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BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates J.n generaf to 'ma
piezoelectric/electrostrictive alctuator, and more
particularly to a uni-morph, bi-morph or other types of
piezoelectric/electrostrictive actuator or actuator unit
which undergoes displacement in the form of bending,

deflection or flexure and which can be used for ink jet

.print heads, microphones, sounding bodies (such as

loudspeakers), various resonators and vibrators, and other
components or devices.

Discussion of the Related Art

As a means for raising a pressure in a pressure
chamber formed within a sﬁbstrate of an actuator unit, there
is recently known a piezoelectric/electrestrictive element
formed on a wall partially defining the pressure chamber,
for .ehanging a volume of the pressure chamber due to
diéblacement of the piezoelectric/electrostrictive element.
Such a piezoelectric or electrostrictive actuator unit mair'
be used for each of a plurality of ink pumps of a print head
used in an ink jet prJ.nter, for example. To effect printing
by - the. print head .an ink mater:Lal is supplied to the

pressure chamber to f:!.ll the . same, and the level of injc
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particularly to a uni-norph, bi-nmorph or other types of

pi ezeel ectric/electrostrictive actuator or actuator wunit which
{ undergoes displacenment in the form of bendi ng, deflection or flexure
and.whi ch can be used for ink jet print_ heads, mcrophones, sounding
bodi es (such as |oudspeakers), variou$ resonators and vibrators, and

ot her conponents or devices. Di scussion of the Related Art

As a neans for raising a pressure in a pressure chanber forned within a

ifgige?tegtﬁr%g%lgét ?’@%ﬁlﬁlﬂt |%/%eel n%drs‘? or ne oé/nr ;ri%?l asretdi aﬂ y detfoi ni ng
. (e pressujesCiagfine L3 ﬁ@%i@ﬂoé‘lé!@éf‘f@/@ieé?ﬁoﬁ?ﬁé@i@eC@@ﬁnt@ue to
se that a crowd of the ink particles (a droplet of the ink)
is jetted through a nozzle which communicates with the
5 pressure chamber.
Referring to Figs. 5 and 6, there is illustrated-

one of the actuator units used in an ink jet print head,

wherein the reference numeral 25 denotes an actuator portion
which includes a substrate 24 consisting of a closure plate

18 and a spacer plate 20 both made of a metal, synthetic

‘resin or ceramic material, and a plurality of_
piezoelectric/electrostrictive elemenﬁs 28 formed on an
outer surface of the closure plate 18 of the substrate 24.
The specer plate 20 has an array of windows -22 (three

15 windows in this example) formed through its thickness. The
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spacer plate 20 and the closure plate 18 are superposed. on

each other and formed integrally into the substrate 24, so
that one of opposite openings of each window 22 is closed by
the closure plate 18, to thereby provide, within the
substrate’ 24, a plurality of pressure chambers 26 which
correspond to the respective windows 22. The
piezoelectric/electrostrictive elements 28 are secured to
the outer surface of the closure plate 18 of the substrate
24 such that the piezoelectric/electrostrictive elements 28
are aligned with the respective pressure ci'lambers 26. In
operation, the piezoelectric/electrostrictive elements 28

are actuated to cause deformation and resulting volumetric
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i di spl acerent of the piezoelectric/electrostrictive elenent. Such a
pi ezeel ectric or electrostrictive actuator unit may be used for each of a
plurality of ink punps of a print head wused in an ink jet printer, for
exanple. To effect printing by the print head, an ink material is
supplied to the pressure chanber to Ti¥l the sane, and the |evel of ink
- 2- pressure within the pressure chanber is raised due to displacenent
of the piezoelectric/electrostrictive el enent,

c_:hange of the pressure chambers 26 foi‘ changing the pressure
within the pi:essure chambers 26.

Each actuator unit of the ink jet print head
further _'has an ink nozzle member 16, as shown in Figs. 5 and
% 5 6, which consists o'f a metallic nozzle plate 4 having a
7; plurali‘ty of nozzles 2, a metallic orifice plate 8 having a

a plurality of orifices 6, and a channel plate 10, which are

superposed on each other such that the channel plate 10 is
interposed between the plates 4, 8. These plates 4, 8, 10

are bonded together into the ink nozzle member 16, so as to

form ink discharge holes 12 and an ink supply channel 14..
; The plurality of nozzles 2 communicate with the respective
pressure chambers 26 of the actuator portion 25 through the
respective ink discharge holes 12 formed within the iﬁk
15 nozzle member 16, while the plurality of orifices 6
communicate with the respective pressure chambers 26 of the
actuator 25, and also with the ink supply channel 14 formed
$ within the ink nozzle member 16. |
1 The ink nozzle member 16 and the actuator portion
20 25 are superposed on each other, and bonded together into an
integral structure of the actuator unit. Generally, an ink

jet print head uses many. actuator units arranged side by

side. In such ink jet print head, the actuator portion 25 of
each actuator unit used as an ink pump is adapted to deform
the pressure chambers 26 for changing the pre;sure therein,
based on the actuation of the piezoelectric/electrostrictive

elements 28, so that crowds of particles of the ink material
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Ep0 tlhat a cromd of the ink particles (a droplet of the ink) is jetted
E'through a nozzl e whi ch communicates with the pressure chanber.

act uat or

iReferrlng to Figs. 5 and 6, there is ‘illustrated one of the actuator units

.. used in an ink jet print head, wherein the reference nuneral 25 denotes an
portion which includes a subst fate 24 consisti ng of a closure

18 and a spacer plate 20 both nade of a netal, synthetic resin

- ceranmic
plezoelect

rrat eri al, and a plurality of

o{ t he cl osur §%§g%§y§fc Ebﬁ’@bgg%gggagzezﬁ%ttﬁ%ngrpf@ésrc%raﬁeéf LZ%“

"V‘t%}%o%p%%pﬁg"t‘ée no¥z1da"s ¢} té‘ffeééaEBE?l)clhBr "Rd G %‘@Lﬂﬁé

to provide an ink jet print head which is capable of
performing highly accurate and high-quality printing, a
modified form of the actuator unit is proposed, wherein a
rélatively large number of pressure chambers 26 are formed
within the substrate 24 of the actuator portion 25 at a
relatively small pitch, and a correspondingly large number
of nozzles 2 are formed through the nozzle plate 4.

The actuator portion 25 of each actuator unit
constructed as described above, howevei', has suffered from a
problem in terms of the operating characteristics of the
piezoelectric/electrostrictive elements 28. That is, among
the plurality of piezoelectric/electrostrictive elements 28
which are formed in a row on the substrate 24 so as to
correspond to the respective pressure chambers - 26, two
outermost elements 28 vhich are located at the opposife ends
of the row are inferior in the operating characteristics to
the other or two inner elements 28 interposed therebetween.
More specifically described, the amount of flexural
deformation of each piezoelectric/electrostrictive element
28 of the actuator portion 25 constructed as described above
was measured by applying a suitable voltage to each of the
elements 28. The result of the measurement shows that the
amounts of £ lexurai deformation of the abov;-indicated tﬁvo
outermost elements 28 af:e considerably small, that is, the

amounts of flexural deformation of the two outermost
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pacer pkate 20 and the closure plate 18 are superposed on each other and
ormed integrally into the substrate 24, so that one of opposite openings
f each window 22 is closed by the closure plate 18, to thereby provide,

Wi thin the substrate 24, a plurality.of pressure chanbers 26 which
orrespond to t he respective W Adpws 22. The

- pi ezoel ectric/electrostrictive elements 28 are secured to the outer

§ surface of the closure plate 18 of the substrate 24 such that the
%piezoelectric/electrostrictive el enents 28 are aligned with the respective
¥plessure cledepent2@8 |are opeabliennbyt BBOpte Afe R rGeltle| 2Tt FOBPRTEE| O

welements 28 are actuated to cause deformatipn and resulting vol umetric
%ﬁ those of the inner elements 28 gnterposeg )

etween the two

elements. A variation or fluctuation in the amount of

flexural - deformation or inconsistent operating
1 s characteristics of the piezoelectric/electrostrictive
2 elements 28 of the actuator portion: 25 undesirably causes

inconsistency or fluctuation in the ink-jetting capability

of the print head and deterioration of the quality of
printed images produCed 'by the print head, when the

above~-constructed actuator units are used as the ink pumps

; for the ink jet print head.

SUMMARY OF THE INVENTION

According to a first aspect, - the present invention
.provides a piezoelectric/electrostrictive actuator which
15 includes a ceramic substrate having a plurality of pressure

chambers formed in a row extending in its longitudinal
GE! direction, and a plurality of piezoelectric/electrostrictive
- elements which are formed in a row on the outer surfage of
the substrate and which correspond to the respective
20 pressure chambers, wherein the operating characteristics of
the two outermost piezoelectric/electrosﬁrictive elements
which are 1ocatéd at the opposite 'ends of the row are
effectively “improved, so that . all the

piezoelectric/electrostrictive elements of 'the actuator

1 25 ‘exhibit excellent operating characteristics.
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«3- . change of the pressure chanbers 26 for changing the pressure wthin
t he pressure chanbers 26. Each actuator unit of the ink jet print
! head further has an ink nozzle nmenbér 16, as shown in Figs. 5 and 6,

whi ch consists of a netallic nozzle plate 4 having a plurality of nozzles
2, ametallic orifice plate 8 having a~ ®urality of orifices 6, and a
channel plate 10, which are. superposed on each other such that the
channel plate 10 is

‘According to

a further aspect, the present invention . provides a

? i piezoelectric/electrostrictive actuator comprising: a

oniama s 5

ceramic substrate in which pressure chambers are formed, the
5 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 in a

longitudinal direction of the spacer plate, and a closure
plate superposed on one of opposite major surfaces of the
spacer plate, for closing one of opposite openings of each

of the windows, the spacer plate and the closure plate being

formed from respective ceramic green sheets which are
.laminated on each other and fired into "an integral structure
as the ceramic substrate; and piezoelectric/electrostrictive
15 elements which are disposed on respective portiohs 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 levels of the corresponding pressure chambers, each
20 of the piezoelectric/electrostrictive elements comprising a
pair of electrodes and a piezoelectric/electrostrictive

? layer, which are formed by a film-forming method on an outer

surfgce of the closure - plate, such that the
piezoelectric/electrostrictive layer is inte_rposed between
the pair of electrodes, wherein the improveégnt comprises:
the spacer plate of the éeramic substrate having auxiliary

windows formed adjacent to respective two outermost windows
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&interposed between the plates 4, 8. These plates 4, 8, '10 are bonded

. together into the ink nozzle menber 16, so as to- formink discharge holes -
512 and an ink supply channel 14. The plurality of nozzles 2 comunicate
YW th the respective pressure chanbers_2§ of the actuator portion 25

“ through the respective ink discharge hol'es 12 fornmed within the ink

: nozzle nmenber 16, while the plurality of orifices 6 comunicate with
f‘i_f[hE resplective pressure chanbers 26 of the actuator 25., and also with the
g i;nk suppl y n 4 of it hi ienk z| §¢ "EPRET 1l

E“The I nk no‘%lg gﬂrrg#b%r ]fgzra;{,ﬁe% t\#g' ag Eg{ggr‘dé;ore?liagn 8f25 arersjfﬁ]pefgosggeon

g epch ot herplﬁfglﬁei}dgﬁ tGﬂﬁ&B@ék'&E Othe spates’ Plte UCkueR ahdtethe

*‘ actuator unit. Gener y, an in

B Q auxiliary windows sandwich the row of the plurality of
1 windows, the auxiliary windows providing enclosed spaces
a: : 5 within the ceramic substrate such that the enclosed spaces
. are formed adjacent to respective two outermost pressure
chambers which are located at opposite ends of a row of the
pressure chambers, each of the enclosed spaces being

partially defined by portions of the closure plate on which

the piezoelectric/electrostrictive elements are not

disposed.

In the piezoelectric/electrostrictive actuator-
constructed as described above, a plurality of pressure
chambers corresponding to the respective windows of the
15 spacer plate are formed within the ceramic substrate in a
row extending in the longitudinal direction of the
substrate, while enclosed spaces or cavities corresponding

to the respective auxiliary windows are also formed within

the substrate, such that the enclosed spaces are formed
20 adjacent to respective two outermost pressure chambers which
are located at the opposite ends of the row of the pressure
chambers, such that the enclosed spaces sandwich the
plurality of pressure chambers. This arrangement 1is

-effective to reduce the rigidity of the two outermost

pressure chambers located at both ends of tﬂe row, whereby
the. two pressure chambérs are more likely to be deformed.

Accordingly, all of the piezoelectric/electrostrictive
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jet.brint head uses many actuator units arranged side by side. In such
ink +et print head, the actuator portion 25 of each actuator unit used as
tan ink punp is adapted to deform the pressure chanbers 26 for changing

t he pressure therein, based on the agt%aLion of the _
pi ezoel ectric/electrostrictive elements 28, so that crowds of particles
of the ink materi al -4- in the

pressure chanbers 26 are jetted or discharged through the appropriate
nozzles 2 g9ebhest d¥rrddphdHfy afoaih@Miespective pressure chambers

undergo  substantially the same amount of flexural
deformation, which allows all the piezoelectric/electrostrictive

elements to exhibit excellent operating characteristics with

5 high stability. Therefore, when the
piezoelectric/electrostrictive actuator as described above

is used as each of actuator units or ink pumps for an ink

jet print head, for example, the ink jet print head exhibits
excellent ink-jetting capability owing to the improved

operating characteristics of the

piezoelectric/electrostrictive elements. Thus, the ink jet
print head using the present actuator is capable of
producing improved quality of printed images with high

5 stability.

15 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
i presently preferred embodiments of <the invention, when

considered in connection with the accompanying drawings, in

which:

"Fig. 1 is an elevational view in vertical cross
section, showing a piezoelectric/electrostrictive actuator
portion of an actuator unit according to one” embodiment of

the present invention; -
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. p}ovide an ink jet print head which is capabl e of

ccutate

i's proposed, wherein a

ezoel ect
-pi ezoel
he substr

15

20

and high-quality printing, A a nodified formof the actuator

rictive nts
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uni t

rel atively |arge fAunmber of pressure chanbers 26 are
jwforned within the substrate 24 of the agtuator portion 25 at a relatively
mal | pitch, and a correspondingly |arge’nunber
- tthrough the nozzle plate 4. The actuator portion 25 of each
unit constructed as described above, however, has suffered froma

& pr obl em t f t
0 et S hect A0S PEEILAReRRbRBheps pheersiol ey anpring the,

of nozzles 2 are forned
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SO as
portion of Flg. 1;

Fig. 3 is an elevational view in vertical cross
section, showing the actuator unit including the actuator
portion of Fig. 1, which actuator unit is used in 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'

Fig. 3;

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

Fig. 6 is a cross sectional view taken along line

6-6 of Fig. 5; and

Fig. 7 is an exploded perspective view

" corresponding to that of Fig. 2, showing the actuator

-portion according to another embodiment of the present

invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT
Referring first to Fig. 1 schematically showing a
piezoelectric/electrostrictive actuator portion 34 of an
actuator unit according to one embodiment of the present
invention, and to Fig. 2 which is an explogéd perspective
view of the actuator portion:34, the actuator portion 34

includes a ceramic substrate 64 consisting of a closure
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peratl ng characteristics to

15

20

25

orrespond to the respective pressure chanbers 26, two outernost el enents
8 which are located at the opposite ends_ of the row are inferior in the
the other of two inner elements 28 interposed
t herebetween. Mre specifically descyjibed, the anmount of flexural

def ormati on of each piezoelectric/elé&ti%

act uat or
applying a suitable voltage to each of the

t hat f
" ggg\slgrlegglnéﬁ%eed% g Lé ‘?en%a??gﬁgfrggfs g ?ocngler?fscﬁ{ era y sma%] eaﬁh
rtPe amouRlS,iHg 4 YA i Ve Pr SRL1 2NeRE ckiB s anAU IR of a ceramic

strictive el ement 28 of the
portion 25 constructed as descri bed above was neasured by

material. These plates 5_6, 62, 58 are superposed on each
other and formed integrally into the ceramic substrate 64.
The actuator portion 34 further includes a plurality of
piezoelectric/electrostrictive elements 70 formed in the
form of films on the outer surface of the closure plate 56.
The piezoelectric/electrostrictive elements 70 undergo
displacement in the form of bending or fléxure upon
application ofl a voltagé thereto, and the displacement

causes deformation or strain of the appropriate pressure

.chambers formed within the ceramic substrate 64 so as to

change a pressure level in each of the pressure chambers 36.

