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TITLE OF THE INVENTION 

ACTUATOR HAVING CERAMIC SUBSTRATE 
MID INK JET PRINT HEAD USING THE ACTUATOR 

BACKGROUND OF THE INVENTION 

Field of th$ Invention 

The present invention relates in qenera.l to an 

actuator and an ink jet print head including the actuator, 

and more particularly to an actuator which exhibits improved 

operating characteristics with high stability, and. a.n ink 

jet print head using such an actuator as an ink pump for 

discharging a.n ink material from the .Print head. 

Discussion of the Rel4ted Art 

As a means for raising a pressure in a pressure 

chamber formed within a substrate of an actuator, there is 

recently known · a piezoelectric/electrostrictive element 

formed on a wall defining the pressure chamber, for changing 

a volume of the pressure chamber due to displacement of the 

piezoelectric/alectrostrictive e1ement. Such an actuator m~y 

be used as an ink pump or the like of a print head used in 

an ink jet printer, for example. The actuator used as the 

ink pump is adapted to raise a pressure in the pressure 

chamber which is filled with an ink materi~l, utilizing the 

displacement of the piezoelectric/electrostrictive element, 

·so that fine ink particles are jetted or discharged through 

a nozzle that communicates with the pressure chamber, so as 

to e~f ect printing by the print head. 
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Referring to Figs. 4 and 5 showing a known example 

of the ink jet print head as described above, a metallic 

nozzle plate 4 ha.ving a plurality of nozzles 2, a m"etallic 

orifice plate 8 having a plurality of orifices 6 1 and a 

channel plate 10 are superposed on each other such that the 

channel plate 10 is interposed between the plates 4, a, A]ld 

these plates 4, 8, 10 are bonded together into an ink nozzle 

.member 16. In this ink nozzle member 16, there are formed a 

plurality of ink discharge channels 12 for leading or 

guiding an ink material to the respective nozzles 2, ~nd at 

least one ink supply channel 14 for leadinq or supplying the 

ink material to the orifices 6. Reference nwneral 25 denotes 

an actuator which includes a substrate 24 consistinq of a 

closure plate 18 and a spacer plate 20 both made.of a metal 

or synthetic resin, and a plurality of piezoelectric/ 

electrostrictive elements 28 formed on an outer surface of 

the closure plate 18. The closure plate 18 and spacer p~ate 

20 are superposed on each other and formed integ·rally into 

the substrate 24, such that a. plurality of· voids 22 which 

correspond to the nozzles 2 and orifices 6 of the ink nozzle 

member 16 are formed in the substrate 24. The piezoelectric/ 

.electrostrictive elements 28 fixed to the closure plate 18 

are a11qned. with the voids 22 of the suhst~a~e 24, as viewed 

in the pl~e of the su.bstrate 24 {perpendicul.ar to the 

direction of the thickness of the substrate 24) • With the 

ink nozzle member 16 and the actuator. 2S superposed on each 

other and bonded. together by·a suitable adhesive ·29, each of 
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the voids 26 provides a pressure chamber 26 formed behind 

the correspondinq nozzle and orifice 2, 6 and filled with 

the ink material. In operation, the piezoelectric/ 

electrostrictive elements 28 are selectively actuated to 

deform walls defininq the corresponding pressure chamber or 

chambers 26, as schematically shown in Fig. 6, so as to 

.change the pressure of the selected pressure cha.mber(s) 26. 

In the ink jet print head as described abov~, the 

ink nozzle member 16 is bonded to the actuator 25, more 

precisely, to the -surface of the spacer plate 20 on which · 

the voids 22 are open. rn this arrangement, a fluid-tight 

seal between the ink nozzle member 16 and the actuator 25 

must be secured over a re1ative1y large area surrounding the 

voids 22. Upon mass production of print heads of the above 

type, therefore, it is difficult for the. print heads to 

assure a high degree of sealing reliability or fluid 

tightness and desired ink-jetting capability with hiqh 

stability. 

In view of the above problems, an actuator 40 as 

schematically _shown in Fiq. 7 a has been proposed by the 

present inventors in co-pending u. s. patent application 

serial Nos. 08/066,193 and 08/066,195. This actuator 40 

includes a ceramic substrate 38. havinq · a plurali'ty of· 

pressure chambers 36 formed therein, and a· plurality of° 

film-like piezoelectric/electrostrictive elements 33 formed 

on the substrate 38. More speoifically, ceramic qreen sheets 

for a spacer plate 30, a closure plate 32 and a connecting 
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plate 34 are 14Rlinated on each other and co-fired into the 

ceramic substrate 38, such that the closure plate 32 is 

superposed on one surface of the spacer plate 30, and the 
. 

connecting plate 34 havinq through-holes JS is superposed on 

the other surface of the spacer plate 30. The piezoelectric/ 

electrostrictive elements 33 are formed on the outer surface 

of the closure plate 32 by a film forming methqd. ·When this 

actuator 40 is bonded to an ink nozzle member 42 by an 

adhesive 46, such that the communication holes 35 of the 

·connecting plate 34 are aligned with nozzles 44 formed 

through the ink nozzle member 42, a fluid-tight seal needs 

to be provided only over a relatively small area surrounding 

the throuqh-holes 35, readily assuring improved sea.ling 

reliability upon.mass.production of the print heads. 

However, a further study by the inventors on the 

actuator 40 as described above revealed that the pressure 

chambers 36 are substantia.11y entirely de.fined or surrounded 

by the inteqra.l ceramic substrate 38, whereby the ceramic 

substrate 3 B is less likely to be deformed or displaced to 

change the pressure of .the pressure chambers 3 6, due to 

increased riqidity of the ·substrate 38 ,· as shown in Fig • 
. 

7b. Consequently, the operatinq characteristics of the 

actuator 40 may deteriorate, and the ink jet print head 

using the actuator 4.0 as an ink pump may not be able to 

provide desired ink-jetting capability. 

