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TI TLE OF° THE | NVENTI ON ACTUATOR HAVI NG CERAM C SUBSTRATE Wose33-1 s0os
AND | NK JET PRI NT HEAD USI NG THE ACTUATOR BACKGROUND OF THE
| NVENTI ON - Field of the Invention The present

invention relates in general to an actuator and an ink jet print head
I.ncluding the actuator, and nore particularly to an actuator which
exhibits inproved operating characteristics with high stability, and an
ink jet print head using such an actuator as an ink punp for discharging
an ink material fromthe print head. Di scussion of the Rel ated
Art As a nmeans for raising a pressure in a pressure chanber
formed w thin BITUBsOFaTHROINYENTTOMt Or, there is recently known a

pi ezoel ectric/electrostrictive element fornmed on a wall defining the

pressure chanber, f | HAVING CERAMICG SUBS ure chanber due to
di spl acenent of theANB 8NBeJERT PRING] HEADOUSING [THE QIMEAMOR Such an

actuator may be used as an ink punp or the like of a print head used in

BACKGROUND OFf THE INVENTION
Field 6f the Invention

The present invention relates in general to an
actuator and an ink jet print head including the actuator,
and more particularly to an actuator which exhibits improved
operating characteristics with high stability, and an ink
jet print head using such an actuator as an ink pump for

discharging an ink material from the print head.

Discussion of the Related Art

. As a2 means for raising a pressure in a pressure
chamber formed within a substrate of an actuator, there is
-recently known " a piezoelectric/electrostricfive element
formed on a wall defining the pressure chamber, for changing
a volume of the pressure chamber due to displacement of the
piezoelectric/elactrostrictive element. Such an actuator may
be used as an ink pump or the like of a print head used in
an ink jet printer, for example. The actuator used as the
ink pump 1is adapted to raise a pressure in the pressure
chamber which is fiiled with an ink material, utilizing the
displacement of the pilezoelectric/electrostrictive element,
so that fine ink particles are jetted or discharged througﬁ
& nozzle that communicates with the pressure chamber, so as

to effect printing by the print head.



an ink jet printer, for exanple. The actuator used as the ink punp is
adapted to raise a pressure in the pressure chanber which is filled with
an ink material, utilizing the displacenent of the

pi ezoel ectric/electrostrictive elenent, so that fine ink particles are
jetted or discharged through a nozzle that conmunicates with the pressure
chanmber, so as to effect printing by the print head.

- 2- Referring to Figs. 4 and 5 showi ng a known exanpl e of
the ink jet print head as described above, a netallic nozzle plate 4
having a plurality of nozzles 2, a netallic orifice plate 8 having a
plurality of orificeReferadaigato Fligmnels phdt & Fhosrimgs updrpsaedkingERs h
other such that the  channel plate 10 is interposed between the plates 4,
8, and tPREsdN alBk fets puintr desdnds @%@@Eg’éﬁidi Aoy | ak metad e c
menber 16. In éhis I nk nozzl e menber 16, there are forned a plurality of
i nk di schaPg&ZefafiAte 1 Bayingadi RIUSALILY Gfhgogriek Aat ar imataldihe

o v ABDFREE° P12l s hav iR o* BRI LEPPO¥ SR Ffees” {2 and E
channel plate 10 are superposed on each other such that the
channel plate ld is interposed between the plates 4, 8, and
these plates 4, 8, 10 are bonded togéther into an ink nozzlé

.membeér 16. In this ink nozzle member 16, there are formed a
Pplurality of ink discharge channels 12 for leading or
guiding an ink material to the respective nozzles 2, and at
least one ink:supply channel 14 fof leading or supplying the
ink.material to the orifices 6. Reference numeral 2S5 denotes
an actuator which includes a substrate 24 consisting of a
closure plate 18 and a spacer plate 20 both made of a metal
or synthetic resin, and a plurality of piezoelectric/
electrostrictive elements 28 formed on an outer surface of
-the closure plate 18. The closure plate 18 and spacer plate
20 are superpored on each other and formed integrally into
the substrate 24, such that a plurality of voids 22 which
.éorrespond to the nozzies 2 and orifices 6 of the ink nozzle
member 16 are formed in the substrate 24. The piezoelectric/
'.electrostrictiVe elements 28 fixed to the closure plate 18
are aligned with the voids 22 of the substrate 24, as viewed
in the plane of the substrate 24 (perpendicular to the
direction of the thickness of the substrate 24). With the
ink nozzle member 16 and the actuator 25 superposed on each

other and bonded together by a suitable adﬁesive‘ZQ, each of



inkmaterial to the orifices 6. Reference nuneral 25 denotes an actuator
whi ch includes a substrate 24 consisting of a closure plate 18 and a
spacer plate 20 both nade of a metal or synthetic resin, and a plurality
of piezoelectric/ electrostrictive elenents 28 fornmed on an outer surface
of the closure plate 18. The closure plate 18 and spacer plate 20 are
super posed on each other and forned integrally into the substrate 24, such
that a plurality of voids 22 which correspond to the nozzles 2 and
orifices 6 of the ink nozzle nenber 16 are formed in the substrate 24. The
pi ezoel ectric/ electrostrictive elenents 28 fixed to the closure plate 18

of “the SuRtare 81 (28, REagtale, d hPYRERER, Buech® b PHEimad) ARIRYT"

of the su rate rpendicular t i ckness of
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super posed on each nded together by a suitable adhesive
each of the 4ink material. In operatiod; ¢the VRUszeEO1 oeerigdes -a .

pressure chamnber .26 forned behind -the correspondi ng nozzle and orifice 2,

6 and fil lexbottdstrictive elements 28 are selectively actuated to
deform walls defining the corresponding pressure chamber or
chambers 26, as schematically shown in Fig. 6, B0 as to
.chﬁnge the pressure of the selected pressure chambexr{s) 26.

In the ink jet print head as described above, the
ink nozzle member 16 is bonded to the actuator 25, more
‘precisely, to the surface of the spacer plite 20 on which-
the voids 22 are open. In this arrangement, a fluid-tight
seal between the ink nozzle member 16 and the aétuator 25
must be secured over a felatively lafée area surrounding the
volds 22. Upon mass production of print heads of the above
type, therefore, it is d4ifficult for the. print heads to
assure a 'high degree of sealing reliability or f£fluid
tightness and desired ink-jetting capability with high
stability.

In view of the above problems, an actuator 40.as
schematically shown in Fig. 7a has been proposed by the
present inventors in co-pending U.S. patent' application
Serial Nos. 08/066,193 and 0B/066,195. This actuator 40
includes a ceramic substrate 38 having-‘a plurality of
pressure chambers 36 -formed therein, and a plurality of
film-like piezoelectric/electrostrictive elements 33 formed
on the substrate 38. More specifically, ceramic green sheets

for a spacer plate 30, a closure plate 32 and a connecting



the' ink* material . In operation, the piezoelectric/ electrostrictive
el ements 28 are selectively actuated to deformwalls defining the
correspondi ng pressure chanber or chanbers 26, as schematically shown in
Fig. 6, so as to change the pressure of the selected pressure chanber(s)
26. : In the ink jet print head as described above, the ink nozzle
menber 16 is bonded to the actuator 25, nore precisely, to the surf ace of
t he spacer plate 20 on which the voids 22 are open. In this arrangenent, a
fluid-tight seal between the ink nozzl®e %enber 16 and the actuator 25

must be secured over a relatively large area surrounding the voids 22
- Upon mass production of print heads of the above type, therefore, S

el ani 11 1 yiaFer i oy  BFABebS B Uk QY ?E?P?%&%?LLE%‘% e
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40 as schéfs ally s own I'n een proposed by ‘the present
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08/ 066 , 19 I's actuator 40 i1ncludes a ceramc substrate 38 having a
plural ity cBhnepta99U A st tEawifng ARsldihaicies 3Hdia phperposgdobn

filmlike piezoelectric/electrostrictive elements 33 formed on the
substrate 8Be Mtrtherspexifaceldfy, tieerspdiae eate Bkt SThé gplezepbectrptit e

30, a closure plate 32 and a connecti ng
electrostrictive elements 33 are formed on the outer surface
of ghe closure plate 32 by a film forming method. When this
actuator 40 1is bénded to an ink nozzle member 42 by an
adhesive 46, such that the-communication holes 35 of the
‘connecting plate 34 are iligned. with nozzles 44 formed
through the ink nozzle member 42, a fluld-tight seal needs
to be provided only over a relatively small area surrounding
the through-holes 35, readily assuring iméroved sealing
reliability upon mass.production of the print heads.
However, a further study by the inventors on the
actuator 40 as described above fevealed that the pressure
chambers 36 are substantially entirely defined or surrounded
by the integral ceramié substrate 38, whereby the ceramic
substrate 36 is less likely to be deformed or displaced to
change the pressure of the pressure chambers 36, due to
increased rigidity of the -substrate 38, as shown in Fig.
7b. Consequently, the operating charééqeristics of the
actuator 40 may deteriorate, and the ink jet print head
using the actuator 40 as an ink pump may not be able to

provide desired ink-jetting capability.

SUMMARY OF THE INVENTION



-4-’' plate 34 are lam nated on each other and co-fired into the ceramc
substrate 38, such that the closure plate 32 is superposed on one surface
of the spacer plate 30, and the connecting plate 34 having through-hol es
35 is superposed on the other surface of the spacer plate 30. The

pi ezoel ectric/ electrostrictive elenments 33 are fornmed on the outer
surface ‘of the closure plate 32 by a_fig mform ng method. Wen this
actuator 40 is bonded to an ink nozzle nmenber 42 by an adhesive 46, such
t hat the communication holes 35 of the connecting plate 34 are aligned

wi th nozzles 44 fornmed through the ink nozzle nenber 42, a fluid-tight
seal needs to be previsged pntytoygvamrdgd df vely mrmddntarea surrounding

t he through-holes 35, readily assuring i nproved sealing reliability upon
mass pr odigtventioh MMamrmvddéeadsactuator haviagedepregssurne hehambedy by

the inventors on the actuator 40 as descri bed above reveal ed t hat th
pressur e othahiaaberss gubstaptdaddvalentizely edgfdeed i oAns PB'EQH% by

the integral ceram ¢ substrate 38, whgrebg t he
ceramic substrate, in whic e ri

ggiet{ n}‘? Cof the ceramic
substrate is ;owered enough to facilitate pressure changes
of ¢the presaﬁre chamber(s), assuring desired operating
characteristics of the actuator, while requiring a reduced
seal area over which a fluid-tight seal should be provided
upon bonding of the actuator to another member.

It is a second feature of the invention to provide
an ink jet print head having an ink nozzle member and the
above-described actuator as an ink pump member, which print
head assures improved bon&ing reliability between the ink
nozzle member and the actuator, and st&bly .exhihita
excellent ink-jetting characteristics.