More specifically described referring to Fig. 2,
the spacer plate 62-9f the ceramic substrate 64 has four
inner rectangular windows 68 formed through the thickness
thereof. The 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
thé spacer plate 62. The spacer plate 62 further has two
auxiliary or outer windows 78, 78 each having substantially
the same dimensions and configuration 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 the opposite ends of tie row of the
four inner windows 68, Such that the auxiliarj windows 78

sandwich the four inner windows 68 therebetween. The
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el enments.28 are smaller by about 30 per cent as conpared to those of the

i nner el ements 28 interposed between the two elenments. A variation or

fluctuation in the amount of flexural ‘def or mat i on or i nconsi st ent
" operating characteristics of the piezoelectric/electrostrictive:

el ements 28 of the actuator portion 253Uhdésirably causes inconsistency or

fluctuation in the ink-jetting capability of the print head and

deterioration of the quality of

connecting plate 58 of the ceramic substrate 64 has four
pairs of first and second communication holes 66, 67 which
are formed through the thickness thereof. Each pair of the
first and second communication holes 66, 67 is aligned with
the corresponding one of the inner windows 68, as viewed in
a plane of the‘cqnnecting plate 58. The connecting plate 58
further has slits 60 formed therethrough for connecting the
first and second communication holes 66, 67 of each pair.
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 sﬁégér plate 62 (more precisely, the
. upper surface of the spacef plate 62 as seen in Fig. 2), so
.g_ 15 that these superpbsed plates 56, 58, 62 provide an integral
. structure of the ceramic substréte 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 corresponding to the respective

four inner windows 68 are <formed within the ceramic

Rl e el

ﬁ% substrate 64, -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
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printed rmages produced by the print head, when the above-constructed
~actuator units are used as the ink pynps for the ink jet print head.
SUMVARY OF THE | NVENTI ON According to a first aspect, the
present invention .provides a =~ piezoelectric/electrostrictive actuator
which includes a ceram c substrate havlédg-a plurality of pressure
chanbers forned in a row extending in its longitudinal direction, and a
-~ plurality of piezoelectric/electrostrictive elenents which are forned in a

;g\évpggtlt\%’ %'E::gégu gch :f'rgf%Fst r}\%neggé%ﬁ{‘ hé’odrg'gyﬁth‘%afgt oor §§$§P|d6§ i cgshe

Further, in the ceramic substrate 64 constructed as

described above, two enclosed spaces or cavities

corresponding to the two auxiliary windows 78 are formed
5 adjacent to ‘two outermost ones of the four pressuré
chambers, which are located at the opposite ends of the row
of the four pressure ‘chambers 36, such that the two enclosed
spaces sandwich the four pressure chambers 36 therebetween.
The enclosed spaces defined by the auxiliary outer windows

78 of the spacer plate 62, closure plate 58 and connecting

. plate 58 have sui.tably designed dimensions and
configuration, e.g., éubstantially- the same volume as the
pressure chambers 36, in this embodiment.

The ceramic substrate 64 as described above is
o] 15 formed as a fired integral ceramic structuré 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 generélly used device such
@ 20 as a doctor blade device or a reverse roll coater. Then, the
obtained green sheets are subjected to suitable mechanical
machining oper&tion or laser machining operation such as

cutting, machining or punching, as needed, to form the

windows 68 and the first and second communication holes 66,
67. Thus, precursors for the plates 56, 58, 62 are formed.
These precursors are laminated on each other and co-fired

into the integrally formed ceramic substrate 64. The thus
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t he tmo out er nost pi ezoel ectric/electrostrictive elements which are
‘located at the opposite ends of the row are effectively | mproved,

50 t hat al | t he p|ezoelectrlc/electrostrlctlve el enents of
the actuator exhibit excellent operatlgg characteristics.

-6- According to a further aspect, the present invention
provi des a pi ezoel ectric/el ectrostrictive actuator conprising.: a

formed ceramic substrate 64 assﬁres complete and secure

sealing between the adjacent plates 56, 58, 62, without
applying any adhesive to their interfaces.

For establishing more stable sealing between the

5 plates 56, 58, 62, it is preferable to print or coat a

slurry or paste formed of the same materials as the slurry

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

for the plates 56, 58, 62 before firing, to fhereby form

surface layers at the interfaces of the green sheets. The

thus formed surface layerslare softer than the green. sheets,

and therefore, are likely to be spread over the entire
surface of the green sheets under a pressure whén the green
sheets for the plates 56, 58, 62 are laminated and pressed
onto each other, so that the surface iayers provide
15 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.

d& : In the ceramic substrate 64 constructed as
! described above, the pressure chambers 36 formed therein are
20 held in communication with the exterior space through the
respective pairs of the first and seéond commupication holes
66, 67 of the connecting plate 58. This arrangement of the
ceramic substrate 64 is favorable upon bonding of the
ceramic substrate 64 of the.actuator portion 34 to an ink
& 25 nozzle member 32 (Fig. 3) or other component which will be
described, since a seaiing area between the substrate 64 of

the actuator portion 34 and the ink nozzle member 32 which

"N




eram c substrate in which pressure chanbers are forned, the ceramc
ubstrate including a spacer plate having a pIurallty of w ndows
vwhlch provide the pressure chanbers, thé plurality of w ndows being
“fiormed inarow in a Iongltudlnal direction of the spacer plate, and a
- cl osure pl at e superposed on one of 6pﬁﬁsrte maj or surfaces of the
-spacer plate, for closing one of opposite openings of each of the
‘Wi ndows, the spacer plate and the closure plate being fornmed from

and' T |C|tr ééfwﬁcf/ﬁr Fereotied SEIGERSFAURLED, | 350 s AR RARRY, FRGNceRle!
;ﬁplezoe ectr.ic ectr
i hort i ons OREFEPY CPEBTranG: APy Sl BRRAIG bR KRS b SR Peakl v

llchanbers provision of the connecting plate 58 assures improved

g

ii

structural strength of the ceramic substrate 64, which
5 favorably prevents warpage of the ceramic substrate 64 upon
firing thereof, and permits easy handling of the substrate
64 whlle the actuator portion 34 is manufactured or used in
the print head. It is noted that the slits 60 formed through
the thickness of the connecting plate 58 are effective to
10 reduce the rigidity of the ceramic substrate 64, so as to
obtain a sufficient amount of deformation of the pressure
chambers 36 formed within the substrate 64. For the same
reason, it_is desiréble to form additional slits 61 having
substantially the same dimensions and configuration as the
15 slits 60, at the portionmns bf'the connecting plate 58 which

correspond to the respective auxiliary windows 78, as shown

in Fig. 2. Since the enclosed spaces defined Dby the

Gi£) auxiliary windows 78, closure plate 56 and connecting plate
58 are air-tightly closed, there arises a pressure

;20 difference between the inside of the enclosed spaces and the
exterior space because of a difference. in temperature
between the inside of the enclosed spaces and the exterior
space, upon firing the ceramic substrate 64. This pressure
difference will give an adverse effect on the ceramic

%
25 substrate 64, in view of the structural strength thereof.

Accordingly, in case that the slits 61 as described above

WEC A

are not formed in the connecting plate 58, it is preferable
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respectively, the elenents being energized to ,cause deformation of
the respective portions, so as to change pressure [evel s of the
correspondi ng pressure chanbers, each of “the

pi ezoel ectric/electrostrictive elenents conprising a pair of electrodes
and a piezoelectric/electrostrictive 4 aper which are forned by a
filmformng nmethod on an outer surface of t he cl osure pl at e,
such that the piezoelectric/electrostrictive layer is interposed
between the pair of electrodes, wherein the inprovenent conprises: _the
spacer pl ate Gbrmheudteddiec comminicatienihepesixati Ehe¢ PRFR4ERS oF dhe

adj acent to respective two outernost w ndows _, , .
connecting plate 58 corresponding to the respective

auxiliary'windows 78.
While the ceramic material for forming the ceramic
5 substrate 64 is not particularly limited, alumina, zirconia
or the like may be preferably employed in view of its high
formability and other desired properties. Further, the
closure plate 56, connecting plate 58 and spacer plate 62
are preferably formed from green sheets having substantially

the same ceramic composition and distribution of grain size,

so as to achieve good sinterability and matching of
coefficients of the thermal expansion of the plates 56, 58,
62.

:% In the éeramic substrate 64 as described above,
*g' 15  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 is preferably 10um or larger, more
preferably, SO0um or larger. The thickness of the connecting
plate 58 is preferably 30um or larger, more preferably, 50um

or larger, most preferably, 100um or larger.

The piezoelectric/electrostrictive elements 70
each consisting of a lower electrode 72,
piezoelectric/electrostrictive layer 74 fnd an upper
electrode 76 are formed on the outer surface.of the closure
plate 56 in alignment with the respective'pressure chambers

36, by a film forming method. On the portions of the outer
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,."7' whi ch are | ocated at opposite ends of the row of the plurality of
vm ndows of the spacer plate, such that the auxiliary w ndows sandw ch the
‘row of the plurality of windows, the auxiliary w ndows providing encl osed
spaces within the ceramc substrate such that the enclosed spaces are

: forned adj acent to respective two out er qmst- pressure chanbers which are

- located at opposite ends of a row of the pressure chanbers, each of the
encl osed spaces being partially defined by portions of the closure plate
on whi ch

surface of the closure plate 58 which correspond to the two

e

auxiliary or outer windows 78, however, the

piezoelectric/electrostrictive elements 70 are not formed.

e A

As the elements 70 used in the present embodiment, it is
L 5 particularly preferable to employ
' piezoelectric/electrostrictive elements as proposed in. U.S.
Patent Application No. 07/912,920 assigned to the assignee
of the present patent application.

The electrode f£films (upper and lower electrodes

76, 72) and the piezoelectric/elec_:trostrictive' layer 74 are
formed on the outexr surface of the -closure plate 56, by any
one of various known film-forming methods which include
thick-film forming . techniques such as screen pripting,

spraying, dipping and 'coating', and thin-film forming

15 techniques such as ion-beam method, sputtering, vacuum vapor
deposition, ion plating, CVD &and plating. The films and
m layer 72, 74, 76 may be fdrmed either before or after firing

-of the closure plate 58 (ceramic substrate 64).

When the  films 72, 74, 76 of "the
20 piezoelectric/electrostrictive elements 70 are formed and
fired after the ceramic substrate 64 is fired, the elements

70 tend to suffer from residual strains due to a difference

a,, in thermal contraction between the material of the ceramic
si substrate 64 and the material 4 for the
% 25 piezoelectric/electrostrictive elements 70. In the present

s * actuator portion 34, however, since the pressure chambers 36

are more likely to be deformed because of the slits 60
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%the pi ezoel ectric/electrostrictive elements are not di sposed.
“In the piezoelectric/electrostrictive actuator constructed as descri bed
: above, a plurality of pressure chanbers corresponding to the respective
wi ndows of the spacer plate are formed within the ceram c substrate in a
row extending in the longitudinal -dizection of the substrate, while
encl osed spaces or cavities corresponding to the respective auxiliary
wi ndows are also formed within the substrate, such that the encl osed
_spaces are formed adjacent to respective two outernost pressure chanbers
i whi ch  ar e floamzide thatoudte thposonpeechilsgoplate P8wodf thiee syuhshnate 64,

chanbers, such that the encl osed spaces sandw ch_the
the residual strains as described above can be favorably

reduced.
The upper and lower electrodes 76, 72 and the
5 piezoelectrié/electrostridtive layer 74 formed on the
closure plate 56 may be heat-treated as needed, either in
different steps following formation of the respective films
and layer 76, 72, 74, or concurrently in one step following

formation of all of the films and layer 76, 72, 74.

The upper and lower electrode films 76, 72 of each
piezoeiectric/electrostrictive 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,
15 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 piezoelectric/electrostrictive layer 74 of each

piezoeléctric/electrostrictive element 70 may be formed of
20 any piezoeleétfic or electrostrictive material which-
produces a relatively large amount of strain or displacement
due to the converse or reverse piezoelectric effect or the
the electrostrictive - effect. The

piézoelectric/electrostrictive material ma%i be either a

5%‘ 25 crystalline material or an amorphous material, and may be a

53 *  semi-conductor material or a dielectric or ferroelectric

ceramic material. Further, the
Thhsmwuiﬁﬁmiﬁﬂﬁﬁal




gplurality of pressure chanbers. This arrangenent is effective to reduce
“the .rigidity of the two outernost gressure chanbers |ocated at both ends
of the row, whereby the. two pressure chanbers are nore likely to be
defornmed. Accordingly, all of the ._piezoelectric/electrostrictive
- 8- el ements corresponding to the résﬁgcfive pressure chanbers undergo
substantially the sane anmount of flexural deformation, which all ows
all the piezoelectric/electrostrictive

piezoelectric/electrostrictive material may either require a
treatment for initial polarization or poling, or may not
require such a polarization treatment.
The piezoelectric/electrostrictive element 70
5 constructed as described above generally has a thickness of
- not larger than lOOum. The thickness of each of the upper
and lower electrode films 76, 72 1is generally 20um or
smaller, preferably 5um or smaller. To assure a relatively
“ large amount of displacement by application of a relatively
iio ' low voltage, . the thickness of the
| piezoelectric/elecﬁrbstrictive layer 74 is preferably 50um
or smaller, more preferably, in a range of 3um to 40um.
The piezoelectric/electrostrictive elements 70,
which are supported by the closure plate 56 of the ceramic
15 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
dﬂi forl forming the electrode films 76, 72 and the
piezoe1ectric/eleqtrostrictive layer 74 permits a relatively
20 large number of the piezoelectric/electrostrictive elements
70 to be formed on the closure pléte 56. That is, in the
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
e 25 like. !
The above—descfibed piezoelectric/electrostrictive

elements 70 are formed integrally on the ceramic substrate
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el ements*to exhibit excellent operating characteristics with high
stability. Ther ef or e, when . t he

pi ezoel ectric/el ectrostrictive actuator as described above is used as each
of actuator units or ink punps for an ink jet print head, for exanple, the
ink jet print head exhibits excellent ik%-etting capability owing to the
| nproved operating characteristics of t he

pi ezoel ectric/electrostrictive el ements. Thus, the ink jet print head
usin the present actuator is .capahle of produci ng inproved quality
of p?l nt ed f’magﬁ? vt h ‘Ff-Pghco%ﬁféb?‘FF?y the intengedr RiE3eRlenteNOF oHE

WINGS electrostrictive actuator portion 34 of the actuator unit.