SUMMARY OF THE INVENTION 
• 
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It is a first advantage of the present 

invention to provide an actuator having a pressure chamber 

or chambers substantially entirely defined by an inteqral 

ceramic substrate, in which the rigid! ty of the ceramic 

substrate is lowered enouqh to f aoilitate pressure changes 

of the pressure chamber(s), assuring desired operating 

characteristics of the actuator, while requiring a reduced 

seal area over which a fluid•tiqht seal should be provided 

upon bondinq of the actuator to another member. 

:rt is a second feature of the invention to provide 

an ink jet print head having an ink nozzle member and the 

above-described actuator as an ink pwnp member, which print 

head assures improved bonding reliability betwe·en the ink 

nozzle member and the actuator, and stably exhibits 

excellent ink-jetting characteristics. 

According to one aspect of th~ present invention, 

there is provided an actuator comprisinq: a ceramic 

substrate in which at least one pressure chamber is formed, 

the ceramic substrate including a spacer plate having at 

least one window which provides the above-indicated at least · 

one pressure chamber, a' closure plate superposed on one of 

opposite major surfaces of the spacer plate, for closing one 

of opposite openings of each· window, an4 a: connecting plate 

superposed on the other major surface of the. spacer plate, 

for substantially closing the other opening of the window, 

the conn~ctinq plate having at least one slit which 
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corresponds to each pressure chamber, the spacer plate, the 

closure plate and the connecting plate being formed from 

~espective ceramic green sheets which are laminated on each 

other and £ired into an integral ceramic structure as the 

ceramic substrate; and at least one piezoelectric/ 

electrostrictive element each disposed on a portion of the 

closure plate defining the corresponding pressure chamber 1 

for deforminq the portion so as to change a pressure of the 

corresponding pressure chamber, each piezoelectric/ 

electrostrictive element comprisinq0 a pair of electrodes and 

a piezoe1ectric/alectrostrictive layer, which are £onned by 

a film-forming method on an outer surface of the closure 

plate of the ceramic substrate 1 such that the piezoelectric/ 

e1ectrostri.cti \Ta layer is interposed between the pair of 

electrod.ea. 

In the actuator constructed as described above, 

the ceramic substrate bas a relatively small opening at its 

surface to be bonded to another member or component, thus 

requirinq a £1uid-tiqht seal to be provided over a 

relatively small area of the bonding surface of the 

substrate. Further, the provision of the slita lead.a to an 

increase amount of flexural deformation of walls (the 

ceramic substrate) defining the . presstire' · chambers1 and 

therefore assures excellent ope~atinq chll.rac~eristics .of .the 

actuator. 
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According to another aspect of the present 

invention, there is provided an ink jet print head 

comprising: an ink nozzle member having a plurality of 

no~z1es through which fine partic1es of ink are jetted; and 

an actuator disposed on and bonded to the ink nozzle member 

and having a plurality of pressure chambers formed behind 

the respective nozzles of the ink nozzle member. the 

a.ctua tor · comprising (a) a ceramic substrate including a 

spacer plate having a p.lura.lity of windows which provide the 

pressure chambers, a closure plate superposed on· one of 

opposite major surfaces of the spacer.plate, for closing one 

of opposite openings of each window, and a coonect~ng plate 

superposed on the other major surface of the spacer plate 

and.on the ink nozzle member, for substantially closing the 

other openinq of the window, the .oonnectinq plate having at 

least one slit which corresponds to each pressure chamber, 

and a plurality of first communication holes located behind 

the respec~ive nozzles of the ink nozzle member, for 

permittinq fluid communication. between the corresponding 

nozzles and pressure chambers, the spacer plate, the closure 

plate and the connecting plate beinq formed from respective 

ceramic green sheets which are 1amina.ted on each other and 

fired into an integral. ceramic structure . as the ceramic 

substrate, and (b) a p1urality of piezoe1ectric/ 

electrostrictive elements each disposed on a portion of the 
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closure plate defining a corresponding one of the pressure 

chambers, for def arming the portion so as: to change a. 

pressure of the corresponding pressure chamber, ·whereby the 

ink in the pressure chamber 1~ jetted through the 

corresponding ~ne of the nozzles of the ink nozzle member, 

each piezoelectric/electrostrictive elements comprising a 

pair of electrodes and a piezoelectric/electrostrictive 

layer, whic}l are £armed-by a film-forming method on an outer 

surface of the closure plate of the ceramic substrate, such 

that the piezoelectric/electrostrictive layer is interposed 

between the p&ir of electrodes. 

In the ink jet print head constructed as described 

above, the fluid tightness of an ink f1ow channel through 

which the· ink f1ows through the print bead.is significantly 
. . 

improved a.t the bonding surfaces of the actuator and ink 

nozzle member, assuring excellent operating characteristics 
" of the actuator and excellent ink-jettinq capability of the 

print head. Thus, the . present print head is capable of 

producing improved quality of printed images with high 

stability. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above and optional objectsr features and 

advantages of the present invention w:i:.11 be better 

understood by reading the following detailed description of 

presently preferred embodiments of the invention, when · 
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considered ~n connection with the accompanying drawings, in 

which: 

Fig. l is an elevational view in vertical cross 

section, showing one embodiment of an ink. jet print head of 

the present invention; 

Fig. 2 is a cross sectional view taken along line 

2-2 of Fiq. l; 

Fig. 3 is an exploded perspective view showinq the 

structure of the ink jet print head of Fig. 11 

Fiq. 4 is an elevational view in vertical cross 

section corresponding to that of Fig. 1, showing one example 

of known ink jet print heads; 

Fig. 5 is a cross sectional view taken along line 

5-S of Fig. 41 

Fiq. 6 is a cross sectional view taken along line 

6-6 of Fiq. 4, showing an actuator of the print bead of Fig. 

