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INK-JET RECORDING B

The invention relates to an ink-jet recording head and its

use.

An ink-jet printer that squirts drops of ink to print
letters and graphics in a dot-matrix format uses a recording
héad that. causes the pressure in the ink cavity to vary by
means of a piezoelectric device which produces mechanical
deformation upon application of a drive signal. As typically
described in U.S. Patent No. 3,946,398, part of the pressure
compartment in this recording head is formed of a diaphragm, to

which a piezoelectric substrate shaped in a thin sheet form is

attached.

The ink-Jjet recording head descr:.bed in the above mentioned
U.S.P. 398

is operated in such a way that when a drive signal is applled

4.‘-.

to the piezoelectric device, the ink cavity contracts,

whereupon ink is séuj.rted in drops from the nozzle orifice
communicating with t};é ink cavity to form dots on recording
paper. Since the piezoelectric device in sheet form is
attached to the diaphragm, the pressure compartment must be

made large enough to facilitate the operation of attachment.
.. /
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Descri ption

An ink-jet prlnter t hat

squirts drops of ink to print |et- - 7 ters and

graphlcs in a dat-matrix format uses a record-

i ng _head that causes the pressure in the ink cavity to -
vary by means of a piezoelectric device which produces

mechani ca
nal .

def ormati on upon application of a drive sig-

As typically described in U S. Patent No. 3.946, 398.
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On the other hand, a plurality of nozzle orifices are spaced at
very small intervals in order to improve the print qual;ty.
Therefore, the pressure compartment and the nozzles must be
connected by fluid passage-ways but this only results in a
complicated mechanism.

In order to solve those problems, an improved ink-jet
printing head has been proposed in, for example, U.S. Patent
4,072,959, and in this printing head a piezoelectric vibrator
is positioned in such a way that its tip faces the orifice of
each nozzle, with a dynamic pressure being imparted to ink by
displacements of the piezoelectric device so that drops of the
ink will be squirted from the nozzles. This proposal has the
advantage that the fluid ?assage-ways connecting the pressure
compartment and the nozzles are eliminated to achieve
structural simplicity. On the other hand, there is a large
acoustic impedance mismatch between the piezoelectric vibrator
and ink, so the energy produced by the piezoelectric device is
not effectively used in drop generation. |

In ordexr to solve this problem, EP-A-278590 proposed an
ink-jet recording head in which a plurality of passage-ways are
formed in one surface of a piezoelectric substrate in a pattern
that matches the dot forming region whereas an electrode is
provided on the inner surfaces of each passage-way, so that
deformation in a shear mode is produced in the walls of the
passage-ways to change the capacities of the grooves.

I
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part of the pressure conpar t ment in this recording head
is forned of a diaphragm-1-0 which a piezoel ectric sub- ”‘
strate shaped in a thin shéet formis attached.

The ink-j et -recor dignhaadedesasndetent ! BReabfkein passage-ways can be
meniioned U S.P. 398 is operated i'n such a way that'

when a drigser&diiplconpraiidledsd sbotheepassagel-eeysi for communicating the
device. the ink cavity contracts, whereupon ink is

squi rted i nieliceRd tie@mid iR 108 26z HLé ot sTamecal ingnated to achieve

structural simplicity. Furthermore, the direct compression of

5 the ink cavities offers the advantage of highly efficient drop

generation. On the other hand, “nozzle plates"” for forming

nozzle orifices that insure stable jet of ink drops must be

fixed with an adhesive to the piezoelectric substrate. Then,

the area of bond is directly subjected to the expanding and

10 contracting motions of the piezoelectric substrate and this

lowers the strength of bonding between the two members. 1In

addition, it is necessary to apply the adhesive to very small

areas but this only increases the complexity of the

manufacturing process. As a further problem, a step will be

15 formed unavoidably between a groove and the attached nozzle

plate and it is difficult to remové air bubbles that are drawn

into the groove from the nozzle orifice due to the advancing

~and retracting motion of the meniscus formed at the nozzle

orifice. .

——— -

It is therefore an object of the invention to provide an
10 improved ink jet recording head and the use of same. This

invention therefore provides an ink jet recording head

according to independent claims \, 2, % b, A awd 'l

and its application according to independent claims \b ook L F.

15 Further advantageous features, aspects and details of the
invention are evident from the dependent claims, the
description and drawings. The claims are intended to be

understood as a first non-limiting approach of defining the
invention in general terms.
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with the ink cavity to formdots on recordi ng paper.
Since the piezoelectric gevice in sheet formis attached
to the di aphragm the pressure conpartnent nust be

nmade | arge enough to facilitate the operation of attach-
ment. On the other hand, a plurality of nozzle orifices
are spaced at very snall intervals in order to inprove

the print quality. Therefore, the pressure conpartnment
and t heThez inyenkion prowiasam Bpki |19ty FpEeRAjag head with which

the ink in an ink cavity is squirted in drops by the kinetic
enerqgy of a piezoelectric vibrator to form dots on recording

paper.

The present invention has been achieved under the above

mentioned
circumstances and has as an aspect providing a novel ink-jet

recording head that can be produced by a simple process without
mounting nozzle plates and that is capable of forming dots in

a consistent manner.
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ways but this only results in a conplicated nechani sm

In order to solve those problens, an inpreved ink- SRS
jet printing head has beén’proposed in, for exanple. e
U S. Patent. 4.072,959. and in this printing head a piezo-
electric vibrator is positioned in such a way that its tip
faces the orifice of each nozzle, with a dynam c pres-

sure being inparted to ink by displacenents of the pie-

zoel ectric device so that drops of the ink will be squirted
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A preferred ink-jet recording head comprises a plurality of

piezoelectric substrates that are polarized in the direction of
their thickness and that have grooves space by diaphragms at'a |
predetermined pitch and electrodes tﬁat are formed in those
grooves in an electrically isolated manner, each of said
grooves comprising a portion having a sufficient depth to form
an ink reservoir, a portion communicating with one side of the
head and having a sufficient depth to provide an orifice that

is adapted to squirt ink drops, and a portion having a depth
appropriate for receiving an externally supplied ink, said.
piezoelectric substrates being fixed together into a unitary
assembly in such a way that the surfaces of the substrates
where those grooves are open are in registry and that the
directions of polarization in those substrates are opposite to
each other, said recording head further including an ink supply

means that is provided on the side opposite to the side where

said orificg is to be pfovided.

Fig. 1 is a perspective view of an ink-jet récordiqg
head according to a first embodiment of the present invention;

Fig. 2 is a perspective view showing an example of a
centrally positioned piezoelectric substrate;

Fig. 3 is a cross~sectional view showing the shape of

grooves formed in the center piezoelectric substrate;
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fromthe nozzles. This proposal has the advantage that -
the-fluid passage-ways connecting the pressure com Th
partment and the nozzles are elimnated to achieve S

structural

simplicity. On the other hand. there is a large

acoustic i npedance m smatch between the piezoel ec-

tric vibrator and ink, so the energy produced by the pie- zoelectric device

is not effectively used in drop generati on.
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Fig. 4 is a perspective view showing how electrodes are

provided on the center piezoelectric substrate;

Fig. 5 is a diagram showing the electrode structure of

the center piezoelectric substrate;

Fig. 6 is a perspective view showing the structure of
a piezoelectric substrate to be used in pair with the center
piezoelectric substrate;

Fig. 7 is diagram showing a sectional structure of a
groove formed in the substrate of Fig. 6;

Fig. 8 is a diagram showing the electrode structure of
that piezoelectric substrate;

Fig. 9 is a perspective view showing the structure of
the other piezoelectric substrate to be used in pair with the
center piezoelectric substraée;

Fig. 10 is a diagram showing sectional structure of a
groove formed in the substrate of Fig. 9;

Fig. 11 is a diagram showing the electrode structure of

that piezoelectric substrate;

Figs. 12A to 12D are diagrams showing the step of
forming grooves in a piezoelectric substrate and the steps of
forming electrodes on the substrate:

Fig. 13 is a cross-sectional view showing in detail the
structure of the ink-jet recording head according to the first
embodiment of the present invention:;

Fig. 14 is a diagram of said recording head as seen

from the side from which drops of ink are squirted;

is Sheet Has Been Re;

||II\I|HIII|\|I|I

lace




10

15

20

25

Fig. 15 is a diagram showing a method of driving the
ink-jet recording head of the present invention;

Fig. 16 is a diagram showing how diaphragms aré |
deformed during ejection of ink drops}

Fig. 17 is a diagram showing another method of driving
the ink-jet recording head of the present invention:;

Figs. 18A and 18B are perspective views showing another
example of the electrode structure to be used;

Fig. 19 is a illustrating a method that is suitable for
driving a recording head that has the electrode structure shown
in Fig. 18;

Fig. 202 shows a section of another example of the
electrode structure to be used;

Fig. 20B is a diagram showing the same electrode
structure as seen from the side where the grooves are open;

Figs. 21A and 21B are diagrams showing two othexr
examples of the electrode structure as seen from the side where
the grooves are open;

Fig. 22A.show§ a section of another example of grooves
formed in a piezoelectric substrate; "

Fig. 22B is a top view of the same example as seen from
the side where the grooves are open;

Fig. 23 shows the state of a pressure wave to be
exerted upon ink when the electrode structures and grooves
shown in Figs. 18 - 22 are adopted, as well as the shape of an

ink drop that is generated by said pressure wave;
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In order to solve this problem EP-A-278590 pro- posed an ink-jet recording
head in which a pIurallty”bf passage-ways -are forned in one surface of a
pi ezoel ec- tric substrate™in a pattern that ‘matches the dot forming region
whereas an el ectrode is provided on the inner surfaces-of each passage-way,
so that deformation in a shear node is produced in the walls of the
passage- ways to change the capacities of the grooves.

Fig. 24 shows the state of a pressure wave to be
exerted upon ink when none of the approaches shown in Figs. 18-
22 are taken, as well as the shape of inks drops that are
generated by said pressure wave; |

5 Fig. 25 is a perspective view of an ink-jet recording
head according to a second embodiment of the present invention;
.Fig. 26 is a perspective view showing the structure of
the piezoelectric substrate used in the ink-jet recording head
shown in Fig. 25;
10 Fig. 27 is a cross-sectional view showing the shape of
grooves formed in the piezoelectric substrate;

Figs. 282 to 28C are diagrams showing a process of
forming grooves in the piezoelectric substrate;

Fig. 29 is a diagram showing a sectional structure of

15 the device shown in Fig. 25;

Fig. 30 is a cross-~sectional view showing and ink-jet
recording head according to a third embodiment of the pfesent
invention:; .

Fig. 31is a perspective'vieﬁ'showing an example of the

20 top cover member used in the printing head of Fig. 30;

Fig. 32 is a front view showing the structure of said
recording head as seen from the side where nozzle orifices are -
open;

Fig. 33 is a cross-sectional view showing the structure

25 of grooves formed in the piezoelectric substrates of an ink-jet
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In this recording head,

so the passage-ways for com nunicatng the-ink cavities with the nozzle

orifices are elimnated to-achieve structural sinplicity. Furthernore, the

~direct” conpression of the ink cavities offers the advantage of highly
efficient drop generation. On the other hand, "nozzle plates"” for formng
nozzle orifices that insure stable jet of ink drops nust be fixed with an
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recording head according to a fourth embodiment of the present

invention;

Fig. 34 is a cross-sectional view showing the relative
positions of piezoelectric substrates and covers, as well as
the structure of grooves formed in said piezoelectric
substrates in the case where dual nozzle rows are provided in
the second, third and fourth embodiments of the present
invention; and

Fig. 35 shows a printer in which an ink-jet recording

head according to the present invention is employed.

Fig. 1 shows an ink-jet recording head according to a
first embodiment of the presént invention. Reference numeral
1 represents a central positioned piezoelectric substrate
(hereunder referred to as “a center substrate®) that is made of
lead zirconate or some - other material that exhibits a

piezoelectric phenomenon. This center substrate has such a

thickness that grooves 3 and 4 to be described below can be .

formed in top and bottom surfaces, respectively, and it is
polarized in the direction of its thickness. The top surface
of the center substrate has grooves 3 formed therein in such a
way that they are spaced by equal distances as shown in Fig. 2;
similarly, the bottom surface of the center substrate has
grooves 4 formed therein that are also spaced by equal

distances. The grooves 3 and 4 serve as fluid passage-ways.

—_—
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adhesive to the piezoelectric substrate. Then, the area of bond is directly
subj-ected to the expandi ng::and con- tracti-ng notions of tfye piezoelectric
substrate and this |owers the strength of bondi ng between-the two nem

bers. In addition, it is necessary to apply the adhesive to very snal

areas but this onIy I ncreases the conplexity of the manufacturing process.
As a further problem a step will be formed unavoi dably between a groove
and o

The grooves 3 in the top surface are separated by diaphragms 5
that are made of the same piezoelectric material, and the
grooves 4 in the bottom surface are separated by diaphragms 6
that are also made of the same piezoélectric material. The
5 grooves 3 are positioned in such a way that they are offsét
from the grooves 4 by one half of the pitch between adjacent
grooves. The grooves 3 and 4 communicate at one end with one
side la of the center substrate 1 in such a way as to fomm
nozzle orifices 50 and 51, whereas the other end of each groove
10 communicates with an ink supply member 10. The surfaces of the
rear end of the center.substrate 1l are provided with a wiring
patterns 13 by which electrodes 17 formed continuously on the
inner (wall and bottom) surfaces of the grooves 3 and 4 are
connected to cables 12 that are connected to a drive circuit
15 (not shown). | ' . -f-fé}.
As shown in Fig. 3, the each front end 3a and 4a of
each groove 3 and 4 that serves as a nozzle orifice is shallow
enough to provide an orifice size that is suitable for
squirting ink dropsf the each center portion 3b and 4b is deep
20 enough to provide a capacity that is capable of accommodating
the necessary amount of ink for drop generation; and the each
rear end of 3c and 4c-of each groove is formed at such a depth
that it will have a suitable fluid resistance in cooperation
with the inlet port 10a of the ink supply member 10.
25 As shown in Figs. 4 and 5, the each .inner (wall and

bottom) surfaces of grooves 3 and 4._and adjacent diaphragms 5
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the attached nozzle plate and it is difficult to renove air bubbles that .
are-drawn i'nto the grooveifromthe nozzle -orifice due to.fthe advanci ng and
refracting notion of the meniscus fornmed at the nozzle ofifice. It is
therefore an object of the invention to provide an inproved ink jet
recordi ng head and the use of sanme. This invention therefore provides an
ink jet recording head according to independent clains 1, 4, 6, and 9 and

and 6 are covered with a metal layer that is electrically
separated by blank portions 15 and 16 to form electrodes 17 and
18 so as to permit the reception of a drive signal from a drive
circuit. .

5 In Fig. 1, reference numeral 20 is an upper substrate
that is made of the same material as the center substrate that
exhibits a piezoelectric phenomenon. As shown in Fig. 6,
grooves 21 are formed on the surface of the upper substrate so
as to face with the grooves 3 formed on the upper surface of

10 the center substrate 1. As shown in Fig. 7, each of the
grooves 21 is formed in such a way that the front end 21a which
provides a nozzle orifice is shallow, that the portion 21b
providing an ink cavity is deep and that the rear end 2lc will
communicate with the inlet port 10a of the ink supply member

15 10. The each of grooves 21 are separated by diaphragms 22 and
their inner (wall and bottom) surfaces are covered with a metal
layer that is electrically separated by blank portions 23 to
form.electrodes 24. The electrodes 24 Are such that when the
upper substrate 20 is placed on top of the center substrate 1,

20 they will establish electrical connection with the electrodes
17 on the center substrate 1. |

In Fig. 1, reference numeral 30 is a lower substrate

that is made of the same material as the center substrate 1

that exhibits a piezoelectric phenomenon. As shown in Fig. 9,

25 grooves 31 are formed on the surface of the lower substrate so

as to face with the grooves 4 formed in the bottom surface of

T
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its application according to clainms 16 and 17. Furt her advant ageous
features, aspects and detai:l s of the invertion are evidenf:fromthe
dependent clains, the descCription and drawi ngs. The clainms are intended to
be understood as a first non-limting approach of defining the invention in
general terns. The invention provides an ink jet recording head with
which the ink in an ink cavity is squirted in drops by

the center substrate 1. As shown in Fig. 10, each of the

grooves 31 is formed in such a way that the front end 3la which

provides a nozzle orifice is shallow, that the portion 315

providing an ink cavity is deep and that the rear end 3lc will

5 communicate with the inlet port 10a of the ink supply member

10. The grooves 31 are separated by diaphragms 32 and their

inner (wall and bottom) surfaces are covered with a metal layer

that is electrically interrupted by blank portions 33 to form

electrodes 34. The electrodes 34 are such that when the lower

10 substrate 30 is combined with the center substrate 1, they will

establish electrical connection with the electrodes 18 on the
center substrate 1.

Fig. 12 illustrates.an example of a method of working

the center substrate 1, the upper substrate 20 and.the lower

15 substrate 30. First, a wedge stand 41 having a predetermined

angle, e.g. 2 degrees, is fixed on a horizontal work table 40.

Then, a piezoelectric substrate 42 of a predetermined thickness

is fixed on the wedge 41. With the workpiece set up in the

manner described above, a dicing saw 43 is positioned in such

20 a way that its cutting depth at the front end of the substrate

which provides a nozzle orifice will take on a value

appropriate for the nozzle orifice, e.g. 30 pm. Thereafter,

the dicing saw 43 or the work table 40 is moved relatively by

a given distance for cutting the surface of the substrate. As

25 a result, a groove having a predetermined width, e.g. 90 pm,

that corresponds to the cutting width of the dicing saw will be
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the knetic energy of a piezoelectric vibrator to forn1dop§
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formed at the angle specified by the wedge 41. After the
cutting of a predetermined length is completed, the table 40 or
the dicing saw 43 is further moved in the horizontal directioﬂ :
and the saw is slowly raised up, whereﬁy the shaping of a rear
end of the groove is carried out (see Fig. 123).

When the formation of a single groove is carried out,
the work table 40 or the dicing saw 43 is shifted laterally by
a predetermined distance, e.g. 170 um, and the above-described
procedure is repeated to form the necessary number of grooves.

After forming grooves 44 on the surface of the
Piezoelectric substrates, a nickel layer 45 is formed in a
predetermined thickness, e.g. 1 um on the cut sﬁrface of each
substrate by a suitable technique such as electroless plating,
sputtering or evaporation (see Fig. 12B). The surface of the
nickel layer is coated with a corrosion-resistant metal, e.g.
gold (Au) layexr 46 in a predetermined thickness, e.g. 0.1 um
(see Fig. 12C).

Subsequently, the metal layers 45 and 46 formed on the
diaphragms are either cut with a dicing saw 47 or gtched by
photolithography in a direction parallel to the fluid passage-
ways so as to electrically isolate the plated layers on the
individual passage-ways (Fig. 12D).

The substrates thus formed are assembled together in
the following manner. The upper substrate 20 and the lower
substrate 30 are fixed to the top and bottom surfaces of the

center substrate 1 by a suitable means such as an adhesive in

\
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The .present
above nenti

on recordi ng paper.
i nvention has"heen achi eved unrder the L
oned circunstahces and has as an aspect &

provi ding a-novel ink-jet recording head that can be pro-

duced by a
pl at es and
manner .

si npl e process w thout nounting nozzle
that is capable of formng dots in a consistent

" such a way that the grooves 21 and 31 will be fit with the
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grooves 3 and 4, respectively. 1In addition, an ink supply
member 10 that is positioned at the rear end of each of thé |
upper and lower substrates 20 and 30‘is fixed to the center
substrate in such a way that the ink ‘supply port 10a will
communicate with the ends 3a and 4a of the grooves 3 and 4,
respectively, in the center substrate 1.

As a result, the upper and lower substrates 20 and 30
are positioned and fixed in such a way that the directions of
their polarization E; and E; that are opposite to the direction
of polarization E; in the center .substrate 1 across their
interfaces with the latter, as shown in Fig. 13. The grooves
formed in the respective substrates 1, 20 and 30 ére such that
their shallow portions 3a/2la and 4a/3la at the front end
provide nozzle orifices 50 and 51 as shown in Fig. 14 and, at
the same time, those grooves form ink cavities in the central
portion that have a cross section shaped like a flattenéd'water
drop. The electrodes 24 on the upper substrate 20 and the
electrodes 34 on the lower substrate 30 contact to the
electrodes 17 and 18 on the opposite éurfaces of the center
substrate 1, respectively, to establish electrical connection.