In the thus formed actuator portion 34, in addition to the

four pressure chambers 36 {corresponding to the four inner
5 windows 68) formed within the ceramic substrate 64 in a row
extending in the longitudinal direction of.the substrate 64,
-the two enclosed spaces (corresponding to the auxiliary or
outer windows 78) are formed within the substrate 64
adjacent to the respective two outermost pressure chambers

36, which are located at the oppositefends.of the row of the

four pressure chambers 36, such that the two enclosed spaces
sandwich the four pressure chambers 36 therebetween. The
provision of the enclosed spaces formed as described above
is effective to feduce the rigidity of the two outermost
15 pressure chambers, whereby the two outermost pressure
chambers 36 are more likely to be deformed. 'Acéordingly,
“each of the four piezoelectric/electrostrictive elements 70
corresponding to the respective four pressure chambers 36
undergoes the substantially same amount of displacement,
whereby excellent operating characteristics are assured with
high stability for all the piezoelectric/electrosti‘ictive
elements. Upon firing the piezoelectric/electfostrictive
elements 70 formed on the closure plate 56, the elements 70
may suffer from thermal stresses due to thermal contraction

*
generated while the piezoelectric/electrostrictive material

for the elements 70 is sintered and densified. The elements

70 may further suffer from thermal stresses caused due to a
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The ‘above and optional objects, features and advantages of the
present invention wll be better; understood by reading the follow ng
detail ed description of presently preferred enbodi nents of the invention,
when considered in connection with the acconpanying draw ngs, in which:
Fig. 1 is an elevational viewin vert+c20 €ross section, showng a
pi ezoel ectric/electrostrictive actuator portion of an actuator unit
according to one enbodi nent of the present invention;
difference in coefficients of thermal expansion between the
piezoelectric/electrostrictive material énd the ceramic
material for the closure plate 56 partially defining the
pressure chambers 36. The stresses as mentioned above
5 undesirably deteriorate the operating characteristics of the
two outermost piezoelectric/electrostrictive elements 70
which correspond to the two outermost pressure chambers 36
u located on the _oppbsite ends of the row of the pressure
chambers 36. In the present actuator portion 34 wherein the
!10 auxiliary windows 78 are formed as described above, however,
the deterioration of the operating characteristics in the
two outermost elements is favorably eliminated or reduced.
The actuator portion 34 as described above can be
used for each of ink pumps or actuator units used in an ink
15 jet print head; for instance. Referring to Fig. 3
schematically showing an actuator unit 30 constructed
according to the present invention, in which the
”\!' above-indicated ink nozzle member 32 and the actuator
portion 34 as described above are bonded together to form an
20 integral structure of the actuator unit indicated generally
at 30 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 q?zzle plate 38
%? 25 and the orifice plate 40 are integrally 5onded to the

channel plate 42 by means of an adhesive.
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i 9- . Fig. 2 is an exploded perspective view showi ng the
; structure of the piezoelectric/electrostrictive actuator portion of Fig.

-1, Fig. 3 is an el evational” viewin vertical cross section
showi ng the actuator unit including the actuator portion of Fig. 1, which
actuator unit is used in an ink jet -p2int head, Fig. 4 is an

expl oded perspective view showing the structure of an ink nozzle nenber of
- the actuator unit of Fig. 3; '

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

5 aiigned 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 channel 52 which will be &escribed. The channel plate

{fo 42 of the ink nozzle member 32 has through-holes 47 formed

in alignment with 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 of the ink

15 nozzle member 32 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
Q of the channel plate 42.

The nozzle'plate 38, orifice plate 40 and channel

20 plate 42 are-superposed on each other and bonded together by

a suitable adhesive, 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

a. 525 orifice plate 40, respectively, whereby an’ ink supply

- channel 52 is defined by the channel plate 42, nozzle plate

38 and orifice plate 40.
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o Fi g‘ 5 i.s an elevational viewin vertical cross section, show ng one
E exanpl e of a conventional actuator upit for an ink jet print head;
Fig. 6 is a cross sectional viewtaken along line 6-6 of Fig. 5; and

*"- Fig. 7 S an expl oded perspective view corresponding to that of
Fig. 2, showing the actuator portienzxcording to another enbodi nent of
the present invention. DETAI LED DESCRI PTI ON OF THE PREFERRED
EVMBODI MENT Referring first to Fig. 1 schematically showi ng a

pi ezoel ectric/electrostrictive actuator portion 34 of an
, While the material for the plates 38, 40, 42 of

the ink nozzle member 32 is not particularly limited, these
plates 38, 40, 42 are preferably made of a plastic, or a
metal such as nickel or stainless steel, which permits
5 highly accurate formation of the nozzles 44 and orifices 48.
Each of the orifices 48 is desirably tapered 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 chambers 36), as shown
:'1_10 in Fig. 3 by way of example, so as to fuhction
as a check valve for inhibiting 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
15 above by means of a suitable adhesive, so as to form each of
inany actuator units. 30 of the ink jet print head. In the
thué formed actuator unit 30, an ink material which is fed
\O into the supply channel 52 through the supply port 54 is
supplied to the pressure chambers 36 of the actuator portion
20 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 cofresponding nozzles 44, upon operation
of the corresponding piezoelectric/electrostri;:tive elements
25 70 of the actuator 34.
The adhesive used for bonding the ink nozzle

member 32 and the actuator portion 34 may be selected from
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gjactuétor'unit according to one enbodi nent of the present I nventi on,
"to KHg. 2 which is an expl oded perspgctive vi ew of the actuator port

34,
a closure

a spacer plate 62, and a connecting pta® 68 each
t hi ckness and forned of a ceramc materi al. These plates 56,

the actuator portion 34 i ncludes a ceram c substrate 64 consisting of
' - 10 - pl ate 56,
having a rel atively

smal |
62, 58 are superposed on each

15

20

25

various known adhesives, such as those of vinyl-type,
acrylic-type and epoxy-type, or those containing polyamide,
phenol, resorcihol, urea, melamine, polyester, furan,
polyurethane, silicone, rubber, polyimyde and polyorefin,
provided the selected adhesive is resistant to the ink
material.

It is desirable in terms, of production efficiency
that the adhesive be in the form of a highly viscous paste
or in the form of a sheet. It is more desirable to use a
hot-melt typé adhesive which requires a relatively short
heating time, or an adhesive which is curable at room
temperature. In particular, it is preferable to use an
elastic epoxy adhesive, a silicone-contained adhesive or an
epoxy;type adhesive contéining 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 actuator unit 30 constructed as described
above, the actuafor 34 stably exhibits improved operating
characteristics as described above so as to assure enh&nced
performance thereof as an ink pump, whereby the present
print head actuator unit 30 offers excellent ink—jgtting
capability with high stability.

A sample of the actuator portion 34 %llustrated in
Figs. 1 and 2 was produced, wherein nine pressure chambers
36 were formed within the substrate in a row, and two

enclosed spaces corresponding to the respective two

| Iﬁiietliﬁlremlﬁeﬂll
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other and forned integrally into the ceramc substrate 64. The actuator
portion 34 further includes a pluraljty of

pi ezoel ectric/electrostrictive elements 70 fornmed in the f or m of
films on the outer surface of the closure plate 56. The

pi ezoel ectric/electrostrictive elenenttg -70 undergo di spl acenent
in the formof bending or flexure upon application of a voltage
thereto, and the displacenent causes deformation or strain of the
appropriate pressure chanbers fornmed within the ceram c substrate 64
S0 as to auxiliarywamgindopses38r ewkeeel formedchwakhine phesssubstiradeers-
36. More specifically described referring to Fig. 2,

t he spaceadpreent6Rooftheherespantiveulbwor Qutemadsts poessure chamineass

rectangul ar wi ndows 68 fornmed through the_thickness
36 located at the opposite ends of the row of the nine

pressure chambers 36, so that the nine pressure chambers 36
5 are interposed by the two enclosed spaces. By applying a
given . voltage to the nine piezoelectric/electrostrictive

elements 70 (Nos. 1-9) which correspond to the respective

! |. nine pressure chambers 36, the amount of flexural
- deformation was measured of each of the nine
10 piezoelectric/electrostrictive elements 70, by using a laser

Doppler measuring device. A comparative sample'of actuator

portion was produced, wherein the nine pressure chambers 36

were formed in a row within the substrate while the
auxiliary windows 78 were not formed. Similarly, the amount

15 of flexural deformation was measured of each of the nine
piezoelectric/electrostrictive eiemenﬁs 70 {Nos. 1-9)
corresponding to the respective nine pressure chambers 36 in

!'i " this comparative sample of actuator portion. The results of

measurement is indicated in the following TABLE 1.
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% .thereof . The inner windows 68 are formed in a rowin equally

spaced-apart relation with each othey in the |ongitudinal direction
of- the spacer plate 62, as viewed in a plane of t he spacer plate 62.
The spacer plate 62 further has two auxiliary or outer w ndows 78,

78 each having substantially -t 2% same di nensions and configuration
as those of the w ndows 68. The auxiliary wi ndows 78, 78 are forned
adj acent to respective two outernost ones of the inner wi ndows 68,
whi ch are | ocated at the opposite ends of the row of the four inner
wi ndows 68, such that the aBxAl BalyBai Adows 78 - sandwi ch the four

I nner w ndows 68 therebetween. The

Amount of flexural deformation (um) of each
piezoelectric/electrostrictive element upon application
of voltage
element No. actuator with actuator without
auxiliary windows auxiliary windows
1 0.29 0.18
2 0.30 0.31
3 0.29 0.33
4 0.31 0.29
5 0.31 0.32
@ 6 0.32 0.33
' 7 0.29 0.30
8 0.31 : 0.30
9 0.31 - 0.17

As clearly understood from the above TABLE 1, in
the actuator portion having the enclosed spaces
corresponding to the two auxiliary windows 78 formed
adjacent to the respective two outermost pressure chambers

5 Jocated at the opposite ends of the row of the nine pressure
chambers 36, the average amount of fiexural deformaﬁiOn of

Q’ the nine piezoelectric/electrostrictive elements was 0.30 um
while the amount .of flexur#l deformation of the two
outermost elements (Nos. 1 and 9) corresponding to the two

10 outermost pressure chambers 36 was in a range of 0.29-0.31
pm, which substantially equal to the average amount of 0.30

ym. On the other hand, in the comparative sample of actuator
portion without the enclosed spaces correspongling to the
auxiliary windows 78, the average amount of flexural

JS .deformation of the nine elements was 0.28 um while the

amount of flexural deformatidn of the two outermost elements
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a_conhect i*ng plate 58 of the ceram c substrate 64 has four pairs of first
~and.second communi cation holes 66, 67 which are forned through the
t hickness thereof. Each pair of the first and second conmuni cation hol es
66,. 67 is aligned with the corresponding one of the inner w ndows 68, as
viewed in a plane of the connecting-pl2a e- 58. The connecting plate 58
further has slits 60 fornmed therethrough for connecting the first and
second comuni cation hol es 66, 67 of each pair. The connecti ng

plate 58 is bonded to one of opposite najor surfaces of the spacer plate
62 (nore {(Nos. 1 and 9) corresponding to the two outermost pressure

chambers was in a range of 0.17-0.18 -ym, which was

considerably smaller than the average amount of 0.28 um.

Therefore, the results clearly show that the operating

5 characteristics of the piezoelectric/electrostrictive

elements deteriorated in the comparative sample of actuator

portion without the enclosed spaces corresponding to the
auxiliary windows. _

* While the present invention has been described in

10 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 illus.trated embodiment,

but may be otherwise embodied with various changes,

modifications and improvements without departing from the

15 spirit and scope of the invention defined in the appended

claims.

For instance, the construction of the present

O actuator unit 30 or actuétor portion 34 is by no means

limited to that of thé illustrated embodiment. The principle

0 of the present invention is also applicable to an actuator

unit having the actuator portion 25 as shown in Fig. 5,

wherein the ceramic substrate has a two-layer structure

consisting qf the t:losure plate and the spacer plate.

Further, the principle of the invention may *similarly be

=3 applied to an actuator unit whose ceramic substrate has a

three-layer structure consisting of the closure plate,

spacer plate and connecting plate without the slits 60. The
_.__————‘_‘_—_‘—_d__—_ .
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“ _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 (nore precisely, the upper surface of the spacer plate 62
as seen in Fig. 2), so that these superposed plates 56, 58, 62 provide an
integral structure of the ceram c subs®7ate 64. |In the thus forned
ceram c substrate 64, the four inner windows 68 and the two auxiliary or
outer wi ndows 78 of the spacer plate 62 are closed at opposite openings
t hereof by the closure plate 56 and the connecting plate 58. According to
this arrangenesrs, Ragipierguandhekbers BarapeEesporf nFhe Pr@ssure
respective _ four inper w_ndQws 68 are fornpd/giégén the,cefam c_ substrate

64, such tFRAMDPEESPBsande Raiszoategkric rostrictive elements
70 of the actuator 34 are not limited_ to those of the

illustrated embodiment, provided the pressure chambers 36
5 are formed within the substrate in a .row, SO as to be
sandwiched by and between the enclosed spaceé corresponding
to the auxiliary windows 78._ Although the two auxiliary
windows 78 is formed adjacent to the respective two
..* outermost pressure chambers 36 located at thé opposite ends
10 of the row in the illustrated embodiment, two or more
auxiliary windows may be formed adjacent to each of the two

outermost pressure chambers 36, as shown in Fig. 7.
. Moreover, the construction and material of the ink
nozzle member 32 are not limited to those.of the illustrated
15 embodiment. For instance, the whole or a part of the ink
nozzle member 32 may be formed by injection molding, using
synthet-ic resin or the like, or by other molding method.
!" Furthermore, the positions, numbers and other parameters of
the nozzles 44 and orifices 48 formed in the ink nozzle

20 member 32 may suitably be~changed.

The actuator unit constructed according to the
present invention may be used as an ink pump for wvarious ink
jet print heads as described above, and m&y also be used for
microphones, piezoelectric loudspeakers, sensqfs, vibrators,

5 filters and other components or devices.