4 when it undergoes displacement to change the pressure of 

one of its pressure cha.tnbers1 

Flq. 7a is a cross sectional view corresponding to 

that of Fig. 6, showing another example of ink jet print 

head when its actuator does not undergo displacement; 

Fiq. 7b is a cross sectional view corresponding to 

that of Fig-. 6, showinq the ink jet ·print." head of Fig. 7a. 

when the actuator undergoes disp1acement to change the 

pressure of one of its pressure chambers; 

.Fig. Sa is a cross sectional view corresponding to 

that of Fig. 2. showing one modification of the ink jet 
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print head of Fig. 1 in which the size of first 

communication holes is changed; 

Fig. 8b is a cross sectional view ~orresponding to 

that of Fi9. 2, showing another modificAtion of the ink jet 

print head of Fig. l in which the size and shape of second 

cormnunication holes are chanqett; 

Fig. Sc is a cross sectional v~ew corresponding to 

that of Fig." 2~ showing a further modification of the ink 

jet print head of Fig. 1 in which the ·first and second 

.communication hole"\ a.re formed in teardrop sha.pe; 

Fig. 9 is a. transverse cross. sectional view 

showing ano~her embodiment of the actuator of the present 

invention: 

Fig. 10 is a crQss sectional view taken along line 

10-10 of Fig. 9; 

Fiq. 11 .is a transverse cross sectional view 

showinq a modification of the actuator of Fiq. 9 in which 

the shape of first communication holes is change~, and 

additional al.its are formed in its ceramic substrate1 

Fig. l2a is a cross sectional view taken a.long 

line 12-12 of Fig. 11, schematically showing the actuator of 

Fig. 11 which does not underqo disp1acement; and 

Fig. 12b is a cross sectional ··view ta.ken· a.long 
'· 

line 12-i2 of Fiq. 11, schematically showing the actuator of 

Fiq. 11 which underqoes displacem~nt to change pressures of 

its pressure chambers. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Referring first to Figs. 1 and 2 cchemati{:ally 

showing an ink jet print hea.d. 50 constructed according to 

the present invention, and to Fig. 3 which is.an exploded 

perspe9tive view of the print head so, an ink nozzle member 

52 and an actuator 54 used as an ink pump are bonded 

together to form an integral structure of the print head 50. 

In this pri.'nt head s·o, an ink material is supplied to a 

plurality of pressure chambers 56 formed in the actuator 54, 

and .1.s jetted or discharged from a plurality of nozzles 64. 

formed through the ink nozzle member 52. 

More specifically, the ink nozzle member 52 

consists of a ~ozzle plate 58 and an orifice plate 60 both 

having a relative1y small thickness, and ~ channel plate 62 

interposed between these pla.tes 58, 60. The nozzle plate 58 

and the orifice pl.ate 60 are integrally bonded to the 

channel pl.ate 62 by !¥leans of an adhesive. 

The nozzle plate SB has the above-indicated 

nozz1es 6-.t (three in this ·embodiment) formed through ·the 

thickness thereof £or pe~tting jets of fine ink particles, 

while the orifice plate 60 and the channel plate 62 have 

re~pective through-ho1es 66, 67 formed throµ~h the thickness 
" . 

thereo£. ~ese thr.ough-ho1es 6.6, 67 a.re · aligned with the 

respective nozzles 64, as viewed in the plan~·perpendicular 

to the thickness. of the ink· nozzle member 52, and have. a 

diameter which is larger by a qiven va1ue than that of the 

no.zzles 64. 
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The ori£1ce plate 60 further has a plurality of. 

orifices 68 (three in this embodiment) formed therethrouqh, 

for permittinq flow of ~he ink into the respective pressure 

chambers 56. The channe1 plate 62 is formed with a window 70 

which is closed .at its opposite openinqs by the nozzle plate 

58 and the orifice p1ate 60, respectively, whereby an ink 

supply channel 72 communicating with the · orifices 68 is 

defined by the channel plate 62, nozzle plate 58 and orifice 

plate 60. The orifice plate 60 further has a supply port 74 

through which the ink is fed from an ink reservoir into the 

ink supply channel 72. 

While the material for the plates 58 I 60 I · 62 • Of 

the ink nozzle member 52 is not parti.cularly lJ..mited, these 

plates 5.8, 60, 62 are. preferably made of a plastic, or a 

metal. such as nickel or stainless steel, which permits 

highly accurate formation of the nozzles 64 and orifices 68. 

Each of the orifices 68 is desirably formed in tapered shape 

such that the diameter of the orifice 68 is reduced in the 

direction of flow of the ink ( i .. e. , in the direction from 

the ink supply channel 7 2 toward the pressure chambers 5 6) , 

as shown in Fig •. 1 by way of example, so as to f~ction as a 

check va1ve for inhibiting the· ink from ·£1.owinq in the· . . .; 

reverse direction. 

on the other hand, the actuator 5·4 · includes a 

ceramic substrate 84· consisting of a closure plate 76 and a 

connecting plate 78 both having a relatively small thickness 

and formed of a ceramic material, and 8. spacer plate 82 also 
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fonne~ of a ceramic material. These plates 76, 78. 82 are 

superposed on each other and formed integrally into the 

ceramic substrate 84, such that the spacer plate 82 is 

interposed between the closure plate 76 and connecting plate 

78. The actuator 54 further includes a plurality of 

piezoelectric/electrostrictive elements 90 formed on the 

outer surface of the closure plate 76 by a film forming 
. . 

method. The piezoelectric/elactrostrictive elements 90 are 

respectively aliqned with the above-indicated pressure 

chambers 56 formed within the actuator 54, as viewed in the 

plane of the substrate 84 (perpendicular to the direct.ion of 

the thickness of the substrate 84.). 

More specifically, the cobnectinq plate 78 of the 

ceramic substrate 84 has first communication holes 86 and 

s~9nd conmunication holes 87 ·formed therethrough, which are 

respectively aliqned with the through-holes 6·6 and orifices 

68 formed in the or;fice plate 60 of the ink nozzle member 

52, as viewed in the plane perpendicular to the direction of 

the thickness of the p1ates 78, 60. The diameter of the 

first communication holes 86 is substantially equal to or 

sliqht1y larqer than that of the through-holes 66, and the 

diameter of the· second communication holes 87 is larger by a 

qiven value than that of the orifices 68. 

The spac~r plate 82 ha.s a pl~rality"of r~ctanqular 

windows a·a- (three in this embodiment) formed therethrouqh. 