Fig. 15 show a method of driving the ink-jet recording
head having the construction described above. As shown, the
electrodes 24 and 17 formed on the upper substrate 20 and the
center substrate 1, respectively, are connected to a drive

power supply 68 via three-state drive circuits 61 - §7 that are
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A preferred ink-jet recording head conprises a plu-

rality of piezoelectric substrates that are polarized |n’The
direction of their thickness and that have grooves space-

by diaphragns at a predeterm ned pitch and el ectrodes -

that are fornmed in those grooves in an electrically iso-

| at’ed manner, each of said grooves conprising a por-

tion having a sufficient depth to forman ink reservoir, a
portion comruni cating wiith one side of the head and
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to be controlled by a signal from a print data output circuit
60. If a selected ink cavity 70 that corresponds to the
position where dots are to be formed is supplied with a voltagé
of one polarity, e.g. negative, whereaé the electrodes for two
ink cavities 71 and 72 adjacent to ink cavity 70 are supplied
with a voltage of the other polarity, e.g. positive (see Fig.
16), the diaphragms 73 and 74 on the center substrate 1 as yell
as the diaphragms 75 and 76 on the upper substrate 20 which
define the ink cavity 70 in combination with 73 and 74 are
subjected to the action of electric fields F1l and F2 that are
directed towards the ink cavity 70. As a resunlt, the
diaphragms 73, 74, 75 and 76 will deflect in a shear mode
towards, the ink cavity_?O, which then shrinks in capacity to
compress the ink it contains. This causes the ink in the
cavity 70 to be squirted in drops from the tapered orifice
(Fig. 13). The orifice 50 has a smaller cross-sectional area
than the ink cavity 70, so it will act like a nozzle orifice
and permits the ink in the cavity to be squirted in drops of an
optimal diameter to jet until they reach a recording.sheet and
form dots on its surface.

When the dot generation ends and no more drive signal
is applied, the deformed diaphragms 73 - 76 will be restored to
their initial state. 1In this process of restoration, the ink
cavity will expand, so that additional ink is suppiied into the
ink cavity 70 through the inlet port 1l0a to condition the head

for the next cycle of dot generation.
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having a sufficient depth to provide an orifice that is

adapted to squirt ink dropS; and a portion-having a

depth appropriate for recei'ving an externally supplied

i nk, said pi-ezoel ectric substrates being fixed together-
intp a unitary assenbly in such a way that the surfaces
of the substrates where those grooves are open are in
registry and that the directions of polarization in those
substrates are oppos%ﬁetig gfggtoéggr,_said recoydin
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odiment of the pgesent invention, ink
is ejected by abruptly deforming the cavity defining diaphragms
as ink is flowing into the cavity. 2Alternatively, electric'
fields F; and F, that will change theii' strength at small rate
may be first applied as shown in Fig. 17 in directions that
expand the ink cavities 71 and 72 adjacent the cavity 70,
whereupon the diaphragms 75 and 76 on the upper substrate 20
and the diaphragms 73 and 74 on the center substrate 1 are
deformed at a relatively slow speed to £ill the cavity 70 with
ink. Following this preliminary step, the diaphragms 73 - 76
are abruptly deformed as in Fig. 16 to eject ink drops. That
is, the ink cavity 70 is filled with the necessary amount of
ink, and the elastic energy stored in the diaphragms 73 - 76 is
effectively used to generate ink drops with high efficiency.
Purther, in the first em.bodﬁnent described above,
grooves are formed in both surfaces of the center substrate 1

so as to provide nozzle orifices in two rows. If desired,

. grooves may be formed in only one surface of the center

substrate 1 while other grooves are formed in the corresponding
surface of either the upper or lower substrate to provide
nozzle orifices in one row. It will be apparent to one skilled
in the art that the same result can be achieved by this
modified arrangement. -

Figs. 182 and 18B are diagrams showing another example
of the structure of piezoelectric substrates to be used in

making the ink-jet recording head of.the present invention. In
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head further including an ink supply nmeans that is pro-
vi ded on the side opp05|te to the side where said orifice:: .

is to_be provided. Fig. 17s a perspect|ve
vi ew of an i-nk- j et recordlng - head accordi ng
to a first enbodi nent of the present

I nventi on; Fig. 2 is a perspective view

showi ng an e§agple . '
ig. reference numeral 80 is a piezoelectric substrate

that is
made of lead zirconate or some other material that exhibits a

piezoelectric phenomenon. The piezoelectric substrate is

polarized in the direction of its thickness and has grooves 81
5 formed in its surface at equal spacings to provide f£fluid

passage-ways. The grooves 81 are separated by diaphragms 82

that are made of the same piezoelectric material. One end of

each groove 82 communicates with one side 80a of the substrate

80 so as to form a nozzle orifice whereas the other end
10 communicates with the ink supply port.

As in the embodiment already described above, the
grooves 81 are formed in such a way that the front end of each
groove which serves as a nozzle orifice is shallow enough to
provide an orifice size that is suitable for squirting ink

15 drops , that the center portion is deep enough to provide a
capacity that is capable of accommodating the necessary amount
of ink for drop generation, and that the rear end is of such a -
depth that it will have a suitable fluid resistance in
cooperation with the inlet port of the ink supply membér.

20 Further, the inner (wall and bottom) surfaces of groéve Bl are
provided with electrodes 84 and 85 each of which is divided

" longitudinally into two  parts by a blank space 83. The

electrodes 84 and 85 are so adapted as to be connected to an

external circuit by means of conductive patterns 86 and 87.
25 A substrate 90 which makes a pair with the substrate 80

(see Fig. 18B) is made of the same piezoelectric material and
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a centrally positioned piezoelectric substrate: '
~Fig.- 3 is a cross-sectiondl. view show ng the shape :
of ‘grooves formed in the center piezoel ectric sub-

strate: : Fig. 4 is a perspective view show ng
how el ectrodes are orovided on the center

pi ezoel ectric substrate: Fig. 5 i1s a diagram
showi ng the el ectrode structure of the centwer

pi ezoel ectric substrate:
that has grooves 91 and electrodes 94 and 95 formed on its

surface in such a way that they are symmetrical with the
grooves 81 and electrodes 84 and 85 so as to place with each.
other. Stafed more specifically, grooves 91 are formed in the .
5 surface of the substrate 90 at egual spacings to provide fluid
a'passageways and those grooves 91 are separated by diaphragms
92 that are made of the material as the substrate 90. One end
of each groove 91 communicates with one side 90a of the
substrate 90 so as to form a nozzle orifice whereas the other
10 end communicates with the ink supply port. As in the
embodiment already described above, the grooves 91 are formed
in such a way that the front end of each groove which serves as
a nozzle orifice is shallow enough to provide an orifice size
that is suitable for squirfiﬁg ink drops, that the center
15 portion is deep enough to provide a capacity that is capable of
accommodating the necessary amount of ink for drop generationm,
and that the rear end is of such a depth that it will have a
suitable fluid resistance in cooperation with the inlet port
the ink supply member. Further, the inner (wall and bottom)
20 surfaces of grooves 91 are provided with electrodes 94 and 95
each of which is divided longitudinally into two parts by a
blank space 93. The electrodes 94 and 95 are so adapted as to
be connected to an external circuit by means of conductive
patterns 96 and 97.
25 When the two piezoelectric substrates 80 and 90 are

bonded or otherwise connected, withtheir cut surfaces facing
-
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Fig. 6 is a perspective viewshowingthe structure of , _ _
a piezoel ectric substrate: ‘to be used in patr with the cent’,er pi ezoel ectric
substrat e:

each other, they will have polarization vectors E4 and E5
acting in opposite directions across the interface while, at
the same time, the shallow front portions of the grooves in the
substrates combine to provide ink cavities that have tapered
5 nozzle orifices and that resemble flattened water drops in
cross section. In addition, the two electrodes 84 and 85 for
the grooves 81 in the substrate 90 and the two electrodes 94
and 95 on the substrate 90 contact each other to establish
electrical connection, with each ink cavity having an electrode

10 that is divided into two parts in the longitudinal direction.

Fig. 19 illustrates a method for driving the printing
head having the construction described above. A print data
output circuit 100 supplies a control signal to a three-state
drive circuit 101 whose out-put is supplied directly to the

1s electrodes 85 and 95 closer to an ink s;.zpply port 103 where the "
same output is'supplied to the electrode B84 and ‘94 on the
nozzle orifice side via a delay circuit 102 that delays the
output bf the time necessary for a vibration to propagate from
the electrodes 85 and 95 to the electrodes 84 and %54.

20 In the circuity shown in Fig. 19, a drive signal is
first applied to the electrodes 85 and 95.closer to the ink
supply port 103, so that only the regions of electrodes 85 and
95 of the diaphragms 82 and 92 are deformed towards an ink
cavity, whereupon the ink in the cavity is compressed to create

25 an elastic wave. When the time set in the delay circuit 102

(e.g. 20 microseconds if the distance between the centers of
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- 4- Fig. 7 is diagram show ng a sectional
structure of a R - groove forned in the

substrate of Fig. 6; Fig. 8is a diagram
show ng the-el ectrode structure -

10

s

20

25

two electrode segments is 20 mm) has passed, the elastic wave
from the electrodes 85 and 95 reaches the electrodes 84 and 94, .
whereupon the delay circuit 102 outputs a drive signal that is
applied to the electrodes 84 and 94. As a result, the regions
of the electrodes 84 and 94 of the diaphragms 82 and 92 are
deformed to further compress the ink, thereby producing an

elastic wave that is superposed on the elastic wave generated

by the electrodes 85 and 95. This allows the ink flowing

towards the nozzle orifice to be compressed with high
efficiency and within a short region, whereby a sharp pressure
wave is exerted at the nozzle orif‘ice to have the ink 'squirted
in drops without any tailing.

In the foregoing discussion, each of the electrodes for
grooves is divided into two pa-Lrts in the longitudinal direction
but if necessary it may be divided into three or more parts in
the longitudinal direction so that a drive signal is applied to
the successive electrode segments with a time lag being
provided that corresponds to the time required for the pressure
wave generated at the ink supply port to reach the respective
electrode segments. It will be apparent to one skilled in the
art that the same result can be attained by this modified
a'trrangement.

Figs. 20A and 20B show another example of the electrode
structure to be used in the ink-jet recording head of the
present invention. Reference numeral 110 is a piezoelectric

substrate which, as in the embodiment already described above,
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of that piezoelectric substrate,; Fig. 9is a
per spective view show ng the structure of - T :

t he ot her piezoelectric substrate to be used in pair

with the center piezoelectric substrate;

Fig. 10 is a diagram show ng sectional structure of

a groove forned in the substrate of Fig. 9;

Fig. 11 is a diagram showi ng the el ectrode structure

~of that piezoelectric substrate: '
has grooves 111 formed in its surface that communicate with one

end 110a of the substrate to form nozzle orifices. The inner

(wall and bottom) surfaces of grooves 111 are provided with.

electrodes 112 for allowing an electric field to act on

S diaphragms with which the grooves are separated. Each

electrode 112 consists of two regions, one being region 1l12a

that is closer to the distal end 110a of the substrate where a

nozzle orifice opens and the other being region 112b that is

closer to the ink supply port, and the second region 112b is

10 formed to be thicker than the first region 11l2a. Needless to

say, such electrodes that vary in thickness in different

regions can be easily formed by controlling the time of
eééporation or plating.-

With the electrode structure described  above, the

15 elasticity of diaphragms that are closer to the ink supply port

can be enhanced by metals that have a higher elastic modulus

than the piezoelectric substrate, so those diaphragms will

deform faster than the diaphragms that are closer to the nozzle

orifice. At the time when the pressure wave of the ink that

20 has been generated by the deformation of those diaphragms

reaches the nozzle orifice, the diaphragms in that region are

still in the process of deformation, so the pressure wa've

propagating from the ink supply port will be further compressed

to insure that a pressure wave that is as sharp as is produced

.25 in the previous embodiment will act on the nozzle orifice to

have the ink squirted in drops without tailings.
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Figs. 12A to 12D are diagrams showi ng the step of

form ng grooves in a piezGelectric substrate and the ey
steps of formng el ectrodés on the substrate;
Fig. 13 is a cross-sectional view showi ng in detai

t he. structure of the ink-jet recording head according

to the first enbodi nent of the present invention;

Fig. 14 is a diagramof said recording head as seen
fromthe side fromwhich drops of ink are squirted;

10

15

20

25

In the case described above, the thickness of the metal
layer forming the electrodes is adjusted to vary at two levels
_along' the grooves. Two other examples of the electrode
structure are shown in Figs. 212 and 21B; the electrode 122
shown in Fig. 21A consists of three portions, 122a, 122b and
122¢, that are formed in such a way that the thickness
increases stepwise in the order written along a groove 121 in
a piezoelectric substrate 120; and the electrode 123 shown in
Fig. 21B is formed in sﬁch a way that is thickness increases
monotonically towafds the ink supply port. It will be apparent
to one skilled in the art that the same result can be attained
by those modifications.

Fig. 22 shows the structure of another example of
grooves that are to be formed in a piezoelectric substrate and
that are effective for the purpose of concentrating a preséure :
wave. Reference numeral 130 is a groove that is formed in the
surface of a piezoelectric substrate 131 and that consists of
a deep region 130a closer to a nozzle orifice and a shallow
region 130b closer ‘Eo the ink supply port, the depth of which
portion is in no way detrimental to the generation of ink
drops. An electrode 132 is formed on the inner (wall and
bottom) surfaces of those regions. A diaphragm 133 that
separates two adjacent grooves 130 and that will deform in
response to a drive signal applied to the electrode 132 is such
that the height Hl of the region closer to the ink supply port

is smaller than the height H2 of “the region closer to the
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Fig. 15 is a diagram showi ng a nethod of driving '

the tnk-jet recording hedad of the present 4 nvention; e

Fig. 16 is a diagram showng how di aphragns are o

def ormed during ejection of ink drops: . Fi g.
17 is a diagram show ng anot her nethod of

driving the ink-jet recording head of the present

i nventi on; Figs. 18A and 188 are perspective
vi ews show ng

nozzle orifice and, therefore, the region closer to the ink
supply port has a higher elastic modulus on account of the
constraint exerted 'by the bottom surface. Thus, upon.
application of a drive signal to the électrode, the region of
5 the diaphragm closer to the ink supply port will first deform
and the region closer to the nozzle orifice which has a lower
elastic modulus will subsequently deform. As a result, the
diaphragm in the region closer to the nozzle orifice deforms to
Create a pressure wave that is superposed on the pressure wave
10 that has propagated from the region closer to the ink supply
port. Hence, a pressure wave that is as sharp as is produced

in the previous embodiment will act on the nozzle orifice.
In the examples shown in Figs. 19 - 22, the preséure
wave that has been generated-on the ink supply port side (see
1s Fig. 232) will reach the nozzle orifice after the lapse of time
AT (Fig. 23B), causing the diaphragm in that region to deform.
Hence, a pressure wave that has short tails and a high peak
value as indicated by a dashed line in Fig. 23B can be
propagated to the nozzle orifice. As a result, ink drops
20 having a high ejection rate and a short duration will be
generated and squirted onto recording paper with minimum bends

and not tailings (see Fig. 23C).

- However, in the absence of the arrangements described
above, pressure waves are generated simultaneously in all
25 regions from the nozzle orifice to the ink supply port as shown

in Fig. 242 and those pressure ~.waves will successively
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anot her exanpl e of the eI ectrode structure to be '

used; Fig.-19 is a illustrating a nethod
that is suitable for driving a recording
head 1t hat has the el ectrode - structure shown
in Fig. 18; Fig. 20A shows a section of
anot her exanple of the el ectrode structure
to be used; Fig. 20B is a di agram show ng-

the sanme el ectrode
propagate to the nozzle orifice, so that ink will be squ:.rted

over a fairly long time as in the case of the fluid from a
water pistol. As a result, the generated ink drops will have.
a small velocity of jett;ng and continue for a long period (see

5 Fig. 24B), whereby bends and satellites (undesired drops) are
produced to lower the print quality.

Fig. 25 shows a second embodiment of the present
invention. Reference 140 is a substrate that is made of
piezoelectric material such as. lead zirconate and it has a

10 selected thickness, e.g. 1 mm, which is greater than one half
the depti'x, e.g. 400 um, of the deepest portion of a fluid
passageway to be described just below. The substrate 140 is
preliminarily polarized in the direction of its thickness.
Reference numeral 141 is an upper substrate that is made of the

15 same material as the substrate 140 and it has a selected
thickness, e.g. 200 um, which is approximateiy equal to one
half the depih of the deepest portion of the fluid passageway.
This substrate is also polarized preliminarily in the direction '
of its thickness. The two substrates 140 and 141 are fixed

20 together with an adhesive into a single substrate unit 142 in
such a way that the directions of poiarization are opposite to
each other.

As shown in Fig. 26, the substrate unit 142 has grooves
143 formed in the surface of the less thick upper substrate

25 141. These grooves have a selected width of ©.9. 85 um and, as

shown in Fig. 27, each groove 143 consists of the following
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structure as seen fromthe side where the grooves ’

are open: 3 Figs. 21 A and-Z18 are di agrans
showi ng two ot her e exanpl es of the el ectrode
structure as seen fromthe side where the grooves are open; Fig. 22A

shows a section of another exanple of

three portions: a portion 143a that is formed at an end of the
substrate unit 142 and that has a very small depth, e.g. 80_um,
to enable the formation of a nozzle orifices in combination.
with a top cover 150 that is to be described below; a portion
5 143b that has a greater depth, e.g. 400 um, about twice the
thickness of the upper substrate 141; and a portion 143c that
is formed closér to the other end of the substrate unit 142 and
that has a smaller depth, e.g. 100 pm, so that the fluid
passageway is interrupted part of the way by an inner surface
10 of the substrate 141. The depth and length of fhe portion 143c
are selected in such a ﬁay'that it will present a certain fluid
resistance in cooperation with the inlet port 151la of an ink
supply member 151 (to Se described just below), namely, less
ink will return during printing whereas the ink will flow in
1s rapidly during ink supply.

The grooves 143 are separated by diaphragms 146 that
are made of the same materials as the substrates, and their
inner (wall and bottom) surfaces are coated with a metal layer.
to provide electrodes 147, which are connected to a cable 149.

20 by conductive patterns 148 so as to receive a drive signal from
an external drive circuit.

Turning back to Fig. 25, reference numeral 150 is a top
cover which is fixed to the substrate unit 142 so as to seal

the grooves 143 over the area from the front end 143a to the

25 rear end 143c. Reference numeral 151 is an ink supply member
_ This Sheet Has Been Replaced
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has the inlet port 151a located in a position that communicates
with part of the rear end 143c of each groove 143.

Figs. 2BA to 28C shows an illustrative method of
forming grooves 143 in piezoelectric substrates. Shown by 155
is a substrate unit that is formed by bonding two preliminarily
polarized piezoelectric substrates 156 and 157 in such a way
that the directions of polarization are opposite to each other.
The substrate unit is fixed to a work table, with the thinner
substrate 156 facing up to be subjected to cutting. With the
unit being thus set up, a dicing saw 160 is set in such a
position that it is located in the center of a groove to be
formed and cutting is effected to a depth about twice the

thickness qf the substrate 156 and the saw or the substrate

unit 155 is moved relatively-to form a groove 161 of a length

suitable.for an ink cavity (see Fig. 281).

When the groove 161 that is to provide an ink cavity is
thus forﬁéd, the dicing saw 160 is raised and moved to the
front end of the substrate unit 155, where it.is cut to a
predetermined depth (see Fig. 28B). Thereafter, the dicing saw
160 is moved the other end of the substrate unit 155 and
cutting is effected to form a portion that serves as a
connection to the ink supply port 15la. 1In this case, the
cutting depth and length are adjusted in accordance with the
type of ink used and the ink supply pressure.

When the formation of a full length of grooves is

finished, 2 layer of Ni-Cr alloy is- formed in a thickness of
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grooves formed in a piezoelectric substrate: ' Fig.
228 is a top view of the.sane exanple as seen
fromthe side where the grooves are open; e Fig. 23
shows,  the state of a pressure wave to be - exerted
upon ink when the el ectrode structures and

grooves shown in Figs. 18 - 22 are adopted. as well

as the shape of an ink drop that is generated by

2 to4 pum by a suitable technique such as evaporation,

sputtering or electroless plating and this alloy layer is

subsequently coated with a gold (Au) layer in a thickness of

under than 1 pum. After thus forming a metal layer over the

5 entire surface of the substrate unit including the inner and

bottom surfaces of the grooves, the metal layer on top of the

diaphragms which define the grooves is removed to electrically

isolate the electrodes for individual grooves. Thereafter,

~conductive paths to be connected to those electrodes are formed

10 by separating the metal layer on the surface of the substrate

unit at its rear end in correspondence to the electrode
pattern.