[T
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“substrate

"pressure chanbers 36 is held in

q?rénged in a row extending in the |ongitudinal direction of the cerani

64, as viewed in a plane of the, substrate 64. Each of the

t he correspondi ng - 12 - pair of

first and
substrate

second conmmuni cati on holes 662367 Further, in the ceran1c

64 constructed as de i bed above ThsSMmt as B
oo [T
CLAIMS:

1. A piezoelectric/electrostrictive
actuator comprising:
a ceramic substrate (64) in which pressure
chambers (36) are formed, 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 ih a longitudinal direction of said
spacer plate, and a closure plate.(SG) superposed on one of
opposite major surfaces of.said spacer plate, for closing
one of opposite openings of each of said windows, said
spacer plate and said closure plate being formed £rom
respective ceramic green‘sheets which are laminated on each
other and fired into an integral structure as said ceramic
substrate; and

piezoelectric/electrostrictive elements (70) which

are disposed on respective portions of said closure plate

which paftially 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
pPiezoelectric/electrostrictive elements comprising a pair of
electrodes (72, 76) and a piezoelectric/electrostrictive
layer {(74), which are formed by a film-formin; method 'on an

outer surface of said closure plate, such that said

piezoelectric/electrostrictive layer is interposed between

* c L M H *

communi cation with exterior space through



5ﬁcorréspoﬁding to the two auxiliary windows 78 are fornmed—a#diacent to two

outernost ones of the four pressure ;chanpers, which are |ocated at the

opposite ends of the row of the four pressurem{asﬂ@t&lﬁsBﬁﬁ\ “that the
58

two encl osed spaces sandw ch the four ? essure er ebet ween.
The encl osed spaces defined by the auxifrary out of the
plate

spacer plate 62, closure plate 58 and connecting have
suitably desi gned di mensi ons and configuration, e.g., substantially

the same volsgreogs, haghess s3udubd NheifyDelhYRBers
The cenmﬁ%gsub ?$5tg$6£ggs escr%bed a%oé% 'S #%rnﬁgﬁggegh???egr%ﬁ?ggra
ceram c stygicipde. in the followng manner. Initially, a ceramc slurry is
pr epar ed

said spacer plate of said ceramic substrate has

auxiiiary' windows (78) formed adjacent to respective two
outermost windows (68) which are located at opposite ends of
the row of said plurality of windows (68) of said spacer
plate, such that said auxiliary windows sandwich the row of
said plurality of winddws, saia auxiliary windows providing
'.i : encldsed spaces within said ceramic substrate such that said
enclosed spaces are formed adjacent to respective two
outermost pressure chambers (36) which are located at
opposite ends of a row of the pressure chambers (36), each

- of said enclosed spaces beinérbAEtially defined by portions
of said closure plate on which séid

piezoelectric/electrostrictive elements are not disposed.

2; A | piezoelectric/electrostfictive

QD ' actuator according to claim 1, wherein said ceramic
substrate (64) includes said closure p}ate (56), said spacer

plate (62) and a connecting plate (58) which are superposed

on each other to provide an integral structure of said

ceramic substrate.

3. A piezoelectric/electrostrictive actuator

: ¥
according to claim 2, wherein said connecting plate (58) has
pairs of first and second communication holes (66, 67)

formed through the thickness thereof and slits (60) for
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" from cerani c fatertalss—btnders— liquid solvents and other materials, and
the thus prepared ceramic slurry is fforned into green sheets by neans of a

gerieral | y usedhjihsetHas eplaced 3 doct or bl ade device or.a reverse roll
coater. Then, t reen sheets are subjected to suitable
mechani cal nmac on or | ase?Onmchining operation such as

cutting, machining or punching, as needed, to formthe w ndows 68 and the
first and second communication holes 66, 67. Thus, precursors for the
pl ates 56, 58, cS‘hz are fo rfd. The‘?e %ec(grsors are_)am n@t gd on_each, ot her
and co-fi rReGRY RETA BT SF |1 379 FREPL ST AMIRDLCREL PR BOEGS Pfiecffibls

pair.

4. A piezoelectric/electrostrictive actuator
according to claim 3, wherein each pair of s_aid first and
second communication holes (66, 67) are aligned with the
corresponding one of said pressure chambers (36), as viewed

in a plane of said ceramic substrate (64).

5. A piezoelectric/electrostrictive actuator
according to claim 2, wherein said connecting plate (58) has
additional slits (61) at the portions thereof which
correspond to said au.xil:_lary windows (78) of said spacer

plate (62).

6. A piezoelectric/electrostrictive actuator
according to any preceding claim wherein said ceramic substrate (64) is

0 formed of alumina or zirconia.

7. A piezoelectric/electrostrictive. actuator

according to any preceding claim wherein said closure plate (56) has a

thickness of not larger than 50 pm.

8. A piezoelectric/electrostrictive actuator

: ¥
according to any preceding claim wherein said spacer plate (62) has a

. thickness of not smaller than 10 pm.
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+ 13 - *“forned ceram c substrate 64 assures conpl ete and Secure sealing
between the adjacent plates 56, 58, §2, without applying esiv 0
their interfaces. For establi shfng nore stable gﬁp heQCf-P X ced
the plates 56, 58, 62, it is preferab_le_uto_ print or coat q " BHI]
paste forned of the sane materials as the slurry of the gr '

the interfaces of the green sheets for the plates 56, 58, 62 before
firing, to thereby form surface layers at the interfaces of the green

~sheets. The thus fornedgsurf apgekanteetdie /2akbeirokh#ictived RM¥UHIGEL S,

according to any one of claims 2-8, wherein said connecting plate (58)

has a-thickness of not smaller than 30 um.

10. A piezoelectric/electrostrictive
actuator according to any preceding claim, wherein said
piezoelectric/electrostrictive element (70) has a thickness of not

larger than 100 pm.

11. A piezoelectric/electrostrictive

actuator according to any preceding claim, wherein each of said pair

of electrodes (72, 76) has a thickness of not larger than 20 um.

12. A Piezoelectric/electrostrictive
actuator according toany preceding claim, wherein said = -

piezoelectric/eiectricstrictive layer (74) has a thickness of not larger

O than 50 pm.

13. A piezoelectric/electrostrictive

actuator according to any preceding claim, adapted for use as at least one OF
aplurality of actuator units on 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 channel plate (42) having a windc;‘w (50) formed
therethrough and through-holes (47) formed in alignment with

said through-holes of said orifice plate, and a nozzle plate

R ————
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~and t her ef are [1kely to be spread over the entire surface of the

green sheets %{Q + s Péef Replicel when the green sheets for the plates 56, 58,
62 .are | am na ﬁﬁ, onto each other, so that the surface |ayers
n

provi de suffi Q“WE“ strength anjtdznassure i ncreased and stabl e
sealing tightn erfaces of e plates 56, 58, 62 in the fired
ceram c substrate 64. In the ceramic substrate 64
constructed as described above, the pressure chanbers 36 fornmed therein
are held gy cati Lt W aRe extseyiors e ugh. .t dasbective
pai rs of t(k?eh_)fi r's dhégg%ﬁ% géﬁnﬁn%alﬁ O%Jh%f%g pgg?:%?g_g‘l‘t"%eh“e connecti ng
plate 58 hhi %‘:Enggf&nhoafn%h‘ina%r Yhihg SERSEEBbEedbsn 2add\O¥Y ©
upon bonding of the

and bonded together so that said window of said channel

piate is closed by said orifice plate and said nozzle plate
so as to form an ink supply channel (52) through which an
ink flow_s into said pressure chambers (36) of said actuator
via the respective orifices (48) of said orifice plate, said
ink being jetted from said pressure chambers (36) through
~ said nozzles (44) of said nozzle pil—.ate, _via said
through-holes (46, 47) of said orifice plate ‘and said
channel plate, when said elements (70) corresponding to said

pressure chambers (36) are selectively energized.

* c L M s x




cerami o substrate 64 of the act uat or pO_I‘tIGH—%‘IPt—e—-a-H——H‘I‘k‘—ﬁOZZl e nmenber
(Fig. 3) or other conponent which will bg descrl bed, s seal ing arg
between the substrate 64 of the act uator m"riél nk nozzl e

menber 32 which st be seal ¢
fluid-tightly is significantly reduced3 ther roved bondi
efficiency. Further, the provision of the connectlng pl ate 58 assures

i mproved structural strength of the ceram c substrate 64, which

PIEZOELECTRIC/ELECTROSTRICTIVE ACTUATOR HAVING CERAMIC
SUBSTRATE WITH AUXILIARY WINDOWS IN ADDITION TO PRESSURE
CHAMBER WINDOWS

ABSTRACT

A piezoelectric/electrostrictive actuator including a
ceramic substrate (64) and piezoelectric/electrostrictive
elements (70) is disclosed. The ceramic substrate includes:

0 a spacer plate (62) having a plurality of windows (68)
3 formed in a row in the longitudinal direction of the spacer
plate, and auxiliary windows (78) formed adjacent to
respective two outermost windows (68) which are located at

the opposite ends of the row of the plurality of windows,

such that the auxiliary windows sandwich tr;e row of the

0 plurality of windows; and a closure plate (56) superposed on
one of opposite major surfaces of the spacer plate, so that

the plurality of windows and the auxiliary windows of the

a' . Spacer plate are closed .by the closure plate to provide
-pressufe Chambers (36) and enclosed spaces, respectively,

5 within the substrate. The spacer plate and the closure plate
are formed from respective cefamic green sheets which are
laminated on each other and fired into an integral structure

as the ceramic substrate. The piezoelectric/electrbstrictive
elements (70) are disposed on respective. portions of the

! closure plate (56) which partially define tLe pressure
ghambers (36), respectively, but are not disposed on

respective portions of the closure plate (56) which




] )
favorably prevents warpage of the cerami c substrate 64 upon firing
thereof, and permts easy handling of, the substrate 64 while the actuator
portion 34 is manufactured or used in thé print head. It is noted that the
slits 60 forned through the thickness-of4the connecting plate 58 are
effective to reduce the rigidity of the ceramc substrate 64, so as to
obtain a sufficient anount of deformation of the pressure chanbers 36
formed within the substrate 64. For the same reason, it is desirable to

f or m addi t pewsiadilivt defiinmvithg endbosed i sipareshecoamsphmbing ors atbe
configuration as the slits 60, at the portions of the connecting plate 58
whi ch  cor Pé¥dddaryowindowss dd@&)i-ve auxiliary windows 78, as shown in

Fig. 2. Since the enclosed spaces defined by the

This Sheet Has Been RTlaced




'*aUX|I|ary wi ndows 78, closure plate 56 and Connectlng plate 58 are
‘air-tightly closed, there arises .a p;essure di fference between the

i nsi de of the enclosed spaces and the exterior space because of a
difference in tenperature between the inside of the encl gsed spaces an
the exterior space, upon firing the ceram c substrate 64. IS pressure
difference will give an adverse effect on the ceramc substfdte 64, in
view of the structural strength thereof. Accordingly, in case that the
slits 61 as descri bed above are not forned in the connecting plate 58, it
is preferable

68; /, - 2 4
66—4 36 | L s
/’7 ’ . /l(,/ _'/
60’ 67

-
as Been Reilaced
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< 15 - * to formsuitable communi cation holes at the portions of the
connecting plate 58 corresponding. to _the respective auxiliary

‘W ndows 78. Wiile the ceramic material for forminglthe ceranmc
substrate 64 is not particularly limted, alum na, zirconigz Gr the |ike
may be preferably enployed in view of its high formabilit d ot her
desired properties. Further, the closure plate 56, connecting plate 58 and
spacer plate 62 are preferably formed from green sheets having
substantially the sane ceram c conposition and distribution of grain size,

H

This Sheet Has Been R:ﬁaced
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.80 as to achieve good sinterability and matching of coefficients of the
thermal expansion of the plates 56, 58, 62. In the ceramc
substrate 64 as described above, the thickness of the clospre plate 56 is
preferably 50[err]mor smaller, nore preferably, 20[err or snaller,
still nore preferably, in a range of about 3-12[errJm T hi ckness of
the spacer plate 62 is preferably 10[err]m or |largei, nore

preferably, 50[err]mor larger. The thickness of the connecting plate 58
- is preferably 30[err]mor larger, nore preferably, 50[err]m or |arger,

. nmost preferably, 100[err]mor |arger. The
. piezoelectric/electrostrictive elements 70 each consi sting of a
| ower el ectrode 72,

, 68"/ A SR S S AN A i 14-/56
66 36 60 6J7 /’,"2»52 64
— P \ v /.’/ _/-58
46 ;f < S N WL W W A WA I \WAAN \ﬁ\*i‘? 17>>l—ﬂ50
“—f | 52 442 )32
S N2} /\/\/\/x AN _; \54\1/1 ST 38
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% plezbelectrlc/electrostrlctlve |l ayer 74 and an upper electrode 76 are
- forned on the outer surface of the closure plate 56 in alignment with the

respective pressure chanbers 36, by a f|In1forn1ng nmet hod. t he portions
of the outer te:

- 16 -

-

FIG.4
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surféce‘mf the closure plate 58 which correspond to the two. auxiliary?

or souter W ndows 78, however, . the _
pi ezoel ectric/electrostrictive elenments 70 are not forned. the el enents
70 used in the present enbodinent, it is particularly referabl e
to enpl oy piezoelectric/electrostrictive el enments as |proposed in
U S Patent Application No. 07/912,920 assigned to the assignee of the
present patent application. The el ectrode filns (upper and | ower

el ectrodes 76, 72) and the piezoelectric/electrostrictive |layer 74 are

- formed on the outer surface of the closure plate 56, by any one of various

known filmform ng nmethods which include thick-filmform ng techniques
such as screen printing, _ '

28 25
S L / 18
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sbraying,f di pping and coating, and thin-film formng tebhniqués such.

as i on-beam et hod, sputtering, vacuum vapor deposition, ion pI ting, CVvD

and plating. The filns and layer 72, 74,76 may be forned eithgr before
or after firing of the closure plate 58 (ceramic substrate 64)\0 ‘0

Wen -the filmns 72, 74, 76 of t he

pi ezoel ectric/electrostrictive elenents 70 are fornmed and fired after the
ceram c substrate 64 is fired, the elenents 70 tend to suffer from
‘residual strains due to a difference in thermal contraction between the
-material of the ceramc Substrate 64 and t he mat eri al for
it he pi ezoel ectric/electrostrictive elenents 70. In the present act uat or
. portion 34, however, since the pressure chanbers 36 are nore likely to be
. def orned because of the slits 60

34
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q603818-7 2f0>
- 17 - forrred t hrough the connecting plate 58 of the substrate 64, the

resi dual 'strains as described above can be favor@ably;
The upper and | ower el ectrodes 76, 72 and the" ‘'
pi ezoel ectric/electrostrictive layer 74 for rred W
56 may be heat-treated as needed, either in dlffey
formation of the respective filns 1 - i

TITLE OF THE INVENTION

" PIEZOELECTRIC/ELECTROSTRICTIVE ACTUATOR HAVING

CERAMIC SUBSTRATE WITH AUXILIARY WINDOWS IN ADDITION TO
PRESSURE CHAMBER WINDOWS

BACKGROUND OF ‘I‘HE INVENTION

Fleld of the Invention

The present invention relates in genera_l to a
.piezoelectric/electrost_:rictive actuator, | and more
particularly to a uni-morph, ‘bi—morph or other types of
‘.piezoe1ectric/el’ectrostr.ic.tive actuator or actugtor unit
‘'which undexrgoes displacement in the form of Sending,
deflection or flexure and which can be used for ink jet
print heads, ) microphb_nes, souhding bodies (suc_h as
loudspeakers), various resonators and vibrators, and other

components oxr devices.