The spacer plate 82 is superposed an the connectinq plate 78 

such that each of the windows 88 connnunicates with the . 
carrespondinq pair of the_ first and sectlnd communication 
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holes 86, 87 formed in the connectinq plate 78. The shape of 

the window 88 is not necessarily limited to a rectanqular 

shape as il.lustra.ted. in Fig. 3 I but may be selected from 

other shapes, such as a generally oblong shape in which the 

opposite short sides of a rectangular window are curved. 

The closure plate 76 is superposed on the surface 

of the spacer plate 82 remote from the connecting plate 78, 

so that the windows 88 are closed at the opposite openings 

tQ.ereof by the closure· plate 76 and connecting plate 78. 

Thus, the pressure chambers 56 formed in the ceramic 

substrate 84 are held in communication with the exterior 

space through the first and second communication holes 86, 

87. 

The connecting plate 78 is further formed with a 

plurality of slits 80 whiqh correspond to the respective 

pressure chambers · 56, in other words, are respectively 

aligned with the pres.su_re chambers 56, as viewed in the 

plane perpendicular to the direction of the thickness of the 

plates 78, 82. ·These slits 80 are formed through the 

thickness of the connecting plate 78 in the following 

manner. Initially, a ceramic slurry is prepared £rom a 

ceramic material, a binder, a suitable solvent and others, 

and the thus prepared oeraltli.c .slurry is formed into a qreen 

sheet which gives the connecting p~ate 78, bY ~eans of a 

known device, such as a doctor. blade device or a reverse 

roll coater. Then, either before or after firing of the 

qreen sheet, the slits 80 connecting the first and sec<;>_nd 

communication holes 86, 87 are formed by cutting using a 
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dicer, slicer or A laser beam, or by punching or piercing_ 

With the &lits 80 thuG fonned, the rigidity of the ceramic 

· substrate 84 can be lowered enouqh to significantly increase 

an ·amount of deformation of the substrate 84 or pressure 

chambers 56, th~reby causing increased pressure change& of 

the pressure chambers 56 which lead to improved operating 

characteristics of the actuator 54. At: the same time, the 

actuator 54 requires a relatively small seal area over which 

a fluid-tiqht sea1 must he provided Between the ink nozzle 

·member 52 and. the ceramic substrate 84 (actuator 54 l when 

t:he no.zz·1e member. 52 is bonded to the substrate 84. 

The· ceramic substrate 84 as described above is 

formed as an integr-al. fired ceramic structure. Mpre 

spec1£i.ca.11y, green sheets for the c1t:>sure · plate 76, 

connecting pl.ate 78 and spacer plate 82 are lamin~ted on 

each other, and. th.en fired into the integral structure. The 

thus £armed ceramic ~ubstrate 84 assures complete seal.ing 

between the Adjacent plates 76 1 78, 82, without B.pplyinq any 

adhesive to theiz: · ~terface&, for ~ample. Further, the 

cerAmic £Ubstra.te 84, which includes the connecting plate 

78, exhibit& improved. structural strength, which favorably 

prevents wzu:.:page of the substrate 84 upon firinq thereof 1 .. 
and also penuits easy handlinq of the Gubs~ate 84 \lhile the 

pri:D.t head SO is being produced or in use. 

It is. generally difficult to handle a laminar 

structure consisting of ~in, flexible green .sheets- For 

exampl:.e, such a 1mninar structure is lik~Ly to be broken, or 

abnorma11y. deformed after firing thereof,.: due to stresses 
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applied thereto, unleas th~ structure is carefully supported 

or handled upon its settinq in a firing furnace. According 

to· the present invention, however, the rigidity of the 

laminar structure (ceramic substrate 84) is advantageously 

increased due to the presence of the connecting plate. 7 8, 

whereby the structure or sUbstra.te 84 can be more easily 

handled, and defectives due to handlinq failures are less 

likely to occur, as compared with the case where the laminar 

structure does [).ot include the connecting plate 78. Where 

·the pressure chambers 56 are formed with high density in the 

actuator 54, in other words, where the Actuator 54 has a 

xelatlvely large number of pressure chambers 56 per area, it 

is almost impossible to handle a structure consisting only 

of the closure plate 76 a~d spacer plate 82 without causing 

any· problem. Even in this case, the presence of the 

connecting plate 78 in the laminar structure of· the instant 

embodiment readily permits safe hand1ing of the ceramic 

substrate 84. 

While the ceramic material for forming the cer~ic 

substrate 84 is not particularly limited, alumina, zirconia 

or the like may be favorably employed in view of its 

formability and other properties. Further., the closure plate 

76, connecting plate 78 and spacer plate'. 82 are desirably 

formed from green sheets having substantially the ·same 

ceramic composition and distribution in grain size, so as to 

achieve qood sinterability and matching of coefficients of 

the thermal expansion of the plates 76, 78, 82. 
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In the ceramic substrate 84 as described above, 

the thickness of the closure plate 76 is preferably SOum or 

smaller, more preferably, in a range of about 3 ~ 20~m. The 

thickness of the connecting p1ate 78 is preferably lOµm or 

greater, more preferably, SOum or greater. The thickness of 

the spacer plate 82 is preferably soum or greater, more 

preferably~ lOOum or qreatar. 

The piezoelectric/electrostrictive elements 90 are 

fanned on the outer surf ace of the ceramic substrate B4 in 

alignm~nt with the respective pressure chambers 56. Each of 

these elements 90 has a lower electrode 92, a piezoelectric/ 

electrostrictive layer 94 and an upper electrode 96 fQrmed 

Qn the substrate 84 in this order by a film forming method. 

As the piezoelectric/electrostrictive element 90 of the 

instant embodiment, it is particularly preferable ta employ 

a piezae1ectric/electrostrictive element as proposed·in u.s. 

Patent Application No. 07/912,920 assigned to the same 

assignee as the present patent application. 