According to one asﬁect of the presenﬁ invention,
there 3is provided an actuator comprising: a ceramic
substrate in‘which at least one pressure chamber is formed,
thé ceramic substrate including a spacer plate having at
least one window which provides the above-indicated at least
one praessure chamber, a’ closure plate superposed on one of
opposite major surfaces of the spacer plate, for closing one
of opposite openings of each window, and a  connecting plate
superposed on the other major surface of the spacer plate,
for substantially closing the other opening of the window,

the connecting plate having at least one slit which



substrate 38 is less likely to be deforned or displaced to change the
pressure of the pressure chanbers 36, due to increased rigidity of the
substrate 38, as shown in Fig. 7b. Consequently, the operating
characteristics of the actuator 40 may deteriorate, and the ink jet print
head wusing the actuator 40 as an ink punp nmay not be able to provide
desired ink-jetting capability. SUVWARY OF THE | NVENTI ON
"It is a first advantage of the present ~ifivéntion to provide an actuator
having a pressure chanber or chanbers substantially entirely defined by an
Integral ceramc substrate, in which the rigidity of the ceramc

substrate is LQ%Fﬁgdgggég}(#&f %A.é&xaé g%tp&m{r %@%‘n{ ﬁ%ﬁ@g p%ggsure

chanber(s),cgssur oper at 1 ng aracteri‘sti act Lator

whi | e requi L pguper slticed apRl tRE ConiBbeMibCIbIadd Ubd1hbOoraral ghenl d
be provided  upon bonding of the actuator to another nenber. It
i's a second fgpbutevel cel@nity tffdeéd]) dHedt¥eOWHITh are laminated on each
other and fired into an integral ceramic structure as the
ceranic substrate; and at 1least one piezoelectric/
electrostrictive element each disposed on a portion of the
closure plate defining the corresponding pressure chamber, -
for deformin§ the portion so as to change a.pressure of the
corresponding pressure chamber, each plezoelectric/
electrostrictive element comprising a pair of electrodes and
a plezoelectric/electrostrictive layer, which are formed by
a filmrfb:miné method on an outer surface af the closure
plate of the ceramic substrate, such that the piezoelectric/
elecfrostrictixm layer is interposed between the pair of
electrodes.
- In the actuator constructed as described above,
the ceramic subgtrate has a felatively small opening at its
surface to be bonded to_anothef member or component, thus
reéuiring a fluid-tight seal to be provided over =a
relatively small area of the bonding surface of the
substrate. Purther, theé provision of the slits leads to an
increase amount of flexural deformation of walls (the
ceramic substrate) defining the _pr.essu'x:ila’ * chambers, and
therefore'asaures excéllenﬁ operating characteristics .of .the

actuator.



an ink j-et print head-having an ink nozzle nenber and the above-described
actuator as an ink punp nenber, which print head assures inproved bondi ng
reliability between the ink nozzle nmenber and the actuator, and stably
exhibits excellent ink-jetting characteristics. According to one
aspect of the present invention, there is provided an actuator conprising:
a ceramc substrate in which at | east ane pressure chanber is fornmed, the
ceram c substrate including a spacer plate having at |east one w ndow

whi ch provides the above-indicated at | east one pressure chanber, a

cl osure plate superposed on one of opposite major surfaces of the spacer
plate, for closing ondccerddmansite@ opsathgs ofaspacit wigflowthand present
*connecting plate ,superposed on the other major surface of the spacer

pl ate, foriBYBBLARN,al IBhediersi hg t Brovided o@dni dglof Ik wbniow, herel
connecting plate,having at | east one slit which .

- 6- cor r SSPBRAEING e aBR plREsIRZLAmnBembexh chagingr & Alaralidy clafsure

plate and tggz%igge%h}ggggl%Miéﬁﬂéghggég%géaggwhf ink are jetted; and
an actuator disposed on and bonded to the ink nozzle member
and having a plurality of pressure chambers formed behind
the respective nozzles of the ink nozzle member, the
actuator - comprising (a) a ceramic substrate including a
spacer plate having a plurality of windows which provide the
pressure chambers, & closure plate superposed on one of
oppqsite major surfaces of the spacer. plate, for closing one
of opposite openings of each window, and a connecting plate
superposed on the other major surface of the spacer plate
and on the ink nozzle member, for substantially closing the
other opening of the window, the connecting plate having at
least one slit which cérraéponds to each pressure chamber,
and a pluraiity of first communication holes located behind
the respective nozzles of the ink nozzle member, for
permitting fluid communication between the corresponding
nozzles and pressure chambers, the spacer plate, the closure
piate and the cohnecting plate being formed from respective
ceramic green sheets which are laminated on each other and
fire;i -into an integral ceramic structure  as the ceramic
substrate,. and (b) a plurality of -piezoelectric/

electrostrictive elements each disposad on a portion of the



respective ceram c green sheets which are | am nated on each other and
fired into an integral ceramc structure as the ceramc substrate; and
at least one piezoelectric/ electrostrictive elenment each di sposed on a
portion of the <closure plate defining the correspondi ng pressure chanber,
for deforming the portion so as to change a pressure of the corresponding
pressure chanber, each pi ezoel ectricd —electrostrictive el ement
conprising a pair of electrodes and a piezoelectric/electrostrictive

| ayer, which are forned by a filmformng nmethod on an outer surface of
the closure plate of the cerami c substrate, such that the piezoelectric/
el ectrost rickosure apbates defiisvipngs e betvespondiag@ane 0bf ehectpradtsire

In the actuator constructed as described above, the ceram c substrate has
a rel ati velghamhgys opdifithg dafamming uthacepantimm beededst otanathegerendber
or conponent, thus requjring a fluid-tight seal to_be provided over a -
rel ativel y REREFUES Ff obheneo5EREPRAinar REeSERIehehambpsy, r sthexelyy tttee |

e POV o1 O ShI 3ld | SphEBUREL0 Bhaphile o352, ARUIL, of [l exufel o1

chanbers, g JASEARE 8R2UCES GF N ANleaRSY Ah0Y; SRARBGLTL HeniSer! the
each piezoelectric/electrostrictive elements comprising a
pair of electrodes and a p.fezoelectriq/electroatrictive
1z_1yer,' which are formed by a film-forming method on an outer
surface of the closure i;late of the ceramic substrate, such
that the piezc_aelectric/g1ectrostrictive layer is interposed
between the pair of electrodes. )

In the ink jet print head constructed as described
above, the fluid tightness of an 1ﬁk flow channel through
which the ink flows through the print head is significantly
improved at the bonding surfaces of the actdaﬁor and ink

" nozzlé member, assuring -excellent operating characteristics

of the actuator and excellent; ink-jetting capability oj‘. the
pr_ir-it head. Thusg, the .present print -head is capable of
producing improved quality of printed images with high
stability.

BRIEF DESCRIPTION OF THR DRAWINGS
The above and optional objects, features and

advantages of the present invention will be Dbetter
under:’ztoor_i by reading the following detaiied description of

presently preferred embodiments of the invention, when.



-7- Accordi ng to another aspect of the present invention,
there is provided an ink jet print head conprising: an ink nozzle
menber having a plurality of nozzles through which fine particles of ink
are jetted; and an actuator disposed on and bonded to the ink nozzle
menber and having a plurality of pressure chanbers forned behind the
respective nozzles of the ink nozzle nenper, the actuator conprising (a)
a ceramic substrate including a spacer’ plate having a plurality of

wi ndows whi ch provide the pressure chanbers, a closure plate superposed
on- one of opposite major surfaces of the spacer plate, for closing one

of opposi tengideiregs i EotRedt 160l A tAeC Ardaipahd iR ErasLpes Poggd on
the other nmjor surface of the spacer plate and on the |nk nozzl e menber,

for subst ahtichl:l y cl osing the other opening of the wi ndow, the connectlng

pl ate having at |east one slit which corresponds to each pressure chanber,
and a plurality of fHigt todsurraeilewahdbssll otmvedihelienticale crepsctive
nozzl es of the ink nozzle nenber, for permtting fluid comunication

between SREtdONnc ShevHing onpemead imentrefsanciokaniptr Prifte Readept

plate, th%n%'%%%@%nt invention;

Pig. 2 is a cross sectional view taken along line
2-2 of Fig. 1; |

Fig. 3 is an exploded perspective view showing the
structure of the ink jet print head of Fig. 1;

Fig. 4 is an elevational view in vertical cross
section corresponding to that of Fig. 1, showing one example
of known ink jet print heads;

Fig. 5 is a cross sectional view taken along line
5-5 of Fig. 4;

Fig. 6 is a cross sectional view taken along line
6-6 of Fig. 4, showing an actuator of the print head of Fig.
4 when it undergoes displacement to dhapge the pressure of
one of its pressure chambers ;

Fig. 7a is a cross sectional view corresponding to
that Qf Fig. 6, showing another example of ink jet print
head when its actuator does not undergo displacement;

Fig. 7b is a cross sectional view corresponding to
that of Fig. 6, showing the ink jet print head of Fig. 7a
when the actuator undergoes displacement to change the
pressure of one of its pressure chambers;

Fig. 8a is a cross sectional view corresponding to

that of Fig. 2, showing one modification of the ink Jjet



pl ate and the connécting plate being forned fromrespective ceramc green
sheets which are | am nated on each other and fired into an integral
ceram c structure as the ceramc substrate, and (b) a plurality of
pi ezoel ectric/ electrostrictive elenents each di sposed on a portion of the
closure plate defining a correspondi ng one of the pressure chanbers, for
deform ng the portion so as to change a ressure of the correspondi ng
pressure chanber, whereby the ink in lfﬁé' pressure chanber is jetted
through the corresponding one of the nozzles of the ink nozzle menber,
each piezoelectric/electrostrictive elenents conprising a pair of

el ect rodespgmgta Mewoel ggtr iEq_/ng ecfroshri ghi¥g |teer. spbechogr e fprged by
a filmformng nmethod on an outer surface of the closure plate of the

ceram c supgifnah@cationh Hdaa e dHAkeRdectric/electrostrictive layer is
I nterposed between the pair of el ectrodes. In the ink jet print

head constructed as edzar igieds a@msd FRddilomhl ividw egsscdspond inkg ftow
channel through
that of Fig. 2, showing another modification of the ink jet
print head of Fig. 1 in which the size and shape of second
communication holes are changed;

Fig. 8¢ is a cross sectional view corresponding to
that of Fig. 2, showing a further modification of the ink

_jet print head of Fig. 1 in which the first and second
.communication holes are formed in teardrop shape;

Fig. 9 is a transverse cross sectional view
showing another embodiment of ﬁhe.actuator of the presgent
invention; ° .

| Fig. 10 is a cross sectional view taken along line
10-10 of Fig. 9;

Fig. 11 . is a transverse Cross sectional view
showing a modification of the actuator of Fig. 9 in which
the shape of first communication holes is changed, and
adaitiona.l slits are formed in its ceramic substrate;

Fig. 12a is a cross seactional view taken along
line 12-12 of Eig-.ll, schematically showing the actuator of
Fig. 11 which doés not undergo displacement; and

Fiqg. 125 is a cross séctibnalfview taken along
line 12—12-of Fig. 11, schematically showing ;he actuatoxr of
Fig. 11 which undergoes displacement to change pressures of

its pressure chambers.



which the ink flows through the print head is significantly inproved at

t he bondi ng surfaces of the actuator and ink nozzle menber, assuring
excel l ent operating characteristics of the actuator and excell ent
ink-jetting capability of the print head. Thus, the present print head is
capabl e of producing inproved quality of printed inmages with high
stability. BRI EF DESCRI PTI ON OF THE DRAW NGS The above
and optional objects, features and- advantages of the present invention
will be better understood by reading the follow ng detail ed description of
presently preferred enbodi nents. of the invention, when

-9- considered_in _connection with the acconpanyi ng drawi ngs, in which:
Fig. 1 is an el ePETAINEDL PESECRIPRION QF,ITHE FREFERRED| EMBODAMENES one
enbodi mrent of an ink, jet print head of the present invention;

Fig. 2 is a cross sec?F%ﬁﬁ’“ﬁKbmﬁgﬁﬁgntéﬂoﬁbg?fné and 2 schematically

showing an ink jet print head 50 constructed according to

the present invention, and to Fig. 3 which is_ an exploded
pexrspective view of the print head 50, an ink nozzle member
52 and an actuator 54 used as an ink pump are bonded
together to form an integral structure of the print head 50.
In this print head 50, an ink material is supplied to a
plurality of pressure chambers 56 formed in the actuator 54,
and is jetted or discharged from a plurality of nozzles 64
formed through the ink nozzle member S52.