Discussion of the Related Art

As a means for raising a pressﬁre in a pressure
-chamber formed within a substrate of an actuator unit, there
is recently known a piezoelectric/electrostrictive element
formed on a wall partially'_ defining the pressure chamber,
for changing a volume of the pressure chamber due ". to
displacement of the pj.ezo'eleqtric/electrostr-ictive element.
Such a piezoelectric or électrostrictive actuator unit méy
be used for each of a plural:.ty ‘of 1nk pumps ‘0of a print head
used in an ink jet prgln'eerr; for exampa.e To ?ef;ect printing
by the print head, an J.nk mater:Lal is suppl:.ed to the

~pressure chamber to f£ill the same, and the level of ink
This is the replacement sheet
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and FayeF“?G, 72, 74, or concurrently in one step followng formation of
all of the films and | ayer 76, 72, 74. The upper and | ower

el ectrode filns 76, 72 of each piezoelectric/electrostrictive elenment 70
may be formed of any electrically conductive material which can w thstand
a high-tenperature oxidizing atnosphere @emerated upon the heat-treatnent
or firing as descri bed above. For instance, "the electrode filns 76, 72 may
be fornmed of a single netal, an alloy, a mixture of a netal or alloy and -
an electrically insulating ceranmic or glass, or an eJectrically conductive

ceramic. THRFSHSWR| SBAFhIN o Ehe  REIFUYG Fhimber, 1§ Laised” due to

i ezoelectrjc/electrostrictive el enent,. 70 may ,be forne f .an
Bi ezoel ect r‘*i(,s cement p stﬁi}%t?%%z°ﬁﬁ?EFF%{¥/ eiﬁpgﬁosgrgctlvey element,

so that a crowd of the ink particles (a droplet of the ink)
is jetted through a nozzle which communicates with the
pressure chamber.

Referring to Figs. 5 and 6, there is illustrated
one of the actuator units used  in an ink jet print head,
wherein the reference numeral 25 denotes an actuator portion
which includes a substrate 24 .consistin.g of a closure plate
18 and a spacer plate 20 both made of a metal, synthetic
resin or ceramic material, and’ a piurality ;:f
p_iezoelectric/electrostrictiQe elements 28 formed on aﬂ
outer sdrface of the closure plate 18 of the substrate 24.
The spacer plate 20 has an array .of windows -22 (three
‘windows in this example) formed through its thickness. The
spacer plate 20 and the clo_sure_ plate ¢18 are 'superposed on
each other and fbrméd' integrally into the substrate 24, so
¥ ‘t'hat one .of opposite openings of eéch window 22 is closed by

the closure plate 18, <to thereby p_ro'vide., within the'-
substrate 24, a plufality qf pressure chambers 26 which
correspond = to the respective windows 22. The
-piezoelectric/electroStrictive elements 28 are secured to
the outer surface of the closure plate 18 of the substrate
; - 24- such that the piezoelectric/electrostrictive elements 28

) b
are aligned with the respective pressure chambers 26. In
i . i "' 'f e

L . Lt
operation, the piezde1ec€i‘ic/e1ect’fostrict_.ive elements 28

are actuated to cause deformation and resulting volumetric
This is the repiacement sheet
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proeduces a relatively |arge anount of strain or displacenent due to the
converse or reverse piezoelectric effect or the the
el ec¥rostrictive - effect. The

pi ezoel ectric/electrostrictive material nmay be ‘either a crystallfne

material or an anmorphous material, and gay be a sem -conductor material
a dielectric or ferroelectric ceramrtc mat eri al
Furt her, t he - 18 -

or

change of the pressure chambers 26 fdr changing the pressure
within the pressure chambers 26.
Each actuator unit of the ink jet print head
further has an ink nozzle member 16, as shown in Figs. 5 and
6, which consists of a metallic nozzle plate 4 hé.ving a
plurality of nozzles 2, a metallic orifice plate 8 having a
plurality of orifices 6, and a channel plate 10, which Are.
superposed on each other such that the channel plate 10 is
interposed between the plates 4, 8. These plates 4; 8, 10
. are bonded together into the ink nozzle member 16, so as to
form ink discharge holes 12 "and an ink supply channel 14.
The plurality of nozzles 2 éommunicafe with the respective
pressure chamberleG of the actuator portion 25 tﬁ:ough the
respective ink discharge holes 12 formed within the ink
nozzle member 16, while the plurality of orifices 6
commuhicaté with the réSpective pressure chambers 26 of-the
actuator 25, and aiso'with'the.ink supply channel 14 formed
within the ink nozzle member 16. | |
The ink noizle member 16 and the actuator portion
25 are superposed oh each other, and bonded togetﬁer into an
integral structure of the actuator upit. Generally, an ink
jet print head uses many actuator ﬁnits arranged side by
si@e. In such ink jét print head, the actuator portion 25 of
each actuator unit used as an ink pump is adapted to deform
the pressure chambers 26 for changing the pre;sure therein,
based on the actuation df the piezoelectric/electrostrictive
elements 28, so that crowds of particles of the ink'material |

This is the repiscement sheet
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pi ezael €ctric/electrostrictive material nmay either require a treatnent for
initial polarization or poling, or may not require such a polarization

t reatnent . The piezoelectric/electrostrictive el enent 70
constructed as descri bed above generally has a thickness of not |arger
than 100[err]m The thickness of each of fhe upper and |ower electrode
films 76, 72 is generally 20[err]mor snaller, preferably 5[err]mor
smaller. To assure a relatively |arge anount of displacenent by . .
application of a“relatively |ow vol t age, . the t hi ckness

of then Qﬁézﬁﬁééﬁﬁiécéﬁhﬁﬁhkgsbﬁ‘Hﬂé“iéé%@ﬁ 3?'dfséﬁéi?éébtﬁrég&ﬁrr]m

or smaller, nore preferably, in a range of 3[err]mto 40[err]m

The pi ezoetRet apptEpeehteshnozeliess 2/ €dc8ffett printing. As an attempt
go pmovide an ink jet print head which is capable of
pexforming highly accurate and -high-quality printing, a
modified form of the actuator unit is proposed, wherein é'
relatively large number of pressure chambers 26 are formed
within the substrate 24 of the actuator portion 25 at a
relatively small pitch, and a correspondingly large number
of nozzles 2 are formed through tﬁe nozzle plate 4.

The actuator portion 25 of each actuator unit

constructed as described above, however, has suffered frdm a
problem in terms of the operating characteristics §f the
pﬁezoelectric/electrostriétive elements 28. That is; among
the,plﬁrality of piezoelectric/electrostrictive elements 28
which are formed in a row on the substrate. 24 so as to
cor;espond to the respective_ pressure chambers 26, two
outermost eleménts'zszwhich are 1ocated at the opposife-endé

;{' - of the row are inferior in the operating charactéristics to
the other or two inner elements 28 interposed'therébetween.

) More specifically described, the amount of f;exural
| _de’formatidn of eéch ﬁiezoelectric/e-lectréstrictive elenment

28 of thé actuator portion 25 constructed as described above
Qas meaéured by applying a suitable voltage to each of the_
elements 28. The result of the'measuremént shows that the

Lot amounts of flexural deformation of the abovélindicated two

| outermost elements 28 are considerably small, that is, the

amounts of flexural deformation of the two outermost

This is the replacement sheet
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whi eh arfe supported by the closure pl.ate 56 of the ceram c substrate 64,
exhi bit sufficiently high nechanical strength and toughness even though
the elenments 70 have a relatively small thickness. |In addition, the
filmformng nmethod used for formng the electrode films 76, 72
and the piezoelectric/electrostrictive layer 74 permts a relatively

| arge nunber of the piezoelectric/electTo3tTictive elements 70 to be
formed on the closure plate 56. That is,.in the filmform ng process as
descri bed above, the elenents 70 can .be concurrently and easily forned

oS eHRRER B’ Sl SERED oS SO et AV ol ko
piezoelaﬂéﬁgégl%grégérgﬂﬂégaelements 28 interposed between the two
elements. A variation or fluctuation in the amount of
flexural -  deformation or inconsistent operating
characteristics of thé piezoeléctric/electrostrictive
elements 28 of the actuatbr-porfion 25 undesirably causes
inconsistency or fluctuation in the ink-jetting éapability
of the print head and deterioration of the quality of
prihted. images produéed .by the print head,; when. the
above-constructed actuator units are used as the ink pumps

for the ink jet print head.

SUMMARY OF THE INVENTION
According tola first aspect, the present invention
-provides a piezoelectric/electrostl_:i_ctive .act\iator which
includes a éeramic substrate having a plurality of pressure
chambers formed in é row exﬁending in its longitudinal
i .direction, and a plurality of piezoeiectric/electrostrictive
" elements which afé formed in a row on the outer surface qf
the substrate and which correspond to. the respective
pressure chamﬁers, wherein the operating characteristics of
the two outermost piezoelectric/electrostrictive elements
which are located at the opposite ends of the row are
-effectiveiy improved, so that . all the

piezoelectric/electrostrictive elements of the actuator

‘exhibit excellent operating characteristics.

This is the repiacement sheet
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el entents’ 70 are fornmed integrally on the cerami c substrate

- 19 - 64, so as to constitute the intended piezoelectric or _
el ectrostrictive actuator portion 34 of the actuator unit. In the thus
formed actuator portion 34, in addition to the four pressure chanbers 36
(corresponding to the four inner w ndowsg68) fornmed within the ceramc
substrate 64 in a row extending in the |ongitudinal direction of the
substrate 64, :

o

According to

a further aspect, the present invention .- provides a
piezoeleétric/electroStrictive actuator comprising: a
ceramic substrate in which pressure chambers are formed, the
ceramic substrate including a spacer plate Ihaving a
plurality of windows which provide the pressure chambers,
the plurality of wihdows_ being formed in a row in .a
longitudinal direction of the spacer plate, and a closure
plate superposed on one of opposite major surfaces of the
spacer plate, for closing one of opposite openings of each

- of the windows, the spacer plaﬁe and the closure plate being
formed from respective ceramic -green sheets which are
laminated on ‘each other and fired into an integral structﬁre
'as the ceramic subs;rate; and piezoelectric/electrostrigtive
v elements which are disposed on respective pqrtions of the
. 'closure plate which partially_define the pressure chambers,
jrespectively, the elements being énergiied. to cause
§efomation. of the respective f:orti_ons, so as. to change_
pressure levels of the corresponding pressure chambérs, each

4 of the piezoelectric/electrostrictive elements comprising a

pair of electrodes and a piezoelectric/electrostrictive
layer, which are formed by a film-forming method on an outer

surface of the closure“. plate, suéh that the

piezoelectric/electrostrictive layer is interposed between
s ) _
the pair of electrodes, wherein the improvement comprises:

the spacer plate of the_ceramic Suhstrate having auxiliary

windows formed adjacent to respective two outermost windows

This is he repiscement sheet
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t he 'tmo encl osed spaces (corresponding to the auxiliary or outer w ndows
78) are forned within the substrate 64 adjacent to the respective two

out erfrost pressure chanbers 36, which are |ocated at the opposite ends of
the row of the four pressure chanbers 36, such that the two encl osed
spaces sandw ch the four pressure chanbefs_36 therebetween. 'The

provi sion of the enclosed spaces forned as descri bed above 1is effective to
reduce the rigidity of the two outernpst: pressure chanbers, whereby the
two outernost pressure chanbers 36 are nore likely to be deforned.

Accor di nglwhicRacdref Ydwatedr i cznmpesitec/ ehdst rait ik | yowel efenther0
corresponding to the respective four pressure chanbers 36 undergoes the
subst ant i ghlyradireyarsfiinwvinflosiss pbficctie@t spacer plate, such that the
auxiliary windows .sandwich the row of the pluralii:y of
windows, the auxiliary windows providing enclosed spaces
within the ceramic substrate such that the enclosed spaces
are formed adjacent .to respective two outermost pressure
chambers which are located at opposite ends of a row of the
pressure chambers, each 'o£ the enclosed spaces being
partially defined by portions of the closure plate on which
the piezoeiec_triclele_ctrostrictive elements are not

disposed.

In the piezoeleotric/ electrostrictive aotuator
- constructed as described above, a pluralitj of pressure
chambers corresponding -to the .respective windows of the
N . spacer plate are formed within the cerax_nic. substrate in a
row extending in the | longitudinal direction of the
: substre.re, while enclosed -spa'ces or cavities correspodding
s to the respective auxiliary windows are also formed within
the substrate, suc_h that the erxclosed spaces are formed
adjacent to respective two outermost pressure chaxﬁbers which
are located at the opposite ends of the row of the pressure a
chambers, such that the enclosed spaces sandwich the
plurality of pressure chambers. This arrangement is
effective to reduce the rigidity of the two outermost
\ ' pressure chambers '1ocate'<_1 at both ends of tﬂe row, whereby
.the. two pressure chambers are more 1likely to be deformed.
Accordingly, ail of the .. piezoelectric/electrostrictive .
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wher eby “excel | ent operating characteristics are assured with high
stability for all the piezoelectric/electrostrictive elenents. Upon
firrMg thé piezoelectric/electrostrictive elenents 70 formed on the
closure plate 56, the elenents 70 may suffer fromthermal stresses due to
thermal contraction generated while thegpikezoel ectric/electrostrictive
material for the elenments 70 is sintered and densified. The elenents 70
may further suffer fromthermal stresses caused due to a

- 20 - o
elements corresponding to the respective pressure chambers
undergo substantially the same amount of flexural
. )
deformation, which allows all the piezoelectric/electrostrictive

elements to exhibit excellent operating characteristics with

high stability. Therefore, *  when the
piezoelectric/electrost;.rictive actuatbr as described above-
ié used as each of actuator uhits or ink pumps for an ink _
jet -print head, for ekample, the ink jet print head exhibits
excellent ink-jetting capability owing to the improved
" operating charadteri_stics . of _ the
piezoelectric/electrostrictive elements. Thus, the ink jet
print head using the present actuator is capable of
producing improved qﬁality of printéd images with- high
stability. '

BRIEF DESCRIPTION OF THE DRAWINGS
The above and optional objects, features " and
advahtagés "of the preée_nt N i!;ven_tion will be . better
\;.nderstood by reading the following detailed description of
p:esently preferred embodiment'_.s of the inve.ntion,. when
considered in connection with the aécompanying drawings, in
which:
Fig. 1 is an eleir'at'ional view in vertiéal. crosé
i 'section, showing a piezoelectric/electrostrictive a_ctu_ator.

portion of an actuator unit according to one embodiment of

‘: the present invention;
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differerice in coefficients of thernal expansi on bet ween t he
pi ezoel ectric/electrostrictive material and the ceramc material for the

cl osure plate 56 partially defining the pressure chanbers 36. The stresses
as nentioned above wundesirably deteriorate the operating characteristics
of the two outernost piezoelectric/elgcgrgstrictive el ements 70 which
correspond to the two outernost pressure chanbers 36 |ocated on the
opposite ends of the row of the pressure chanbers 36. In the present
actuator portion 34 wherein the auxiliary windows 78 are fornmed as

described above, hoygyer.2 ideanlcdRpiodadi pexrspetbgvepeiew showing the
characteristics in thé two outernost elenents is favorably elimnated or
reduced. structure of the piezoelectric/electrostrictive actuator
portion of Fig. 1;
Fig. 3 is an elevational vie{v .in vertical cross
g section, showing ti\e actuator - unit including the -actuator
portion of Fig. 1, which actuator unit is used in 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
Fig. 3; |
Fig. 5 is an elevational view in vértical cross
section, showing one example of a conventional actuator unit
for an ink jet print ixead; . | _
Fig. 6 is a cross sectiona; view taken along line
6-6 of Fig. 5; and o
Fig. 7 is .;m -exploded perspective view

corresponding to that_ of Fié. 2, showing the actuator

-

V _ portion according to another embodiment of the present

. invention.