While the configuration of the actuator 54 v~ries 

depend.inq upon various factors relating to its production, . . 

it is desiral:>l.e to assure sufficiently high smoothness or 

evenness of the surf ace of the ~ctuator 54 which is bonded 

tQ the ink nozzle member 52, that is, the .·oµter surface of 

the connectinq pl.ate 78. The evenness of the above-indicated 

surface of the actuator 54 is suitably control.led.such that 

this ·surface has the maxiinum waviness of not qreater than 

SOpm as measured along a reference length of 8nun, by means 
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of a roughness measuring .system. Desirab1y, the maximum 

waviness of the relevant surface is not greater than 2Sµm, 

more desirably, not greater than lOµm. As a means for 

achieving the above degree of surface evenness, the inteqral 

ceramic substrate 84 which has been fired may be subjected 

to machininq such as lappinq or surface grinding. 

on the outer surface of the c1osure plate 76 of 

the ceramic substrate 84 are formed electrode fillns (for the 

upper and lower electrodes 96, 92) and the piezoelectric/ 

electrostricti ve layer 9 4, by any one of vari.ous known 

methods which inciude thick-film forming process such as 

·screen printing, spr.aying, dipping and ooa.ting, _ and 

thin-film forming process such as ion-beam method,· 

sputtering, vacuum vapor deposition, ion pl.atinq, CVD and 

plating. These films and layer 92~ 94, . 9·6 may be for.me~ 

either before or after firing of the c1osure plate 76 (the 

ceramic-substrate 84). 

conventionally, when the films 92, 94, 96. of the 

piezoe1ectric/el.ectrostrictive elements 90 are formed and 

fired after the ceramic ~ubstrate 84 is.fired, the elements 

90 suffer from residual. strains due to therma1 contraction 

thereof, during a cooling process after the firinq_, since 

the ceramic materi~l f~r the substrate 84 and the ma.teriAls 

for the elements 90 have different coefficients of thermal 

expansion. As a_result, the resi~ua1 strains may deteriorate 

the operating characteristics of the elements 90. In the 

actuator SO of the present invention, the pressure chambers 
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56 are more likely to be deformed with the slits 80 fonn~d 

through the connecting plate 78 of the ceramic substrate 84. 

Therefore, the residual. strains as described above can be 

effectively reduced, and do not affect the perform~ce of 

the pie%oe1ectric/el.ectrostrictive elements 90. 

The upper and lower e-lectrode films 96, 92 and 

piezoelectric/electrostrictive layer 94 fprmed on -the 

closure pl.ate 76 ·may be heat-treated. as needed, either in 

different steps following fonnation of the respective films 

and layer 92, 94, 96, or in one step foll~winq formation of 

·a1i of the filbls and layer 92, 94, 96. 

The upper and lower electrode filn\s 96, 92 of each 

pie%oelectric/electrostrict~~e element 90 may be ·fonp~ of 

any electrical.:ly conductive· material which can withstand a 

high-temperature oxidizing atmosphere generated upc:>n -the 

heat-treatmen~ or firing as described_ above. F9r instance, 

the electrode films 96, 92 may be formed of a single metal, 

- An· ailoy, a mixture of a metal or alloy and an electrically 

-· insulating ceramic or qlass, or electrically conductive 

ceramic .. 

The p1ezoelectric/e1actrostrictive· layer 94 of 

each piezoeiectric/electrostrictive element 90 may be formed 

of ~ piezoelectric or elactrostrictive material which 
" l •• 

produces a relatively large ~ount ·of strain or displ.~cement 
. -

- 'due· to the converse or reverse · piezoel.ectric effect or the 

electrostrictive effeet. The piezoeiectric/elecciostrictive 

ma·terial_ may be ei_ther a crystalline material. or an 
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amorphous material, and ma.y be a semi-conductor material or 

a dielectric or ferroelectric ceramic material. Fu~ther, the 

piezoelectric/electrostrictive material may either require a 

treat:m~nt for initia1 pola.riza.tion or poling, or may not 

require such a polarization treatment. 

The piezoelectric/electrostrictive element 90 

constructed as described above qeneral1~ has a thickness of 

no~ larger than lOOpm.. The thicJa:less of each electrode fil.m 

96, 92 is generally 20].lm or sma.l.lex-, preferably Sµm or 

·smaller. To assure a relatively large amount of disp1~cement 

by application of a. re.latively low voltaqe, the thickness of 

the piezoelectric/electrostrictive layer 94 - is prefera.bl.y 

SOµm or smaJ.~er, more preferably, ~n a range of Jµm to 4.-011m. 

The pie%oelectrio/electrostt:ictive elements 90, 

which are supported by the closure plate 76 of the_ ceramic 

substr-ate 84, exhibit sufficientl.y high mechanical. strength 

. and toughness even thouqh the elements 90 .have a 

considerably small thicknesa. In addition. the film-forming 

·method. used for forming the electrode films 92, 9S and the 

piezoelectric/electrostrictive·layer·94 permits a relatively 

1arge number of the piezoelectric/electrostrictive .elements 

·90 to he foDD.ed on the closure plate 76. That is, .in the 

f':i-lm-forming proC.ess, the elem~ts 90 ca:n.:"}.>e concurrently .. 
and ~easily foxm.ed with a minute -spacing 1et1: between-- the 

adjacent ones.. withou~ usinq an adhesive or the· like. 

~her, .in order to assure improved reliabili~y of 

1ns~tion between the upper and lpWer electrodes -96, 92, 



--------·----------~----------------------

- 21 -

there may be formed as needed an insulating resin layer 

between the adjacent piezoelectric/electrostrictive layers 

94. 

The a.hove-described piezoelectric/electrostrictive 

elements 90 are formed ·integrally on the ceramic $ubstrate 

84, so as to constitute the intended actuator 54. This 

actuator 54 and the ink nozzle member 52 are superposed on 

each other, and bonded together·by a suitable adhesive, into 

an integral structure of the ink jet print head 50, as shown 

in Fig. 1. In the thus formed ink jet print· head 50, an in~ 

material which is fed through the ink supply channel 72 is 

supplied to the pressure chambers 56 through the respective 

orifices 68, and is passed throuqh the 1;:hrouqh-holes 66, 67 

a.nd jetted outwards from the nozzles 64, based o~ the 

operation of the piezoe1ectric/electrostrictive elements 90 

of the actuator 54• Thtis, an ink flow channel through which 

tne ink flows through· the iiµ;tant ink jet print head 50 

consists of the supply port 74, ink supp1y c~el 72, 

orifices 68, second communication holes 87, pressure 

chambers 56, first camnunication holes 86, throuqh~holes 66, 
• 

67 and nozz1es 64. 