More specifically, the ink nozzle member 52
consiéts of a nozzle plate 58 and an orifice plate 60 both
having a relatively small thickness, and g cﬂannel plate 62
interposed between these plates 58, 60. The nozzle plate 58
and the orif;ce plate 60 are integraily' bonded to the
channel plate 62 by means of an adhesive.

The nozzle plate 58 has the above-indicated
nozzles 64 {three in this embodiment] formed through the
thicknesé thereof for permitting jets of fine ink particles,
while the orifice plate 60 and the channel plate 62 have
respective through-holes 68, 67 formed through the thickners
thereof. These £hrou¢h—holes 66, 67 a.re"‘z;li.gned with the
%espect1Ve nozzles 64, as viewed in the plane perpendicular
to the thickness of the ink- nozzle member 52, and have a
diameter which is larger by a given value than that of the

nqziles 64.



2-2'of Fig. 1; Fig. 3 is an expl oded perspective view show ng the

structure of the ink jet print head of Fig. 1, Fig. 4 is an

el evational viewin vertical cross section corresponding to that of Fig.

1, showi ng one exanple of known ink jet print heads; _ Fig. 5is a
cross sectional view taken along line 5-5 of Fig. 4; Fig.-.6is a

cross sectional view taken along line 6-6 of Fig. 4, show ng an actuator
of the print head of Fig. 4 when it undegrgoes displacenent to change the
pressure of one of its pressure chanbers; Fig. 7a is a cross
sectional view corresponding to that of Fig. 6, show ng another exanple
of ink jet print head when its actuator does not undergo displ acenent;

Fig. 7b is a cross s&de omificewidateesforfiintthen habak GLEGLi6y FPOW ng
the ink jet print head of Fig. 7a  when the actuator undergoes’ di spl acenent
to change ‘Pﬁgflﬁfsﬁsggrété‘fr%e’—’bfthi% enbadimenthafeoned therethroughi,y. 8a

IS a cross,.sectiona i ew qorresponding to that of Fig. 2, show ng one
modi i cat | 59 o?ef'ﬁ'%!t#?gj ow ‘f ‘the 'thk ‘into the respéective pressura

chambers 56. The channel plate 62 is formed with a window 70
which is closed at its oppoéite openings by the nozzle plate
58 and ﬁhe orifice plate 60, respectively, whereby An ink
supply channel 72 communicating with the  orifices 68 is
defined by the channel plate 62, nozzle plate 58 and orifice
Plate 60. The orifice plate 60 further has a supply port 74
through which thé ink is fed from an ink reservoir into the
lnk supply channel 72.

| While the material for the plates S8, 60, .62° of
the ink nozzle membexr S2 is not particularly limited, these
plates 58, 60, 62 are preferably made of a plastic, o:;' a
metal such as nickel or stainless steel, which permits
highly accurate formation of the nozzles 64 and orifices 68.
Each of the orifices §8 is desirably formed in tapered shape
such that the diameter of the orifice 68 is reduced in the
direction of flow of the ink (i.e., in the direction from
the ink supply channel 72 toward the pressure chambers 56},
as shown in Fig, 1 by way of example, so0 as to function as a
check vwvalve for inhibiting the- ink from flowing in the
reverse direction. | |

Oon the other hand, the actuator 54 includes a

céramic subsﬁrate 84 consisting of a closure plate 76 and a
connecting plate 78 both having a relatively small thickness

and formed of a ceramic material, and a spacer plate 82 also



- 10 - - print head of Fig. 1 in which the size of first comunication
hol es i s changed; ' "~ Fig. 8bis a cross sectional view
corresponding to that of Fig. 2, showi ng another nodification of the ink
jet print head of Fig. 1 in which the size and shape of second

conmmuni cati on hol es are changed; _ "Fig. 8Cis a cross sectiona
view corresponding to that of Fig. 2, sh%ming a further nodification of
the ink jet print head of Fig. 1 in which the first and second

comuni cation holes are forned in teardrop shape; _ Fig. 9is a
transverse fgeed S6£Cl Qetani&\VmatBeWaly apekBeplareeadirent 7ef tdre are
actuator of the present invention; Fig. 10 is a cross sectiona

vi ew t aken falpeapose® olD- &achf &t@er 9and formed ihitggrklliys antvanskerse
cross sectional view showng a nodification of the actuator of Fig. 9 in

whi ch t he cdmapriof substiratoemsd,casuoh hlags thechspamek @ldteadlizt i Dsal

slits are fornmed in its ceram c .substrate: Fig. 12a is a cross

sectional Jirgrenrposed sdbetgeehi tbelelogupe Flate 176 antharpnnecting shbatkeg

the actuat O‘Ira ‘Of The actuator 54 further includes & plurality of
plezoelectric/electrostrictive elements 90 formed on the
outer surfaca of the closure plate 76 by a f£ilm forming
method. .The piezoeleci:ric/eiactrostrictive elements 90 are
respectively alignéd with the above-indicated pressure
chambers 56 formed within the actuator 5S4, as viewed in the
piane of the substrate 84-(perpendicu1ar to the direction of
the thickness of the substrate 84).

More lspecifically, the cotmectiﬁg plate 78 of the
ceramic sgubstrate 84 has first communication holes 86 and
second communicafion holes 87 formed therethrough, which are
respectively aligned with the through-holes 66 and orifices
68 formed in the orifice plate 60 of the ink nozzle member
52, as viewed in the plane perpendicular to the-direction of
the thickness of the plates 78, 60. The diameter of the

- first communicﬁtion.hnles 86 is éubstantially equal to or
slightly larger than that of the thxough-holes 66, and the
diameter of the second communication.holes 87 is larger by a
given value than that of the orifices 68.

The spacer plate 82 has a pqualiﬁy'of rectangular
win&ows 88 (three in this embodiment) formed therethrough.
The spacer plate 82 is superposed on the connecting plate 78

. such that each of the windows 88 communicates with the

corresponding pair of the first and secénd communication



Fig: 11 *whi ch does not undergo di spl acenent; and Fig. 12b is a

cross sectional view taken along line 12-12 of Fig. 11, schematically
showi ng the actuator of Fig. 11 which undergoes displacenent to change
pressures of its pressure chanbers. DETAI LED

DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS - Referring first to

Figs. 1 and 2 schenmatically show ng an 14k-jet print head 50 constructed
according to the present invention, and to Fig. 3 which is an expl oded
perspective view of the print head 50, an ink nozzle nmenber 52 and an
actuator 54 used as an_ink punp, are bonded together tq7%orn1an I nt egral

structure dokaf 8fi A7 HkeEmed in) the (gQnugeting piaty 78, Thg FRRBEI af is

and i s et ?tg?p oﬁiﬁéé‘{shbyﬁge%s% ety Fpa] cfoh 1o FERIRRB LGN

E]Qﬁblapk > 8 S sgge‘t'r:L TRy eefip 2té 88 a%geglr% ori |¥’8"LP§%§%§SBS§%}ES’“
other shapes, such as a generally oblong shape in which the
dpposite short sides of a rectangular window are-curved.

The closure plate 76 is supexrposed on the surface
of the spacer plate 82 remote from the connecting plate 78,
s0 th#t the windows 88 are closed at the opposite openiﬁgs
thereof by the closure plate 76 and connectiﬁg plate 78.
Thus, the pressure chambers 56 formed in the ceramic
substrate 84 are held in communication with the eiterior
spaée through the first and second communication holes 86,
87.

The connecting plate 78 is further formed with a
plurality of slits 80 which correspond to the respective
pressure chambers - 56, in other words, are respectively
aligned with the pressure chambers s6, as viewed in the
plane perpendicular to the direction of the thickness of the
plates 78, 82. These slits 80 are formed through the
ﬁhicknesé of the connecting plate 78 in the following
manner. Initially, a ceramic slurry is prepared from a
ceramic material, a binder, a suitable solvent and others,
and the thus prepared ceramic slurxy is fo;med into a green
sheet which gives the connecting plate 78; by means of &
knowﬁ device, such as a doctor blade device or a reverse
roll coater. Then, either before or after firing of the
‘green sheet, the slits 80 connecting the first and secend

communication holes 86, 87 are formed by  cutting using a



having a relatively small thickness, and a channel plate 62 "interposed
bet ween these plates 58, 60. The nozzle plate 58 and the orifice plate 60
ntegrally bonded to the channel plate 62 by nmeans of an adhesi ve.
nozzle plate 58 has the above-indicated nozzles 64 (three in

are i
The
this
of fi
have

enbodi nent) forned through the

ne ink particles, while the orifice plate 60 and the channel
respective through-holes 66, 67 forned through the thickness

t-hipjgkness thereof for permtting jets

pl ate 62

thereof. These through-holes 66, 67 are aligned with the respective

nozzl es 64 41T,
i nk nozzl e menber .52,

¢hH fheaplaserpdepandrsubir Pupshihg i akiessing. t he
and have a diameter which is larger by a given. val ue

than that &Bththeoslits 8 thus formed, the rigidity of the ceramic12 -
The orifice plate 60 further, has a plurality of orifices 68 (three in this

enbodi ment )5 4 ifth tan RyHlowarad EBPHAR t FAG I IGTARRLY i HICTSRTE t he
reshective B SGablife P HEESeRCeidlSoE TR sl Se 82 P LOT b @

wi ndow 70

chambers 56, thereby causing increagsed pressure changes of
the pressure chambers 56 which lead to improved operating
characteristics of the actuator 54. At the same time, the
.actuator 54 requires a relati\}e'ly small séal area over which
a fluid-tight seal must be provided Pbetween the ink nozzle
member $2 and the ceramic substrate 84 (actuator 54) when
the nozzle member 52 is bonded to the substrate B84.