Fig. 29 shows a sectional structure of the ink-jet

recording head that is consiructéd in the manner described

15 above. When ink is supplied through the inlet port 151a, it

will flow into the grooves 143 from the rear end 143c and

continues flowing all the way fhrough the grooves to form a

meniscus at the nozzle orifices 145. Then, a voltage of one

polarity is applied to the electrode for the groove

20 communicating with the nozzle orifice from which ink drops

should be squirted to form dots whereas a voltage of the other

polarity is applied to the electrodes for two adjacent grooves.

As a result, the diaphragms that define the groove of interest

will deform in a shear mode towards the ink cavity so as to

25 reduce its capaciﬁy, whereby ink drops will be squirted from

the nozzle orifice 145 that is formed by the front end 143a of
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said pressu

re wave; Fig. 24 shows the state of

-

pressure wave to be TR - exerted upén i nk when none

t he approac

well as the-

hes e shown in Figs. 18-22 are taken.
shape of inks drops that are

generated by said . pressure wave-
Fig. 25 is a perspective view of an ink-jet recording

head accord

10
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ing to a second enbodi nent of the
the groove in the substrate unit and the top cover 150. When

the dot formation ends, the application of voltage is ceased,

whereupon the diaphragms are restored to the initial state and

the capacity of the groove will incregse, so that additional
ink 1is supplied from the rear end 143c of the groove to
condition the head for the next printing run.

In the example just described above, printing is
performed by first contracting the ink cavity in response to a
drive signal. It shou;d, however, be noted that as already
explained with reference to Fig. 17, printing may be performed
by first expanding the ink cavity and then contracting it.

The techniques shown in Figs. 18 - 22 may also be
applied to the example under consideration. That is, each
electiode may be divided into at least two régions, one being
located closer to the nozzle orifice and the other closer to
the ink supply port and a drive signal is applied first to the
region closer to the ink suppl& port, with successive drive
signals being applied with a time lag that matches the
propagation speed of the pressure wave; or ‘electrodes are
formed in such a way that their thickness increases stepwise in
order from the nozzle orifice side to the ink supply port side;
or the elastic modulus of the reéion closer to the nozzle
orifice is made relatively small by, for example, forming
grooves that are shallower in the region closer to the ink
supply port. It will be apparent to one skilled in the art

that by adopting those techniques,  pressure waves that have
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present invention; Fig. 26 is a perspective view

showi ng the structure T - of the piezoelectric
substrate used in the ink-jet recordi ng head
shown-in Fig. 25: Fig. 27 is -a cross-sectional

vi ew showi ng t he shape of grooves formed in the
pi €zoel ectric substrate; Figs. 28A to 28C are

di agrams showi ng a process of form ng grooves in

t he piezoel ectric substrate:
short tails and high peak values can be produced to generate

sharp ink drops without tailings. |
Fig. 30 shows a third embodiment of the presenf
invention. Shown by 170 is a subst&ate that is made of a
5 piezoelectric material such as lead zirconate and it has a
selected thickness, e.g. 1 mm which is greater than one half
the depth, e.g. 400 um, of the deepest portion of a fluid
passageway to be described just below. The substrate 170 is
preliminarily polarized in the direction of. its thiékness.
10 Shown by 171 is an upper substrate that is made of the same
material as the substrate 170 and it has a sélected thickness,
e.g. 200 pm, which is approximately equal to one half the depth
of the deepest portion of the fluid passageway. This substrate
is also polarized preliminérily' in the direction of its
15 thickness. The tw6 substrates 170 and 171 are fixed together
with an adhesive into a single substrate unit in such a way
that the directions of polarization are opposite to each other.
The substrates 170 and 171 have'grODves 173 of a widtﬁ
of e.g. abbut 35 pm formed in such a way that they are open at the
20 surface of the less thick upper substrate 171. The grooves 173
are spaced at a constant pitch as already described in the
previous embodiments. The grooves 173 are generally boat-
shaped in cross section and the depth of their central portion
is about 400 pm, which is approximately twice the thickness of

25 the substrate 171. The inner (wall and bottom) surfaces of the

#_____,_____________
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Fig. 29 is a diagramshow ng a sectional structure

of the device shown in Fig. 25; - "Flg 30 is a
cross-sectional view showi ng and i nkj et recordi ng
head according to a third enbodi nent of t he
present invention; Fig. 31 is a perspective view
showi ng an exanpl e of the top cover nenber used
in the printing head of Fig. 30;

10

15
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grooves 173 are coated with a metal layer to form electrodes
176 as in the previous embodiments. _

Shown by 180 in Fig. 30 is.a top cover which has
grooves 180a formed therein as shown in Fig. 31; the grooves
180a are open at one end and have a length at least sufficient
to communicate at the other end with the grooves 173 in the
piezoelectric substrate 171. The depth and width of each
groove 180a are of a selected size, such as e.g. ca. 80 um, that isi
appropriate for forming a nozzle orificé from which ink drops ‘
are to be squirted. The grooves 180a are spaced at the same
pitch as grooves 173 and they are provided in such a way that
they combine with the surface of the substrate 171 to form
nozzle orifices 181 (see Fig. 32). Shown by 182 in Fig. 30 is
an ink supply member which is fixed to the substrate 171 in
such a way that the ink supply port 182a communicates with the-.
rear end of each groove 173.

In the embodiment under'consideration, the_electrodes
176 for two grooves that are adjacent to the groove
conmunicating with the nozzle orifice from which ink drops
should be sguirted to form dots are supplied with a drive
signal as in the previous embodiments. Then, the diaphragms
that aefine the groove of interest wiil deform and the ink

cavity contracts, whereupon the ink contained in the groove

(cavity) is compressed to be squirted in drops from the nozzle

~orifice 181 which is defined by the groove 180a in the top

-cover 180 and the surface of the sﬁbstrate 171.
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Fig. 32 is a front view show ng the structure of said
recordi ng head as seen fr0n1the si de where nozzle

ori'fices are open: Fig. 33 is & cross- secti onal

vi ew showi ng the struc- ture.of grooves formed in
t he piezoel ectric sub- strates of an ink-jet
recordi ng head according to a: fourth enbodi nent
of the present invention; Fig. 34 is a cross-sectional view

showi ng the rel a.
In the embodiment just described above, printing is

perfofmed by first contracting the ink cavity in response to a
drive signal. It should, however, be noted that s alreadf
explained with reference to Fig. 17, printing may be performed
5 by first expanding the ink cavity and then contracting it.
The techniques shown in Figs. 18 - 22 may be also be
applied to the embodiment under consideration. That is, each
electrode may be divided into at least two regions, one being
located closer to the nozzle orifice and the other closer to
10 the ink supply port and a drive signal is applied first to the
region closer to the ink supply port, with successive drive
signals being applied with a time lag that matches the
pfopagation speed of the pressure wave; or electrodes are
formed in such a way that their thickness in creases stepwise
15 in order from the nozzle orifice side to the ink supply port
side; or the elastic modulus of the region closer to the nozzle
orifice is made relatively sméll by, for-examble, forming
grooves that are shallower in the rxegion closer to the ink
supply port. It will be apparent to one skilled in the art
20 that by adopting those techniques, pressure waves that have
short tails and high peak values can be produced to generate
sharp ink drops without tailings.
Fig. 33 shows the structure of grooves formed in the
piezoelectric substrates of an ink-jet recording head according
25 to a fourth embodiment of the present invention. Shown by 190

is a substrate unit that is composed of two polarized
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tive positions of piezoelectric substrates and cov- ers, as wel | as the
structure of grooves forned in, - e

piezoelectric substrates 191 and 192. The substrate 191 has a
thickness approximately one half the depth of the deepest
portion of the grooves to be formed and the substrate 192 is
thicker than the substrate 191. The two substrates are bonded

5 together in such a way that the directions of their
polarization are opposite to each other. 1In those substrates,
grooves 193 are formed in such a way that that their depth increases
monotonically in a linear fashion from the nozzle orifice side
towards the ink supply port.

0 . ~ According to the fourth embodiment of the present
invention, a groove can be formed by a single cutting operation
in which a dicing saw is placed in contact with the side of the
substrate unit 190 where nozzle orifices are to be formed and
then the saw is moved with tﬁe relative distance between the ..

15 saw and the substrate 190 being reduced in the direction iﬁ". 2
which the groove is formed.

The foregoing description of the third and fourth

embodiments of the present invention shown in Figs. 25 and 30
is directed to the case where nozzle orifices are formed in

20 only one surface of a substrate unit but it should be
understood that two rows of nozzle orifices may be forméd as
shown in Fig. 1. An example of this two-row arrangement is
shown in Fig. 34. Piezoelectric substrates 201 and 202 each
having a thickness about one half the depth of the grooves to

25 be formed are bonded to the opposite surfaces of a centrally

positioned piezoelectric substrate 200. Grooves 203 and 204
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~W-{%——""-~—-~——ﬂ——~ﬁ———-—’—;;id pi ezoel ectric suhstrates in the case

wher e dual _ -nozzle rows are provided in the
second, third and .- : fourth enbodi ments of the
.present invention; aid Fig. 35 shows a printer
- in which an ink-jet recording head accordlng to
the present invention is enpl oyed.

are then formed at a predetermined pitch in the surfaces_of the
substrates 201 and 202, respectively. The grooves 203 and 204
are provided with electrically isolate electrodes and
éassequently sealed with covers 205 and 206, respectively.

5 Finally, ink supply members -207 and 208 aﬁe provided on the
respective substrates 201 and 202 in such a way that they
communicate with the grooves 203 and 204, respectively. This
provide a simple process for constructing a recording head that
has two rows of nozzle orifices on opposite suffaces.

10 Fig. 35 shows a prinfér in which an ink-jet recoxding
head accoxrding to the present invention is employed. In this
printer, a head carriage 303 mounts an ink jet-recording head
to which an ink for printing is. supplied from a ink supply pipe
302 and pint data are applied through a flexible wiring

15 substrate 306. The head carriage 303 is driven by a carxriage _
motor 307 through a carriage belt 305 so that the head is shu%fie&é
along a carriage gquide 304 éxtenﬁggg:_én a main "sganning'

direction. Thus, a recording paper 309 on a platen'3082is printed,

T ————
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Fig. 1 shows an ink-jet recording head according to
a first embodiment of the’present invention. Reference
nuneral 1 represents a central positioned piezoelectric

substrate (hereunder referred to as "a center subs;ratei_________________~
that i '

. is made of |ead zirconate or some o er_naterlal_
Substrate has 2u2'he§°?'h?§tk;'e§sp?ﬁE?”EPﬁﬂveshgsaﬁS“ze:Q- lIllllllIIIIIIIIIIHIIIHIIlll
be descri bed bel ow can be forned in top and bott

L

CLAIMS

1. An ink-jet recording head comprising:

a plurality of piezoelectric substrates (1, 20, 30,
80, 90) that are polarized in the direction of their

10 thickness and that have grooves (3, 4, 21, 31, 81,
91, 111) spaced by diaphragms (5, 6, 22, 32, 82, 92,
133) at a predetermined pitch; and

electrodes (17, 18, 24, 34, 84, 85, 94, 95, 112, 122,
15 123) that are formed in those grooves in an
electrically isolated manner,

each of said grooves (3, 4, 21, 31, 81, 91, 111)

comprising a portion (b) having a sufficient depth to
20 form an ink reservoir, a portion (a) communicating -

with one side (la, 80a, 90a) of the head and having a

sufficient depth to provide an orifice (50, 51) that

is adapted to squirt ink drops, and a portion (c)

having a depth appropriate for receiving an
25 externally supplied ink,

said piezoelectric substrates (1, 20, 30, 80, 90)
being fixed together into a unitary assembly in such
a way that the surfaces of the substrates where those
30 grooves (3, 21, 4, 31, 81, 91) are open are in
registry and that the directions of polarization (Eq,

Eor Ezr E4, Eg) in those substrates are opposite to
- each other,
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ly, and it is polarized in the dlrM
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s-thickness. The top surface of the-center substra

hag:d E,gpﬁﬁﬁeé’n[{e pewdd therein in such a way that they

“ i

aI di stances as shown in Fig.
surface of the center34substrate has
therein that are al so 'spaced by equal

The grooves 3 and 4 serve as fluid passage-
The grooves 3 in the top surface are separated by

said recording head further including an ink supply
means (10) that is provided on the side opposite to
the side where said orifice is to be provided.

2. An ink-jet recording head especially according to claim
1, comprising:

a central substrate (1) that is polarized (E;) in the
direction of its thickness and that has, on both
surfaces, grooves (3, 4) spaced by diaphragms (5, 6)
at a predetermined pitch and electrodes (17, 18) that

‘are formed in those grooves (3, 4) in an electrically

isolated manner each of said grooves (3, 4)comprising
a portion (b) having a sufficient depth to form an
ink reservoir, a portion (a) communicating with one
side (la) of the head and having a sufficient depth
to provide an orifice (50, 51) that is adapted to
squirt ink drops, and a portion (c) having a depth
appropriate for receiving an externally supplied ink;

two piezoelectric substrates (20, 30) that are
polarized (E,, E3) in the direction of their
thickness and each of which has, on one surface,
grooves (21, 31) spaced by diaphragms (23, 33) at a
predetermined pitch and electrodes (24, 34) that are
formed in those grooves (21, 31) in an electrically
isolated manner, each of said grooves (21, 31)
comprising a portion (b) having a sufficient depth to
form an ink reservoir, a portion (a) communicating
with one side of the head and having a sufficient
depth to provide an orifice that is adapted to squirt
ink drops, and a portion (c) having a depth
appropriate for receiving an extermally supplied ink;

said two substrates (20, 30) being fixed to said
central substrate (1) to form a unitary assembly in



di aphragns 5 that are nmade of the sane piezoelectric

mat eri al ,

and the grooves™4 in the bottom-surface are

separ at ed by di aphragms 6 that are also made of the  This Sheet Has Been Rep]
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grooved 4°pbyt orfe Hal # of the pitch betwsén adjacent
The grooves 3 and 4 comruni cate at one end
with one side 1 a of the center substrate 1 in such a way
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3.

4.

such a way that the surfaces of those substrates
'where the grooves are open are aligned with those
surfaces of the central substrate where the grooves
are open and that the directions (E5, E3) of
polarization in said two substrates (20, 30) are
opposite to the direction of polarization (E;) in the
central substrate (1),

said recording head further including an ink supply
(10) means that is provided on the side opposite to
the side where said orifice (50, 51) is to be

provided.

An ink-jet recording head according to claim 2, wherein
the grooves (3) formed in one surface of said central
substrate (1) are offset from the grooves (4) in the
other surface by one half of the pitch between adjacent
grooves. )

An ink-jet recording head comprising:

a substrate unit (142) that is composed of a first
and a second polarized piezoelectric substrate (140,
141) that are bonded together in such a way that the
directions of polarization are opposite -to each
other, said substrate unit having a plurality of
grooves (143) formed therein that are spaced by
diaphragms (146) at a predetermined pitch and
electrodes (147) that are formed in those grooves
(143) in an electrically isolated manner, each of
said grooves (143) comprising a portion (143b) that
extends from the surface of the first piezoelectric
substrate (141) to partial thickness of the second
piezoelectric substrate (140) and that has a
sufficient depth to form an ink reservoir, a portion
(143a) communicatin@ with one side of the first



as to formnozzle orifices 50 and 51, whereas the other

end of each groove communt:cates with an ink supply ——M=~. ==

meriber 10. The surfaces of~“the rear end of the center

bl oh ol et ades 17 Forned contimuovery ap. chei et ININININLANY -

(wall and bottom surfaces of the grooves 3 and 4 are

connected to cables 12 that are connected to a drive cir-

cuit (not shown).

piezoelectric substrate (141) and having a sufficient
depth to provide an orifice that is adapted to squirt
ink drops, and a portion (143c) having a depth
appropriate for receiving an externally supplied ink;

a top cover (150) that seals the surface of said
substrate unit where the grooves are open; and

a member (151) for supplying ink into said grooves.

10

5. 2An ink-jet recording head according to claim 4,

wherein

said first piezoelectric substrate (141) has a thickness

approximately one half the depth of the ink reservoir

portion.
15
6. An ink-jet recording head comprising:
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a substrate unit that .is composed of a first (201), a
second (200) and a third (202) polarized
piezoelectric substrate that are bonded together in
such a way that the directions of polarization are
opposite to each other, said substrate unit having a

plurality of grooves (203, 204) formed therein that

are spaced by diaphragms at a predetermined pitch and
electrodes that are formed in those grooves in an
electrically isolated manner, each of said grooves
comprising a portion that extends from the surface of

- the outer first (201) and third (202) piezoelectric

substrates to a partial thickness of the centrally
fixed second piezoelectric substrate (200) that has a
sufficient depth to form an ink reservoir, a portion
communicating with one side of the first
piezoelectric substrate and having a sufficient depth
to provide an orifice that is adapted to squirt ink
drops, and a portion having a depth appropriate for

receiving an externally supplied ink;
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As shown in Fig. 3, the each front end 3a and 4a of

each—g%eeve—%—and—4—%hat .serves as a nozzl-e orifice is shallow enough to

ifice size that is suitable for squirting ink drops; the
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7.

9.

M s *
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two covers (205, 206) that seal the opposite surface
of said substrate unit where the grooves are open;
and

a member (207, 208) for supplying ink into said
grooves.

An ink-jet recording head according to claim 6, wherein
said first (201) and third (202) piezoelectric substrates
have a thickness approximately one half the depth of the
ink reservoir portion.

An ink Jjet recording head according to claim 6 or 7,
wherein the grooves formed in one surface of said second
substrate are offset from the grooves in the other
surface by one half of the pitch between adjacent
grooves.

An ink-jet recording head comprising:

a substrate unit that is composed of a first (171)
and a second (170) polarized piezoelectric substrate
that are bonded together in such a way that the
directions of polarization are opposite to each
other, said substrate unit having a plurality of
grooves (173) formed therein that are spaced by
diaphragms at a predetermined pitch and electrodes
that are formed in those grooves in an electrically
isolated manner, each of said groovés (137) extending
from the surface of the first (171) piezoelectric
substrate to a partial thickness of the second (170)
piezoelectric substrate and having a sufficient depth

to form an ink reservoir, said grooves being sealed
at both ends;
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a top cover (180) that is fixed to the surface of
said substrate unit where the grooves (180a) are open
and that has grooves communicating with the grooves
in said substrate unit to form nozzle orifices (181);

and
a member (182) for supplying ink into said grooves.

10. An ink-jet recording head according to claim 9, wherein
said first piezoelectric substrate (171) has a thickness
approximately one half the depth of the ink reservoir
portion. '

11. An ink-jet recording head especially according to claim 9
or 10 comprisings

a substrate unit that is composed of a first, a
second and a third polarized piezoelectric substrate
that are bonded together in such a way that the
directions of polarization are opposite to each
other, said substrate unit having a plurality of
grooves formed therein that are spaced by diaphragms
at a predetermined pitch and electrodes that are
formed in those grooves in an electrically isolated
manner, each of said grooves extending from the
surface of the outer first and third piezéelectric
substrates to a partial thickeness of the centrally
fixed second piezoelectric substrate and having a
sufficient depth to form an inkl reservoir, said
grooves being sealed at both ends;

two covers that are fixed to the opposite surface of
said substrate unit where the grooves are open and
that have grooves communicating with the grooves in
said substrate unit to form nozzle orifices; and

- e
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able fluid resistance in cooperation with the inlet port

1 Ca of ﬂﬁg_rﬁﬁ7§ﬂﬁﬂir7nﬁﬁﬁﬁ - D As shown in
Figs. 4 anﬁ er (wall and e bott om
surfaces o 'm EMJHEE and adj acent di a- -

phragns 5 ahd © arenc with a netal_|ayer that is
electrically separated by bl ank porti ons3%5 and 16 to
formelectrodes 17 and 18 so as to pernmt the reception
of a drive signal froma drive circuit.

a member for supplying ink into said grooves.

12. An ink-jet recording head according to claim 11 wherein

said first and third piezoelectric substrates have a

5 thickness approximately one half the depth of the ink
reservoir portion.