The adhesive used for bonding the ink nozzle 

member 5 2 and the actuator 54. may ·be seleC:ted. from various 

known adhesives, such as those of viny1-type,. acry1ic..:.type 

and epoxy-type, or those containing polyam1de, phenol, 

resorcinol, urea, melami~, polyester, furan, polyurethane, 
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silicone, rubber, polyimide and polyolef in, provided the 

selected adhesive is resistant to the ink material. 

It is desirable in terms of.production efficiency 

that the adhesive is in the form.of a highly viscous paste 

which can be applied · by coating usinq a dispenser, or by 

screen-printing, or is in the form of a sheet which permits 

p\inching thereof. It is more desirable to use a hot-melt 

type adhesive which requires a relatively short heating 

time, or an adhesive which. ls· curable at room temperature. 

The adhesi~e in the form of a hiqhly viscous paste may be 

nbt.~f nAO by mixing an adhesiva matarial With a filler 50 a~ 

to increase the viscosity of the resulting adhesive. It is 

also desirable to use a hiqhly elastic ad.hes! ve so as to 

increase an amount of deformation of the pressure chambers 

56 upon displacement of the piezoelectric/electrostrictive 

elements 90. 

In particular, it is preferable to use an elastic 

epoxy adhesive or silicone-contained adhesive which can be 

applied by screen-printing,. or sheet-like, hot-melt type 

adhesive con.taining polyolefin or polyester, which permits 

punching thereof. It is also possible to apply various 

adhesives as indicated above to different , portions of the 
' I . . 

bonding surface(s) of the actuator 54 and/or the ink nozz1e 

member 52. 

When the actuator 54 and the ink nozzle meml>er 52 

are bonded together using the above ·adhesive, the pressure 

chambers 56 of the actuator 54 are held ·.in. communication 
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with the nozzles 64 and ink supply channel 72 fanned in the 

ink nozzle member 52, by communicating the first and second 

commun:tcation holes 86-, 87 with the throuqh-ho1es 66 and 

orific~s 68 formed through the orifice plate 60 of. the ink 

nozzle member 52~ 

The fluid tiqhtness of the ink flow channel at the 

bonding surfaces of the actuator 54 and ink nozzle member 52 

can be satisfactorily established. by providing sea.ls over 

their regions ~urroundjnq the first and second communication 

holes 86 .. 87 and the slits. 80. connecting the holes 86, 87. 

Thus, ·the present ink jet print head 50 requires a 

si.CJilificantly reduced area of the bond.in9 surfaces which 

must be sealed so as eo stably establi.sh a hiqh degree of 

fluid .tig'htness of the l.nk flow channel. This advantage will. 

be readi1y appreciated by comparing the construction ·of the 

instant. emb_odiment -with that. of the known ink jet print head 

as aha~ in Figs. 4 and s, in which a f luid.-tight sea1 

be~ween the ink nozzie member 16 and the actuator 25 needs 

to be provided around the openings of the relative1y larqe 

voids 22. 

I.~ the instant embodiment, in particu1ar, the 

diameters of the first and second communication ho1es 86, 87 

are set . to . be f:lntal.ler than the width .dim~nsion of the 
... ·:ii 1 l 

pressure ·clumiber 56 (the width dime~ion ~f the window s·a 

formed through the spacer plate 82). Therefore, the adjacent 

01.1es of the first. comm\inication holes 86 and .those of the 

second communication holes 87 are· spaced apart from each 
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. other by a ~ufficiently large distance (indicated by "L" in 

·Fiq. 2). Thia arrangement assures a sufficiently large 

bonding area between the at:tuator 54 and the ink nozzle· 

member 52, at around the respective first and ~econd 

communication holes 86, 87. Accordingly, further 111\proved 

f~uid tightness between the bonding surfaces of the actuator 

54: and in~ nozzle member 52 can ·be achieved even if these 

members 54, S2 are made of different kinds of materials~ 

When the actuator _54 with a bond_ing surfaoe co~ted 

·~ith an adhesive is superposed· on the ink nozzle m~mber 52, 

and is pressed against the nozzle member 52 so as to achieve . . . ' 

g_ood bon~inq strength_, the adhesive may overflow into the 

openinqs of the actuator 54, that is, the first and second 

comn'lunioa.tion holes 86, 87 . and slits 80. In the instant 

embodiment, ·the s~its ·so serve to increase the tQtal area· of 

the o~nings of the actuator 54. and the adhesive may 

overflow into the slits 80 as. well as the . commt.lnioation 

holes 86, 87 when a relatively large force is applie~ to the 

actuatOr 54 .£or impro\'ed bonding strength •. This arranqement 

favorably prevents• the ~irst and second communication holes 

8G, 87 frotn being closed by the adhesive .. Accordinqly, the· 

ink jet print head so can be produced. Wd.th improved bOnding 

efficiency, assuring excellent bonding and sea.ling strength, 

due.to increases in the permissible ranges of the amount of 

the force appiied to the actuator 54 and the time of the 

application of the farce, for bonding 1;:.he actuator ·54 and 
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the ink nozzle member Si together without closing the first 

and second communication ~oles 86, 87. 

Depending upon ·the kind of the adhesive used or 

the method of a~plication of the adhesive, the amount of the 

overflowing ad.hes~ve is increased. so much as to close the 

firiat and second communicati9n holes 86, 87, even in the 

presence of the slits 80. In this case, it is desirable that 

the diamete:t: of the first or second communication holes 86, 

87 be set to be substantia1ly equal to the width dimension . 

. of the cor~esponding pressure chamber 56, as shown in F~gs. 