The ceramic substrate 84 &s described above is
formed as an integral fired ceramic structure. More ..
specifically, green sheets for the closure - plate 76,
connecting plate 78 and spacer plate 82 are laminated on
each other, and t;hen fired into the integral structure. The
thus formed ceramic substrate 84 assures complete sealing
between the adjapent plates 76, 78, 82, without applying any
adﬁeBLVe ﬁo- their, interfaces, fér' example. Further, the
cerqmic substrate 84, which includes the connecting plate
75, exhibits improved structural strength, which favorably
prevents warpage of the substrate 84 upon firing thereof,
and also permits easy handling of the stxbét':j:fzii:e 84 while the
Pfint head 50 is being produced or in use. |

It is . generally difficult- to handle a laminar
stricture consisting of thin, flexible green sheets. FoOI
example, such a laminar structure is likely to be broken, OC

al:mormally. dgformed after firing thereof, due to stresses



whi ¢h is'closed at its opposite openings by the nozzle plate 58 and the
orifice plate 60, respectively, whereby an ink supply channel 72
comuni.cating with the orifices 68 is defined by the channel plate 62,
nozzle plate 58 and orifice plate 60. The orifice plate 60 further has a
supply port 74 through which the ink is fed froman ink reservoir into the
I nk supply channel 72. Wiile the material for the plates 58, 60,
62 of the ink nozzle nmenber 52 is not~ pk§t1cularly limted, these plates
58, 60, 62 are preferably made of a plastic, or a netal such as nickel or
stainless steel, which permts highly accurate formation of the nozzl es 64

Shape | suchtRiaed hdtas M s 1S amiche® | aAke il s piepSted
di ti oy f at t f th K
channel 72 Fom e ol (e shteted WIE &' EZELhACASATae A dOR3 R, o1

exanpl e, s@oAsthe fuPELERR andenChBek \fﬁédé%é‘xor 'tﬁg' %g&aﬁkﬁe bk frgm

flowwng in the reverse direction. the
actuat or 5 I4mimalrldesrect\0es atterambst rsaﬁﬁt&ﬂatceo NS4 5t RO Lvanchgeshsipl ate

76 and a connecting plate 78 both having a relatively small thickness™ and
forned of dnceeased niuertel thendbresmacer ofl alhe 8Zomhédting plate 78,
. whereby the structﬁre or substrate 84 can be more eagily
handled, and defectives dﬁe to handling failures are less
likely to occur, as compared with the case where the laminar
structure does not include the connecting plate 78. Where
"the pressure chambers 56 are formed with high density in the
" actuator 54, in other words, wﬁere the actuator 54 has a
relatively large number of pressure chambers 56 per area, it
is almost impossible to handle a structure consisting only
of the closure plate 76 and spacer plate 82 without causing
any ' problem. Even in this case, the pregsence of the
connecting plate 78 in the laminar structure of the instanﬁ
embodiment readily permits safe handling of the ceramic

gubstrate 84.

While the ceramic material for forming the ceramic
substrate 84 is not particularly limited, alu@ina, zirconia
or the like may be favorably employed in view of its
fdfmability and other properties. Further, the closure plate
76, connecting plate 78 and spacer plate;az are desirably
formed from green sheets having substantially. the - same
ceramic composition and distribution in grain size, so as to
achieve good sinterability and matching of coefficients of

the thermal expansion of the plates 76, 78, 82.



- 13 fornmed of a ceramc material. These plates 76, 78, 82 are

super posed on each other and forned integrally into the ceramc substrate
84, such that the spacer plate 82 is interposed between the closure plate
76 and connecting plate 78. The actuator 54 further includes a plurality
of piezoelectric/electrostrictive elenents 90 forned on the outer surface
of the closure plate 76 by a filmformng -nethod. The

pi ezoel ectric/electrostrictive elements 90 are respectively aligned with

t he above-indicated pressure chanbers 56 formed within the actuator 54, as

viewed in

t he

pl ane of the substrate 84 (perpendicular to the direction of

the thickness of theldulfshe acer8mic substrate \Bfeaspedesccibéd, aHove,

connecti ng

glat
hol es 86 ahlle §

respectively aligned wth the through-holes 66 and orifices 68 forned in
the orificEBNALAEE cWOEE tREHGHAMNGYz 1id venEige 2L 2ROYE edel RAMPRe Tiieane

per pendi cu
di aneter o
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e 78 of the ceramc substrate 84 has first comunication-
bigkpessmamitde i olrswrespbate ot reiist hrefehabliyh SOwh ofr ar e

the directi f _the thick f the plates 78 60. Th
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slightly I3{85{3{baﬂokga$f§féyyifgvc§5ﬂﬁr%%Eﬁ%é%&e@@dTﬁgethickness of

the spacer plate 82 is preferably 50um or greater, more
preferably, 100um or greétar.

The plezocelectric/electrostrictive elements 90 are
formed on the outer surface of the ceramic substrate 84 in
alignment with the respective pressure chambers 56. Each of
these elemants 30 has a lower electrode 92, a pilezoelectric/
electrostfictive layer 94 and an upper electrode 96 formed
on the substrate 84 in this order by a film forming method.
As the piezoelectric/electrostrictive elemant 90 of the
instant embodiment, it is particularly preferable to employ
a piezoelectric/electrostrictive element as proéosed'in u.s.
Patent Application No. 07/912,920 assigned to the same
assignee as the present patent application.

While the configuration of the actﬁator 54 varies
depend%ng upon various_factors relat;ng to its production,
it is desirable to assure sufficiently high smoothness or
evenness of the surface of the actuator 54 which is bonded
to the ink nozzle member 52, that'is, the outer surface of
the connecting plate-78. The evenness of the ab&ve-indicated
surface of the actuator 54 is sultably controlled such that
ﬁhis'surface‘has the maximum waviness of not greater than

SOum as measured along a reference length of 8mm, by means



di areter- of the second conmuni cation holes 87 is larger by a given value
than that of the orifices 68. The spacer plate 82 has a
plurality of rectangular w ndows 88 (three in this enbodi nent) forned
t heret hrough. The spacer plate 82 is superposed on the connecting plate 78
such that each of the wi ndows 88 commumceges with the corresponding pair
of the first and second comuni cation -
14 - hol es 86, 87 formed in the connecting plate 78. The shape of the
wi ndow 88 is not necessarily limted to a rectangular _shape as illustrated
in Fig. 3, Bft faylPRIRREEE: RLIFHANDt HNEtePapelesifiahlys athendraxipun
obl ong shape in which the oppgsite short sides of a rectan%ul r mﬁggom/are
S e

cur ved. wavinesf, O | bag, & eety gurfagg rhReb greare Brt he

spacer plate 82 renp e&b om t he _connecting ,nl.ate. 78 sqQ that the w ndows
88 are cl osBQT& gﬁﬁia it en8§en?ﬁ§§£efhe B‘;z/) fe &sosﬁr "pfte 78 and

et o9 bt H e Bl g S e o fesgran
ceramic substrate 84 which has been fired may be subjected
to machining such as lapping or surface grinding.

Oon the outer surface of thé closﬁre plate 76 of
the ceramic substrate 84 are formed electrode films (for the
upper and lower electrodes 96, 92) and the pilezoelectric/
electrostrictive layer 94, by any one of various known
methods which include thick-film forming process such as
-screen printing, spraying, dipping and coating, - and
thin-film forming process such as ién—bean: method,’
sputtering, vacuum vapor deposition, ion plating, CVD #nd
plating. These f£films and layer 92, 94, .96 may be formed
either before or after firing of the closuie plate 76 (the
ceramic. substrate 84).

Conventioqally, when the £films 92, 94, 96 of the
‘piezoelectric/ electrostrictive elements 90 are formed and
fired after the ceramic substrate 84 is fired, the elements
90 suffer from residual strains due to thermal contraction
the:eof, during a cooling process after the firing, since
the ceramic materiql fbr.the gubstrate 84 and the materials
for the elements 90 have different coeffiéiénts of thermal
expansion. As a result, the resi@ual strains maf deteriorate
the operating characteristics of the elements 90. In the

actuator 50 of the present invention, the pressure chambers



space through the first and second comuni cati on holes 86, 87.

The connecting plate 78 is further fornmed with a plurality of slits 80

whi ch correspond to the respective pressure chanbers - 56, in other- words,
are respectively aligned with the pressure chanbers 56, as viewed in the
pl ane perpendicular to the direction of fhe thickness of the plates 78,

82. These slits 80 are fornmed through Th 3 Thickness of the connecti ng
plate 78 in the following nanner. Initially, a ceramc slurry is prepared
from a ceramc material, a binder, a suitable solvent and others, and

the thus pregpaged ﬁSS:@mJ.@.k%'l#ér% 1150 T & é&‘t&Qié‘hg’i:ﬁgnslangtﬁgm.%Cltbxggaves

the connecting plate 78, by ans of a nown device, sucC

bl ade devi Ghugh MEYE' 86nnédting 0Bl £te THEHE Ehd NEEr IREOT P AlLE g1 T NY
of the green sheet, the slits 80 connecting the first and second

comuni cat iTHedwfdse 86+h87 xaisd diiInege kyikat bisN@difiribed above can be

- 15 - dicer, slicer or a laser beam or by punching or piercing wth

the slits @Xfidutsvelkyrededtubed;i gimli tdo ohothafifsctrithe performance of
the piezoelectric/electrostrictivé eiements 90.

. The upper and lower eiectrode films 96, 92 -and
Piezoelectric/electrostrictive layer 94 formed on the
closu;e plate 76 may be heat-treated as needed, either in
different steps following formation of the respective films
and layer 92, 94, 96, or in one step following formation of
all of the films and layer 92, 94, 96.

The upper and lower electiode films 96, 92 of each
.piezoelectric/electrostrict;ve element 90 may he-fbrmgd of
Bny éldctrical;y ponductive'material which can withstend a
high-temperature oxidizing atmosphere generated upon -the
heatQtreatment or firing as described above. For instance,
the electrode films 96, 92 may be formed of a single metal,

"an-alloy, a mixture of & metal or alloy and an electrically
"iqsulating ~ceramic .or gl?ss, or electrically:_coq&uctive
ceramic. | . |

The pilezoelectric/elactrostrictive 1layer 94 of
each piezdelectric/electrostrictive element 90 may be formed
of any piezoélectric or electrostrictive;lmaterial which
Pfoduces a relatively iarge amount of strain or.displacement

".due- to the converse or reVerse'pieZoelectric effect or the
eleétrostrictive effeét. The piézoglec£r1c/electtostrictive

material may be either a crystalline material or an



substrate 84 can be | owered enough to significantly increase an anount of
deformation of the.substrate 84 or pressure chanbers 56, thereby causing

i ncreased pressure changes of the pressure chanbers 56 which lead to

i nproved operating characteristics of the actuator 54. At the sane tine,
the actuator 54 requires a relatively small seal area over which a
fluid-tight seal nust be provided bet ieed? the ink nozzle nenber 52 and the
ceram c substrate 84 (actuator 54) when the nozzle nenber 52 is bonded to
the substrate 84. The ceram c substrate 84 as descri bed above is

91 9 kRSB 48 Bend e BESE) KAk S

sheets for the osure ate pfate

82 are | aman@i‘?ﬂélftrfcag}: ?é’ﬁ‘oef&&f e BB inditedilE | or):;llﬁ]g6 te seaﬁll ng

structure. The thus fornmed ceram c su strate 84 assures ¢

bet ween th%i@ﬂo&@ﬁtﬁ@ﬁﬁ%&&oi&i&ﬁsznh@ﬁiﬁpﬁi R oV ha/€at O
their interfaces, for exanple. Further, the ceramc subst rate 8 whi ch .