13. An ink-jet recording head according to one of the

preceding claims, wherein each of said electrodes is

10 divided into at least two regions (84, 85; 94, 95) in the
longitudinal direction of the grooves (81; 91).

14. An ink-jet recording head according to one of the
preceding claims wherein each of said electrodes (112,
15 122, 123) is formed in such a way that it is thin in the
region closer to the nozzle orifice side and thick in the

region closer to the ink supply side.

15. An ink-jet recording head according to one of the
20 preceding claims, wherein said grooves (111, 130) are
formed to be shallow (130b) in the region closer to the
ink supply side so that the diaphragms (133) in the
region closer to the nozzle orifice : side will have a
smaller elastic modulus.
16. Use of the ink-jet recording head in a printing
apparatus.

17. A printing apparatus comprising an ink-jet recording head

30 according to one of claims 1 to 15, a head carriage (3035
for mounting said ink-jet recording head, head carriage

driving means (304, 307) for driving said head carriage

in a scanning direction, and a platen (308) on which a

recording paper (309) is disposed. _#—”f___’,,,,.f—f—f
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In Fig.

ref erence nuneral 20 is an upper sub-

strate that is made of thg:same material as the center ™
substrate that exhibits a*piezoel ectric phenonmenon. As -
shown in Fig. 6, grooves 21 are formed on the surface

of the upper-substrate so as to face with the grooves 3
fornmed on the upper surface of the centd® substrate 1

As shown in Fig. 7. each of the grooves 21 is forned in
such a way that the front end 21 a which provides a noz

10

15

20

ABSTRACT

An ink-jet recording head, in which at least two
piezoelectric substrates (1, 20, 30) are opposite each other
in polarization direction, grooves (3, 21; 4, 31) are formed
across the interface of the two substrates at a predetermined
pitch so as to form cavities, at one end of which are opened
to the atmosphere and have orifices (50, 51) adapted for
squirting ink drops. Those cavities have electrodes (17, 18,
24, 34) formed on their inner surfaces. When a voltage of
one polarity is applied to the electrode for the cavity from
which ink drops should be generated whereas a voltage of the
other polarity is applied to the electrodes for the two
adjacent cavities, the diaphragms separating the three
cavities will deform in a shear mode towards the cavity from
which ink drops should be generated. As a result, the
capacity of the cavity from which ink drops should be
generated decreases to have the ink in said cavity squirted
outward from the orifice (50, 51).
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zle orifice is shallow, that the portion 21b providing an
ink cavity is deep and that the rear end 21 ¢ will commi:
nicate with the inlet port 10a of the ink supply nmenber =~
10. The each of grooves 21 are separated by dia-

phragnms 22 and their inner (wall and bottom surfaces

are covered with a netal layer that is electrically sepa-
rated by bl ank portions 23 to formel ectrodes 24. The

el ectrodes 24 are such that when the upper substrate

This Sheet Has Been Reﬂ!aced




20 is placed on top of the center substrate 1. they wll
establish electrical connection with the el ectrodes 17 on~

the center substrate 1. =¥ In Fifg. 1. reference
nuneral 30 is a | ower substrate . that is nade of
the sane material as the center sub- strate 1 that
exhi bits a piezoel ectric phenonenon. As - shown in

Fig. 9. grooves 31 are forned on the surface of
the | ower substrate so as to face with the grooves 4 '

FIG. 5
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formed in the bottomsurface of the center substrate 1.

As shown in Fig. 10, eachmof the grooves 31 is formed in’,

such a way that the front~end 31 a which provides a noz-—-

zle orifice is shallow that the portion 31 b providing an ink cavity is
deep and that the rear end 31c w Il commu- ni cat e
wth the inlet port 1 Ca of the ink supply nenber

w—wﬁc

FIG. 8
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- 10. The grooves 31 are separated by
di - o

;iphr'agms 32
FIG. 10
313 31 3
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and their inner (wall and botton) surfaces are covered

with a netal layer that ii5.electrically irterrupted by bfank

portions 33 to form el ectrodes 34. The el ectrodes 34 '

are such that when the. |ower substrate 30 is conbi ned-

with the center substrate 1. they will establish electrical

connection with the el ectrodes 18 on the center sub-

strate 1. Fig. 12 illustrates an exanpl e of
a nmet hod of work-

FlG. 12A 2
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LIIS L1
FIG. 128 5‘“ ™
45 46 44 Ll
FIG. 12C 1 7 =
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FIG. 12D 3

+— 41

TR

- This Sheet Has Been Reﬂlacel



ing the center substrate 1,
the lower substrate 30. FEfyst,
eg. =2 degrees

predet erm ned angl e,

zontal work-table 40. Then,
of a predeterm ned thickness is fixed on the wedge 41.
Wth the workpiece set up in the manner descri bed
above, a dicing saw 43 is positioned in such a way that

its cutting depth at the front end of the substrate which

t he upper substrate 20 and
a wedge stand 41 having ain
is fixed on a hori- "

a piezoelectric substrate 42

FIG. 13
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provides a nozzle orifice will take an a value appropriate

for the nozzle orifice, erg. 30 [err]m Thereafter, the: d1C|ng
saw 43 or the work table: 40 is noved relatively by a

given distance for cutting the surface of the substrate.

As a result a groove having a predeterm ned width, e.g.

90 [err]m that corresponds to the cutting width of the dic-
ing saw wi Il be formed at the angle specified by the

wedge 41. After the cutting of a predetermned length is

FIG. 15
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conpleted, the table 40 or the dicing saw 43 is further
noved in the horizontal diitrection and the-sawis sl ovay ------
rai sed up, whereby the shdpi ng of a rear end of the e
groove is carried out (see Fig. 12A).

the formation of a single groove is carried

the work table 40 or the dicing saw 43 is shifted | at-
erally by a predeterm ned distance, e.g. 170 [err]m and

t he above-descri bed procedure is repeated to formthe

FlG. 17
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necessary nunber of grooves. After form ng
grooves 44 on the surface of the pie- ~ S zoel ectric
substrates, a nickel layer™45 is forned in a Fe

predeterm ned thickness, e.g. 1 [err]mon the cut surface

of each substrate by a suitable technique such as el ec-

troless plating, sputtering or evaporation.(see Fig. 12B). The surface of
the nickel layer is coated with a corro- - sion-resistant
metal. e.g. gold (Au) layer 46 in a prede-

FIG. 18A

FIG. 188
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- 9- term ned thickness. e.g. 0.1 [err]m (see Fig.

120) .. - a SubsequenLIy,~Lng;g§LgL,Laye+s~ﬁ5 and 46
f ormed 2+ on the diaphragnms are.either cut with a dicing

saw 47 or . | et ched by phot ofhit Seep? n laeddirection
parallel to the fluid pass o]
electrically isolate the plated t he

i ndi vi dual passage-ways (Fig. 12D). The
substrates thus forned are assenbl ed

FIG. 22A
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together in the foll ow ng manner. The upper substrate
20 and the_|l ower substrate.30 are fixed to the top and
bottom surfaces of the center substrate 1 by a suitable
means such a”ﬂn%ﬂhe@ﬁhs@m/l@ laedsuch a way that the
grooves 21 an t with the grooves 3 and 4.
respectlvely n I nk supply nenber 10 that
i s positioned at e rear end of each of the upper and
| ower substrates 20 and 30 is fixed to the center sub-

FIG. 23A [ a
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strate in such a way that the ink supply port 10a wl|

communi cat e wi t he ends-:3a and 4a of the grooves 3 :

and 4, respectively, in the center substrate 1.

As a .result, tHksSheadlas BRgRL AR Substrates 20 and , 30
are positioned ' ﬂ) M’,ﬁECh a way that the direc-

im Hm rr] and E[err] that are opposite to
the. direction of polari

tons of their p
E[err] in the center substrate 1

across their interfaces with the latter. as shown in Fig.

FIG. 25




13. The grooves formed in the respective substrates 1,

20 and 30 are such that their shallow portd ons 3a/21 a
and 4a/3]{ﬂis§ﬁeeﬁh§3§dhﬁ§laoemd provi de nozzle orifices 50

and 51 as

grooves f OEMHMEE[
a Cross se

14 and,
s in the central

I ke a flattened water drop. The

-

t hose
portion that have

at the sane tine,

el ectrodes 24 on the upper substrate 20 and the el ec-
trodes 34 on the | ower substrate 30 contact to the el ec-
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trodes 17 and 18 on the opposite surfaces of the center
substrate 1. respectlvely“ to establish electrical connec-

ti.on. T Fig. 15 show a nethod ofdriving the

i nk-j et record- i ng head haV|ng the construction
descri bed above. As ThnsSheetHasBeen the el ectrodes 24 and 17
formed on the upper trate 20 and the center
substrate 1, respectively, lr are connected to a drive
power supply 68 via three-state

FlG. 29
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drive circuits 61 - 67 that are to be controlled by a signal froma print
data .output circuit 60.1f{:a selected ink -cavity 7Q°t hat corresponds
to the position where dot's are to be

FIG. 37
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- 10 - formed is supplied with a voltage of one polarity, e.g. negative,
whereas the electrodes for.two ink cavities 71 and 72 adj acent to ink
cavity 70 are supplied with a volt- age of the other polarity. e.g.

positive (see Fig. 16), the diaphragns 73 and 74 on the center substrate 1
as well
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as the diaphragns 75 and 76 on the upper substrate 20 which define the ink
cavity 70 in conbinationwith 73 and 74 are subjected tn.the action of
electric fields F1 and 2 that are directed towards the ink cavity 70. As
a result the diaphragns 73, 74, 75 and 76 will deflect in a shear node
towards, the ink.cavity 70. which then shrinks in capacity to conpress the
ink it contains. This causes the ink in the cavity 70 to be squirted in

dr ops
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fro%@h%@apg;@%?hﬁl C(SCQF' Or@;:“@h'é orifice 50 has a smaller

cr?&r S\J\gt a NG cavity A0, so it wll act li kel ozzl e
or i Ee %germts t S.té%df Ee cavity to be squirted”in drop¢ loft an
opt tet tar (/:)reach a recording sheet and formdots
on |ts surface When the dot generation ends and no noré drlve si gnal

S applled the deformed diaphragns 73 - 76 wi'l |
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be restored to their initial .state. In this process of rest o- ration, the

ink.cavity will expand, 'so.that additional- ink is, suppliéd int QL i nk
cavity 70 t.hrough the inléet port 10a.to condition the head for THe' next
cycl é of dot genera- tion. - In“the first enbodi nent of the present

invention, ink is ejected by.abruptly deforming the cavity defining dra-

phragns as ink is flawing into the cavity. Al-ternatively.
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electri¢ fi'elds F3 and F4 that will change their strength at snmal Iéslr/?}tq may
be first applied as shown’in Fig. 17 in directions that expand th Kk
cavities 71 and 72 adja- cent the cavity 70, whereupon the di aphragns 75
and 76 on the upper substrate 20 and the di aphragns 73.and 74 on the center
substrate 1 are deforned at a rel- atively slow speed to fill the cavity 70
wit'th ink-*Following this prelinnary step. the diaphragns 73" - 76 are

] .

T ¢



abruptly deforned as in Fig: 16 to eject ink drops. That is. theLi]—}Alf%avity
70 i.s filled with the necgessary amount of -ink, and the elastic energy
stored in the di aphragns ™ '
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is effectively used to generate ink drops with, Ei/lc\
ency. - .

“Further, in tha#irst enbodi ment
grooves are formed in both surfaces o




strate 1 so as to provide nozzle orifices in two rows. |f’ é/fol

desired, grooves may be formed in only one-surface of S t he
center substrate 1 while ofher - grooves are formed in S .. the :
correspondi mg surface- of either the upper or |ower i
substrate to provide nozzle orifices in #mk row It WI|| be : :
apparent to one skilled int the sane result- .

can be achieved by this nodjfie ahgenent . Figs.:
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exanpl e _of the structure of piezoelectric substrates to " . - be
used in making the ink-jet::recording head-of the = ?’p“as%nt
inyention. In Fig. 18, reference nuneral 80 is a .

pi ezoel ectric substrate that is nade of |ead zirconate.or

some other material that exhibits a piezoelectric phe-

nonmenon. The piezoelectric substrate is polarized in the

directi.on of.its “thi.ckness and has grodoves 81 fornmed in

its surface at equal spacings to provide fpuloq, passage-
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ways. The grooves 81 are separated by di aphragns 82
are made of the sane piezoglectric material- One e
each groove 81 communi cates with one side 80a '
subsfrate 80 so as to forma nozzle orifice

ot her end comunicates with the ink s
As in the enbodi ment al ready@¥e&ib

, t hat

of ??e/?fst

wher eas t he

up- o ~ ply port. -
e%&abo‘gg, et /24 . - grooves

81 are formed in suchya—waythat the-dronl end/
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of each groove which serves as a nozzle orifice is shal-»

| ow enough to provide an -grifice size that-is suitable foT;
squirting ink drops , that the center portion is deep -
eneugh to provide a capacity.that is capable of accom -

tion. and‘that the rear end is of such

modating the necessary amount of ink for drop gene f—
it wll

have a suitable fluid resistance in-cogper, t?on§ th the-
inlet port of the ink supply nenber. F%:t er / thelinner
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(wal I and bottom surfaces of groeve:81 are provided ‘ 1 th
el ectrodes 84 and 85 each: af which is divi-ded | on- o gitudi n\aCD,wj/c{- .

into two parts by a blank’space 83. The el ec- <O, trodes 84
and 85 are so adapted as to be connected to an external- circuit by ‘nmeans of

conductive patterns 86 and-87 b
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strate 80 (see Fig. 188) is nade of the sane piezoelec- '’ a/
trit material and that has grooves 91 and-el ectrodes 94 . ) lc\‘
and 95 forned on its surface in such a way that they ar e~
symmetrical wth the grooves 81 and el ectrodes 84 and

85 so as to place w kA¥Yaeach other. Stated nore sp
éggurface of t ﬁf

cally, grooves 91 are formed m/Jz

strate 90 at eq| e F1-u

passageways and 'tﬁﬁigr oh\ées 91 are seggq-lflate by
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di aphragns 92 that are nmade of the material as the sub- - /
strate "90. One end of each: groove 91 conmuni cates i IB/I O\
with one side 90a of the substrate 90 so as to forma e
nozzl e orifice whereas the other end communi cates .
w th the ink supply nt. As in the enbodi nent already
descri bed above, the%%oves 91 ak—e—-f—e-lhﬁed&"[ﬁ S
way that the front er@ {of each grjoove which serves ag a
nozF\e Q_B {ce is sh%ﬁ'l ow enough jto provide an orif}
(j.
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size that is suitable for squirrting ink drops, that the
center, portion is deep enough-to. provide a capacity that ..
i s capabl e of acconmopdating the necessary anount of Fa l

ink for drop generation. and t-hat the rear end is of such - Lt/lc1
a depth that it will have a suitable fluid resi,stance in

cooperation with the inlét port the ink suppH7menber .

Further, .the inner (wall and bpggpn)agLﬂ¢%cés'ot grooves

91 are provided with el ectrodes’ 94 éhd ?5 eacld of
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which is divided longitudinally into two parts by a bl ank,
-space 93. The el ectrodes 94 and 95-are so -adapted as FEal)

to be connected to an external circuit by means of con- = ]E&G
ductive patterns 96 and 97. Wen the two C1

pi ezoel ectric substrates 80 and 90 are bonded or
ot herw se connected, with their cut sur- faces
faci ng EL they will have polarization-vec-
tors E4;T3p actlng i n opposite directions across the
C-
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interface while, at the same tine. the shallow front por-’
tions of the grooves in t4® substrates conbine to pro- /o
vide ink cavities that haVé tapered nozzle orifices and '
t hat. resenble flattened water drops in cross section. In
addi tion, the two el ectrodes 84 and 85 for the grooves

e

81 in the substrate 90 and the twg el ectrodes 94.and 95 on the substrate

90 contact each other to establish elec-
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trical connection, with egch ink cavity h_avi ng an el ec- - 17,/ \ o(
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- 13 - trode that is divided into two parts

i n the Longltudlnal PR - directi om:

FiQq.. 19 illustrates a met fiod f or driving the printing o \gi/ict
head -havi ng -t he construction descri bed above. A print

data output circuit 100 supplies a control signal to a

three-state drive circuit 101 whose output is supplied
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ply por'I 103 Wnere the’ sarTe out put is. suppl i e;d 'tQ the R . W

el ectrode .84 and-94 on.the nozZle orifi_ce S|d‘e vi-a a~ . " lct/|°l
del ay "ci rcult {02 "t hat - del ays the out put- by- the.time nec- ° - 7
essary for .a:vibration to propagate frontthe, electrode$ T .

85 and- 95 to the el ectrodes 84 and 94 - -. S ) . ) . dn
the circuity shown in'Fig. 19, a drive S|gnat'|’sfrrst : : = )
appl |.ed to the el'ectrodes 85 and 95 cl osef: t@—i.h.e 1nk
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suppl Y—port 103 _so that only the regions of
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INK-JET RECORDING HEAD AND ITS USE

The invention relates to an ink - jet recording head and its use.

2n ink-jet printer Ithat squirts drops of ink to print
letters .and graphics in a dot-matrix format uses a -recording
head that. causes the pressure in the ink cavity to vary by
means of a piezoelectric device which produces mechanical
deformation upon epplication of a drive signal. As typically
described in U.S. Patent No. 3,946,398, part of the pressure
compartment in this recording head is formed of a diaphragm, to

which a piezoelectric substrate shaped in a thin sheet fomm is

ttached.

The ink-jet recording head described in the above mentioned
U.S.P. ’398 '

is operated in such a way that when a drive signal is appiied
to the piezoelectric device, the ink cavity contracts,
whereupon ink is sguirted in drops from the nozzle ozifice
communicating with the ink cavity to form dots on recording
paper. Since the piezoelectric device in sheet form is
attached to the diaphragm, the pressure compartment must be

made large enough to facilitate the operation of attachment. .
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wher eupon the del ay . circuit 102 outputs a drive signal

t hat

Is applied to the electrodes 84 and 94. As a result

t he regions of the electrodes 84 and 94 of the dia-
phragns 82 and 92 are deforned to further conpress

the ink thereby producing an el astic wave2that is super-
posed on the elastic wave generated by the el ectrodes
85 and 95 This allows the ink flow ng towards the noz-
zle orifice to be conpressed with high efficiency and

On the other hand, a plurality of nozzle orifices are spaced at
very small intervals in order to improve the print qual;ty.
Therefore, the pressure compartment'gnd the nozzles must be
connected by fluid passage-ways but this only results in a
complicated mechanism.

In order to solve those problems, an improved ink-jet
printing head has been proposed in, for example, U.S. Patent
4,072,959, and in this printing head a piezoelectric vibrator
is positioned in such a way that its tip faces the orifice of
each nozzle, with a2 dynamic pressure being imparted to ink by
displacements of the piezoelectric device so that drops of the
ink will be squirted from the nozzles. This proposal has the
advantage that the fluid passage-ways connecting the pressure
compartment and the nozzles are eliminated to achieve
structural simpliéity. On the other hand, there is a large
acoustic impedance mismatch between the piezoelectric vibrator
and ink, so the enexrgy produced by the piezoelectric device is
not.effectively used in drop generation.

In order to solve this problem, EP-A-278590 proposed an
ink-jet recording head in which a plurality of passage-ways are
formed in one surface of a piezoelectric substrate in.é.pattern
that matches the dot forming region whereas an electrode is
provided on the inner surfaces of each passage-way, so that
deformation in a shear mode is produced in the walls of the

passage-ways to change the capacities of the grooves.
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within a _short region, whereby a sharp pressure wave is

exerted afhis s BednReplhdefi ' Ce t0 have the ink squirted in _
*dr ops vvitw g. . In the foregoing
di scussi on. el ectrodes for grooves

Is divided into two s in the |ongit&dinal
direction but if necessary it may be divided into three o b
more parts in the llenghisdtemirdingpdsadn shet Hak %f'@FF?@ge’ways can be

signal is applied to the successive el ectrode se -
directly compressed, so the pz-zssage--wa_'zfgr?It %ommunlcaq.ng the

ink cavities with the nozzle orifices are eliminated to achieve
structural simplicity. Furthermore, the direct compression of
the ink cavities offers the advantége of highly efficient drop
generation. On the other hand, “nozzle plates” for forming
nozzle orifices that insure stable jet of ink drops must be
fixed with an adhesive to the piezoelectric substrate. Then,
the arxez of nond is directly subjected to the expanding and
contracting motions of the piezoelectric substrate and this
lowers the strength of bonding between the two members. In
addition, it is necessary to apply the adhesive to very small
la:eas but this only increases the complexity of the
manufacturing process. As a further problem, a step will be
formed unavoidably between a groove and the attached nozzle
plate and it is difficult to remové air bubbles that are drawn
"into the groove from the nozzle orifice due to the a_dvancing
~and retracting motiﬁn of the meniscus formed at the nozzle

orifice.