Sa and·8b, .so as ta avoid the closil.re of the holes 86, 87 or 

the ink flow ~annal. It is also desirable to form one or 

both of tlie first and· second communication holes 86_, · 87 in 

teardrop shape as s~oWn in Fig. 8c, at elliptic shape, so.as 

to al.low the 1Dk t~ flow smoat::hlY through the print head. 50 ,a 

In the ink jet print hea,d· 50_ -constructed as 

described above, the fluid tightness of the ink flow channel 

~an ·be easily . and. .stable established, and the actuatpr 5 4, 

exhibits improved operating characteristics, due to the 

formation of the . slits so in the co1U1ec~1nq pl.ate 78. 

~ordingly, the . present print head 50 as-sures excellent 

ink-jet~inq capability with high stability. 

·A samp1e of the print head 50 as iliustra.ted in 

Figs. 1 thro~gh 3 was _produced. in which th~ ~~nnecting pl.ate 

78 of the actuator 54 was formed with the first and second 

. conununication· . holes 86 ,. 87. and the slits 80. When a Sf !:Ven 

voltage was applied to ·the piezoe1ectric/electrostrictive 
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eleme·nt 90 of the thus produced print head 50, the amount of 

flexural deformation of the actuator 54, which w~s mea.sured 

by a laser Doppler measuring device, was 0. 29\.lm. With 

respect to a comparative sample of print head in which only 

the first and s~cond communication holes (but not the sl~ts) 

were formed in the connectinq plate, the amount of flexural 

deformation· of the actuator was 0.21µm. With xespect to.the 

known print head of Fiqs: .4 and 5 i~ which the actuator does 

not include the connecting plate, the amount of flexural 

·deformation waa o. 291JJD. It will be recognized from these 

results that the fonnatiot?. of the slits in the connecting 

plate af t-hA .actuator lead&: to an increuad iUUount of 

ri~xttrul de~o:z:mation and improved operating charac~er.is~cs 

of the actuatot"·. 

Referring next to Figs.· . 9 and 10, there will be 

described an actuator . 98 as atio.ther embodi.Jnent of the 

present invention. In ·these fiqures, . the same i::eference 

numerals as used ~n·the·above descr~ption of ~e actuator 54 

of the previous embodiment wi.l.1 ·be used for .. identi·fying 

structurally and/or functionally·corresponding ~lements, of 

which no detailed eXpl.anation will be provided. 

This ac~uator 98 has four pressure chambers 56 

which are formed in the ceramic substrate 84 in a ziqzag 
' '1. I 

f~shion, as shown i.n Fiq. 9. Namel.y, two ~ows (left and 

~ight in Fig. 9.) · eadh consisting of two of the pressure 

chambers 56 are disposed with one ~f the ~pws displaced 

re la ti ve to the other row in the width direction of the 
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~ubstrate 84, i.e., in the ver~ical direction in Fiq. 9. The 

first communication holes 86 are farmed in the portions of 

the connectinq plate 78 between the left and r1qht rows of 

the pressure chambers 56, and the slits ao extend from the 

respective pressure chambers 56 to the corresponding f ir6t 

communication holes 86.. J;n this arran9ement, the first 

communication holes 86 can be arranged with increased 

densi.ty, that is, at a pitch substantially equal to or 

small~r than the. width of the pressure ch.amber 56. When this 

actuator 98 is used for an ink jet print head, therefore, 

the pitch of nozzles that are aliqned with the first 

communication holes 86 can be significantly reduced, whereby 

the print . head is capal:J·1e of performinq hiqhly a.ccura.te and 

high~qua1ity printing. In t1;lis case, the slits 80 provide a· 
. . 

part of the ·ink flow channel through which the ink· flows 

through the print head~ and is therefore required to have a 

sufficiently.larqe.width. 

Refer1:i.nq further to Fiq. 11., the actuator 98 is 

modified in respect of the shape of the first communication . . 

ho1es ~6, so that the holes 86 are arranged with furthe.r 

increased densit.Y qr at·a narrower pitch. -The actuator 98 is 

also modified cy pr?vi-dinq additional slits 100 on the 

apposite sides· of the pressure chambers 56 ."oais viewed in the ... . . . . ·' . . . . 
di-recti~n of the \ti.dth of the chmilbers 56, as shown :in Fiqs. 

11 and_ 12a, so as to increase the ·amount of displacement of 

the actuator 98. since -these slits 100 are .formed in the 

upper .portion of the _spacer plate 82 to interpose the upper 
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portion of the. pressure chambers 56 therebetween, the 

rigidity of the ceramic substrate 84 can be advantageously 

re,duced to allow easy deformation of · the chambers 56, 

thereby permitting the actuator 98 to undergo an effectively 

increased amount of dis~lacement, as shown in Fig. 12b. 

While the present invention has been described in 

its presently preferred embodiments with a certain degree of 

particularity, it is to be understood that the invention is 

not limited to the details of the illustrated embodiments, 

but may be otherwise embodied. 

For instan~e, the actuator constructed according 

to the present invention may be used as an ink pump for ink 

jet print heads ·having various other structures, and may 

also be used for microphones·, piezoelectric loudspeakers, 

sensors, vibrators or resonators, filters and other 

components or devices. 

·The dimensions, shape, .number and position of the 

slits 80 formed in the actuator 54 are not limited to those 

of the illustrated embodiments, but may be.suitably selected 

provide;d the slits 80 serve to effectively increase the 

amount of deformation of the pressure c~ambers 56. While the 

ratio of the width of the slits 80 to that of the pressure 

chambers 56 {i.e .• , the width of the window~: 88 formed in the 

spacer plate 82) is al>aut 1:3 in the illustrated 

embodiments, the slits may be formed with al.most no width by 

just cutting the surface of the ceramic substrate 84, so as 

tQ yield the above-described effects. Althouqh it · is 
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desirable that each of the slits 80 be formed to connect the 

correspondinq first and.second communication holes 86, 87 as· 

in the illustrated embodiments, the slit is not necessarily 

required to connect the holes 86, 67. but may be formed as a 

p1ura1ity of separate slit sections formed between the first 

and second communication holes 86, 87. Further, the slits 80 

may extend in other directions than that of the illustrated 

embodiments. 

Moreover, the construction and material of the ink 

-nozzle member 52 are not limited to those of the illustrated 

embodiments. For instance, the whole or a part of the ink 

nozzle member 52 may be formed _by injection ·molding, using 

synthetic· resin or the like, or by other mold.inq method. 