i ncl udes thﬂmaammeni|ﬂgx¢ﬂﬁﬁx11338 pexhrbziﬁiaﬂpknweﬂoxingptuﬁalmayremgth
~which favorably prevents warpage of the substrate 84 upon firing thereof,

and al so peeguigeesychhangidlayicfatiion smesmm.m while the print head 50
i s being produced or in use. is'generally difficult to handle
a | aminar structure Thénsi pieggedectria/ elﬁ@%&'@ﬁé’-‘@ﬁ@éﬁes heglementr 90

constructed as described above generally has a thickness of
not larger than 100um. The thickness of each electrode £film
96, 82 is generally 20um or smaller, preferably Sum or .
-smaller. To assure a relatively large amount of displacement
by application of a relatiVelyllow vqltage, the thickness Af
the ‘ pilezoelectric/electrostrictive layer 94 is- preferably
SOum or smalier,-moré preferably, in a range of 3um to 40um.
The piezoelectric/electrostrlctive elements 90,
whlch dre supported by the closure plate 76 of the ceramic
substrate 84, exh{bit sufficiently high mechanical satrength
-and toughness even though thg. elements 90 .have a
considerably small thickness. In addition, the film-forming
-meéhod usad for forming the electrodg films 92, 96 and the
piezoelectric/electrostrictive-léyér-94 permits a relatively
large number of the piezoeleétric/electrostriétive.elements
90 to be fbrmeﬁ on the closure plate 76. That is, in the
'fiimwfoxming process, the elements S0 c;qug concurrently
and -easily formed with a2 minute '-apa.cing' .left. between- the
adjacent onesg, without using an adhesive or the like.
Further, .in order to assure improved ;éliabiiipy of

insulation between the upper and lower eléctrodes .36, 92,



exanpl e; such a lamnar structure is likely to be broken, or abnormally
deformed after firing thereof, due to stresses , ‘

- 16. - applied thereto, unless the structure is carefully supported or
handl ed upon its setting in a f iring furnace. According to the present

I nvention, however, the rigidity of the Ilamnar structure (ceramc
substrate 84) is advantageously increaggd-due to the presence of the
connecting plate 78, whereby the structure or substrate 84 can be nore
easily handl ed, and defectives due to handling failures are less |ikely
to occur, as conpared with the case where.the |lam nar structure does not

i ncl ude t FheggnnvaYi M pifeumers. aghdrendeadhe apr ebnsnlbatinghbeesiss dryekor med
with high density in the actuator 54, .in other words, where the_actuator
54 has a bedween ethe| A4trcrrbepisroslestyic/alastacstidatdverr dayers s
al nost inpossible to handle a structure consisting only of thhe closure -
plate 76 id spacer plate 82 w thout causing any problem Even in this
fﬁge;ngfgnfresence‘¥hé'¥£oéél‘éﬁé&Iﬁb&”ﬁEé&é& $0e 118/ LP0LPRL RE HER YL O

elements 90 are formed -integrally on the ceramic substrate

84, s0 as to constitute the intended actuator 54. This
actuator 54 and the ink nozzle member 52 are superposed on
each other, and bonded together by a suitable adhesive, into
an integral structure of the ink jet print head 50, as shown
in Fig. 1. In the thus formed ink jet print head 50, an ink
material which is fed through the ink supply channel 72 is
supplied to the pressure chambers 56 thréugh the respective
orifices 68, and is passed through the through-holes 66, &7
and jetted outwards from the nozzles 64, based on the
operation of the piezoelectric/electrostrictive elements 90
of the actuator 54. Thus, an ink flow channel throﬁgh which
the ink flows through' the instant ink jet print head 50
cqnsists of the supply port 74, ink supply chgngel 72,
orifices 68, second communication holeg 87, pressure
chambers 56, first communication holes 86, through~holes 66,
67 and nozzlesg 6;.

The adﬁesive used for bonding the ink nozzle
member 52 and the actuator 54 may be selected from various
known adhesives, such as those of Qinyl—type, acrylic-type
and epoxy-type, or those containing polyamide, phenol,

resorcinol, urea, melémine, polyester, :uran, polyurethane,



embodi nent readily permits safe handling of the ceramic substrate 84.
While the ceramic material for formng the ceramc substrate 84 is not
particularly limted, alumna, zirconia or the like nay be favorably
enployed in view of its formability and other properties. Further, the
closure plate 76, connecting plate 78 and spacer plate 82 are desirably
formed from green sheets having substantially the sanme ceramc
conposition and distribution in grain si so as to achieve good
sinterability and matchi ng of coeff|C|e% s“of the thermal expansi on of the
pl ates 76, 78, 82. - 17 -

In the ceram c substrate 84 as descri bed above, the thickness of the

closure pl@fpidénes RAESKEAD! }Po&%arﬁme anal I§61%apé£1ﬁrefﬁf@@idedl tre
range of about 3 [err] 20pm t hi ckness e connecting plate 78 is

preferabl ysé et 88 a8heaiob, igDrespeehatakby the0inkomagesdladr.. The
t hi ckness of the spacer plate 82 is preferably 50pm or greater, nore
preferably, 100pm orIgriatdesirable in terms of.production efficiency
that the adhesive is in the form.of a highly viscous paste
which can be applied by coating using a diépenser, or by
screen~-printing, ot is in the form of a sheet which perﬁits
punching thereof. It is more desirable to use a hot-melt
type adhesive which requires a relatively short heating
"time, or an adhesive which. 1s’ curable at room temperature.
The adheéiVe in the form of a highly viscous paste may be
ahtafnad hy mixing an adhesiva mataerial with a filler so as
to increase the viscosity of the resulting adhesive. It is
also desiradble to use a hlghly elastic adhesive so as to
increase an amount of deformatlon of the pressure chambers
S6 upon displacement of the piezoelectric/electrostrictive
elements 90. |
In particular, it is preferable to use an elastic
. epoxy adhesive or silicone-contained adhesive which can be
applied by screen-printing, or sheet-like, hot-melt type
adhesive bontaining polyolefin or polyester, which permits
punching thérecf, It is also possible to apply yarious
adhesives as indicated above to different portions of the
bonding suiface(s) of the actuator 54 and/o¥ thé ink nozzle
member 52. . |
When the actuator 54 and the ink nozzle member 52
Are bonded together using the above adhesive, the préssure

chambers $6 of the actuator 54 are held 'in communication



The' pi ezoel ectric/electrostrictive elenents 90 are fornmed on the outer
surface of the ceram c substrate 84 in alignnent with the respective
pressure chanbers 56. Each of these elenents 90 has a | ower el ectrode 92,
a piezoelectric/ electrostrictive layer 94 and an upper el ectrode 96
formed on the substrate 84 in this ordgr by a filmformng nethod. As the
pi ezoel ectric/electrostrictive el ement $ of the instant enbodi nent, it is
particularly preferable to enploy a piezoelectric/electrostrictive el enent
as proposed in U S. Patent Application No. 07/912,920 assigned to the

same assigieR eRe! RB2R1ERERY %}%gﬁ@%ﬂpﬁ’eﬁﬁ ic&ﬁnnel 72 formdy! f%f;?ﬁ?s

configuration of the actuator ndi ng upon vari ous

relating tPnktgoRsPeUfbh®Rr 52, by (RHmMlCAtHAgATHY F19Hd | LhENEL¥oRIN
snoot hness or evenness of the surface of the actuator 54 which is bonded

to the i nkediRddhicaeiBar Hled hat,i 87 thetRuithe sthifaighdholéhe gonagating
plate 78. The evenness of the above-indicated surface of the actuator 54

i s suitablorifites| 68d faruied Hdfroudh timuréntfidasplite maRi mfintteeyi haks of
not greater than 5'0(£m as neasured along a reference | ength of 8nm- by
means . nozzle member 52.
The fluid tightness of the ink flow channel at the
bonding surfaces of the actuator 54 and ink nozzle membar 52
can be satisfactorily established by providing seals over
" their regions surrounding the first and second communication
holes 86, 87 and the slits 80 connecting the holes 86, 87.
Thus, the present ink jet print head 50 requires a
aignificantlf reduced area of the bonding surfaces whiéh
must -be sealed z;o as to stably establish ‘a high dégree of
fluid tightness of the ink flow channel. This advantage will
be readily appreciated by comparing the construction of the
instant embodiment with that’ of the known ink jet print head
as shown in Figs. 4 and 5, in which a fluid-tight seal
| batween the ink nozzle member 16 and the actuator 25 needs
to be provided around the openingé of .the relatively large
voids 22.
| In the instant embodiment, in particular, the
diameters of the first and second communication holes 86, 87
are set to.be smaller than the width dimension of the
pregsure -chamber 56 (the width di.meusic;n ‘ of the window 88
 formed through the spacer plate 82). Therefore, the adjacent

ones of the first communication holes 86 and .those of the

second communication holes 87 are -spaced apart from each

-t



"of -a roughness neasuring system Desirably, the maxi num waviness of the
rel evant surface is not greater than 25pm nore desirably, not greater
than 10pm As a neans for achieving the above degree of surface evenness,
the integral ceramc substrate 84 which has been fired nmay be subjected
to machi ning such as | apping or surface_grinding. On the outer
surface of the closure plate 76 of tﬁezgeranlc substrate 84 are forned

el ectrode filns (for the upper and | ower el ectrodes 96, 92) and the

pi ezoel ectric/ electrostrictive layer 94, by any one of various known

t hod f t ,
pr ayi ng. et By UHC ey elladchy ALRHY) QLACHDe SN ERaIBatRE BY ol Bh 1
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CVD and plating. These filnms and | ayer 92, 94, .96 nmay

bef ore or béndingi mven obetweenl othee qﬂ(axaetdiﬁ S#heangercha ciﬁubsﬁég\gfeM)
Conventionally, when the filns 92, 94, 96 of the

pi ezoel ectmemberecbost Atct A¥oUatentibes IBapastisereE arat: famdd aécendt he
ceranic substrat£€84 is fired, the elenents 90 suffer from residual

strains duRCTBUR fEdenc hnles  B6n ?ﬂer@!ﬁc‘)’-‘(ﬂ?ﬂﬂ@?a €uskthey pimprevedst er
mater al o £15ET hiobPBraR: BshemR, $hs nosing Gulitand e s “thé Taebvaror
54 and ink nogzle member .52 can be achieved even if thesze
members 54, 52 are mada of different kinds of materials.
When the actuator .54 with a bonding surface coated
‘with an adhesi_ivé is superposed on the ink nozzle member 52,
and is pressed against .the nozzle mémber 52 so as to achieve
good bond,ing’ strengtﬁ_. the adhesive may overflow into thé
openings of the aétuAth 54, that is, the first and sec;:nd
communication holes 86, 87 and slits 80. In the iﬁstant
embodiment, "the slits 80 sérve to increase the t_é;:al area of
the openings of the actuator 54, and the a.dhesi.ire may
overflow into the 's'lita_:' 80 as well as the "communication
holes 86, 87 when a relatively large force is applied to the
actuator S4 for improved bdnding 'st;:'angth. This arrangement
favorably prevents the first and second coﬁmunicat_i‘_on holes
86, 87 from being closed by the adhesive. Accordingiy, the
ink jet print head 50 can be produc_ed with improved bonding
efficiency, assuring excellent bonding and sealing strength,
due'to increases in the permissible rangé§ of the amoun€ of
the force applied to the actuator 54 and the time of the

application of the force. for bonding the actuator 54 and



expansion. As a result, the residual strains may deteriorate the operating
characteristics of the elenents 90. In the actuator 50 of the present

i nvention, the pressure chanbers - 19 -
56 are nore likely to be deformed with the slits 80 forned through the
connecting plate 78 of the ceramic subsjgate 84. Therefore, the residual
strains as described above can be effectively reduced, and do not affect
the performance of the piezoelectric/electrostrictive elenments 90.