It is therefore an object of the invention to provide an

improved ink jet recording head and the use of same. This
invention therefore provides an ink jet recording head
according to independent claims \, 3, t. b, A and M

and its application according to :mdependent claims \b omdk LT

Further advantac:ous features, aspects and details of the

invention are evident from +the dependent claims, the

description and drawings. The claims are intended to be
to

understood as a first non-limiting approach of defining the

invention in general terx-ns . FREPLACEMENTSHEET
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with a time |ag being provided that corresponds to the
time required for the pressure wave generated at the ink supply port to
reach the respective el ectrode segnents. It wll
be apparent to one skilled in the art that the sane

4

The invention provides an ink jet recording head with which
the ink in an ink cavity 1s squirted in drops by the kinetic
energy of a piezoelectric vibrator to form dots on recording
paper.

The present invention has been achieved under the above
mentioned
circumstances and has as an aspect providing a novel ink-jet

recording head that can be produced by a simple process without
mounting nozzle plates and that is capable of forming dots in

a consistent manner.
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- 14 - result can be attained by this nodified

arrangenent . Figs. 20A and 20B show
anot her exanple of the ' el ectrode structure to
be used in the ink-jet recording . head of the

present invention. Reference nuneral 110 5s

A preferred ink-jet recoxrding head comprises a plurality of
piezoelectric substrates that are polarized in the direction of

their thickness and that have grooves space by diaphragms at'a
predetermined pitch and electrodes tﬁat are formed in those
grooves in an electrically isolated manner, each of said
grooves comprising a portion having a sufficient depth to form
an ink reservoir, a portion communicating with one side of the
head and having a sufficient depth to provide an orifice that
is adapted to squirt ink drops, and a poition having a depth
appropriate for receiving an externally supplied ink, said
piezoelectric substrates being fixed together into a unitary
assembly in such a way that the surfaces of the substrates
where ' those grooves afe open are in registry and that thé
.directions of polarization in those substrates are opposite to
each other, said recording head further including an ink supply
means that is provided on the side oéposite to the side where

said orifice is to be provided.

Fig. 1 is a perspective view of an ink-jet recording
head accorxding to a first embodiment of the present invention;

Fig.'2 is a perspective view showing an example of a
centrally positioned piezoelectric substrate;

Tig. 3 is a cross-sectional view_ showing the shape oi

grooves formed in the center piezoelectric substrate;
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a piezoelectric substrate which as in the enbodi nent

al ready described above, has grooves 111 forned in its
surface that comrunicate with one end 110a of the sub- .
strate.to formnozzle orifices. The inner (wall and bot -
tom surfaces of grooves 111 are provided with

el ectrodes 112 for allowing an electric field to act on di a-
phragnms with which the grooves are separated. Each

el ectrode 112 consists of two regions, one belngire gi on
Fig. 4 is a perspective view showing hOW'electrodes are

provided on the center piezoelectric substrate;

Fig. 5 is a diagram showing the electrode structure of
the center piezoelectric substrate;

Fig. 6 is a perspective view showing the structure of
a piezoelectric substrate to be used in pair with the center
piezoelectric substrate;

Fig. 7 is diagram showing a sectional structure of a
groove formed in the substrate of Fig. 6;

Fig. B is a diagram showing the electrode structure of
that piezoelectric substrate;
| Pig. 9 is a perspective view showing the structure of
the other piezoelectric substrate to be used in pair with the
center piezoelectric substraée;

Fig. 10 is a diagram showing sectional structure of a
groove formed in the substrate of Fig. 9;

Pig. 11 is a diagram showing the eiectrode structure of
that piezoelectric substrate;_. .
| Figs. 12A to 12D are diagrams showing the step of
forming grooves in a piezoelectric substrate and the steps of
forming electrodes on the substrate;

rig. 13 is a cross-sectional view showing in detail the
structure of the ink-jet recording head according to the first
embodiment of the present invention;

Pig. 14 is a diagram of said recording head as seen

from the side fygm-which-drops of ink are squirted;
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112a that is closer to the distal end 110a of the sub-
strate where a nozzle orifice- opens and the other being
fegion 11 2b that is closer to the ink supply port. and the
second region 11 2b is forned to be thicker than the first
region 11 2a. Needl ess to say, such el ecfrodes that vary
In thickness in different regions can be easily forned by
controlling the tine of evaporation or plating.
Wth the el ectrode structure described above, the
Fig. 15 is a diagram showing a method of driving the

ink-jet recording head of the present invention;.

Fig. 'is is a diagram showing how diaphragms are
deformed duriﬂg ejection of ink drops;

Fig. 17 is a diagram showing another method of driving
thé ink-jet rébdrding head of the present invention;

Figs. 182 and 18B are perspective views showing another
example of the electrode structure to be used;

Fig. 19 is a illustrating a method that is suitable for
driving a recording head that has the electrode structure shown
in Fig. 18;

Fig. 20A shows a section of another example of the
electrode structure to be used;

Fig. 20B is a diagram showing the same electrode
structure as seen from the side where the grooves are open;

Figs. 21A and 21B are diagrams showing two other
examples of the electrode structure as seen from the side where
the grooves are open;

Fig. 22A shows a section of another example of grooves
formed in a piezoelectric substrate; "

Fig. 22B is a top view of the same example as seen from
the side where the grooves are open;

‘'Fig. 23 shows the state of a pressure wave to be
exerted upon ink when ~he .electrode structures and grooves
shown in Figs. 1B - 22 are adopted, as well as the shape of an

ink drop that is generated by said pressure wave;
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elasticity of diaphragns that are closer to the ink supply
port can be enhanced by netals that have a hi gher el as-
tic nodul us than the piezoelectric substrate. so those

di aphragnms will deformfaster than the diaphragns that

are closer to the nozzle orifice. At the8tinme when the -
pressure wave of the ink that has been generated by the
def ormati on of those di aphragns reaches the nozzle

orifice,

the di aphragnms in that region are still in the proc-

Fig. 24 shows the state of a pressure wave to be
exerted upon ink when none of the approaches shown in Figs. 18-
22 are taken, as well as the shape of inks drops that are
generated by said pressure wave; .

Fig. 25 is a perspective view of an ink-jet recording
head according to a second embodiment of the present invention;

'Fig. 26 is a perspective view showing thg structure of
the piezoelectric substrate used in the ink-jet recording head
shown in Fig. 25;

Fig. 27 is a.éross—sectional view showing the shape of
grooves formed in the piezoelectric substrate;

Figs. 28A to 28C are diagrams showing a process of
forming grooves in the piezoelectric substrate;

Fig. 29 is a diagram showing a sectional structure of
the device shown in Fig. 25;

Fig. 30 is a cross-sectional view showing and ink-jét
recording head according to a third embodiment of the present
invention; -

Fig. 31 is a perspective'vieﬁ showing an exaﬁple of the
top cover member Qsed in the printing head of Fig. 30;

Fig. 32 is a front view showing the structure of said-'
recording head as seen from the side where nozzle orifices are -
open;

Fig. 33 is a cross-sectional view showing the structure

of grooves formed in the piezoelectric substrates of an ink-jet
g F : ]

REPLACEMENT SHEET
| This Sheet Has Béen Reﬁlaced

e || i

[ N

SRR Y i



——

ess of deformation, so the pressure wave propagating
fromthe ink supply port will be further-conpressed to
i'nsure that a pressure wave that is as sharp as is pro-
duced in the previous enbodinment will act on the nozzie
.orifice to have the ink squirted in drop8 wi thout tailings.
In the case described above. the thickness of the

nmet al

| ayer form ng the electrodes is adjusted to vary at

‘two | evels along the grooves. Two ot her exanpl es of_the

recording head according to a fourth embodiment of the present
invention;

Fig. 34 is a cross-sectional view showing the relative

positions of piezoelectric substrates and covers, as well as -

the structure of grooves formed in said piezoelectric
substrates in the case where dual nozzle rows are provided in
the second, third and fourth embodiments of the present
invention; and

Fig. 35 shows a printer in which an ink-jet recoxding

head according to the present invention is employed.

Fig. 1 shows an ink-jet recording head according to a
first embodiment of the presént invention. Reference numeral
1 represents a central positioned piezoelectric substrate
(hereunder referred to as *“a cenﬁer substrate®) that is made of
lead zirconate or some other materzal that exhibits a
piezoelectric phenomenon. This center substrate has such a
thickness that grooves 3 and 4 to be described below can be
formed in top and bottom surfaces, respectively, and it is
polarized in the direction of its thickness. The top su;face

f the center substrate has grooves 3 formed therein in such a
way that they are spaced by equal distances as shown in Fig. 2;
similarly, the bottom surface of the center substrate has
grooves 4 formed therein that are also spaced by equal

distances. The grooves 3 and 4 serve as fluid passage-ways.
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el ectrode structure are shown in Figs. 21 A and 218; the

el ectrode 122 shown in Fig. 21 A consists of three por-

tions.. 122a, 122b and 122c, that are fornmed in such a

way that the thickness increases stepwise in the order witten along a
groove 121 in a piezoelectric substrate 10 120;
and the el ectrode 123 shown in Fig. 21B is forned

The grooves 3 in'ihe top surface are separated by diaphragms 5
that are made of the same piezoelectric material, and the
grooves 4 in the bottom surface are separated by diaphragms 63:
that are also made of the same piezoélectric material. The
grooves 3 are positioned in such a way that they are offset
from the grooves 4 by one half of the pitch between adjacent
grooves. The grooves 3 and 4 communicate at one end with one
side la of the center substrate 1 in such a way as to form
nozzle orifices 50 and 51, whereas the other end of each groove
communicates with an ink supply member 10. The surfaces of the
rear end of the center substrate 1 are provided with a wiring
patterns 13 by which electrodes 17 formed continuously on the
inner (wall and bottom) surfaces of the grooves 3 and 4 are
connected to cables 12 thut are connected to a drive circuit
(not showm). ;

As shown in Fig. 3, the each front end 3a and 4a of
each groove 3 and 4 that serves as a nozzle orifice is shallow
enough to provide an orifice size that is suitable for
squirting ink drops; the each center portion 3b and @b is deep
enough to provide a capacity that is capable of accommodating
the necessary amount of ink for drop generation; and the each
rear end of 3c and 4c-of each groove is formed at such a depth
that it will have a suitable fluid resistance in cooperation
with the inlet port 10a of the ink supply member 10.

As shown in Figs. 4 and 5, the each.inner (wall and

bottom) surfaces of grooves 3 and 4. and adjacent diaphragms 5
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and 6§ are coverea with a metal layer that is eléctrically
separated by blank portions 15 and 16 to form electrodes 17 and
18 'so as to permit the reception of a drive signal from a drive
circuit. .

In Fig. 1, .reference numeral 20"is an upper substrate
that is made of the same material as the center substrate that
exhibits a piezoelectric phenomenon. As shown in Fig. 6,
grooves 21 are formed on the surface of the upper substrate so
as to face with the grboves 3 formed on the upper surface of
the center substrate 1. As shown in Fig. 7, each of the

grooves 21 is formed in such a way that the front end 2la which

provides a nozzle orifice is shallow, that the portion 21b

providing an ink cavity is deep and that the rear end 2lc will

communicate with the inlet port 10a of thé ink supply member

10. The each of grooves 21 are separated by diaphragms 22 and
their inner (wall and bottom) surfaces are covered with a metal
layer that is electrically separated by blank portions 23 to
form electrodes 24. The electrodes 24 Sre such that when the
upper substrate 20 is placed on top of the center substrate 1,
they will establish electrical connection- with the electrodes
17 on the center substrate 1. |

In Fig. 1, reference numeral 30 is a lower substrate
that is made of the same material as the center substrate 1
that exhibits a piezoelectric phenoxﬁe'non. As shown in Fig. 9,
grooves 31 are formed on the surface of the lower substrate so

as to face with the grooves 4 formed in the bottom surface of
i€ bottom suriace
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In such a way that its thickness increases nonotonically

towards the ink supply port. It will be apparent to one
skilled in the art that the same result can be attained by

t hose nodificati ons. Fig. 22 shows the structure of
anot her exanpl e of grmves that are to be formed in a

pi ezoel-ectric sub- strate and that are effective for the
pur pose of concen- trating a pressure wave. Reference,

nuneral 130 is a
the center substrate 1. As shown in Fig. 10, each of the

grooves 31 is fommed in such a way that the front end 31la which
provides a.nozzle orifice is shallow, that the portion 315
providing an ink cavity is deep and that the rear end 31lc will
communicate with the inlet port 10a of ‘the ink supply member
10. The grooves 31 are separated by diaphragms 32 and their
inner (wall and bottom) surfaces are covered with a metal layer
that is electrically interrupted by blank portions 33 to fomm
electrodes 34. The electrodes 34 are such that when the lower
substrate 30 is combined with the center substrate 1, they will
establish electrical connection with the eléctrodes is on the
center substrate 1.

Fig. 12 illustrates.an example of a method of working
the center substrate 1, the upper substrate 20 and.the lower
substrate 30. First, a wedge stand 41 having a predetermined
angle, e.g; 2 degrees, is fixed on a horizontal work table 40.
Then, a piezoelectric substrate 42 of a predetermined thickness
is fixed on the wedge 4l1. With the workéiece set up in the
manner described above, a dicing saw 43 is posiﬁioned in such
a way that its cutting depth at the front end of the substrate
which provides a nozzle orifice will take on a value

2ppropriate for the nozzle orifice, e.g. 30 um. - Thereafter,
the dicing saw 43 or the work table 40 is moved relatively by
2 given distance for cutting the surface of the substrate. As
a result, a groove having a predetermined width, e.g. 90 um,
that cozresponds to the cutting width of the dicing saw will be
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groove that is forned in the surface of a piezoelectric
substrate 131 and that consists of a deep region 130a
closer to a nozzle orifice and a shall ow regi on 130b
closer to the ink supply port, the depth of which portion
Is In no way detrinental to the generatii of ink drops.
An electrode 132 is forned on the inner (wall and bot-

tom) surfgces of those regians. A diaphragm 133 that [ .
separ at es 4SASj ket Syr : §B8° ﬁﬁeéhgf\ﬁ § wedge 41. After the

cutting of a predetermined length is completed, the table 40 or
the dicing saw 43 is further moved in the horizontal directioﬂ
and the saw is slowly raised up, whereSy the shaping of a rear
end of the groove is carried out (see Fig. 12a).

When the formation of a single groove is carried out,
the work table 40 or the dicing saw 43 is shifted laterally by
a2 predetermined distance, e.g. 170 um, and the above-described
brocedure is repeated to form the necessary number of grooves.

- After forming grooves 44 on the surface of the
bPiezoelectric substrates, a nickel layer 45 is formed in a
Predetermined thickness, e.g. 1 pm on the cut surface of each
substrate by a suitable technique such as electroless plating,
sputtering or evaporation (see Fig. 12B). The surface of the
nickel layer is coated witﬁ a corrosion-resistant metal, e.gqg.
go;d (2u) layer 46 in a predetermined thickness, e.g. 0.1 mm
{see Fig. 12C).

Subseguently, the metal layers 45 and 46 formed on the
diaphragms are either cut with.a dicing saw 47 or-gtched.by
photolithography in a direction parallel to the fluid passage-
Wa&ys so as to electrically isolate the plated layers on the
individual passage-ways (Fig. 12D).

The substrates thus formed are assembled together i
the following manner. The upper substrate 20 and the lower
substrate 30 are fixed to the top and bottom surfaces of the

Center substrate 1 by a suitable means such as an adhesive in
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deformin response to a drive signal applied to the el ec-
trode 132 is such that the height HlL of the region closer
to the ink supply port is smaller than the height H2 of the
region closer to the nozzle orifice and, therefore the-
region closer to the ink supply port hasi4a higher elastic
nodul us on account of the constraint exerted by the bot- "
tom surface. Thus, upon application of a drive signal to

the el ect roggéht Qew;.grg It%rlatOftﬁeheggbgggrsa%T Caln%segl tigiif ebe fit with the

_

N REPLACEMENT SHEET

T -

|

grooves 3 and 4, respectively. In addition, an ink supply
member 10 that is positioned at the rear end of each of thé _
upper and lower substrates 20 and 30.is fixed to the center
substrate in such a way that the ink supply port 10a will
communicate with the ends 3a and 4a of the grooves 3 and 4,
respectively, in the center substrate 1.

As a result, the upper and lower substrates 20 and 30
are positioned and fixed in such a way that the directibns of
their polarization E; and E; that are opposite to the direction
of polarization E; in the center substrate 1 across their

interfaces with the latter, as shown in Fig. 13. The grooves

" formed in the respective substrates 1, 20 and 30 are such that

theiz shallow pcztlons 3a/2la and 4a/3la at the front end
provide nozzle orifices 50 and 51 as shown in Fig. 14 and, at
the same time, those grooves form ink cavities in the central
portion that have a cross section shaped like a flattened water
drop. The electrodes 24 on the upper substrate 20 and the
electrodes 34 on the lower substrate 30 contact to the
electrodes 17 and 18 on the opposite éurfaces of the center
substrate 1, respectively, to establish electrical connectioﬁ.

Fig. 15 show a method of driving the ink-jet recording
head having the construction described above. As shown, the
electrodes 24 and 17 formed on the uppér substrate 20 and the
center substrate 1, :'-:._-espectively, -are connected to a drive

power supply 68 via three-state drive circuits 61 - 67 that are




A

ink supply port will first deformand the region closer to
the nozzle orifice which has a | ower elastic nodulus wll
subsequently deform As a result, the diaphragmin the
region closer to the nozzle orifice defornms to create a
pressure wave that is superposed an the pfessure wave

t hat has propagated fromthe region closer to the ink
supply port Hence, a pressure wave that is as sharp as

I's produced in the previous enbodingent _will act on the . .
to be controlled by a signal from a print data output circuit

60. If a selected ink cavity 70 that corresponds to the
.position whers dots are to be formed is supplied'with.a'voltagé
of one polarity, e.g. negative, whereag the electrodes for two
ink cavities 71 and 72 adjacent to ink cavity 70 are supplied
with a voltage of the other polarity, e.g. positive (see Fig.
16), the diaphragms 73 and 74 on the center substrate 1 as well
as the diaphragms 75 and 76 on the upper substrate 20 which
define the ink cavity 70 in combination with 73 and 74 are
subjected to the action of electric fields F1 and F2 that are
directed towards the ink cavity 70. As a result, the
diaphragms 73, 74, 75 and 76 will deflect in a shear mode
towards, the ink cavity 70, which then shrinks in capacity to
compress the ink it contains. This causes the ink in the
cavity 70 to be squirted in drops from the tapered orifice
(Fig. 13). The orifice 50 has a smaller cross-sectional area
than the ink cavity 70, so it will act like a nozzle orifice
and permits the ink in the cavity to be squirted in drops of an
optimal diameter to jet until they reach a recording sheet and
form dots on its surface.

