13, wherein said
piezoelectric and/or electrostrictive element (70) has a

thickness of not larger than 100um.

15. A piezoelectric and/or electrostrictive
actuator according to any one of claims 1~14, wherein each
of said upper and lower electrodes (76, 72) has a thickness

of not larger than 20um.

16. A piezoelectric and/or electrostrictive
actuator according to any one of claims 1-15, wherein said
piezoelectric and/or electrostrictive layer (74) has a

thickness of not larger than 50um.

17. A piezoelectric and/or electrostrictive
actuator according to any one of claims 1-16, which is used
as an actuator unit of an ink jet print head, and which
further comprises an ink nozzle member (32 )including an
orifice plate (40) having orifices (48) and through-holes
(46), a chénnel plate (42) having a window (50) formed
therethrough and through-holes (47) formed in alignment with

TRy I ma ronlacement sheet
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el ectrostrictive elenents are fornmed on said closure plate.
ezoel ectric and/or electrostrictive actuator according to any one

4. A pi

of clainms 1-3, wherein each of

i ncl udes

A piezoelectric and/or electrostrictive

a layer simlar to said upper electrode (76).

sai d di spl acenent adjusting |ayers (60)

actuator according to any one of

clains 1-4, wherein each of said displacenent adjusting I|ayers (60)
an insulating resin qugg_nade of an electrically insulating

i ncl udes

resin nmaterial.

el ectros

A pi ezoel ectric and/or
trictive

said through-holes of said orifice plate, and a nozzle plate
(38) having nozzles (44), said orifice plate, said channel
plate and said nozzle plate being superposed on each other
and bonded together so that said window of said channel
plate is closed by said orifice plate and said nozzle plate
so as to form an ink supply channel (52) through which an
ink flows into said pressure chambers of said actuator via
the respective orifices of said orifice plate, said ink
being jetted from said pressure chambers through said
nozzles of said nozzle plate, wvia said through-holes of said
orifice plate and said channel plate, when said elements
{70) corresponding to said pressure chambers .(36) are

selectively energized.

) R i
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actuator according to any one of clains 1-5, wherein each of said

di spl acenent adjusting |layers (60) has a thickness of not |arger than
70[err]m - 43 - 7.

A piezoelectric and/or electrostrictive actuator according to claimb5,
wherein said insulating resin material has Young's nodulus in a range
of 1kg/mierr] - 1000kg/ mierr].

- 46 -

PIEZOELECTRIC AND/OR ELECTROSTRICTIVE ACTUATOR

ABSTRACT

A piezoelectric and/or electrostrictive actuator including a
ceramic substrate and piezoelectric and/or electrostrictive
elements is disclosed. The ceramic substrate includes: a
spacer plate having a plurality' of windows which' provide
pressure chambers, the windows being formed in a row in the
longitudinal direction of the spacer plate; a closure plate
superposed on one of opposite major surfaces of the spacer
‘plate so as to close one of opposite openings of each
window; and a connecting plate superposed on the other major
surface of the spacer plate so as to close the other opening
of each window. The piezoelectric and/or electrostrictive
elements are disposed on respective portions of the outer
surfaée of the closure plate in alignment with the
respective pressure chambers. The spacer plate has auxiliary
windows formed adjacent to respective two outermost windows
lwhich are located at opposite ends of the row, the auxiliary
windows providing dummy cavities within the ce;amic
substrate such that the dummy cavities are formed adjacent
to respective two outermost pressure chambers, while
displacement adjusting layers are integrally formed on

respective portions of the outer surface of the closure

This is the replacement sheet
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8. ‘A piezoelectric and/or electrostrictive actuator according to claim
5, wherein said insulating resin material includes a thernosetting resin
such as acrylic resin or epoxy resin. 9. A

pi ezoel ectric and/or electrostrictive actuator according to claimb§5,
wherein said insulating resin material includes a solder resist.

10. A piezoelectric and/or electrostrictive actuator according to any one
of clains 1-9, wherein said ceramc substrate (64) is forned of alum na or
zirconi a.

-~ 47 -

plate which correspond to the auxiliary windows giving the

dumfny cavities.

Figure 1
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11. A piezoelectric and/or electrostrictive actuator according to any
one of clains 1-10, wherein said closure plate (56) has a thickness of not
| arger than 50[err]m 12. A pi ezoel ectric and/ or

el ectrostrictive actuator according to any one of clains 1-11, wherein

said spacer plate (62) has a thickness of not smaller than 10[err]m
- 44 -
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13. A piezoelectric and/or electrostrictive actuator according to any one
of claims 1-12, wherein said connecting plate (58) has a thickness of not
smaller than 30[err]m 14. A piezoelectric and/or

el ectrostrictive actuator according to any one of clains 1-13, wherein
said piezoelectric and/or electrostrictive elenent (70) has a thickness
of not larger than 100[err]m 275 15. A piezoelectric and/or
el ectrostrictive actuator according to any one of clainms 1-14, wherein
each of said upper and | ower electrodes (76, 72) has a thickness of not

| arger than 20[err]m 34




16. A piezoelectric and/or electrostrictive actuator according to any one
of clains 1-15, wherein said piezoelectric and/or electrostrictive |ayer
(74) has a thickness of not |arger than 50[err]m 17. A
pi ezoel ectric and/or electrostrictive actuator according to any one of
clainms 1-16, which is used as an acguyator unit of an ink jet print head,
and which further conprises an ink nozzle nmenber (32 )including an
orifice plate (40) having orifices (48) and through-holes (46), a channel

plate (42) having a wi ndow (50) formed therethrough and through-holes (47)
formed in alignnment with .
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- 45- said through-holes of said orifice plate, and a nozzle plate (38)
havi ng nozzles (44), said orifice plate, said channel plate and said
nozzl e pl ate bei ng superposed on each other and bonded together so that
said wi ndow of said channel plate is closed by said orifice plate and said
nozzle plate so as to forman ink sugz#y channel (52) through which an

ink flows into said pressure chanbers said actuator via
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the respective orifices of said orifice plate, said ink being jetted
fromsaid pressure chanbers through said nozzles of said nozzle plate, via
said through-holes of said orifice plate and said channel plate, when said
el ements (70) corresponding to said pressure chanbers (36) are

sel ectively energized. 5/5
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