The upper and | ower electrode filnms 96, 92 and

pi ezoel ecthiecAokeaqtoardke i member 52yengefiierf ainhdutonlokiig dhesuftr4t ate
76 may be heat-treated as needed, either in different steps foll ow ng

f or mat i onabfl geEonss sammundgatian holes Bfer 892, 94, 96, or in one step
following formation of all of the filns and |ayer 92, 94, 96.

The upper and | ower DER&ndifE WPPRs the kindrofsthe adhesive used or

Gl cetri cabhs BEHROE: e ARRIAAISihah (e, AheRivEd The RMGMAR Rferthar o
sor  bedoRBHPIBUSEE HRORLALGC YBO1ddICadlir!ad "SR Us Yo £10BE Fhe
first and second communication holes 86, 87, even in the
presénce of the slits 80. In this case, it is desirable that
the diameter of the first or second communication holes 86,
87. be set to be substantially equal to the width dimension.
.0f the corresponding pressure chamber 56, as shown in Figs.
8a and -8b, 80 as to avoid the closure of the holes 86, 87 or
the ink flow channel. It is also desirable to form one or
both of the firat and- s_econd .communication holes 86, 87 in
te&rdrop shapé ag shown in Fig. 8c, or elliptic shape, so0 as-
to allow the ink to flow smoothly through the print head 50.
In the ink J‘et; print heg_d' 50 conatructed as
described above, the fluid tightness of. the ipk flow channel
can be easily and stable established, and the acﬁuatpr 54
exhibits ﬁuproved operating characteristics, due to the
formation of the .slits 80 in the connécting plate 78.
Ac_g:ordingly, the present print head 50 assures exceilent
ink-jetting capability with high stability.
‘A sample of the print head 50 as {llustrated in
Figs. 1 throggh 3 was _p_roduced. in which the ‘cc_mnect:ing plate
78 of the actuator 54 was formed with the first and second
. communication -holes 86, 87 .a_nd the slits 80. ) when a given

voltage was applied to the piezoelectric/electrostrictive



the el ectrode filns 96, 92 may be fornmed of a single netal, an all oy,
m xture of a nmetal or alloy and an electrically insulating ceramc or
gl ass, or electrically conductive ceramc. The

pi ezoel ectric/electrostrictive l|ayer 94 of each

pi ezoel ectric/electrostrictive el ement_99gmay be fornmed of any

pi ezoel ectric or electrostrictive material - which produces a relatively
| arge anpbunt of strain dr displacenent due to the converse or reverse
pi ezoel ectric effect or the electrostrictive effect. The

pi ezoel ect elementc Sl nfr ithe vehusnprodwted Emintchead t50; the muyshelbEne

mat eri al gr an ' . - 20 - anor phous
material, IA§HERdefrmatiomdett shenacsHpEProp4, a whilsthe otas aneasured

ferroel ect;)ic cergrric rraberiil. Further, the . . .
pi ezoel ect PRc/ Bl et2FGE: rPEPPIEXaPERSUriRgy SRYLER. r iR r 0 e23um catWith

{1 cat ront . Faspelt! ¥ Ut fe RmRlt ofPELRF, Bead. Lelluiian onby

o Senm o SLERE PHEC U SRS e O e Loteny

were formed in the connecting plate, the amount of flexural
deformation of the actuator was 0.2lym. With respect to-tﬁe
known print head'of Figs. 4 and 5 in,which the actuator does
not include the 'cox.mecting plate, the amount of flexural
-deformation was 0.29um. It will be recognized from these
results that the formation of the slits in the connectiﬁg

- plate aof tha actuator leads to an .1néreased amount of
Ilexuru¥ deformation and improved'oper&ting characreriscics
of the actuator, |

Referring next to Figs. 9 and 10, thére will be
described an actuator 98 as arother embodiment of the
present invention. In -these figures, the sgame 'reference
nuperals as used in the-above description of the actuator 54
of the previous embodiment will be used for .identifying
structurally and/or funcgionally'corresponding elements, of

" which no detailed explamation will be provided.

This actuator 98 has four pressure chﬁmbe_ars 56
which are fofmed_ in €the ce:amié substrate 84 in a =zigzag
fashion, as shown in Fig. 9. Namely, t:wo rows (left and
right in Fig. 9) each consisting of two of the pressure
chambers 56 are disposed with one of the rows displaced

relative to the other row in the width direction of the

e

for



96, 92-is generally 20pmor smaller, preferably 5pmor smaller. To assure
a relatively large anount of displacenent by application of a relatively

| ow vol tage, the thickness of the piezoelectric/electrostrictive |ayer 94
is preferably 50pmor snaller, nore preferably, in a range of 3pmto 40pm
The piezoelectric/electrostrictive elenents 90, which are supported by.
the closure plate 76 of the ceramc subpgtrate 84, exhibit sufficiently

hi gh mechani cal strength and toughness even though the el enents 90 have a
considerably small thickness. In addition, the filmformng nmethod used
for formng the electrode filns 92, 96 and the

pi ezoel ect FUBSEKRALEr 84t r ifote ve Imaythe Mexrtdcailt dizecthioni L8l ¥igl.adge Thenber
of the piezoelectric/electrostrictive elenents 9Q to be forned on the

cl osure pl &LESEs communiication theles | Bh RERNERFMBAIds Lhe Haoxt tansit €590

can be concurrentl nd easily forped with m.nut e spaci ng | eft between

the adj acﬁﬁf &‘?é’é%é%%t’%@afégg nlagagg.&ﬂ%m@gi \f/"gep rlegﬁh@’ﬂ%i lé{]&t?u? PHEr ,"\‘Q-Bi n
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rez_;pective pressure chainl;ers 56 to the corres_pondinq first

communication holes 86.: In this arrangement, the f£irst
communication holes. 86 can be arranged with increased
density, that is, at a pitch substantially equal to or
smaller than the width of the pressure chamber 56. When this
actuator‘sa is used for an ink jet print_pead, therefore,
the pitcﬁ of nozzles that are aligned with the first
cgﬁmunication hbles 86 can be significantly reduced, whereby
the print head is capable of performing highly accﬁraée and
_ high-~quality printing. In this case, the slits 80 prb#ide:ﬁ'
part of the ink flow channel thr-éugia which the ink‘ flows
thréugh_the print head, and is therefore require& to have a
- sufficiently large. width. |

_ Referring further to Fig. 11, the actuator 98 is
modified.in respect of the shape of the first communication
holes 86, 50 that thé holes 86 are arranged with further
increased density or at-a narrower pitch. The actuator 98 is
alsc modified b&' providing additional slits 100 on the
opposite sides of the pressure-chamﬁers szgq viegéd in the
‘directién of the width ;f the chanbers 5§, as shown in Figs.
11 and,12a,.so as to increase the amount of displacement of
the actuator 98. Since -these slits 100 are .formed in the

upper portion of the spacer plate 82 to interpose the upper



there may be formed as needed an insulating resin |ayer between the

adj acent piezoelectric/electrostrictive layers 94. The
above-descri bed piezoelectric/electrostrictive elenents 90 are forned
integrally on the ceramic substrate 84, so as to constitute the intended
actuator 54. This actuator 54 and the ink nozzle nenber 52 are superposed
on each other, and bonded together by agsui table adhesive, into an
integral structure of the ink jet print head 50, as shown in Fig. 1. in
the thus formed ink jet print head 50, an ink material which is fed

t hrough the ink supply channel 72 is supplied to the pressure chanbers 56
t hrough t Iroxtetprct ofe tbei.f pressffe achamdeprasséd t theuwbettween, the

t hr ough- hol es, 66, 67 and jetted outwards fromthe nozzl es 64, based on the
oper at i on B¥9i¢Etyi efodihateeraniecendbstriate B tamehes aiyansfagemusly
actuator 54. Thug, an ink flow channel through which the ink flows through
the instafeIHREF et PridtiMaRaRY CHESTRALERD{ IRE SR y Ghemb i

g it
chanber o ABSTOYE PEBRIEEOH: PR AGFUSTSS. SAnfSuUACAS0ES 8o SLISF ALY
10021 e® Pincranse anSifc HE SLHERUERARE,, B Hhin' A A s e
as those of vinyl-tyggiiacEnL prekeat invention has been described in

its presently preferred embodiments with a certain degree of
particulafity, it is to be undérstood that the invention is
not limited to the details of the illustrated emﬁodiments,
but may be otherwise embodied.
| For instance, the actuator constructed according
to the p;esent invention may be used as an ink pump for ink
jet print heads having various other structures, and may
also be used for microphones, piezoelectric loudspeakers,
sensors, vibrators ox resonators, filters and other
components or devices. |
The dimensions, shape, number and position of the
slits 80 formed'in the actuator 54 are not limited to those
of the illustrated embodiments, but may be'suit&bly selected
provided the =slits 80 serve to effectively increése the
amount of deféémation of the pressure chambers 56. While the
ratio of the width of the slits 80 to that of the pressure
chambers 56 (i.e., the width of the windows 88 formed in the
spacer ©plate 82) .is about 1:3 in the illustrated
emﬁgdiments, the slits may be formed with almost no width by
just cutting the surf#ce of the ceramic substrate 84, so as

te yield the above-described effects. Although it~ is



‘and epoxy-type, or those containing pol yam de, phenol, resorcinol, urea,

nmel am ne, pol yester, furan, polyurethane,

- 2.2 - silicone, rubber, polyimde and pol yol efin, provided the

sel ected adhesive is resistant to the ink material. It is

desirable in terns of.production efficiency that the adhesive is in the

formof a highly viscous paste which-caf be applied by coating using a

di spenser, or by screen-printing, or is in the formof a sheet which

permts punching thereof. It is nore desirable to use a hot-nelt type
tipge, or an adhesive

dhesi i ch ' ti hort heati

ohi ch. Ts SEFLERRTS| ERBE eReRoBraElFcs L FRCS G MR SFORIEA EACCPBRACS! Che

hi ghl'y vi be_ obtained by mixing. dhes] igl with
el so Gat tegoonatigieiFas gnd. s8rend Fomil lefon Rolinclhyet? " °
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pi ezoel ectyioi &8t £95LbhAbEECLhE! RBERESEEV 87, but may be formed as a
plurality of separate slit sections formed between the first
and second communication holes 86, 87. Further, the slitg 80
may extend in other directions than that of the illustrated
embodiments.
Moreover, the construction and material of the ink
-nozzle member 52 are.not limited to those of the illustrated
embodiments. For instance, the whole or a part of the ink
nozzle member 52 may be formed by injection‘malding,.ﬁéihg
synthetic resin or the like, or by other moldﬁng mefhod.
.Fﬁrthermoré, the positions, numbers and other parameters of
the nogzzles 64 and thejorificés 68 formed in the ink ngzzie
member 52, and those of the pressure chambers 56 formed. in
the actuator 5S4 are by no means limited to those of the
illustrated embodiments . |
It is also to be understood that the present
invention may be embodied with various other changes,
.mod.ifical'tions and improvements, which may occur- to those

skilled in the art,



In-particular, it is preferable to use an elastic epoxy adhesive or
silicone-contai ned adhesi ve which can be applied by screen-printing, or
sheet-1ike, hot-nelt type adhesive containing polyolefin or polyester,
which permts punching thereof. It is also possible to apply various
adhesi ves as indicated above to different portions of the bonding
surface(s) of the actuator 54 and/or +h®0i+k nozzle nenber 52.