When the dot generation ends and no more drive signal
is apﬁlied, the deformed diaphragms 73 - 76 will be restored to
their initial state. In this process of restoration, the ink
cavity will expand, so that additional ink is supplied into the
ink cavity 70 t *6ugh the inlet port 10a to condition the head

for the next cycle of dot generation.
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nozzl e orifice. ' _ In the exanples shown in Figs. 19 -

22. the pres- : sure wave that has been generated on the
i-nk supply port side (see Fig. 23A) will reach the
nozzle orifice after the |l apse of tine [err]T (Fig.
23B). causing the di aphragm 16 in that region to deform
Hence, a pressure wave that has short tails and a high

peak value as indicated by a dashed line in Fig. 23B can be propagated to
the nozzle In the first embodiment of the present invention, ink

is ejected by ab*untly deforming the cavity defining diaphragms
as ink is flowing into the cavity. Alternatively, electric
fields Fg and F, that will change thei:.: strength at small rate
may be first applied as shown in Fig. 17 in directions that
expand the ink cavities 71 and 72 adjacent the cavity 70,
whereupon the diaphragms 75 and 76 on the upper substrate 20
and the diaphragms 73 and 74 on the center substrate 1 are
deformed at a relatively slow speed to fill the cavity 70 with
ink. Following this preliminary step, the diaphragms 73 - 76
are abruptly deformed as in Fig. 16 to eject ink .drops. That
is, the ink cavity 70 is filled with the necessary amount of
ink, and the elastic energy stored in the diaphragms 73 - 76 is
effectively used to generate ink drops with high efficiency.
Further, in thé first embodiment described above,
grooves are formed in both surfaces of the center substrate 1
so as to provide nozzle orifices in two rows. If desired,
. grooves may be formed in only one surface of the center
substrate 1 while other grooves are formed in the corresponding
surface of either the upper or lower substrate to provide
nozzle orifices in one row. It will be apparent to one skilled
in the art that the same result can be achieved by this
modified arrangement.-
Figs. 1Ba and 18B are diagrams showing another example
of +the structure of piezoelectric substrates to be used in

making the ink-jet recording head of. the present invention. iIn
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As a result. ink drops having a high ejection rate

17

Fig. 18, reference numeral 80 is a piezoelectric substrate
that is

made of lead zirconate or some other material that exhibi'.ts a
piezoelectric phenomenon. The piezoelectric substrate is‘
polarized in the direction of its thickness and has grooves 81
formed in its surface at equal spacings to provide f£fluid
passage-ways. The grooves ‘81 are separated by diaphragms 82
that are made of the same piezoelectric material. One end of
each groove 82 communicates with one side 80a of the substrate
80 so aé to form a nozzle orifice whereas the other end
communicates with the ink supply port.

As in the embodiment already described zbove, the
grooves Bl are formed in such a way that the front end of each
groove which serves as a nozzle orifice is shallow enough to

provide an orifice size that is suitable for sguirting ink

drops , that the center portion is deep enough to provide a

capacity that is capable of accommodating the necessary amount
of ink for drop generation, and that the rear end is of such a -
depth that it will have a suitable fluid resistance in
cooperation with the inlet port of the ink supply membér.
Further, the inner (wall and bottom) surfaces of groéve 81 are

provided with electrodes 84 and 85 each of which is divided

" longitudinally into two parts by a blank space B3. The

electrodes B84 and B5 are so adapted as to be connected to an
external circuit by means of conductive patterns 86 and 87.
" 2 substrate 90 which makes a pair with the substrat te 80

(see Fig. 183) is made of the same piezoelectric material and
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- 16 - | ~ and a short duration will be generated and
squirted onto recordi ng paper with m ni num bends

and not tailings (see Fig. 23C)
However, in the absence of t he arrangenents

descri bed above, pressure waves are genergated sinul -

that has grooves 91 and electrodes 94 and 35 formed on its
surface in such a way that they are symmetr:.cal with the
grooves 8l and electrodes 84 and 85 so as to place with each.
other. Stated more specificaily, grooves 91 are formed in the
surface of the substrate 90 at equal spacings to provide fluid
a passageways and those grooves 91 are separated by diaphragms
92 that are made of the material as the ‘'substrate 90. One end
of each groove 91 communicates with one side 390a of the
substrate 90 so as to form a nozzle orifice whereas tfxe other
end communicates with the ink supply port. As in the
embodiment already described above, the grooves 91 are formed
in such a way that the front end of each groove which serves as
a2 nozzle orifice is shallow enough to provide an orifice size
that is suitable for squir‘t;irig ink drops, that the center
portion is deep enough to provide a capacity that is capable of
accommodating the necessary amount of ink for drop generation,
and that the rear end is of such a depth that it will have a
suitable fluid resistance in cooperation with the inlet port
the ink supply member. Further, the inner (wall and bottom)
surfaces of grooves 91 are provided with electrodes 94 and 95
each of which is divided longitudinally into two parts by a
blank space 93. The electrodes 94 and 95 are so adapted as to
be connected to an external circuit by means of conductive
patterns 96 and 97.

When the two piezoelectric substrates 80 and 20 are

bonded or otherwise connected, with -their cut surfaces facing
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supply port
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n all regions fromthe nozzle orifice to the ink
as shown in Fig. 24A and those pressure
successively propagate to the nozzle orifice,

so that ink will be squirted over a fairly long tinme as in

t he case of
generated |

the fluid froma water pistal2 As a result. the
nk drops wll have a small velocity of jetting

and continue for a long period (see Fig. 24B). whereby
bends and satellites (undesired drops) are produced to

each other, they will have polarization vectors E4 and E5
acting in opposite directions across the interface while, at
the same time, the shalléw'front portiqns of the grooves in the
substrates combine to provide ink cavities that have tapered
nozzle orifices and that resemble flattened water drops in
cross section. In addition, the two electrodes 84 and 85 for
the grooves 81 in the substrate 90 and the two electrodes 94
and 95 on the substrate 90 contact each other to establish
electrical connection, with each ink cavity having an electrode
that is divided into two parts in the longitudinal direction.

Fig. 19 illustrates a method for driving the printing
head having the construction described above. A print data
output circuit 100 supplies a control signal to a three-state
drive circuit 101 whose ouféut is supplied directly to the
electrodes 85 and 95 closer to an ink supply port 103 where the
same output is'supplied to the electrode 84 and 94 on the
nozzle oxifice side via a delay circuit 102 fhat delays the
output by the time necessary for a vibration to propagate from
the electrodes 85 and 95 to the electrodes 84 and 94.

in the circuity shown in Fig. 19, a drive signal.is
first applied to the electrodes 85 and 95-closer to the ink .
supply port 103, so that only the regions of electrodes 85 and
595 of the diaphragms 82 and 92 are deformed towards an ink
cavity, wheréupon the ink.in the cavity is compressed to create
an elastic wave. When the time set in the delay circuit 102

(e.g. 20 microseconds if the dlstance between the centers of
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;omer the print quality. | Fig. 25 shows a
second enbodi nent of the present _ I nventi on.
Ref erence 140 is a substrate that is nade of
pi ezoel ectric material such as |lead zirconate and it has
a selected thickness, e.g. 1 nm which i20 greater than
one half the depth, e.g. 400 [err]m of the deepest portion
of a fluid passageway to be described just bel ow. The
substrate 140 is prelimnarily polarized in the direction
two electrode segments is 20 mm) has passed, the elastic wave
from the electrodes 85 and 95 reaches the electrodes B4 anq 94,
whersupon the delay circuit 102 outputs a drive Signal that is
applied to the electrodes 84 and 94. 2s a result, the regions
of the electrodes 84 and 94 of the diaphragms 82 and 92 are
deformed to further compress the ink, thereby producing an
elastic wave that is superposed on the elastic wave generated
by the electrodes 85 and 95. This allows the ink flowing
towards the nozzle orifice to be compressed with high
efficiency and within a short region, whereby a sharp pressure
wave is exerted at the nozzle orifice to have the ink squirted
in drops without any tailing.
In the foregoing discussion, each of the electrodes for
grooves is divided into two pérts in the longitudinal direction
.but if necessary it may be divided into three or more parts in
the longitudinal direction so that a drive signal is applied to
the successive electrode segments with a time lag being
provided that corresponds to the time required for the pressure
wave generated at the ink supply port to reach the respective
electrode segments. It will be apparent to one skilled in the
art that the same result can be attained by this modified
érrangement.
Eigs. 202 and 20B show another example of the electrode
structure to be uéed in the ink-jet recording head of the
present invention. Reference numeral 110 is a piezoelectric

substrate which, as in the embodiment already described above,
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of its thickness. Reference nuneral 141 is an upper

substrate that is made of the sane materi-al as the sub-

strate 140 and it has a selected thickness. e.g. 200 [err]m
which is approximtely equal to one half the depth of the
deepest portion of the fluid passageway. 2Thi s substrate

Is also polarized prelimnarily in the direction of its thick-
ness. The two substrates 140 and 141 are fixed

together with an adhesive into a, single substrate upnit . .
J has grooves 111 formed in g.Lts sur%ace tha'E' communicate with one

end 1102 of the substrate to form nozzle ofifices; The inner
(wall and bottom) surfaces of grooves 111 are provided'with.
electrodes 112 for allowing an electric field to act on
diaphragms with which the grooves are separated. Each
electrode 112 consists of two regions, one being region 1ll2a
that is closer to the distal end 110a of the substrate where a
nozzle orifice opens and the other being region 112b that is
closer to the ink supply port, and the second region 1l12b is
formed to be thicker than the first region 1ll2a. Needless to
say, such electrodes that varY' in thickness in different
regions can be easily formed by controlling the time of
evaporation or plating.

With the electrode structure described above, the
elasticity of diaphragms that are closer to the ink supply port
can be enhanced by metals that have a higher elastic modulus
than the piezoelectric substrate, so those diaﬁhragms will
deform faster than the diaphragms that aie closer to the nozzle
orifice. At the time when the pressure wave of the ink that
has been generated by the deformation of those diaphragms
reaches the nozzle orifice, the diaphragms in that region are
still in the process of deformation, so the pressure wave
propagating from the :Lnk supply pDort will be further compressed
to iInsuze that a2 pressure wave that is as sharp as is produced
in the previous embodiment will act on the nozzle orifice to

have the ink sguirted in drops without tailings.
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142 in such a way that the directions of polarization are

opposite to each other. As shown in Fig. 26.
the substrate unit 142 has grooves 143 formed in
the surface of the |less thick : " upper substrate 141.
These grooves have a sel ected 22 wi dth of e.g. 85
[err]mand, as shown in Fig. 27. each groove 143
consists of the follow ng three portions: a
portion 143a that is formed at an end of the substr

In the case described above, the t J.ckness of the metal
layer forming the electrodes is adjusted to vary at two levels
along the grooves. Two other examples of the electrode
structure are shown in Figs. 21A and 21B; the electrode 122
shown in Fig. 21A consists of three portions, 122a, 122b and
122c, that are formed in such a way that the thickness
increases stepwise in the order written along a groove 121 in
a piezoelectric substrate 120; and the electrode 123 shown in
Fig. 21B is formed in such a way that is thickness increases
monotonically towards the ink supply port. It will be apparent
to one skilled in the art that the same result can be attained
by those modifications.’

Fig. 22 shows the structure of another example of
grooves that are to be formed in a piezoelectric substrate and
that are effective for the purpose of concentrating a pressure
wave. Reference numeral 130 is a groove that is formed in the
surface of a piezoelectric substrate 131 and that consists of
a deep region 130a closer to a nozzle orifice and a shallow
region 130b closer to the ink supply port, the depth of which
portion is in no way detrimental to the generation of ink
drops. An electrode 132 is formed on the lnne'r (wa11 and
bottom) surfaces of those regions. A d;.anhragm 133 ‘that
separates two adjacent grooves 130 and that will defoxm in
response to a drive signal applied to the electrode 132 is such

that the height H1 of the region closer to the ink supply port

is smaller than the height H2 of “the region closer to the
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unit 142 and that has a very small depth. e.g. 80 [err]m to
enable the formation of a nozzle orifices in conbination with a top cover

150 that is to be described below. a por- tion
143b that has a greater depth. e.g. 400 [err]m about - tw ce the thickness
of the upper substrate 141; and a 23

nozzle orifice and; therefore, the region closer to the ink
supply port has a higher elastic modulus on account of the
constraint exerted by the bottom surface. Thus, upon.
application of a drive signal to the electrode, the region 6f
the diaphragm closer to the ink supply port will first deform
and the region closer to the nozzle oiifice which has a lower
elastic modulus will subsequently deform. As a result, the
diaphragm in the region closer to the nozzle orifice deforms to
create a pressure wave that is superposed on the pressure wave
that has propagated from the region closer to the ink supply
port. Hence, a pressure wave that is as sharp as is produced
in the previous embodiment will act on the nozzle orifice.

In the examples shown in Figs. 19 - 22, the pressure
wave that.has been generated'on the ink supply port side (see
Fig. 232) will reach the nozzle orifice after the lapse of time
AT (Fig. 23B), causing the.diaphragm in that region to deform.
Hence, a pressure wave that has short tails and a high peak
value as indicated by a .dashed line in Fig. 23B can be
propagated to the nozzle orifice. As a result, ink drops
having a high ejection rate and a short duration will be
generated and squirted onto recording paper with minimum bends
and not tailings (see Fig. 23C).

However, in the absence of the arrangements described
above, pressure waves are generated simultaneously in all
regions from the nozzle orifice to the ink supply port as shown

in Fig. 242 and those pressure ~waves will successively
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- 17 - ' portion 143c that is fornmed closer to

t he other end of the substrate unit 142 and
tthat has a smaller depth, e.g.

24

propagate to the nczzle orifice, so that ink will be squirted
over a fairly long time as in the case of the fluid from a

ater pistol. As a result, the generated ink drops will have

b3

a2 small velocity of jeﬁt;ng and -continue for 2 long period (see
Fig. 243), whereby bends and satellites (undesired drops) axe
produced to lower the print quality.

Fig. 25 shows a second embodiment of the present
invention. Reference 140 is a. substrate that is made of
piezoelectric material such as lead zirconate and it has a
selected thickness, e.g. 1 mm, which is greater than one half
the depth, e.g. 400 um, of the deepest portion of a £fluid
passageway to be described just below. The substrate 140 is
p:éliminarily polarized in the direction of its thickness.
Reference numeral 141 is an upper substrate that is made of the
same material as the substrate 140 and it has a selected
thickness, e.g. 200 pm, which is approx.imateiy equal to one
half the depth of the deepest portion of the fluid passageway.

This substrate is also polarized preliminarily in the direction

(0]

£ its thickness. The two substrates 140 and 141 axe fixed

ct

ogether with an achesive into a single substrate unit 142 in
such a wey that the directions of polarization are opposite to
each othex.

_As shown in Fig. 26, the substrate unit 142 has grooves
143 fommed in the suxface of the less thick upper substrate
i41. <These gzooves have a2 selected width of ©.g. 85 um and, a

shown in Fig. 27, each groove 143 ‘consists of the following
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100 [err]m so that the fluid passageway is interrupted part
of the way by an inner surface of the substrate 141. The
depth and I ength of the portion 143c are selected in

such a way that it will present a certain fluid resistance

I n cooperation with the inlet port 151 @5of an ink supply
menber 151 (to be described just below, nanely,  |ess

ink will

return during printing whereas the ink will flowin

rapidly during ink supply.

three portions: a portion l43a that is formed at an end of the
substrate unit 142 and that has a very small depth, e.g. 80 um,
to enable the formation of a nozzle orifices in combination
with a top cover 150 that is to be described below; a portion
143b that has a greater depth, e.g. 400 pm, about twice the
thickness of the upper substrate 141; and a portion 143c that
is formed closér to the other end of the substrate unit 142 and
that has a smaller depth, e.g. 100 um, so that the fluid
passageway is interrupted part of the way by an inner surface
of the substrate 141. The depth and length of fhe portion 1l43c
are selected in such a way that it will present a certain fluid
resistance in cooperation with the inlet port 15la of an ink
supply member 151 (to Be described just below), namely, less
ink will return during printing whereas the ink will flow in
rapidly during ink supply.

The grooves 143 are separated by diaphragms 146 that
are made of the same materials as the substrates, and their
inner.(wall and bottom) surfaces are coated with a metal layer
to provide electrodes 147, which are connected to a cable 149'
by conductive patterns 148 so as to receive a drive signal from
an external drive circuit.

Turning back to Fig. 25, reference numeral 150 is a top
cover which is fixed to the substrate unit 142 so as to seal
the grooves 143 over the area from the front end 143a to the

rear end 143c. Reference numeral 151 is an ink supply member
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The grooves 143 are separéted by di aphragns 146
that are nade of the sane materials as the substrates,

and their

i nner (wall and bottom surfaces are coated

with a netal |ayer to provide el ectrodes 147. which are
connected to a cable 149 by conductive pasterns 148 so _
as to receive a drive signal froman external drive circuit.
Turning back to Fig. 25 reference nuneral 150 is a

top cover which is fixed to the substrate unit 142 so as

2 to4 pm by a suitable technique such as evaporation,
sputtering or electroless plating and this alloy layer is
subsequently coated with a gold {Au) layer in a thickness of-
under than 1 ym. After thus forming a metal layer over the
entire surface 6f fhe substrate unit including the inner and
bottom surfaces of the grooves, the metal.layer on top of the
diaphragms which define the grooves is removed to electrically
isolate the electrodes for individual grooves. Thereafter,
conductive paths to be connected to thosé electrodes are formed
by separating the metal layer on the surface of the substrate
unit at its rear end in correspondence to the electrode
pattern.

Fig. 29 shows a sectional structure of the ink-jet
recording head that is ccnsiructéd in the manner described
above. When ink is supplied through the inlet port 151a, it
will flow into the grooves 143 from the rear end 1l43c and
continues flowing all the way ﬁhrough the grooves to form a
meniscus at the nozzle orifices 145. Then, a voltage of one
polarity is applied to the electrode for the groove
communicating with the nozzle orifice from which ink drops
should be squirted to form dots wheieas a voltage of the other
polarity is applied to the electrodes for two adjaceﬁf grooves.
As a :esuit, the diaphragms that define the groove of interest
will deform in & shear mode towards the ink cavity so as to
reduce its capacity, whereby ink drops will be squirted from

the nozzle orifice 145 that is formed by the front end 143a of
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to seal the grooves 143 over the area fromthe front end
143a to the rear end 143c. Reference nuneral 151 is an
i.hk supply menber has the inlet port 15la located in a
position that conmunicates with part of the rear end

143c of each groove 143. 27 Figs. 28A to 28C
shows an illustrative nmethod of . - form ng grooves
143 in piezoelectric substrates.. Shown - by 155 is

a substrate unit that is fornmed by bonding two
has the inlet port 151a located in a position that communicates

with paxrt of the rear end 143c of each groove 143.

Figs. 2BA to 28C shows an illustrative method of
forming grooves 143 in piezoelectric substrates. Shown by 155
is a substrate unit that is formed by bonding two preliminarily
polarized piezoelectric substrates 156 and 157 in such a way
that the diréctions of polarization are opposite to each other.
The substrate unit is fixed to a work table, with the thinner
substiate 156 facing up to be subjected to cutting. With the
unit being thus set up, a dicing saw 160 is set in such a
position'that it is located in the center of a grooﬁe to be
formed and cutting is effected to a depth about iwice the
thickness of the substrate 156 and the saw or the substrate
unit 155 is moved relatively‘to form a groove 161 of a length
suitable for an ink cavity (see Fig. 2831).

When the groove 161 that is to provide an ink cavity is
thus formed, the dicing saw 160 is raised and moved to the
front end of the substrate unit 155, where it is cut to a
predetermined depth (see Fig. 28B). Thereafter, the dicing saw
160 is moved the other end of the substrate unit 155 and
cutting is effected to form a portion that serves as a
connection to the ink supply port 15la. In this case, the
cuﬁting depth and length are adjusted in accordance with the
type of ink used and the ink supply pressure.

When the formation of a f£full lenéth of grooves is

finished, a layer of Ni-Cr alloy is- formed in a thickness of
-
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prrel imnarily polarized piezoel ectric substrates 156 and

157 in such a way that the directions of polarization are

opposite to each other. The substrate unit is fixed to a

work table, .with the thinner substrate 156 facing up to

be subjected to cutting. Wth the unit bgsng thus set up, .

a dicing saw 160 is set in such a position that it is

| ocated in the center of a groove to be formed and cut-

ting is effected to a depth about tw ce the thickness of
the groove in the substrate unit and the top cover 150. When
the dot formation ends, the application of voltage is ceased,
whereupon the diaphragms are restored to the initial state and
the capacity of the groove will incregse, so that additional
ink is supplied from the rear end 143c of the groove to
condition the head for the next printing run.

In the example just described above, printing is
performed by first contracting the ink cavity in response to a
drive signal. It shou;d, however, be noted that as already
explained with reference to Fig. 17, printing may be performed
by first expanding the ink cavity and then contracting it.
The technigques shown in Figs. 18 - 22 may also be

applied to the example under consideration. That is, each
electrode may be divided into at least two régions, one being
locatéd closef to the nozzle orifice and the other closer to
the ink suéply port and a drive signal is applied first to the
region closer to the ink suppl& port, with successive drive
signals being applied with.a time lag that matches the
propagation speed of the pressure wave; or .electrodés are
formed in such a way that their thickness increases stepwise in
ordex froﬁ the nozzle orifice side to the ink supply port side;
or the elastic modulus of the region closer to the nozzle
orifice is made relatively small.by, for example, forming
grooves that are shallower in the region closer to.the ink
supply port. It will be a?parent to one skilled in the art

that by adopting those techniques, -pressure waves that have

[
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t he substrate 156 and the saw or the substrate unit 155
is nmoved relatively to forma groove 161 of a length suit-
able for an ink cavity (see Fig. 28A).

the groove 161 that is to provide an ink caV|ty

I's thus forned, the dicing saw 1.60 is 2& sed and noved

When

to the front end of the substrate unit 155. where it is cut to a

predeterm ned depth (see Fig. 28B). Thereafter, the

short tails and high peak values can be produced to generate
sharp ink drops without tailings.