DETAILED DESCRIPTION OF TEE PREFERRED EMBODIMENT

| Referriﬁg first to Fig. .1 schematically showin§ a
pié'zoelectric/elect;rostrictive actuator portion 34 of an
actuator unit é.ccording to one embodiment of the present
invention, and to Fig. 2 which is an exploged perspective
'view of the actuator portion 34, the actuator portion 34

includes a ceramic substrate 64 consisting of a closure

Thiy 15 1he repiacement sheel
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The .actuyator portion 34 as described above can be wused for each of ink
punps- or actuator units used in an ink jet . print head, for instance.
Referring to Fig.- 3 schematically showing an actuator unit 30
constructed according to the present invention, in which the
above-indicated ink nozzle nenber 32 Oaud the actuator portion 34 as
descri bed above are bonded together to forman integral structure of the

actuator unit indicated generally at 30 in Fig. 4. The ink nozzle member
32 consists of a®™nozzle plate 38 and an orifice plate 40 both having a

el v B S8 £ peager pA e W cind) & coldoctiby siat 55 e
i ntegral | yhpigdat pelftively small thickness and formed of a ceramic
material. ,Thesé plates 56, 62, 58 are superposed on each
other and formed integrally into the ceramic substrate 64.

i 'The actuator portion 34 further includes a plurality of
piezoelectric/electrostrictive elements 70 formed in the

form of films on the outer surface of the closure plate 56.

The piezoelectric/electrostfictive ‘elements 70 undergo
displacement in the form of bending or flexure upon
application of a voltage thereto, and tﬁe displacement_.
causes deforma_tibn or strain of the appropriaté pressure
chambers formed within the ceramic substrate 64 so as to
change a pressure 1evei in each of the pressure chambers 56.

More spécificailir described referring to Fig. 2,

the spaéer plate 62 of the ceramic substrate 64 has four
inner rectangular wihdows 68 formed through the thickness
thereof. The inner windows 68 are forméd in a row in equaily_
spaced-apart _r_elation with eac_:h qther in the ].,ongitudinal
direction of the sﬁacer plate 62; as viewed in a plane of

the spacer plate 62. The spacer platg 62 further_ has two

, auxiliary or outer windows 78, 78 each having substantially

the same dimensions and configuration as those of the
windows 68. The auxiliary windows 78, 78 are formed adjadent

to respective two outermost ones of the inner 'windov}s 68,

) which are | located at the opposite ends of tixe row of the
four 'i:nne_:t:' windows '68., such that the auxiliary windows 78

. sandwich the four inner windows 68 thefebet;ween. The
This i5 the replacement sheet
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channel pl ate 42 by neans of an adhesi ve.

7.21 - More specifically described, the orifice plate 40 of the
i nk nozzl e nenber 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-cegmuni cation holes 66 and the second
communi cation holes 67 of the connecting plate 58 of the actuator portion
34. The orifice plate 40 further has a

connecting plate 58 of the ceramic substrate 64 has four
pairs of first and second communication holes 66, 67 which
are formed through the thickness thereof. Each pair of the
first and second communication holes 66, 67 is aligned with
the corfesponding one of the inner windows 68, as viewed in
a plane of the connecting plate 58. The connecting plate 58
further has slits 60 foimed therethrough for cénnecting the
first.and second communication holes 66, 67 of each pair.
| 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 piaﬁe 56 is bonded to thé other
‘major surface of the sp;cér plate 62 (moxe precisely, the
upper surface of the spacer plate'Gz as seen in Fig. 2), SO
that these Superpbsed plates 56, 58, 62 provide an integral
structure of the ceramic  substrate 64. In the thus formed
ceramic substrate_64, the four inner windows 63 and the two
< 'augiliary or outer windows 78 of the spacer plate 62 are
closed aﬁ opposite openings'thereof by the closure plate 56
and the connecting plate 58. According to this arrangement,
four pressure_chambers 36 correspoﬁding to the respective
four inner windows 68 are formed wiﬁhih the ceramic
subsgrate 64, -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
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supply port 54 through which an ink is fed into an ink supply channel 52
which will be described. The channel plate 42 of the ink nozzle nmenber 32
has through-holes 47 formed in alignnment with respective through-holes 46
of the orifice plate 40. The channel plate 42 is forned with a w ndow 50
whi-ch communi cates with the orifices 48 2an t-he supply port 54 of the
orifice plate 40. The nozzle plate 38 o% the ink nozzle nenber 32 has
nozzl es 44 formed through the thickness thereof for permtting jets of
fine ink particlfes. The nozzles 44 are aligned with the respective

g?[]?:Jgg h‘ilatﬁsr é‘f tife tEEreRanifd Rledohd2communicationNoYes 26,0l 67e 38,
pfYate 40 and channel plate 42 are superposed -on each ot her and
bonded t 0gg{)A%{eY in the ceramic substrate 64 constructed as
described  above, two enclosed spaces or éaﬁities
corrésp_onding_ to the two auxiliary windows 78 are formed
adjacent to two outermost ones of the four pressure
chambers, which are located at the opposite ends of the row
of the fou: pressure chambers 36, such that the two enclosed
spaces sandwich the four pressure chambérs 36 therebetween.
The enclosed spaces ﬁefined-by the auxiliary outer.windows
78 of the-spacer plate 62,'closure plate 58 and connecting:
plate 58 have suitably designed dimensions and
configuration, e.g., substantially the same volume as the
pressure chambers‘36, in this embodiment.
The ceramic 'sﬁbs'trate 64 as described above is
B formed as a fired -integral ceramié. structure in the
followiné manner. Initially, a cerami¢ slurry-ié prepared
ffom ceramic materials, binders, liquid solvents and othér
_materialé, 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 puﬁching, as needed, to form the
.windows 68 and the first and second communication holes 66,
67. Thus, precursors fbr the plates 56, 58, ;2 are formkd.
These precursors are laminated 6n each other and co-fired

into the integrally formed ceramic substrate 64. The thus
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a suitabfe adhesive, .so as to forman integral structure of the ink nozzle
menber 32. In the thus forned ink nozzle .nmenber 32, the w ndow 50 of the
channel plate 42 is closed at its opposite openings by the nozzle plate 38
and the orifice plate 40, respectively, whereby an . ink supply

channel 52 is def| ned by the channel plajg 42 nozzle plate 38 and orifice
pl ate 40. 22

formed ceramic substrate 64 assures complete and secure
sealling between the adjacent plates 56, 58, 62, wit_:hout
applying any adhesive to their interfaces. .
For establishing more stable sealing between the
plates 56, 58, 62, it is preferable to 'px;int or cost a
slurry or paste formed of the same materials as thé' slurry
of the green sheets, at the interfaces of the green sheet-s.
for the plates 56, 58, 62 before firing, to thereby form
| surface layers at the interfaces of the green sheets. The:
thus _formed surface layers are softer than the green sheets,
and therefore, are ]_.ike’ly to be spread over the entire
surface of the green sheets under a pressure when the green
sheets for the plates 56, 58, 62 are | laminated and pressed
onto each other, so that 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 ceram:Lc substrs.te ' 64 constructed as
de'scribed_ above, the pressure chambers 36 formed therein are
held in communication _witli the exterior space through the
respective pairs of the first and second communication holes
66, 67 6f the connecting plat;e 58. This arrangement of the
ceramic substrate 64 is favorable wupon bonding of the
ceramic substrate 64 of the - actuator portion 34 to an ink
noszle member 32 (Fig. 3) or other componenf which will.be
described, since a sealing asea between the substrate 64 of

the actuator portion 34 and the ink nozzle member 32 which
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While'the material for the pl ates 38, 40, 42 of the ink nozzle menber 32
Is not particularly limted, these plates 38, 40, 42 are preferably nmade
of a plastic, or a mnetal such as nickel or stainless steel, which permts
hi ghly accurate formation of the nozzles 44 and orifices 48. Each of the .
orifices 48 is desirably tapered such thajqthe dianeter of the orifice 48
is reduced in the direction of the flow of the ink (i.e., in the direction
fromthe ink supply channel 52 toward the pressure chanbers 36), as shown
in Fig. 3 by way of exanple, so as to function as a check valve for
i nhi biti ng masti nbef r seallledn fluid-ttisghtkyerie dsignifdcantly reducéle
thus constructed i nk nozzle nenber 32 is
thereby assuring improved bonding efficiency. Further, the
provision of the connecting plate 58 assures improved
structural 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 34 is manufactured or used in
the print head. If is noted that the slits 60 formed through
- the thickness of the cohnnecting plate 58 are effective to
reduce the rigidity of the ceramic substrate 64, so as to
obtain a sufficient amount of deformation of the pressufe
chambers 36 formed within the substrate 64. For the same
reason, it is desirable to form additional slits 61 having
substantially the same dimensions and configuration as the
slits 60, at the portions of the connecting plate 58 which
correspond to the respective auxiliary windows 78, as shown
; . in 'Fig. 2. Since the "enclosed spaces defined by the -
auxiliary windows 78, closure plate 56 and connecting plate
58 are air-tightly closed, there aiises~ a pressure
difference between the inside of the enclosed spaces and the
exterior space beéause: of .a difference in temperature
between the inside of the enclosed spaces and the exterior
space, upon firing the ceramic substrate 64. This pressure
difference will give an adverse effect on the ceramic
%
substrate 64, in view of the structural strength thereof.

Accorxdingly, in cése that the slits 61 as described above

are not formed in the connecting plate 58, it is preferable .
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integralfy bonded to the actuator portion 34 as described above by neans
of a suitable adhesive, so as to formeach of many actuator units 30 of
the ink jet print head. In the thus fornmed actuator unit 30, an 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
t hrough the respective orifices 48 of thé&3ofi fi ce plate 40 of the ink
nozzl e nmenber 32, and is passed through selected pairs of the

t hrough-hol es 46, 47 and jetted outwards fromthe correspondi ng nozzles

£ uPon oS! BT oS- RO ARG G KBChSRRIRRT ' oF ¥
the ink nozgecting plate 58 correspondlng to . the respective
auxiliary windows 78. '

" while the ceramic material for forming the ceramic
substrate 64 is not particuiar;y limited, alumina, zirconia
or thé like may be preferably employéd in view of its high
formability and other desired propertieé. Further, the
closure plate 56, connecting plate 58 and spacer plate 62
are preferably formed from green sheets hgving substantially
the same ceramic composition and distribution of grain size,
éo as. to achieve good sinterability and matching of
coefficients of the thermal expansion of the plates 56, 58,
62.

In the ceramic substrate 64'as described above,
the thickness of the closure plate 56 is preferably SO0um or
smaller,. more preferabl&, 20um or smaller, still -more
preferably, in a range of aﬁout 3-12um. The thicknéss of the
‘spacer plate 62 is preferably"loum or .larger, more
preferably, SOum or larger. The thickness of the connecting
‘plate 58 is preferably 30um or larger, more préferably, 50um
or larger, most preferably, 100um or largerf

The piezoelectric/electrqstrictive elements 70
each consisting = of a lower electrode 72,
piezoelectric/electrostrictive -layer 74 and an upper
electrode 76 are formed on the outer surfaceqof the closure
plate 56 in alignment with the respective pressure chambers

36, by a2 film forming method. On the portions of the outer
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menber 32 and the actuator portion 34 may be selected from

- 23 - various known adhesives, such as those of vinyl-type,
acrylic-type and epoxy-type, or those containing polyamide, phenol,
resorcinol, wurea, nelamne, polyester, furan, -polyurethane, silicone,

rubber, polyinyde and pol yorefin, proviggd t he sel-ected adhesive is
resistant to the ink nmaterial. - IT is desirable in terns of
production efficiency ) .

sﬁrfacé_of the closure plate 58 which correspond to the two.
auxiliéfy or outer windows 78, however, the
piezoelectric/electrostrictive elementé 70 are not formed.
Aé the elements 70 used in the present embodiment, it is
particularly . preferable to ~ employ
piezoe1ectric/e1ectrostrictive elements as proposed in ﬁ.s.
Patent Application No. 07/912,920 assigned to the assignee’
of the present p&tent application.l
The electrode films (upper and lower electrodes
76, 72) and the pieZOe1ectri¢/electrostrictive layer 74 are
formed on the outer surface of the closure plate'SG, 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
fechniques such as ion-beam_methbd, sputtering, vacuum vapor
deposition, ion plating; CVD aﬁd plating.. The films and
layer 72, f4, 76 ma& be formed either before or after firing
" of the closure plate 58 (ceramic substrate 64).l
When the f£ilms 72, 74, 76 of the
piezoelectric/electrostfictive elements 70 are formed and
fired after the ceramic substrate_GA is fired,'the elements
70 tend to suffer from residual strains due to a differeﬁce
 in thermal contraction between the material of the ceramic
substrate 64 ' and the material ‘ for the
piezoelectric/electrostrictive elements 70. In the present
adtuato;'portion 34, however, since the pressure chambers 36

‘are more likely to be deformed because of the slits 60
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t hat "t he adhesive be in the formof a highly viscous paste or in the form
of a sheet. It is nore desirable to use a hot-nelt type adhesive which
requi-res a relatively short heating tinme, or an adhesi.ve which is curable
at room tenperature. In particular, it s preferable to use an elastic
epoxy adhesive, a silicone-contained ad Ive or an epoxy-type adhesive
containing silicone resin which can be plied by screen-printing, or a

sheet-1ike, hot-nelt type adhesive contalnlng pol yol ef i n or pol yester,
which permits punching of the adhesive sheet. In the actuator

.unit 30 b
i ouad’ QLB YhiudiSChe PBEnn8RRiRy PIRLAC L OF Bfe Sbabbiraxy 64,

rlstlcs as deScri bed above so as to assure
enhanced the residual strains as described above can be favorably

reduced. .

The upper and lower electrodes 76, 72 and the
piezoelectric/electrostrictive layer 74 formed on the
ciosure plate 56 may be heat-treated as ﬂeeded, eiiher in
diffeérent steps following formation of the respective films
and layer 76, 72, 74, or concurtently in one step following
formation of all of the films and layer 76, 72, 74.