When the actuator 54 and the ink nozzle nenber 52 are bonded toget her
-usi ng the above adhesive, the pressure chanbers 56 of the actuator 54 are
- held in communi cation - 23 - with the
nozzl es 64 andqQﬁgﬁ%mply channel 72 forned in the ink nozzle nenber 52

by communicating the first and second comunication holes 864, 87 with the
t hrough-holes 66 and orifices 68 forned through the orifice plate 60 of

Eﬂgnhgr a?ofﬁge gggg?L95§5TfaC%% %ﬁ??%ggﬁé%ééé%éégaagﬁzsigL ;ggzigknLngﬁ
52 can be SatiSfaCtaori:la}f-aﬁﬁtcabz]sﬁﬁ@@f]aéé( REQY U NI AUS Q¥€'1east one
pressure chamber (56) is formed, said. ceramic substrate
including a sp&cer plate {82} having at least one window
{88) which provides- said at least one pressure chamber, a
closure plate (76) superposed on one of opposite major
surfaces of sald spacer plate, for closing one of oppoéite
openings of eaéh of said at least éna window, and &
connecting plate (78) supérposed on the other major surface
of said spacer - plate,  for substantially closing the other
opening of sald each window, said spacer plate, said closure
plate and said connecting plate being foimed from respective
ceramic green sheats which are laminated on each other and
fired into an integral ceramic structure as said ceramic
substrate; and
at least one piezoelgctric/electrostrictive
element (90) each disposed on a portion of said ‘closure
plate defining a correspondingf one of_ said at least one
éressure chambe:, for deforming said poréion s0 as to change
a pressure of the corresponding pressure chamber, each of
said at least one piezoelectric/electrostrictive element
comprising a pair of electrodes (92, 96) and a
piezoelectric/electrostrictive layer (94), which are formed
by a film-férming method on an outer surface of sald closure

plate of said ceramic substrate, such that said

R



‘their regions surrounding the first and second communication holes 86, 87
and the slits 80 connecting the holes 86, 87. Thus, the present ink jet’

print head 50 requires a- significantly reduced area of
surfaces which nust be sealed so as to stably establis mj—mﬁ;"ﬂgﬂu #I‘)f
fluid tightness of the ink flow channel Th| S advant age Lbenrea

appreci ated by conparing the constructi o% of the instant, enbodiment with

that of the known ink jet print head as shown in Figs. 4 and 5, in which a
fluid-tight seal between the ink nozzle nmenber 16 and the actuator 25

needs to hfducwlatatk B eDectP8sOPEOLINE QAlayelle 1£! Ahiteiphsled IBat¥QELAS
22. In the instant enbodinent, in particular, the dianeters of

the first andidesainl efmaldcttbdes hOJ;E.SdSﬁct&Zto@:r ebdfﬁg téh&east@rigeat han
the wi dth dinmension of the pressure chanber 56 (the w dth dinension of the
wi ndow 88 ifrorthextt hr ough the spacer plate 82). Therefore, the adjacent
ones of the first. comunication holes 86 and those of the second

communi cati on hol es SRid ecopaectiagarpliteomofactrid ceramic substrate

- 24 - .
has at least one slit (80) which corresponds to each of said

at least one pressure chamber.

2. An actuator as defined in claim 1,
wherein said at least one slit consists of a slit which

"coxrresponde to each of said at least one pressure chamber.

3. An .actuato; as fiefined' iiz claim 2,
wherein said ‘connecting pla.ﬁe further has at least one pair
of . first -and second communication hp:_L'ea {86, 87) <£ormed
ﬁhefethrough + each pair of which. communicates with a
cox:respon'di-n_g_ one -of said at leaz_ét oné pressure chamber,
said slit _t::onnecting gaid each pair of first and secoqd

communication holes to each other.

4. An actuator as defined in claim 3,
wherein said each pair of ‘First and second communication
holes are al.i.gned with the correspond:.ng pregssure chamber,

as vieWed_ in a plane of the ceramic substrdte.



other by a sufficiently targe distance (indicated by "L" in Fig. 2). This
arrangement assures a sufficiently |large bonding area between the-.

actuator 54 and the ink nozzle nenber 52, at ar;ot"ﬂ ective
first and second comunication holes 86, 87. Acc "‘Wﬂ,ﬁm .
improved fluid tightness between the bawli+g surfalest ofL tor 54
and i nk nozzl e nenber 52 can be achieved even if these nenbers 54, 52 are

made of different kinds of naterials. , When the actuator 54 with a .

bondi ng surface coated wth an adhesive is superposed on the ink nozzle
menber 52, and is pressed-agaiMt agtaton| @&mr&eﬁl@ sdrms ¢lafachixye

good bondi strength, .th hesj ve may overflow into the openings of the
act uat or 5%‘3?&&{’ jaald h&if ?f%?‘sﬁn&%emsmnﬁhé@t%n qesisdsstgs, of7 and

Cotal areal e Ritels OF prRRing Cohimhers, “Ct ane nerimS G cimayo
2 Tel ati vel 3T ar Sat FrEE Wontfilns Aol rRI iR b By G b ng
strength, Tbhidabﬁ.'é&%&%ntch&%@fébb¥iﬁbe?i%@n3:e%!§%t%tgge;eghaggié °£q8¢ FMhgl y.

comuni cation holes - 86, 87 from belingclose estve.

t he i nk j edfpthet ppesdure ehamdeyar,oduced with inproved bondi ng

ef ficiency, assuring excellent bonding and sealing strength, due to

i ncreases in the perm ssible ranges of the anount of the force applied to
the actuator 54 and the tinme of the application of the force, for bonding
t he actuator 54 and 6. An actuator as defined in any one of

claims 2-5, wherein saild slit has a width which is one third
‘that of a corresponding one of said at least one pressure -

‘chamber.

7. An actuator as defined in an‘y one of
claims 2-6, wherein said slit extends in a direction of the

length of the corresponding pressure chamber.

8. An actuator as defined in any one of
claims 1-7, ﬁh_e;:ein .said ceramic substrate has additional
slits which are formed 1n- said closure plate t'md said spacer
plate, such that an upper portion of each of said at least
one pressure chamber is- interposed between adjacent ones of

said 'additi_qnal ‘s8lits.

9. An actuator as defined 4in - any one of
claims 1-8, wherein said closure plate of said ceramic’

substrate has a thickness of not larger than 50yum.



- 25 - " the ink nozzle nenber 52 together without closing the first and
second conmuni cation hol es 86, 87. ‘Dependi-ng upon the kind of
t he adhesive used or the nethod of application of the adhesive, the anount

of the overflow ng adhesive is increased. so rruchmmllmmmmu”m first
and second communi cati on holes 86, 87, even in the ! - slits
80. In this case, it is desirable that 33he di aneter of the %ir’st *or second

communi cation holes 86, 87 be set to be substantially equal to the width
di rension. of the correspondi ng pressure chanber 56, as shown in Figs. ea

and 8b, so as to avoid t cl ogyre hql es. 8 8 r the ink flaqw
channel. It is also desi Pg%Te 0 f%(r?‘fr:ﬁl%@n‘groras b%?ﬁi%?gtaé‘ f RP¥t My Sécond
comuni catd I 8 ' r [ ' 8¢, or
elliptic ?&?&g@ slgsga's Qd%%z% o‘#f%egéﬁﬁe§€f1?§o€\‘/fas€r€%§ ygt Ebgﬁﬁﬂef;ﬁeoﬁri nt
head 50. not smaller thddelofRk jet print head 50 constructed as
descri bed above, the fluid tightness of the ink flow channel can be easily
and stabl e established, and the actuator 54. exhibits inproved operating
characteristics, due to the

11. An actuator as defined in any one of

claims 1-10, wherein said spacer plate has a thickness of

not smaller than 50um.

12. An actuator as defined in ahy one of
claims 1-11, wherein said ceramic substrate is foxrmed of

alumina or zirconia.

13. An ink jet print head comprising:

_ an ink nozzle member (52) having a plurality of
nozzles (64) through which fine particles of ink are jetted;
and |

said actuator as defined in claim 1 , which is
disposed on and bqnded to’ said ink nozzle member, suéh that
said connecting plate is interposed between -gaid .spacer
platé and said ink nozzle member, and in which said at least
one pressure chamber consists of a plurality of pressure
chambers fdmed behind the respective nozzles of sald ink

nozzle member.

14. An ink Jjet print head as defined in
claim 13, wherein said connecting plate "has a plurality of

. first comtm_mication holes 1located behind the respéctive



formation of the slits 80 in the connecti ng plate 78. Accordingly, the
present print head 50 assures excellent ink-jetting capability wth high

stability. A sanple of the print head 50 asjj '

Figs. 1 through 3 was produced in which the connecti ngm.’mammﬁﬂﬂlﬁfm
actuator 54 was fornmed with the first a_ncgiMse_cond commurni cation sS4 386, .
87 and the slits 80. Wien a given voltage was applied to the

pi ezoel ectric/electrostrictive 26 -

el ement 90 of the thus produced print head 50, the amount of fl exural

def or mati onp@kzllee 86% UalLId S ihk WHLER184 SndMRIU €€orDYpénhPELin&OPPI {4
nmeasuring device, was 0.29iUn Wth respect to a conparative sanple of

print head tomtindeatilon Hdwwdéér sth@ndogeespdingnubizedkis0and|mcedfute not
the slits) were fornmed in the connecting plate, the anount of flexural

def or mat i onchhmbkesact uator was 0. 21pm Wth respect.- to the known print
head of Figs. 4 and 5 in which the actuator does not include the '
connecting plate, the anount of flexural deformation was 0.29pm It wll

be recognized fromthese results that the formation of the slits in the
connecti ng : 15. An ink jet print head as defined in

claim 13 or 14, wherein an outer surface of said connecting
plate to which said ink nozzle member is bonded has the
maximum waviness of not greater than 50um as measured along

a reference length of 8mm.

16. An ink jét print head as defined in any
one of claims‘ 13-15, wherein sa:i.d ink .nozzle member consists
of a nozzle plate having said plurality of nozzles, a
channel plate having a qindow formed ,thergthrough, and an
orifice plate having a. plurality of orifices, said
connecting plate of said actuator being superposed on said
orifice .pla.t'e , &8id window being ciosed by said nozzle: plate

. and said orifice plate ..go as to form an ink supply channel
' -through which the ink flows into said pressure chambers via
the res_pec'tive orifices, =said coﬁnecting plate further
having a pluj:;lity of second communication holes for
permitting fluid communication between the corresponding

orifices and pressuré chambers.



plate of the actuator |leads to an increased anount of flexural defomation
and inproved operating characreristics of the actuator.