Fig. 30 shows a third embod:.ment of the n*esent
invention. Shown by 170 is a substrate that is made of a
piezoelectric material such as lead zirconate and it has a
selected thickness, e.g. 1 mm which is greater than one half
the depth, e.g. 400 um, of the deepest portion of a fluid
passageway to be described just below. The substxate 170 is
preliminarily polarized in the direction of its thiékness.
Shown by 171 is an upper substrate that is made of the same
material as the substrate 170 and it has a selected thickness,
e.g. 200 pm, which is approximately equal to one half the depth
of the deepest portion of the flunid passageway. This substrate
is also polarized preliminérily in the direction of its
thickness. The twc; substrates 170 and 171 are fixed together
with an adhesive into a single substrate unit in such a2 way
that the directions of polarizat-ion are opposite to each other.

The substrates 170 and 171 have grooves 173 of a width

of e.g. about 85 um formed in such a way that they are open at the

surface of the less thick upper substrate 171. The gzooves 173
are spaced at a constant pitch as already described in the
pfevious embodiments. The grooves 173 are generally boat-
shaped in cross section and the depth of their central portion
is about 400 pm, which is approximately twice the thickness of

the substrate 171. The inner (wall and bottom) surfaces of the
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grooves 173 are coated with a metal léyer to form electrodes

176 as in the previous embodiments.

Shown by 180 in Fig. 30 is a top cover which has
grooves 180a formed therein as shown in Fig. 31; the grooves
180a are open at one end and have a2 length at least sufficient
+o communicate 2t the other end with the grooves 173 in the
piezoelectric substiaﬁe_17l. The depth and width of each

gioove 1802 axe of a selected size, such as e.g. ca. 80 um, that isl

- .

appropriate for forming a nozzle orifice from which ink drops
are to be squirted. The grooveé 180a are spaced at the same
pitch as grooves 173 and they are provided in such a way that
they combine with the suriface of the substrate 171 to fomm
nozzle orifices 181 (see Fig. 32). Shown by 182 in Fig. 30 is
| an ink supply member which is fixed to the substrate 171 in
such a way that the ink supply port 182a communicates with the.-
rear end of each groove 173. .
In the embodiment undericonsideration, the electrodes
176 £for two grooves that are adjacent to the groove
communicating with the nozzle orifice from which ink drops
should be sguirted <o form dots ars supplied with a drive
signal a2s in the previous embodiments. Then, the diaphragms
that aefine the croove of interest wiil deform and the.ink
cavity cbnt:acts, wherevpon the ink contained in the groove
(cavity) is compressed to be sguirted in drops from the nozzle
orifice 1Bl which is defined by the groove 180a in the top

cover 180 a2nd the surface of +he substrate 171.

P\EPLACE’MENT SHEET Sheet Has Been Reﬂlaced

e | | T




—

dicing saw 160 is noved the other end of the substrate
unit 155 and cutting is effected to forma portion that
serves as a connection to the ink supply port 151a. In
this case, the cutting depth and length are adjusted in
accordance with the type of ink used andlthe ink supply

pressure. When the formation of a fuII | engt h of

grooves is fin- ished. a layer of NN-Cr alloy is
formed in a thickness of 2

In the embodiment just described above, printing is
performed by first contracting the ink cavity in response to a
drive signal. ¢+ should, however, be noted that s already'
explained with reference to Fig. 17, printing may be performed
by first expanding tﬁe ink cavity and then contracting it.

The techniques shown in Figs. 18 - 22 may be also be
applied to the embodiment under consideration. That is, each
electrode may be divided into at least two regions, one being
located closer to the nozzle orifice and the other closer to
the ink supply port and a drive signal is applied first to the
region closer to the ink supply port, with successive drive
signals being applied with a time laé that matches the
pfopagation speed of the pressure wave; or electrodes are
formed in such a way that their thickness in creases stepwise
in order from the nozzle orifice side to-ihe ink supply port
side; or the elastic modulus of the region closer to the nozzle
orifice is made relatively sméll by, for examﬁle, forming
grooves that are shallower in the region closer to the ink
supply poct. t will be apparent to one skilled in the art
that by adopting those technigues, pressure waves that have
short tails and high pezk values can be produced to generate
sharp ink drops without tailings.

Fig. 33 shows the structure of grooves formed in the
piezoelectric substrates of an ink-jet recording'head.accoiding

to a fourth embodiment of the present invention. Shown by 150
is a substrate unit that is composed of two polarized
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to 4 [err]mby a suitable technique such as evaporati on,
sputtering or electroless plating and this alloy |ayer is
Subsequently coated with a gold (Au) layer in a thick-

ness of less than 1 [err]m After thus formng a netal |ayer
over the entire surface of the substratg&aunit inctuding the

i nner and bottom surfaces of the grooves, the nmetglssheet Has BeenRe{»la'u

| ayer on top of the diaphragns which define the gr “\
is removed to electrically isolate the electrodes X

piezoelectric substrates 191 and 192. The substrate 191 has a
thickness approximately .one_ "half the depth of the deepest
portion of the grooves to be formed and the substrate 192 is
thicker than the substrate 191. The two substrat tes are bonded
together in such a way that the directions of <their
polarization are opposite to each other. In those substrates,
grooves 193 are formed in such a way thaf that their depth increases
monotonically in a linear fashion from the nozzle orifice side
towards the ink supply port.

Accoxding to the fourth embodiment of the present
invention, a groove can be formed by a single cutting operation
in which a dicing saw is placed in contact with the side of the
substrate unit 190 where ndzzle orifices are to be formed and
then the saw is moved with tﬁe relative distance between the
saw and the substrate 190 being reduced in the direction in
which tﬁe groove is formed.

The foregoing descript:i.on of the third and fourth
embodiments of the present invention shown in Figs. 25 and 30
is directed to the case where nozzle orifices are formed in
only one surface of a substrate unit but it should be
understood that two rows of nozzle o:;flces may be formed as
shown in Fig. 1. 2n example of this two-row arrangement is
shown in Fig. 34. Piezoelectric substrates 201 and 202 each
having & thickness about one half the depth of the grooves to
be formed are bonded to the opposite surfaces of a centrally

positioned piezoelectric snnsbrate "200. Grooves 203 and 204
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* vidual grooves. Thereafter. conductive paths to be con-
nected to those el ectrodes are fornmed by separating the

. metal layer on the surface of the substrate unit at its rear

end in correspondence to the el ectrode pattern

Fig. 29 shows a sectional structure of33he ink-jet

recordi ng head that is constructed in the manner

descri bed above. When ink is supplied through the inlet

part 151 a. it will flowinto the grooves 143 fromthe rear

are then formed at a predetermined pitch in the surfaces of the
substrates 201 and 202, respectively. The grooves 203 and 204
aré provided with electrically isolate electrodes and
subsequently sealed with covers 205 and 206, respectively.
Finally, ink supply members -207 and 208 are provided on the
respective substrates 201 and 202 in such a way that they
communicate with the grooves 203 and 204, respectively. This
provide a simple process for constructing a recording head that
has two rows of nozzle orifices on opposite surfaces.

Fig. 35 shows a printer in which an ink-jet recording
head according to the present invention is employéd. In this
printer, 2 head carriage 303 mounts an ink jet-recording head
to which an ink for printing is.supplied from a ink supply pipe
302 and pint data are applied through a flexible wiring
substrate 306. The head carriage 303 is driven by a carriage
motor 307 through a carriage belt 305 so that the head is shuifieé
along a carriage guide 304 éxten_d_:j._x}g. in a main "sg_:ann_ing.

direction. Thus, a recording paper 309 on & platen' 30%. is printed
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end 143c and continues flowng all the way through the
grooves to forma neniscus at the nozzle orifices 145.

-Then, a voltage of one polarity is applied to the el ec-
trode f € groove conmunicating with the nozzle ori-

fice from shoul d be squirted to form
dots wher @Ig‘“&“‘kﬂ“ﬂ“‘lthe other polarity is apptlr
0

the el ect rmtw® atlj acent grooves. As a result it Has Boen Re lace
di aphragns that~define the groove of interest wll def MHIIIH

34

CLAIMS

1. 2An ink-jet recording head comprising:

a plurality of piezoelectric substrates (1, 20, 30,

80, 90) that are polarized in the direction of their
thickness and that have grooves (3, 4, 21, 31, 81,
81, 111) spaced by diaphragms (5, 6, 22, 32, 82, 92,

133) at a predetermined pitch; and

electrodes (17, 18, 24, 34, 84, 85, 94, 95, 112, 122,

123) that are formed in those grooves in
electrically isolated manner,

each of said grooves (3, 4, 21, 31, 81, 91, 111)
comprising a portion (b) having a sufficient depth to
form an ink reservoir, a portion (a) communicating -
with one side (la, B80a, 90a) of the head and having a
sufficient depth to provide an orifice (50, 51) that
is adapted to squirt ink drops, and a portion (c)

having a depth appropriate for zreceiving
r _ externally supplied ink,

said piezoelectric substrates (1, 20, 30, 80, 90)
being fixed together into a unitary assembly in such
a way that the surfaces of the substrates where those |
grooves (3, 21, 4, 31, 81, 91) are open are in

registry and that the directions of polarization (E,,

Ey, E3; Es, Eg) in those substrates are opposite to

each other,
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in a shear node towards the ink cavity so as to feduce ——

its capacity whereby ink drops will be squirtéd fromthe

cre”oroo MNTNAMBRAE = criars 17 zgg“zoser

When the dot *foknetion ends, the application of v

- RETT

I s ceased, whereupon the di aphragms are restored to

t he initial state

and the capacity of the groove will I ncrease,

that additional ink is supplied fromthe rear

said recording head further including an ink supply
means (10) that is provided on the side opposite to
the side where said orifice is to be provided.'

2. An ink-jet recording head especially according to claim
1, comprising:

{REPLACEMENT SHEET
27 FEB 1997
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a central substrate (1) that is polarized (E;) in the
direction of its thickness and that has, on both
surfaces, grooves (3, 4) spaced by diaphragms (5, 6)
at a predetermined pitch and electrodes (17, 18) that
are formed in those grooves (3, 4) in an electrically
isolated manner each of said grooves (3, 4)comprising
a portion (b) having a sufficient depth to form an
ink reservoir, a portion (a) communicating with one
side (la) of the head and having a sufficient depth

to provide an orifice (50, 51) that is adapted to

squirt ink drops, and a portion (c) having a dej:th
appropriate for receiving an externally supplied ink;

two piezoelectric substrates (20, 30) that are
polarized (E;, E3) in the direction of their
thickness and each of which has, on one surface,
grooves (21, 31) spaced by diaphragms (23,. 33) at a
predetermined pitch and electrodes (24, 34) that are
formed in those grooves (21, 31) in an electrically
isolated manner, each of said grooves (21, 31)
comprising a portion (b) having a sufficient depth to
form an ink reservoir, a portion (a) communicating
with one side of the head and having a sufficient
depth to provide an orifice that is adapted to squirt
ink drops, &and a portion (c) having a depth
appropriate for receiving an externally supplied ink;

said two substrates (20, 30) being fixed to said
central substrate (1) to form a unitary assembly in

SO
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such a way that the surfaces of those substrates
where the grooves are open are aligned with those
surfaces of the central substrate where the grooves
are open and that the directions (E,, E3) of
polarization in said two substrates (20, 30) are
opposite to the direction of polarization (E;) in the
central substrate (1),

said recording head further including an ink supply
(10) means that is provided on the side opposite to
the side where said orifice (50, 51) is to be
provided.

An ink-jet recording head according to claim 2, wherein
the grooves (3) formed in one surface of said central
substrate (1) are offset from the grooves (4) in the
other surface by one half of the pitch between adjacent
grooves. )

An ink-jet recording head comprisin§=

a substrate unit (142) that is composed of a first
and a second polarized piezoelectric substrate (140,
141) that are bonded together in such a way that the
directions of polarization are opposite -to each
other, said substrate unit having. a plurality of
grooves (143)' formed therein that are spaced by
diaphragms (146) at a predetermined pitch and
electrodes (147) that are formed in those grooves
(143) in an electrically isolated manner, each of
said grooves (143) comprising a portion (143b) that
extends from the surface of the first piezoelectric
substrate (141) to partial thickness of the second
piezoelectric substrate (140) and that has a
sufficient depth to form an ink reservoir, a portion

ThlS Sheet Has Been Reilace

(143a) communicating with one side of the first
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piezoelectric substrate (141) and having a sufficient
depth to provide an orifice that is adapted to squirt
ink drops, and a portion (143c) having a depth
appropriate for receiving an externally supplied ink;

a top cover (150) that seals the surface of said
substrate unit where the grooves are open; and

a member (151) for supplying ink into said grooves.

5. An ink-jet recording head according to claim 4, wherein
said first piezoelectric substrate (141) has a thickness
approximately one half the depth of the ink reservoir
portion.

6. An ink-jet recording head comprising:

a substrate unit that .is composed of a first (201), a
second (200) and a third ( 202 ) polarized
piezoelectric substrate that are bonded together in
such a way that the directions of polarization are
opposite to each other, said substrate unit having a
plurality of grooves (203, 204) formed therein that
are spaced by diaphragms at a predetermined pitch and
electrodes that are formed in those grooves in an
electrically isolated manner, each of said grooves
comprising a portion that extends from the surface of
the outer £first (201) and third (202) piezoelectric
substrates to a partial thickness of the centrally
fixed second piezoelectric substrate (200) that has a
sufficient depth to form an ink reservoir, a portion
communicating with one side of the first
piezoelectric substrate and having a sufficient depth
to provide an orifice that is adapted to squirt ink
dfops, and a portion having a depth appropriate for
receiving an externally supplied ink;

Sheet Has Been R laced
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'be perforne

p—

d by first expanding the ink cavity and then

contracting It _ The techni ques shown in Figs.

18 - applied to the exanpl e under
COI’ISI de}lmm)mlamﬂ IHH! each electrode may be

di vi ded *nto east &Wo regions, ) one being | ocated
closer to the nozzle orifice and the other closer to
the ink supply port and a drive signéﬂ S appl i ed

first to th

7

e region closer to the ink supply port.

two covers (205, 206) that seal the opposite surface
of said substrate unit where the grooves are open;
and

a member (207, 208) for supplying ink into said
grooves.

. An ink-jet recording head according to claim 6, wherein
said first (201) and third (202) piezoelectric substrates
have a thickness approximately one half the depth of the
ink reservoir portion.

8. An ink jet recording head according to claim 6 or 7,

wherein the grooves formed in one surface of said second
substrate are offset from the grooves in the other
surface by one half of the pitch between adjacent
grooves. '

9. An ink-jet recording head comprisings:

a substrate unit that is composed of a first (171)
and a second (170) polarized piezoelectric substrate
that are bonded together in such a way- that the
directions of polarization are opposite to each
ther, said substrate unit having a plurality of
grooves (173) formed therein that are spaced by
diaphragﬁs at a predetermined pitch and electrodes
that are formed in those grooves in an electrically
isolated manner, each of said grooves (137) extending
from the surface of the first (171) piezoelectric
substrate to a partial thickness of the second (170)
Piezoelectric substrate and having a sufficient depth
to form an ink reservoir, said grooves being sealed
at both ends;

A
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wth SUCWS being applied with a tine
| ag t hat es, the propagati on speed of the pressure

‘wave: med in such a way that their
thlckness “MH “Eﬂu e in order fromthe nozzle -~

orifice 5|

© tthe™ nk stpply port side; or the elastic

nodul us of the region closer to the nogile orifice is
nmade rel atively small by. for exanple,”form ng grooves

that are shall ower ai r}:g}_pecggg;or}fgcﬂse{;_hgg §2€ F{Ke§URR Ythe surface of

10. an

said substrate unit where the grooves (180a) are open
and that has grooves communicating with the grooves
in said substrate unit to form nozzle orifices (181);
and

a member (182) for supplying ink into said grooves.

ink-jet recording head according to claim 9, wherein

said first piezoelectric substrate -(171) has a thickness
approximately one half the depth of the ink reservoir
portion. '

11. An ink-jet reccrding head especially according to claim $

or 10 comprising:

&2 substrate wunit that is composed of a £first, a
second and a third polarized piezoelectric substrate
that are bonded together in such a way that the
directions of polarization are opposite to. each
other, said substrate unit having a plurality of
grooves formed therein that are spaced by diaphragms
at a predetermined pitch and electrodes that are
formed in those grooves in an electrically isolated
manner, each of sai& grooves extending from the
surface of the outer first and third piezéelectric
substrates to a partial thickeness of the centrally
fixed second piezoelectric substrate and having a
sufficient depth to form an ink reservoir, said
grooves being sealed at both ends;

two covers that are fixed to the opposite surface of
said substrate unit where the grooves are open and
that have grooves communicating with the grooves in
said substrate unit to form ﬂozzle orifices; and

This Sheet Has Been Reﬁaced
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be apparent to one skilled in the art that by

adopting those techni ques. pressure waves that have

'short tails and high peak‘values can be produced to,

generat e n Wi t hout tailings.
30 shomslﬂ ln""m nt of the present

i nventi on* Shown

*ls-a substrd@e that is nade of a

pi ezoel ectric naterlal such as lead zirconate and it has
a selected thickness, e.g. 1 nmwhich is greater than

12.

13.

14.

15.

16‘

17.

a member for supplying ink into said grooves.

An ink-jet recording head according to claim 11 wherein
said first and third piezoelectric substrates have a
thickness approximately one half the depth of the ink
reservo;r portion.

An ink-jet recording head according to one of the
preceding claims, wherein each of said electrodes is
divided into at least two regions (84, 85; 94, 95) in the
longitudinal direction of the grooves (81l; 91).

An ink-jet recording head according to one of the
preceding claims wherein each of said electrodes (112,
122, 123) is formed in such a way that it is thin in the
region closer to the nozzle orifice side and thick in the
region closer to the ink supply side.

An ink-jet recording head according to one of the
preceding claims, wherein said grooves (111, 130) are
formed to be shallow (130b) in the region closer to the
ink supply side so that the diaphragms (133) in the
region closer to the nozzle orifice.: side will have a
smaller elastic modulus.

Use of the ink-jet recording head in a printing
apparatus.

A printing apparatus comprising an ink-jet recording head
according to one of claims 1 to 15, a head carriage (303)
for mounting said ink-jet recording head, head carriage
driving means (304, 307) for driving said head carriage
in 2 scanning direction, and a platen (308) on which a
recording paper (309) is disposed.
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one half the depth, e.g. 400 [err]m of the deepest portion
of a fluid passageway to be described just bel ow. The
substrate 170 is prefimnarily polarized in the direction
its thickness. Shown by 171-is an upper substrate that
is made of the same material as the subgflrate 170 and

It has a selected thickness. e.g. 200 [err]m which is
approximately equal to one half the depth of the deep-

est portion of the fluid passageway. This substrate is

INK:JET_RECORDING HEAD AND ITS USE

ABSTRACT

An - ink-jet <recording head, in which at least two
piezoelectric substrates (1, 20, 30) are opposite each other
in polarization direction, grooves (3, 21; 4, 31) are formed
across the interface of the two substrates at a predetermined
pitch so as to form cavities, at one end of which are opened
. to the atmosphere and have orifices (50, 51) adapted for
squirting ink drops. - Those cavities have electrodes (17, 18,
24, 34) formed on their inner surfaces. When a voltage of
one polarity is épplied to the electrode for the cavity from
which ink drops should be generated whereas a voltage of the
other polarity is applied to .the electrodes for the -two
adjacent cavities,' the diaphragms separating the three
‘cavities will deform in a shear mode towards the cavity from
which ink drops should be generated. As a result, the
capacity of the cavity from which ink drops should be
generated decreases to have the ink in said cavity squirted
outward from the orifice (50, 51).

FIGURE 13 " This Sheet Has Been Relila ed
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al so polarized prelimnarily in the direction of its thick-
ness. The two substrates 170 and .171 are fixed .

together with an adhesive into a single substrate unit in

such a way that the directions of polarization are oppo- ite to each other.