Furthermore# the positions, numbers and other parameters of 

the nozzles 64 and the orifices 68 formed. in the ink nQzzle . . . 

member 52, and those of the pressure chambers 56 f9rmed.in 

the actuator 54 are by no means limited to those of the 

illustrate.d embodiments. 

It is also to be understood that the present 

·invention may be embodied with various other chariges, 

modifications ~d improvements, which may occur to those 

skilled in the art# 
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CLAIMS: 

1. An actuator comprisinq: 

a cerc:unic substrate (84 l in which at least one 

pressure chamber ( 56} is formed, said ceramic substrate 

including a spac~r plate (!32 l having at least one window 

( 88.) which provides· said at lea.st one pressure chamber, a. 

c1osure plate (76) superposed on one of opposite major 

surfaces of said spacer plate, for closing one of opposite 

openings of each of said at least one window, and a 

connecting plate (78) superposed on the other major surface 

of said spacer· plat~,· for substantia.l.l.y closing the other 

opening of said each window, said spacer plate, said ciosure 

plate and said connecting plate being formed from respec~ive 

ceramic green sheets which are 1aminated on ~ach other and 

£ired into an int~gral ceramic structure as said ceramic 

substrate; and 

at .least one piezoe1ectric/electrostrictive 

element (90) each disposed on a portion of said ·closure 
. 

plate defining a correspondinq one 0£ said at least· one 

pressure chamber, for d~forminq sa.id portion so as to chanqe 

a pressure of the corresponding pressure chamber, each of 

said at least one piezoelectric/electro~~rictive element 

comprising a pair of electrodes {92, 
• I 

96) and a 

piezoelectric/e1ectrostrictive 1ayer {94), which are formed, 

by a film-forming method on an oµter surface of said c+osure 

p1ate of said ceramic substrate, . such that said 

111111111111111111111111111111 
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piezoelectric/electrostrictive layer is interposed between 

said pair of electr9des, said actuator being characteriz~d 

in that: 

said connecting plate of said ceramic substrate 

has a·t least one slit (80) which corresponds to ea.ch of said 

at least-one pressure chamber. 

2. An actuator as defined in ciaim 1, 

wherein said at _least one slit consists of a slit which 

·corresponds to each of said at leas~ one pressure chamber. 

3. An actuator as defined in claim 2, 
. . 

wherein said.connecting plate further has at·least one pair 

of first and second communication hples C-86 .# 871 .Cormad 

therethrough, each pair of whi.ch. ~ommunicates with a 

co~responding_ one -of said at least one pressure chamber, 

said sl:f.t ~onnectinq sai4. each · pair of :first and second. 

communication holes to each other • . · 

4.. An actqator as defined in claim 3 , 

wherein said. each pair: of first and second cormnun$.cation 

holes are al.-i9ned. with t~e _corresponding .pressure chamber •. 

as viewed in a pl~e of the ceramic subst~a~~· 
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5. An actuator as defined in claim 3, 

wherein said at least one pressure chamber consists of a 

plurality· of pressure chambers which are .arranged. in two 

rows·, said first communication hole corresponding to each of 

said pressure chambers being located between said two rows 

of the pressure chambers. 

6. An actuator as defined in any one of 

claims 2-~, wherein said slit has a width which is one third 

that of a correspondinq one of said at least one pressure 

chamber. 

7. An actuator as defined in any one of 

claims 2-6, wherein said slit extends in a direction of the 

length of the corresponding pressure chamber. 

8. An actuator as defined in any one of 

claims 1-7, wherein . said ceramic sub~trate has additional 
slits which are formed in said closure plate and said spacer 

plate, such that an upper portion of each of said at least 

one pressure chamber is- interposed between adjacent ones of 

said ·add.1tiona1·s1its. 

9. An ac-tuator as defin~' !n . any one of . 
. 

cla~ 1-8., _ wherein sa,id . closur~ plate of said ceramic 

substrate has ~ ~hi~~s~ of not larger than SO~m~ 
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10. An actuator as defined in any one of 

claims 1-9, wherein said connecting plate has a thickness of 

not smaller than lOµm. 

11. An actuator as defined in any one of 

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

not smaller than SOµm. 

12. An actuator as defined in ahy one of 

claims 1-11, wherein said ceramic substrate is formed of 

alumina or zirconia. 

13. An ink jet.pr.int head. comprising: 

an ink nozzle member ( 52) having a plurality of 

nozz1es (64) through which fine particles of ink are jetted; 
• 

and 

said actuator as defined in claim 1, which is 

di~posed on and bonded to· said ink nozzle member, such that 

said connecting plate is interposed between ·said spacer 

Pl:ate and said ink nozz·1e member, and in which said at least 

one pressure chamber consists of a plurality of pressure 

chambers formed behind ·the respective nozzles of said. ink 

nozzle member. 

14. An ink jet print head as defined in 

claim 13, wherein said connectinq plate·has a plurality of 

. first conununication ho1es located behind the respect~ve 
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~ozzles of said ink nozzle member, for permitting fluid 

communication between the correspnding nozzles and pressure 

chambers. 

15. An ink jet print he~d as defined in 

claim 13 or 14# wherein an outer surface of said connecting 

plate to which said ink nozzle member is bonded has the 

maximum wavines·s of not greater than SOµm as measured along 

a reference length of 8nun. 

16. An ink jet print head as defined in any 

one of claims 13-15, wherein said ink nozzle member consists 

of a noz%le plate having said plurality of nozzles, a 

channel. plate having a window formed therethrough, and an 

ori;fice plate having a plurality of orifices I said 

connecti~g p~ate of said actuator being superposed on said 

orifice pl.ate1 said window being closed by said nozzle plate 

an~ sai4 orifice_plate so as to fonn .an ink S:upply channel 

through which. the ink flows into said pressure chambers via 

the resppective ori~ices, said connecting p1ate further 

having a pl~rality of second communication holes for 

permitting fluid communication between the corresponding 
. 

orifices and pressure chambers. 