Referring next to Figs. 9 and 10, there will be deserbed-an—actuator 98
as anot her enbodi ment of the present invention. [ FHIBhSHEET HARIBEEY |t he
sane reference nunerals as used in th gb_ove desciri pti GEPRACHEDhe actjuat or

54 of the previous enbodiment will be Used for . TdenmtTfyrmg—strwetural |y
and/or functionally corresponding elenments, of which no detailed
expl anation wll be provided. - This actuator 98 has four pressure

chanbers 56 which &ETUXTORHAVING CCERANIG GuBgiA®r e 84 in a zigzag
fashi on, as shown i rAND INB®. JERMERINT [NEAD AVBING eIHE akCITUATORt in Fig. 9.)
each consisting of two of the pressure chanbers 56 are di sposed with one
of the rows displaced relative to tABSTRAZF row in the width direction of
t he . - 27 - Substrate 84, i.e., in-
the vertical direction inFig. 9. The first conmunication holes 86 are

formed in the portions of  the connecting plate 78 between the left and
ri ght rowdhfactuator including a ceramic substrate (84) and at least

one pie_zoglectr-‘i.c/elect.rostrictive element {(90) formed on
the substrate 1s disclosed. The ceramic substrate includes a
spacer plate (82) bhaving at least one window (88) which
provides at least one pressure . chamber (56), each window
being substar_xtially closed by a closure plate (76) and a
connecting plate (78). The spacer plate, closure plate and
connecting plate are formed from respective ceramic green
sheets which are fired into an integral ceramic structure.
- The connecting plate has at least one slit (80) whj.ch
corresponds to each pressure chamber. Each piezoelec;;;c/ .
electrostrictive element is disposed on a portion "of the
cloqu;‘e plate defiﬁing the corresponding pressure chamber,
S0 ‘as to change a pressure of ‘the corresponding pressure
chamber. Also disposed is_ an ink jet print head using the

actuator as described above.

il



the pressure chanbers 56, and the slits 80 extend fromthe respective
pressure chanbers 56 to the corresponding first comunication holes 86. In
this arrangenent, the first comunication holes 86 can be arranged
with increased density, that is, at a pitch substantially equal to or
smaller than the width of the pressure chanber 56. Wien this actuator 98
Is used for an ink jet print head, therefore, the pitch of nozzles that
are aligned with the first connunlcathpgholes 86 can be significantly
reduced, whereby the print head is capable of perform ng highly accurate
and high-quality printing. In this case, the slits 80 provide a part of
the ink flow channel through which the ink flows through the print head,
and is therefore required to have a sufficiently .| e. wdth.

Referring further to Fig. 11, e actuator 98 is ied in respect of

t he shape of the first communi®dtion holes 86, sg/that the holes 86 are
arranged with further in .aggg sity or at a nar rgger pitch. The
actuator 98 is also nodifTed oviding additidnal slits 100 on the
opposite sides of th Vi dzﬁ the direction of
the width of t H.Oa. . &1 éls so as to

I ncrease the a O disgifcene of he acLua or88 I nce these slits
100 are forned Zhé~\ypp porti of jthe §ﬁac ﬁVB. ﬁ? to interpose

t he upper 2 _t_, g l - 7 —
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- 28 - * portion of the pressure chanbers 56 therebetween, the
rigidity of the ceramc substrate B4 can be advantageously reduced to
allow easy deformation of the chanbers 56, thereby pernitting the
actuator 98 to undergo an effectively increased amount of displacenent, as
shown in Pig. 12b. Wil e the present invention has been
described in its presently preferred enbodinents with a certain degree of
particularity, it is to be understood that the inventionis not limted to
the details of the illustrated embodi men848 but nmay be ot herw se embodi ed.
For instance, the actuator constructed according to the present invention
may be used as an ink punp for ink -jet print heads having various other
structures, and nmay also-be used for m crophones, piezoelectric

| oudspeakers, sensors, vibrators or resonators, filters and other
conponents or devices. The di nensi ons, shape, nunber and position
of the Slits 80 formed in the actuator 54 ar ot I-imted to those of the
il lustrated enbodi nents, but naécpe SUuid ect ed
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provided the slits 80 serve to effectively increase the anount of
deformation of the pressure chanbers 56. Wile the ratio of the width of
the slits 80 to that of the pressure chanbers 56 (i.e.., the width of the
w ndows, 88 fornmed in the spacer plate 82) is about 1:3 in the
illustrated enbodinments, the slits may be formed with al nost no wi dt h by
just cutting the surface of the ceramc substrate 84, so as TO yield the
above-described effects. Although it is
- 29 - desirabl e that each of the slits 80 be formed to connect the
corresponding first and second comuni cati or’Bol es 86, 87 as, in the
il lustrated enbodinents, the slit is not necessarily required to connect
the holes 86, 87, but may be forned as a plurality of separate slit
sections fornmed between the first and second conmunicati on hol es 86, 87.
Further, the slits 80 may extend in other directions than that of the
Il lustrated enbodi nents. ‘é Mor eover, the construction and materia
of the ink nozzle nenber 52 are not.limted those of the illustrated
enbodi nents . For instance, the mh?+e or 3(p5' of the ik
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nozzl e menber 52 may be fornmed by injection nolding, using synthetic resin
or the like, or by other nolding nmethod. Furthernore, the positions,
nunbers and ot her paraneters of the nozzles 64 and the orifices 68 forned
in the ink nozzle nenber 52, and those of the pressure chanbers 56 formed
in the actuator 54 are by no teans limted to those of the illustrated
enbodi nent s. It is also to be understood that the present
invention nmay be enbodied with various other changes, nodifications
and inprovenents, which may occur to thosgsoskilled in the art.

- 30 - - CLAI Ms: 1. An actuator conprising:

a ceram c substrate (84) in which at | east one pressure chanber (56) is
formed, said ceramic substrate including a spacer plate (82) having at

| east one window (88.) which provides- said at |east one pressure chanber,
a closure plate (76) superposed on one of opposite major E;surfaces of
sai d spacer plate, for closing one of opposite 2
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openi ngs of each of said at |east one window, and a connecting plate (78)
super posed on the other major surface of said spacer plate, for
substantially closing the other opening of said each wi ndow, said spacer
plate, said closure plate and said connecting plate being fornmed from
respective ceramc green sheets which are-lam nated on each other and
fired into an integral ceramc structure as said ceramc substrate; and
at | east one pi ezoel ectric/electrostrictive ‘elenment (90) each

di sposed on a portion of said closure plate defining a correspondi ng one
of said at |east, one pressure chanber, fd/9deform ng said portion so as
to change a pressure of the correspondi ng pressure chanber, each of said
at | east .one piezoelectric/electrostrictive elenent conprising a pair
of electrodes (92, 96) and E?J;E%ﬁz ectriclelectrostrictive |ayer
(94), which are fornmed by a fil 'ngp thod on an outer surface of

said closure plate of said ceramc substrate, such tQﬁs -said
11~ 111 t1111111 11181111111 33 33
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- 31 - - piezoelectricl/electrostr-ictive layer is interposed between said
pair of electrodes, said actuator being characterized in that:

said connecting plate of said cerami c substrate has at |east one slit (80)
whi ch corresponds to each of said at |east one pressure chanber.

2. An actuator as defined in claim 1, wherein said at |east one slit
consists of a slit which .corresponds to each of said at | east one
pressure chanber. 3. An actuator as defined in.claim
2, Wwherein said connecting plate furthes/9has at | east one pair of first
and second conmuni cati on holes (86, 87) forned therethrough, each pair
of which. communicates wth a corresponding one of said at |east one
pressure chanber, said slit connecting said each pair of first and second
conmruni cation holes to each ot her. 4. An actuator as

defined in claim 3, wherein d each pair of first and secand
communi cation hol es ar aligngg (fht COF f I ng pressure chanber,
ﬁ@he cer ami ésu “7rate£ﬁfeféy

as viewed in a plane of
ZJ7 152(60)
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- .32 = ' 5.
wherein said at
pressure chanbers which are arranged in two
conmruni cation hole corresponding to each of
bei ng | ocated between said two rows

6. An.actuator as def ined in any one of
slit has a width which is one third

said at | east one pressure chanber .
actuator as defined in any one of
extends in a direction of the
chanber . 8.

are formed in said closure plate and said spacer
upper portion of each of said58t

An actuator as defined in claim 3,
| east one pressure chanber consists of a
r ows,

plurality of
said first

sai d pressure chanbers

ast % 80 885{697

of the pressure chanbers.
clainms 2-5, wherein said
ttheg of a correspondi ng one of

7. An

clainms 2-6, wherein sard slit
| ength of the correspondi ng pressure
An actuator as defined in any one of
clainms 1-7, wherein said ceram c substrate has additiona
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one* pressure chanber is- interposed between adjacent ~ones of said

additional slits. L . : 9.
An actuator as defined in any one of clainms 1-8., wherein said
closure plate of said ceramc substrate has a thickness of not |arger
t han SOpm -~~ -* a.. 33

10. An actuator as defined in any one of clains 1-9, wherein said
connecting plate has a thickness of not smaller than 10pm

11. An actuator as defined in any one of <clainms 1-10, wherein said spacer
pl ate has a thickness of not smaller than88pm 12. An
actuator as defined in any one of clains 1-11, wherein said ceramc
substrate is formed of '
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"al wremay or zirconia. 13. An ink jet.print head conprising:
an i nk nozzle nenber (52) having a plurality of nozzles (64) through which
fine particles of ink are jetted; and sai d actuator as defined
inclaiml, which is disposed on and bonded to said ink nozzle nenber,
such that said connecting plate is interposed between said spacer plate
and said i nk nozzle nenber, and in which said at | east one pressure
chanber consists of a plurality of pressure chanbers formed behind -the
respective nozzles of said ink nozzle nment®d. 14. An ink
jet print head as def ined in «claim13, wherein said connecting plate has
a plurality of first communication holes |ocated behind the respective
nozzl es of said ink nozzle nmenber, for permtting fluid conmunication

bet ween the correspndi ng nozzl es and pressure
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: L . . P03233 s
chanbers. 15. An ink jet print head as defined in 6Ta|m
13 or 14, wherein an outer surface of said connecting plate to which said
i nk nozzl e nenber is bonded has the naxi mum wavi ness of not greater than
50pm as neasured along a reference |ength of 8nm 16. An
ink jet print head as defined in any anggof. clains 13-15, wherein said ink
nozzl e menber consists of a nozzle plate having said plurality of
nozzles, a channel plate having a wi ndow fornmed therethrough, and an
orifice plate having a plurality of orifices, said connecting plate
of said actuator bei n&CTUATOR SAVING CHRAMIG ISUBSTRATH e, sai d wi ndow bei ng
cl osed by said nozzl eANDaNK T PRIFTHHEAD JSINGt FHEO AQTUATTRr m an i nk
supply channel through which the ink flows into said pressure chanbers via
the respective orifices, said condBSTRMT plate further having a
plurality of second conmmunicati.on holes for permtting fluid
conmruni cation between the corresponding orifices and pressure chanbers.

An actuator includigg a ceramic substrate (84) and at least
one piezoelectric/elect;ostrictive element (90) foxmed on
the substrate is disclosed. The ceramic substrate includes a
spacer plate (82) having at least one window (88) which
provides at Jleast one pressure chamber (56}, each window
being substaqtially closed by a closure plate (76) and a
connecting plate (78). Tﬁe spacer plate, closure plate and
connecting plate are formed from respective ceramic green
sheets which are fired into an integral ceramic structure.
The connecting plate has at least one slit (80) wh;ch
corresponds to0 each pressure chamber. Each piezoelectric/ '
electrostr:.ct:we element 1g disposed on a portion ‘of the
closure plate defining the corresponding pressure chamber,
so as to change a preassure of ‘the corresponding pressure
chamber. Also disposed is an ink Jet print head using the

actuator as described a.bove.
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