The upper and lower electrode films 76, 72 of each
piezoelectric/electrostriétive element 70 may be formed of
any electrically conductive material-which can withstand a
high-temperature _oxidizing. atmésphere generated wupon the
heat-treatment or firing as described above. For instance,
the electrode f£ilms 76, 72 may be formed of a single metal,
an alloy, a mixture of a metal or alloy and an electrically
insulatlng ceramic orx glass, or an electrlcally conductive
ceramic. The piezoelectric/e1ectrostrictive layer 74 of each
piezoelectric/elgcttoStrictive élemént 70 may be formed of
any ©piezoelectric or electrostrictive material which -
produces a relatively large émount of strain or displacement
due to the converse or reverse piezoelectrié effect.or the
the electrostrictive effect. ihe

‘ piezoelectric/glectrosttiétive material may be either a
c:ystalline material or an-amorphoué material, and may be a
semi~-conductor material or a dielectric or ferroelectric

ceramic material. _ Further, the

i

[}
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performance thereof as an ink punp, whereby the present print head
actuator unit 30 offers excellent ink-jetting capability with high

stability.

Figs. 1 and 2 was produced, wherein nine pressure chanbers

A sanple of the actuator portion 34 illustrated in

within the substrate in a row, and two- ®8ctosed spaces corresponding
the respective two _ , 24 -

<~

piezoeiectric/eléctrostrictive material may either_réquire a
treatment for initial polarizgtion or boling, of may not
require such a polarization treatment.

The piezoelectric/electrostrictive element 70
constructed aé describedlabove generally has a thickness of
not 1arger than 100um. The.thickness of each of_the upper
and lower electrode films 76, 72 is generally 20um of

smallér, preférably S5um or smaller. To .assure a relatively

large amount of displacement by application of a relatively

low voltage, ~the  thickness of . the
piezoelectric/electrostriétive layer 74 is preferably 50um
or smalier, more pfeferably, in a range of 3um to 40um. |
The piezoelectric/electrostrictive elements 70,
which are supporfed by the closure plate 56 of the ceramic
substrate 64, exhibit sufficiently high mechanical strength
and toughness even though the elements 70 have a relativeiy
émall thicknéss. In addition, the film-forming method used
for forming the electrode films 76, 72  and the
piezoelectric/eleqtréstrictive_layer 74 permits a relatively

large number of the piezoelectric/electrostrictive elements

70 to be formed on the closure plate 56. That is, in the

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
. L
like.

The aboVe—described piezoelectric/electrostrictive

elements 70 are formed integrally on the ceramic substrate

36 were forned

to
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auxiiiary windows 78 were fornmed within the substrate adjacent to the
respective two outernost pressure chanbers 36 |ocated at the opposité ends
of .the row of the nine pressure chanbers 36, so that the nine pressure
chanbers 36 are interposed by the two encl osed spaces. By applying a

given voltage to the nine piezoelectrichegl ectrostrictive elements 70 (Nos.
1-9) which correspond to the respective ni.ne pressure.. chanbers 36,

the anount of flexural ‘deformation was nmeasur ed of each  of
t he ni ne

pi ezoel ectric/electrostrictive elements 70, by using a |aser
Doppl er uri g | G As¥PRhete Vaeenmintoidedt Ysidtoehectrie vog
pr oduced, ereln t

e nine pressure chanbers 36 were formed in a row
within therabetostpivbive B®uator portion 34 of the actuator unit.

In the thus formed actuator portion 34, in addition to the

four presgure chambers 36 (corresponding to the four inner

it - windows 68) formed within the ceramic substrate 64 in a row
extending in the longitudinal direction of the substrate 64,
the two enclosed spaces (corresponding to the auxiliary or
outer windows 78) are formed within the substrate 64
adjacent to the.respective two‘outermost pressure chambers
36, which are located at the opposite ends of ghe row of the
four pressure chambers 36, such that the two enclosed spaces
sandwich' the four preséure chambers 36 therebetween. The
provision of the enclosed -spaces forméd'as described above
is effective to reduce the rigidity of the two outermost
pressure chambers, whereby the two outermost pressure

- chambers 36 are more llkely to be deformed. Accordingly,
each of the four plezoelectrlc/electrostrlctlve elements 70
corresponding to the :espectlve four pressure chambers 36
undergoes the substantially same amount of. dispiacement,
whereby excellent operating characteristics are assured with
-ﬁigh stability for all thg piezoelectric/_e_lectrostrictive
elements. Upon firing the piezoelectric/electrostrictive
‘elements 70 formed.on the closufe plate 56, the elements 70
may suffer from thermal stresses due to thermal contraction

| generated while the piezoelecﬁric/electrostr;ctivé material
for the elements 76 is sintered and densified. The elements

70 may further suffer from thermal stresses caused due to a
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auxi l.i ary wi ndows 78 were not formed. Sinilarly, the anount of flexﬁral

def ormati on was neasured of .each of the nine

pi ezeel ectric/electrostrictive elements 70 .(Nos. - 1-9)
to the respective nine pressure chanbers 36 in
actuator portion. The results of

TABLE 1. -

ABLEI1

correspondi ng

this conparative sanple of

measurenent is indicated in the follow ng.
- 20 -. 25 . _ T

- .
difference in coefficients of thermal expansion between the
piezoelectric/electrostrictive material and the ceramic
material for the c_10sure plat_e 56 partially defining the
pressure chambers 36. The stresses as mentioned above
undesirably deteriorate the operating characteristics §f the
two outermost piezoelectric/éléétrostrictive elements 70
which correspond ;o the two outermosﬁ pressure.chambers 36
L located on the opposite ends .of the row of the pressure
chambers }6. In the present actuator portiop 34 wherein the'
auxiliary windows 78 are formed as described above, however,
the deterioration of the opera_tilig characte_risticé in the
two outermost élements is favorably eliminated or'réduced._
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. ﬁeferrihg to .Fig. 3
schematically showing' an actuator unit 30 _construgted
accordin§ ' to the present invention, in which #he
above-indicated ink ﬁozzle member 32 and 'the actuator
portioﬁ 34 as described above are bonded together to form an
integral structure of the actuator unit indicated generally
at 30 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 q?zzle plate 38
and the orifice plate 40 are integrally ponded to the

channel plate 42 by means of an adhesive.
This is the replacement sheet
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Arvount ef flexural deformation ([err]mnm) of ‘each
pi ezoel ectric/electrostrictive el enent upon application of voltage el enent

No. -actuator with actuator without auxi liary wi ndows
auxiliary w ndows 1 ' 0.29 0.18 2

0. 30 0.31 3 0.29 | 0.33 4
0.31 - 0.29 .- 5 - 21 - 0.31 0.32

6 0.32 - 0.33 7 0.29 -

0. 30 - 8 0.31 0. 30 9 0.31

gétﬁator porti oﬁ%mcx‘l??g\?%ﬁ c%',%gﬁéi&%g%é%gf ove TA %Eggf&?&% b‘?o t he

two auxi loifa r ¥.h\évI ”S‘.RWS zx%zfzqrene%emb_er 32 has through-holes 46 and
orifices 48 fornig'd 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 qf the
actﬁator portion 34. The orifice plate 40 further has a
supply port 54 through which an ink is fgd into an ink
supply channél 52 which will be described. The channel plate
42 of the ink nozzle member 32 has through-holes 47 férmed
in alignment with respective through-holes 46 -of the orifice
plate 40. The channel plate 42 is forméd with a window 50
which communicates with the orifices 48 and the supply port
5S4 of the orifice plate 40. The nozzle plate 38 of the ink
nozzle member 32 has nozzles 44 formed through the thickness
thereof for permitting Jets o:E fine ink particles. The
nozzles 44 are aligned w:.th the respect:.ve through-holes.' 47
of the channel plate 42.

The nozzle plate 38, orifice plate 40 and channél-
plate 42 are. superposed on .each othe; and bonded f.ogether by
a suitable adhesive, so as to form an integral structure of
the ink nozzle member 3.2. 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 pla.te 38 and the

" orifice plate 40, respectively, whereby an ink supply

| channel 52 is defined by the channel plate 42, nozzle plate

38 and orifice plate 40.
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adj acent: to the respective two outernost pressure chanbers |ocated at the
opposite ends of. the row of the nine pressure chanbers 36, the average
amount of flexural deformation of the nine piezoelectric/electrostrictive
el enents was 0.30 [err]m while the anount of flexural deformation of the
two outernost elements (Nos. 1 and 9) corresponding to.-the two outernost
pressure chanbers 36 was in a range of <0.29-9.31 [err]m which
substantially equal to the average anount of 0.30 [err]m On the other
hand, in the conparative sanple of actuator portion without the enclosed"
spaces corresponding to the _auxiliary windows 78, the average anount- of
flexural deformati orM@tlenh&he feakeERBAt LQRsthe2Pplateshil® t4@, 42wk of

fl exural defornptjon of_the tw outerpost el enents ..
the ink nozzle member 32 is not particularly limited, these

plates 38, 40, .42 are p.feferably made of a pléstic, or a
metal such as nic_kel' or stainleés steel, which permits
highly accurate formation of the nozzles 44 aqd orifices .48.
Each of the orifices 48 is desirably tapered such that the
diameter of the orifice 48 is reduced in the direction of
v the flow of the ink (i.e., in the direction from the ink

supply channel 52 toward the pressure dhambe_rs 36), as shown

in Fig. 3 by way of example, so as to function
as a check valve for inhibiting the ink from flowing in the
reverse direction.

The thus constructed ink nozzle member 32 is
integrally bonded to .the' acf.uator portion 34 as ld‘e'scribec.i
above by means of a suitable adhe_sive, so as to form each of
inany actuator units 30 of the ipk 5et print head. In _the
thus formed actuator unit 30, an ink material wixich is fed
into the supply channel 52 through the supply port 54 ié
supplied to the pressuré 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 -piezoelect_ric/electrostrigtive elements
-70 of the actuator 34.

The adhesive used for bonding the ink nozzle
member 32 and the actuator portion 34 may be selected from
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- 26-- < (Nos. 1 and 9) corresponding to the two outernost pressure
chanbers was in a range of 0.17-0.18 [err]m which was .- consi derably
smal Fer than the average anount of 0.28 [err]m Therefore, the.results
clearly show that the operating characteristics of t he

pi ezoel ectric/electrostrictive elenents deteriorated in the conparative

sanpl e of actuator portion w thout thet®ntl osed spaces corresponding to
t he :

various known adhesives, such'_ as those of vinyl-type,
acryl-ic-type and epoxy-type, or those containing polyamide,
phencl, resorcinol, urea, melamine, po'lyester, furan,
polyurethane, silicone, rubber, polyimyde 'and polyorefin,
provided the selected adhesive 1is resistant to the ink
material. |

It is desirable in terms, of production efficiency
that the adhesive be in thé form of' a highly viscous paste
.or in the form of a sheet. It is more desirable to.use a
'h"ot-melt type adhesive which .requilj:es a relatively short
heating time, or an adhesive which is curable at room
temperature. In particular, it is. preferable to use ah
elastic epoxy adhesive, a silicone-conté.ined adhesive or an
e'poxy;-type adhesive containing silic_one resin which can be
appili'ed by screen-printing, or a sheet-like, hot-melt type -
adhesive cohté.ining polyolef_in or polyester, which permits
pﬁnching of the adhesive sheet. ' | |

In the actuator unit 30 constructed as described
ébove, thé actuator 34 stably exhibits improved operating
characteri;stics. as described above so as to "assure enhénced
prerformance thereof a;s an ink pump, whereby the present
print head actuator unit 30 offers excellent ink;-jt-z_tt'ing
capability with high stability. ' -

A sample of the actuator portion 34 i;llﬁstratéd in
Figs. 1 and 2 was produced, wherein nine pressure chambers
36 were formed within the substrate iri a row, and two
"enclosed spaées .corresp'onding to the respective two
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auxil.i ary w ndows. Wil e the present invention has been descri bed
in its preferred enbodinent wth a certain degree of

particularity, it is to be understood that the invention i's not limted to
the details of the illustrated enbodi nent, but nay be ot herw se enbodi ed
with various changes, nodifications and inprovenents w thout departing
fromthe spirit and scope of the i nvenlonr defined in the appended _
cl ai ns. For instance, the construction of the’ present actuator
unit 30 or actuator portion 34 is by no nmeans linmted to that of the
illustrated enhodi ment, The principle of the prei I nvention_is al so
appl i cabl @uxd ld@xct yikndows 78 were formed thin the substrate
adJacent to the respective two outermost pressure chambers
36 located at the opposite ends of the row of the nine
pressure chambers 36, so that the nine pressure chambers 36
are interposed by the two enclosed spaces. By applying a
given  voltage to the nine piezoelectric/electrostrictive
elements 70 (Nos. 1-9) which correspond to the respective
nine pressure. chambers 36, the amount of flexural
deformation was measured of each_ of the . nine
piezoelectric/electrostrictive elements 70, by using a laser
Doppler measuring device. A comparative sample of actuator
portion was produced, wherein the nine pressure chambers 36
were formed in a row within the substrate while the
auxiliary windows 78 were not formefd. Similarly, the amount
of flexural deformation was' measured of each of the nine
piezoelectric/electrostrictive elements 70 (Nos. 1-9)
corresponding to the respective nine pressure chambers 36 in

this 'compargtive sample of actuator portion. The results of

measurement is indicated in the following TABLE 1.
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unif having the actuator portion 25 as shown in Fig. 5  wherein the
ceram c substrate has a two-layer structure consisting of the closure
pl at.e and the spacer plate. Further, the principle of the invention nmay
simlarly be applied to an actuator unit whose ceram c substrate has a
t hree-1l ayer structure consisting of the closure plate, spacer plate and
connecting plate without the slits 69.25he

- 27 - nunbers, positions and ot her paraneters of the pressure

TABLE 1

Amount of flexural deformation. (um) of each
piezoelectric/electrostrictive element upon application
of voltage
element No. actuator with actuator without
auxiliary windows auxiliary windows

1 0.29 0.18

2 0.30 0.31

3 0.29 _ _ -~ 0.33

4 0.31 0.29

5 0.31. : 0.32

6 0.32 , 0.33

7 0.29 o 0.30

8 0.31 0.30

9 0.31 .0.17 -

As clearly understood from the above TABLE 1, in
"&he actuator portion haviné the gnclosed spaces-
corresponding to the two auxiliary windows .78 formed
-adjacent to'the respective two outermost pressure chambers
- located at the opposite_ends of the row of the nine pressufe
chambers 36, the average amouﬁt of flexural deformation of
the nine piezoelectric/electrostrictive elements was 0.30 um
- while - the amount of flexﬁral deformation of the two
outermost elements (Nos. 1 and 9) corresponding to the two
outermost pressure chambers 36 was in a range of 0.29-0.31
um, which substantially equal.to the aQerage amount of 0.30
um. On the other handg, in.the comparative sample of actu#tor |
pox_'tion without the enclosed spaces corresponging to the
auxiliary windows 78, the average amount of flexural
' deformation of the nine elements .was' 0.28 uym while the

.amount of flexural deformation of the two outermost elements

This is the raplecement shée*\

1 ) . . Date: 20 SEP w



chanmhers 36 and the piezoelectric/electrostrictive elenents 70 of the
actuator 34 are not limted to those of the illustrated enbodi nment,
provirded the pressure chanbers 36 are forned within the substrate in a
row, so as to be sandw ched by and between the encl osed spaces :
corresponding to the auxiliary w rdows 78. Although the two auxiliary

wi ndows 78 is formed adjacent to the resgbctive two -outernost pressure
chanmbers 36 | ocated at the opposite ends of the rowin the illustrated
enbodiment, two~or nore auxiliary windows nmay be forned adjacent to each

Nor cover . (RPEonbt FORL S SHRF SHRINRG ooy FEE nfvon0BsPENRERy A ess e,

not li rﬁteQﬁ;Me Wis 'l E”S%%Sd of 0.17-0.18 yum, whicﬁ was

considerably smaller lthan the average amount of 0.28 um.

Therefore, the results clearly show that the opérating

) qharacteristics . of the piézoelect'ric/ele'ct_rostrictive

' glements deteriorated in t-;he comparative sample of actuator

~ portion without the enclosed spacés corresponding i:o the
auxiliary windows.

While the present invention has been described in

T its preferred embodiment with # 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 departihg from tﬁe

spirit and scope of the invention defined in the appended

claims.

For instance, the construction of the pi:'esent
-"j' act_uatdr unit 30 or actuator portion 34 is by no méans
limited to that of _ the illustrated embodiment. The princii:le
of the present invention is also applicable to an adtuator
-uni-t: having the actuator portion 25 as lshown' in Fig. 5,
wherein the ceramic substrate has _a' two-layer structure
.consisting of the closure plate and the spacer plate.
Further, the principle of the invéntion nmay ‘similarly be
applied to an actuator unit .whose ceramic _suiastrate has a
three-layer structure consisting of the closure plat;.e,
: spadér Plate and connecting plate without the slits 60. The
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enbodi ment. For instance, the whole or a part-of the ink' nozzle menber 32
may be formed by injection nolding, .using synthetic resin or the |ike, or
by other nolding method. Furthernore, the positions, numbers and other
paraneters of the nozzles 44 and orifices 48 fornmed in the ink nozzle
menber 32 may suitably be changed. The actuator unit constructed
according to the present invention nay%gé “used as an ink punp for various
ink jet print heads as described above, and may al so be used for

m crophones, piezoel ectric |oudspeakers, sensors, vibrators, filters and

other CoMERRlSs OF pd24!¢i%hs and other parameters of the pressure

chambers 36 and the piezoelectric/electrostrictive elements’
70 of the actuator 34 are not 1i-fni,ted to those of the
illustrated embodiment, provided the pressure chambers 36
are formed within the substrate in a row, so as to be
sandwiched by and betﬁeen the enclosed spaceé ¢orresponding
to the auxiliary windows 78. Although the two auxiliary
, . Windows 78 is formed adjacent to the respectivé two
outeimost pressure chambers 35 located at the opposite ends
of the row' in the illustrated, embodiment, two or more
auxiliary windows maf be formed adjéqent to each of the two
outermost pressure chambers 56, as shown in Fig. 7. |
. Moreover, the construction aﬁd material of thé ink
nozzle member 32 are nof 1imi£ed'to those of the illustrated
L embodimeﬁt. For instance, the whole or a part of the ink-
nozzle member 32 hay bé formed by injectiqn molding, ﬁsing
synthetic res_in or the liké-, or by other molding method.
ﬁ?. Furthermore, the positions, numbers and other parameters of -
the nozzles 44 and orifices 48 formed in the ink nozzle
member 32 may suitably be changed.

The actuator unit constructed according to the
present invention may be used as an ink pump for varioﬁs ink
jet print heads as described above, aﬂd may also be used for

,miérophpnes, piezoelectric loudspeakers; sensqfs, vibrators,

filters and other components. or devices.
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- 28 - . ~ CLAIMS: 1. A

pi ezoel ectric/electrostrictive actuator conprising: a ceramc
substrate (64) in which pressure chanbers (36) are.formed, said ceranmc
substrate including a spacer plate (62) having a plurality of w ndows (68)
whi ch provide said pressure chanbers, -sggd-plurality of -wi ndows being

formed in a rowin a longitudinal direction of said
. .

~

CLAIMS:

1. A : Pie zoeléctric/ elecfrqétrictive
actuator comprising:
a. ceramic sﬁbstrate (64)' in w'hich pressure
chambers (36) are formed, said ceramic substrate including a
spacer plate (62) having a plurality of windows (68) which
provide said preésure ‘chambers, said plurality of windows
being formed in a row in a lonéitudinal direction of ‘said
spacer plate, and. a closure plate (56) superposed on one of
obposite major su:;faces of said spacer plate, for closing
one of opposite openings of each of said windows, Said-
spacer plai:e and said closure plate being formed from
:fespective ceramic green sheets which are laminated .on each
other and fired into an integral structure as said ceranic
substrate; and
piezoelectric/elect_rostricfive eleménts (70) which
4 are diSp_osed on respeé__tive portions of said closure plate
which partially define said ﬁres’sure chambers, respecti;.rely,
said elements béing ene::_'gized | to cause deformation of said
respectivé portions, so as to change pressure levels of the
corresponding pfessure Chambers, each | of said
piezoelectric/electrostrictive elements comprising a pair of
electrodes (72, ‘76) and a piezoelectric/electrostrictive
layer (74), which are formed by a film-forming' method on an
outer surface of said closure plate,. such that said

piezoelectric/electrbstrictive layer is interposed between

, ,IIIIII I"I" III" "III "  This is the replecement sheet
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spacer plate, and a closure plate (56) superposed on one of opposite major
surfaces of said spacer plate, for closing one of opposite openings of
each-of said wi ndows, said spacer plate and said closure plate being
formed from respective ceram c green sheets which are | am nated on each
other and fired into an integral structyge_as said ceramc substrate; and
pi ezoel ectric/electrostrictive elenents (70) which are disposed on
respective portions of said closure plate which partially define said
pressure chanbers, respectively, said elenents being energized to cause

def ormat i gaiaf padidd of celedinsidy) tsaid, avt\btd bBaAge diAaBterine! s
of the corresponding pressure chanber s, each of sai d
: in that:

said spacer plate of_said ceramic-substrate has
auxiliary windows (78) formed adjacent to respective two
outermost windows (68) which are located at opposite eﬁds'of
the row of said plurality of windows (68) of said spacei:
plate, such that said auxiliary windbws sandwich the row of
said plurality,of windows, said auxiliary_windows providing
enclosed spaces wiéhin said ceramic subsﬁrate such that said.
enclosed sbaces' are formed adjacent to respective two.
6utermost pressure chambers (36) which are located at
opposite ends of a row of the pressure chambers (36), each
of said enclosed spaces being'paftially defined by portions
of séid closure plate on which said
piezoelectric/electrostfictive-elements are not disposed.

' 2. A piezqelectric/electrostrictive.
actuator according to. claim’ 1, wherein said ceramic
substrate (64) includes said closure pléte (56), said spacer
plate (62) and a connecting plate (58) which are superposed

on each other to provide ran integral structure of said

ceramic substrate.

3. A piezoelectric/electrostrictive actuator

' *
according to claim 2, wherein said connecting plate (58) has
pairs of first and second communication holes (66, 67)

formed through the thickness thereof and slits (60) for

( N
) 0 R O
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pi ezoel ectric/electrostrictive elenents conprisirng a pair of ‘electrodes
(72, 76) and a piezoelectric/electrostrictive |ayer (74), which are
formed by a filmformng nethod on an outer surface of said closure plate,
suchr that said piezoelectric/electrostrictive layer is interposed between

- 29 - said pair of ‘el ectrodes, said %tyator bei ng characterized in
t hat :

o

connecting said first and second communication holes of each
pair. |

4. A piezoe1'ectric/e;l.ectrostrictive actuator
according to claim 3, wherein each pair of said first and
second communication holes (66, 67) are aligned with the
corresponding one of said pressure chambers (36), as viewed

in a plane of said ceramic suI_bstrate {64).

5. A piezoelectric/electrostrictive actuator
at:cording to claim 2, whergin said connécting plate (58) has
additional slits (61) at the portions thereof - which
correspond to said auxil':fLary ‘windows (78.) of said spacer

plate (62).

6. A piezoelectric/electrostrictive actuator
according to any preceding claim- ﬁhei:ein said ceramic substrate {64) is

formed of alumina or zirconia.

7. A piezoelectric/electrostrictive actuator

according to any preceding claim wherein said closure plate (56) has a

thickness of not larger than 50 pm.

8. A piezoelectric/electrostrictive actuator

: ¥
according to any preceding claim vherein said spacer plate (62) has a

thickness of not smaller than .10 pm.
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sai d. spacer plate of said ceramc substrate has auxiliary w ndows (78)
formed adjacent to respective two outernost wi ndows (68) which are | ocated
at opposite ends of the row of said plurality of wi ndows (68) of said
spacer plate, such that said auxiliary wi ndows sandwi ch the row of said -

pluralityof w ndows, said auxiliary w-dpws-providing enclosed spaces
wWthin said ceram ¢ substrate such that said enclosed spaces are forned
adj acent to respective two outernost pressure chanbers-(36) which are
| ocated at opposite ends of a row of the pressure chanbers (36), each of
sai d encl osed spaces bei n§.pakt piekpededtnic/edquimaosnictive actuator
closure plate on whi ch .said piezoelectric/electrostrictive
el enent s afecas@ingspesedy one of claims 2-8, wherein said connecting plate (58)

has a-thickness of not smaller than 30 pm.

10. A piezoelectric/electrostrictive
actuator according to any preceding claim, wherein said
piezoelectric/electrostrictive element (70) has a thickness of not

largef than 100 pm.

11, A piezoelectric/electrostrictive

actuator according to any preceding claim, wherein each of said pair

of electrodes (72, 76) has a thickness of not larger thah 20 pm.

12. A | piezoelectric/electrostrictive

actuator according toany preceding cléim, wherein said
piézoelectr_ic/eiectricstr'ictive layer (74) has a thiékness of not larger

W than 50 ym.

13. A piezoelectric/electrostrictive

actuator according to any preceding _cIaim, adapted for use as at least one OF
aplurality of aci:uator unit;_s on an ink jet pfint head, and
which further comprises an ink nozzle member (32) including
-an orifice plate (40) having orifices (48) and tﬁrough-—holes,
(46'), a channel plate (42) bhaving a w:_lndo‘w {50) formed
therethrough and through-holes (47) formed in alignment with

said through-,-holes' of said orifice plate, and a nozzle platé
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2. A L piezoelecfric/electrostrictive actuator according to claim
1, wherein said ceram c _substrate (64) includes said closure plate (56),
said. spacer plate (62) and a connecting plate (58) which are superposed
on each other to provide an integral structure of said ceranm c substrate.
3. A piezoelectric/electrostrictive acBfat-or according.-to claim 2,
wherein said connecting plate (58) has pairs of first and sécond
comuni cation holes (66, 67) formed through the thickness thereof and .
slits (60) for = ) . )
(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 (36) of said actuator
via the réspective orifices (48) of said orifice plate, said
ink being jetted from said pressuré chambers (36) through
said nozzles (44) of said nozzle plate, via said
through-holes (46, 47) of said orifice plate and said
channel plate, when éaid’elements (70) .corresponding to said

pressure chambers (36) are selectively energized.
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- 30 - . connecting said first and second conmmuni cation holes of each
pair. 4. A piezoelectric/electrostrictive actuator
according to claim3, wherein each pair of said first and second
comuni cation holes (66, 67) are aligned with the corresponding one of
sai d pressure chanbers (36), as viewed 38n-a plane of said ceranic
substrate (64).

) PIEZOELECTRIC/ELECTROSTRICTIVE ACTUATOR HAVING CERAMIC

SUBSTRATE WITH AUXILIARY WINDOWS IN ADDITION TO PRESSURE
CHAMBER INSULATORS.

5 ABSTRACT

A piezoelectric/electrostrictive actuatox
including a ceramic substrate (64) and '
piezoelectric/electrostfictive elements (70) is

10 disclosed. The ceramic substrate includes: a spacer
plate (62) having a row of first windows (68) and
auxiliary windows (78) adjacent the two endmost windows
(68) of the row, such that the aﬁxiliary windows
sandwich the row of first windows. A closure plate

15 (66) is on one of the major surfaces of the_spacer
plate, closing the first windows and the auxiliary
windows to provide pressure chambers (36) and enclosed
spaces within the substrate. The spécer plate and the
closure plate are formed from ceramic green sheets

20 laminated and fired into an integral structure. The
piezoelectric/electrostrictive elements (70) are on
portioné of the closure plate (56) which partially
define the pressuré chambers (36) but are not on
portions which partially define the enclosed spaces

25 corfesponding to the auxiliary windows (78) .

FIGURE 2
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5. 'A piezoel ectric/electrostrictive act uat or accbrding'to claini2, whetein
said connecting plate (58) has additional. slits (61) at the portions
t hereof which correspond to said auxiliary wi ndows (78) of. said spacer

plate (62). 6. A piezoelectric/electrostrictive act uat’or
according to any preceding claimwherein said ceramc substrate (64) is
formed of alumina or Zircania. ’ 7. A

pi ezoel ectric/electrostrictive actuatorllgccording to any preceding claim
wherein said closure plate (56) has a:
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t hi ckness of not |arger than 50pm : 8. A

pi ezoel ectric/electrostrictive actuator according to any preceding claim
wherei n said spacer plate (62) has a thickness of not snmaller than
10[err]m - 31- 9.
‘A pi ezoelectric/electrostrictive actuator according to any one of clains
2-8, wherein said connecting plate (58).-has a-thickness of -not smaller than
30 [err]m : /6 |
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. &4
10.” © s A pi ezoel ectric/electrostrictive actuator according to any S
preceding claim wherein said piezoelectric/electrostrictive elenent (70)
has a thickhess of not |arger than 100 [err]m 11.
A pi ezoel ectric/electrostrictive actuator according to any preceding
‘claim wherein each of said pair of el ectrodes (72, 76) has a thickness of
not larger than 20 [err]m 12. A
- pi ezoel ectric/electrostrictive actuato( accordlng to any preceding claim -
wherein said = '

B e e e e e
66 36 60 67 7 +—62)64
- _ . l J ', 58
’,’ v ] 7 = / _/.
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pi ezoel ectric/electricstrictive |ayer (74) has a thlckness of not | arger
than Q0 [err]m 13. A

pi ezeel ectric/ el ectrostrictive actuator according to any preceding claim
adapted for use as at |east one of a plurality of actuator units orr an ink
jet print head, and which further conprises an ink nozzl e nember (32)

I ncl uding an orlflce plate (40) having. @rlflces (48) and through-hol es
(46), .a channel plate (42) having a mnndOM/(SO) formed therethrough and

t hrough- hol es (47) forned in alignnent mnth sai d through-hol es of said
orifice plate, and a nozzle plate. —

FIG. 4
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- 32 - ¢ (38) having nozzles (44), said orifice plate, said channel plate
and sgrd nozzle plate being superposed on each other and bonded together
so tkat said wi ndow of said channel plate is closed by said-~orifice plate
-and said nozzle plate so as to forman ink supply channel (52) through
which an ink flows into said pressure chanbers (36) of said actuator via
the respective orifices (48) of said &M&ice plate, said ink being jetted
fromsaid pressure chanbers (36) through said nozzles (44) of said
nozzle plate, vrta said through-holes (46, 47) of said orifice plate
and said
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channeL *pl ate, when said el ements (70) correspondlng to said pressure
chanbers (36) are selectively energized.

6/6
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