3a 3 3 3c
FIG. 3 7 L3 »
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- 20- The substrates 170 and 171 have
grooves 173 of a _ _ : ' width of e.g. about 85 [err]m
formed in such a way that they

FIG. 5

17 1|5 151731,5 3 17
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are open at the surface of the less thick upper substrate
171. The grooves 173 are spaced at a constant pitch as

-al ready described in the previous enbodi nents. The

grooves 173 are generally boat-shaped in cross section

and the depth of their central portion i3 about 400 [err]m
which is approximtely twi ce the thickness of the sub-
strate 171. The inner (wall and bottom surfaces of the
grooves 173 are coated with a netal |ayer to formelec-

21a 4 21b

—-—21c

FIG. 8
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trodes 176 as i.n the previous enbodi nents.
Shown by 180 in Fig. 30 is a top cover which has
-grooves 180a forned therein as shown in Fig. 31: the

grooves 1 80a—are—open at one end and have alength at
| east sufficient {té?u% radde at the #ther end with the

grooves 173 iﬁ‘“ﬁ

depth and wi dt j\
size. such as

a
ric substrate 171. The
\W@ e 180a are of a selected :
. [€rr]m that is appropriate for form

31a 31 3%
s L Y
7'
30
FIG. 11
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ing a nozzle orifice fromwhich ink drops are to be
squi rted. The grooves 180a are spaced at the sane

pitch as grooves 173 and they are provided in such a
way that they conmbine with the surface of the SubStI’HII\]ESheetHasBeenRe!ilace

182 in Fig. 30 is an ink supply member which is fixed
the substrate 171 in such a way that the ink supply
- 182a conmuni cates with the rear end of each groove

FIG. 12A

171 to formnozzle orifices 181 (see Fig5 32). Shown tﬂum
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173. ' In the enmbodi nent under consi derati on,

t he el ec- : trodes 176 for two grooves that are
adj acent to the .. groove comuni catin t he
nozzle orifice from rops shoul d be

squirted to formdots are sup- Has Hetn aith a drive
signal as in the previous enbodi- ‘s Then,
t he di aphragns that define the groove of \\“\\\“‘“\“\ i nt er est
will deformand the ink cavity contracts, where-

FIG. 13
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upon the ink contained in the groove (cavity) is com
pressed to be squirted in drops fromthe nozzle orifice — 7 ———

181 which is defined by the groove 1 80a in the tOomis®R%Elas

180 and the surface of the substrate 171

t he enbodi nent just described above,
contracting the ink cavity in response

signal. It should, however.
reference to Fig. 17, printing may

primting is pe’

be noted that as

n B o 2

al ready expl ai

FIG. 15

J

T -

ned with

|

e

| ]

P
e v o s A
y anr o0 o A= A
. e oo

W .

W . W A A
.« v . P

v A 20 av o7 A
e v .
y s - S -

\—'\_
s ——
J\ﬁ'\

. VL W W S5 A S’ A AR o 4

. W W W G A AN A 4
. . PR P S

A S - A\ 7 Y A A A A A
A A . W A 4 7 v o7
PP - . . s . e

PR ) - .
. .
. W W W WY 7 A A A A 4

17 1\7

17 17

I/\gﬁl‘l%g&

a0 o s

I A
T, 0. M T, T W' e S Y A S A A

60

FIG. 16

27

sz

=y

AL

REPLACEMENT SHEET

27FEB 1997

R T g

n 7

F1/ /

':{:k f; 1—20
.::: » | |
oL
-'F1\ ’




FlG.

17

276 1075 T

l

F3
}

YAL

Thlisllslliii',ltliliilBeen Re’ilaced

REPLACEMENT Sibil|

2 7 FEB 1997

o LT RWEA

R




—

- 21 - be perforned by first expanding the ink
cavity and then contracting it

The techni ques shown in Figs. 18 - 22 may al so be

applied to the enbodi nent under consideration. That is-

each el ectrode may be divided into at | east two regions

one being | ocated closer to the nozzle orifice and the

other closer to the ink supply port and a drive signal is

FIG. 184

This Sheet Has Been Re

O

FIG. 18B
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applied first to the region closer to the ink supply port.
W th successive drive signals being applted with a tine
ag that nmatches the propagation speed of the pressure
wave; or electrodes are formed in such a way that their

t hi ckness in creases stepwi se in order friom the nozzle
orifice side to the ink supply port side; or the elastic
nodul us of the region closer to the nozzle orifice is
made rel atively small by, for exanple, form ng grooves
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that are shallower in the region closer to the ink suﬁly\

port. It will be apparent to one skilled in the arThidSaad

adopti ng those techni ques. pressure waves that have cen Re laced
short tails and high peak val ues can be produced to ’ll/’”l”!l”’”’l .
generate sharp ink drops without tailinggl ,
Fig. 33 shows the structure of grooves forned in the
pi ezoel ectric substrates of an ink-jet recordi ng head

according to a fourth enbodi nent of the present inven-
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tion. Shown by 190 is a substrate unit that is conposed
of two polarized piezoelectric substrates 191 and 192.
‘The substrate 191 has a thickness approxi mately one
haff the depth of the deepest portion of the groaves to

be fornmed and the substrate 192 is thicker than the sub-
strate 191. The two substrates are bonded toget FugS TfﬁSBwnRelmﬂi

such a way that the directions .of their polarlza |IH
opposite to each other. In those substrates, gro
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are formed in such a way that that their depth increases

nonotonically in a linear fashion fromthe nozzle orifice

gsi de towards the ink supply port. Accor di ng
to the fourth enbodi nent of the present This Sheet Has Been Replaced

i nvention, a groove can be forned by a single cut{j

operation in which a dicing sawis placed in cont Hﬂﬁtﬂﬂ" III II
the side of the substrate unit 190 where nozzle o -
are to be forned and then the sawis noved with the rel-

FIG. 23 —— i —
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ative distance between the saw and the substrate 190
being reduced in the direction in which the groﬁi‘e‘w
) . This Sheet
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- 22- The foregoi ng'descri ption of the third and fourth enbodi ments
of the present invention shown in Figs. 25 and 30 is directed to the case
where nozzle orifices are formed in only one suThigSheetbihs Bees Riphic
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shoul d be understood that two rows of nozzle orifices nmay be forned as
shown in Fig. 1. An exanple of this two-row arrangenent is shown in Fig.
34. Piezoelectric substrates—201 and 202 each having a thickness about
one half the depth of the grooves to be forned are bonded to the opposite
surfaces of Tias Shes tioned piegoel ectic substrate 200. G ooves

R y
203 and 204 \m“\mmwmw at a predetermined pitch in the sur-

FIG. 29
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faces of the substrates 201 and 202. respectively. The grooves 203 and 204
are provided with electrically iso- I|ate electrodes and subsequently
sealed with covers 205 and 206, respectively. Finally, ink supply nenbers
207 and 208 are provided on the respective substrates 201 and 202 in such
a way that they conmunicate with the gregves 203 and 204,. respectively.
This provide a sinple process for constructing a recordi ng head that

IIEﬁﬁfliﬁlfﬁfflllﬁaced - |
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has two rows of nozzle orifices on opposite surfaces. Fig. 35 shows a
printer in which an ink-jet recording head according to the present
i‘nvention is enployed. In this printer, a head carriage 303 nounts an ink
jet- recording head to which an ink for printing is supplied froma ink
supply pipe 302 and pint data are applieggthrough a flexible wring
substrate 306. The head car- riage 303 is driven by a carriage notor 307
t hrough a
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carriage belt 305 so that the head is shuttled along a carriage guide 304
extending in a main scanning direc- tion. Thus, a recording paper 309 on a
‘pl aten 308 is printed. | ' e
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Description

An ink-jet printer that squirts drops of ink to print let-
ters and graphics in a dot-matrix format uses a record-
ing head that causes the pressure in the ink cavity to
vary by means of a piezoelectric device which produces
mechanical deformation upon application of a drive sig-
nal. As typically described in U.S. Patent No. 3,946,398,
part of the pressure compartment in this recording head
“is formed of a diaphragm, to which a piezoelectric sub-
 strate shaped in a thin sheet form is attached.

The ink-jet recording head described in the above

mentioned U.S.P. ‘398 is operated in such a way that

when a drive signal is applied to the piezoelectric
device, the ink cavity contracts, whereupon ink is
squirted in drops from the nozzle orifice communicating
with the ink cavity to form dots on recording paper.
Since the piezoelectric device in sheet form is attached
to the diaphragm, the pressure compartment must be
made large enough to facilitate the operation of attach-
ment. On the other hand, a plurality of nozzle orifices
are spaced at very small intervals in order to improve
the print quality. Therefore, the pressure compartment
and the nozzles must be connected by fluid passage-
ways but this only resuits in a complicated mechanism.

. 0 o

In order to solve those problems, an improved ink-

jet printing head has been proposed in, for example,
U.S. Patent 4,072,959, and in this printing head a piezo-
electric vibrator is positioned in such a way that its tip
faces the orifice of each nozzle, with a dynamic pres-
sure being imparted to ink by displacements of the pie-
zoelectric device so that drops of the ink will be squirted
from the nozzles. This proposal has the advantage that
the fluid passage-ways connecting the pressure com-
partment and the nozzles are eliminated to achieve
structural simplicity. On the other hand, there is a large
acoustic impedance mismatch between the piezoelec-
tric vibrator and ink, so the energy produced by the pie-
zoelectric device is not effectively used in drop

- generation.



a plurality of piezoelectric substrates (1. 20. 30. 80.
90) that are polarized in the direction of their thick-
ness and that have grooves (3, 4, 21, 31, 81, 91,
11 1) spaced by diaphragns (5, 6, 22, 32, 82, 92,

133) at a predeterm ned pitch; and -2 -
o Rt at & of e 4iu1 et B i B it Jezrase0 pro
call'y isol at ed mannj?d&& an Ak tr%S?dmg Kead in which a plurality of
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passage-ways are formed in one surface of a piezoelec-
tric substrate in a pattern that matches the dot forming
region whereas an electrode is provided on the inner
surfaces of each passage-way, so that deformation in a
shear mode is produced in the walls of the passage-
ways to change the capacities of the grooves.

In this recording head, the ink in passage-ways can
be directly compressed, so the passage-ways for com-
municating the ink cavities with the nozzle orifices are
eliminated to achieve structural simpilicity. Furthermore,
the direct compression of the ink cavities offers the
advantage of highly efficient drop generation. On the
other hand, "nozzie plates™ for forming nozzle orifices
that insure stable jet of ink drops must be fixed with an
adhesive to the piezoelectric substrate. Then, the area
of bond is directly subjected to the expanding and con-
tracting motions of the piezoelectric substrate and this
lowers the strength of bonding between e two mem-
bers. In addition, it is necessary to apply the adhesive to”
very small areas but this only increases the complexity
of the manufacturing process. As a further problem, a

" step will be formed unavoidably between a groove and

the attached nozzle plate and it is difficult to remove air
bubbles that are drawn into the groove from the nozzle
orifice due to the advancing and retracting mation of the

- meniscus formed at the nozzle orifice.

It is therefore an object of the invention to provide
an improved ink jet recording head and the use of same.
This invention therefore provides an ink jet recording
head according to independent claims 1, 4, 6, and 9 and
its application according to claims 16 and 17.

Further advantageous features, aspects and details
of the invention are evident from the dependent claims,
the description and drawings. The claims are intended
to be understood as a first non-limiting approach of
defining the invention in general terms.

The invention provides an ink jet recording head
with which the ink in an ink cavity is squirted in drops by
the kinetic energy of a piezoelectric vibrator to form dots



each of said grooves (3, 4, 21, 31, 81, 91, 111)
sconprising a portion having a sufficient depth to
forman ink reservoir, a portion comrunicating with

one side (1la, 80a.

90a) of the head and having a

sufficient depth to provide a nozzle ortfdice (50, 51)

that is adapted to
havi ng a depth appr
nal l'y supplied ink.

REPLACEMENT SHEET
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e present invention has been achieved under the
above mentioned circumstances and has as an aspect
providing a novel ink-jet recarding head that can be pro-
duced by a simple process without mounting nozzle
plates and that is capable of forming dots in a consistent
manner,

A preferred ink-jet recording head comprises a plu-
rality of piezoelectric substrates that are palarized in the
direction of their thickness and that have graoves space
by diaphragms at a predeterrmined pitch and electrodes
that are formed in those grooves in an electrically iso-
lated manner, each of said grooves comprising a por-
tion having a sufficient depth to form an ink reservoir, a
portion communicating with one side of the head and
having a sufficient depth to provide an orifice that is
adapted to squirt ink drops, and a portion having a
depth appropriate for receiving an externally supplied -
ink, said piezoelectric substrates being fixed together
into a unitary assembly in such a way that the surfaces
of the substrates where those grooves are open are in
registry and that the directions of polarization in those
substrates are opposite to each other, said recording
head further including an ink supply means that is pro-
vided on the side opposite to the side where said orifice
is to be provided.

Fig. 1 is a perspective view of an ink-jet recording
head according to a first embodiment of the present
invention;

Fig. 2 is a perspective view showing an example of
a centrally positioned piezoelectric substrate;

Fig. 3 is a cross-sectional view showing the shape
of grooves formed in the center piezoelectric sub-
strate; _

Fig. 4 is a perspective view showing how electrodes

are nrovided nn the center piezoelectric substrate;
Fig. S is a diagram showing the electrode structure

of the center piezoelectric substrate;

Fig. 6 is a perspective view showing the structure of

a piezoelectric substrate to be used in pair with the
~ center piezoelectric substrate;



sai d piezoelectric substrates (1. 20. 30. 80. 90)

bei ng fixed together into a unitary assenbly in such

a way that the surfaces of the substrates where

t hose grooves (3. 21. 4. 31. 811. 91) are open are in

registry and that the directions of polarizgtion (E[err]

E[err]. E[err]. E[err]. Eferr]) in those Sufisirates are opposite to

each other, said recording head further including an

ink supply neans (10) thaFigl 7 i9diigrdfrstidwinga Séctional structure of a
groove formed in the substrate of Fig. 6;

Fig. 8 is a diagram showing the electrode structure
of that piezoelectric substrate;

-Fig. 9is a perspective view showing the structure of .
the other piezoelectric substrate to be used in pair .
with the center piezoelectric substrate; o
Fig. 10 is a diagram showing sectional structure of
a groove formed in the substrate of Fig. 9;

Fig. 11is a diagram showing the electrode structure
of that piezoelectric substrate;

Figs. 12A to 12D are diagrams showing the step of
forming grooves in a piezoelectric substrate and the
steps of forming electrodes on the substrate;

Fig. 13 is a cross-sectional view showing in detail
the structure of the ink-jet recording head according
to the first embodiment of the present invention;
Fig. 14 is a diagram of said recording head as seen
from the side from which drops of ink are squirted;
Fig. 15 is a diagram showing a method of driving
the ink-jet recording head of the present invention;
Fig. 16 is a diagram showing how diaphragms are
deformed during ejection of ink drops:

Fig. 17 is a-diagram showing ancther method of
driving the ink-jet recording head of the present
invention;

Figs. 18A and 188 are perspective views showing
another example of the electrode structure to be
used;

Fig. 19 is a illustrating a method that is suitable for
driving a recording head that has the electrode
structure shown in Fig. 18;

Fig. 20A shows a section of another example of the
electrode structure to be used;

Fig. 208 is a diagram showing the same electrode
structure as seen from the side where the grooves
are open; - .

. Figs. 21A and 218 are diagrams showing two otfier
examples of the electrode structure as seen from

REPLACEMENT SHEET the side where the grooves are open;

fFig. 22A shows a section of ancther example of
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opposite to the side where said orifice is to be pro-

Vi ded. 2. An ink-jet recording head according to
claiml, said plurality of piezoelectric
substrates conpri sing: a central substrate .
(1) that has said grooves (3.4) on both
surfaces; 'tﬁ/\p pi ezoel ectric substrates (20.

30) each of which

grooves formed in a piezoelectric substrate;
Fig. 228 is a top view of the same example as seen
from the side where the grooves are open:
Fig. 23 shows the state of a pressure wave to be
exerted upon ink when the electrode structures and
grooves shown in Figs. 18 - 22 are adopted. as well
as the shape of an ink drop that is generated by
said pressure wave;
Fig. 24 shows the state.of a pressure wave to be
exerted upon ink when none of the approaches
shown in Figs. 18-22 are taken, as well as the
shape of inks drops that are generated by said

_ pressure wave: .
Fig. 25 is a perspective view of an ink-jet recording
head according to a second embodiment of the
present invention;

Fig. 26 is a perspective view showing the structure
of the piezoelectric substrate used in the ink-jet
‘recording head shown in Fig. 25;
Fig. 27 is a cross-sectional view showing the shape -
of grooves formed in the piezoelectric substrate;
Figs. 28A to 28C are diagrams showing a process
" of forming grooves in the piezoelectric substrate;
Fig. 29 is a diagram showing a sectional structure
of the device shown in Fig. 25;
Fig. 30 is a cross-sectional view showing and ink-jet
recording head according to a third embodxment of
the present invention;
Fig. 31 is a perspective view showing an example of
the top cover member used in the printing head of
Fig. 30;
Fig. 32 is a front view showing the structure of said
recording head as seen from the scde where nozz!e
orifices are open;
Fig. 33 is a cross-sectional view showing the struc-
ture of grooves formed in the piezoelectric sub-
strates of an ink-jet recording head according to a:
fourth embodiment of the present invention;
. <o - Fig. 34 is a cross-sectional view showing the rela-.
REPLACEMENT SHEET tive positions of piezoelectric substrates and cov-
ers, as well as the structure of grooves formed in,
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has,; on one surface, grooves (21. 31); said
two substrates (20. 30) being fixed to said cen-
tral substrate (1) to forma unitary assenbly in such
a way that the surfaces of those substrates where
the grooves are open are aligied wth thoge.sur- REPLACEMENT SHEET
faces of the central substrate where the grpoves
are open and that the daidpiezoetedtit subjtratesdn te cdsgwheare dual-
nozzle rows are provided in the second, third and
fourth embodiments of the present invention; and
Fig. 35 shows a printer in which an ink-jet recording
head according to the present invention is
employed. o
+Fig. 1 shows an ink-jet recording head according to
a first embodiment. of the present invention. Reference
numeral 1 represents a central positioned piezoelectric
substrate (hereunder referred to as “a center substrate”)
that is made of lead zirconate or some other material
that exhibits a piezoelectric phenomenon. This center
substrate has such a thickness that grooves 3 and 4 to
be described below can be formed in top and bottom
surfaces, respectively, and it is polarized in the direction
of its thickness. The top surface of the center substrate
has grooves 3 formed therein in such a way that they
are spaced by equal distances as shown in Fig. 2; simi-
larly, the bottom surface of the center substrate has
grooves 4 formed therein that are also spaced by equal
distances. The grooves 3 and 4 serve as fluid passage-
ways. The grooves 3 in the top surface are separated by
diaphragms S that are made of the same piezoelectric
material, and - the grooves 4 in the bottom surface are
separated by diaphragms 6 that are also made of the
same piezoelectric material. The grooves 3 are posi-
tioned in such a way that they are offset from the
grooves 4 by one half of the pitch between adjacent
grooves. The grooves 3 and 4 communicate at one end

with one side 1a of the center substrate 1 in such a way
as to form nozzle orifices S0 and S1, whereas the other

end of each groove communicates with an ink supply
member 10. The surfaces of the rear end of the center
substrate 1 are provided with a wiring patterns 13 by
which electrodes 17 formed continuously on the inner
(wall and bottom) surfaces of the grooves 3 and 4 are
connected to cables 12 that are connected to a drive cir-
cuit (not shown). . :
As shown in Fig. 3, the each front end 3a and 4a of
' e “each groove 3 and 4 that serves as a nozzle orifice is
REPLACEMENT SHEET shallost enough to provide an orifice size thatis suitable
for squirting ink drops; the each center portion 3b and

02 MAY 1998

e AR DA, Q—J




- 24 -

REPLACEMENT SHEET

D 2 MAY 198

e SR Rz 3220 TR

i

|

-7 -
4b is deep enough to provide a capacity that is capable
of accommaodating the necessary amount of ink for drop
generation; and the each rear end of 3¢ and 4¢ of each
groove is formed at such a depth that it will have a suit-
able fluid resistance in cooperation with the inlet port
10a of the ink supply member 10.

As shown in Figs. 4 and S, the each inner (wall and
bottom) surfaces of grooves 3 and 4 and adjacent dia-
phragms S and 6 are covered with a metal layer that is

 electrically separated by blank portions 15 and 16 to

form electrodes 17 and 18 so as to permit the reception
of a drive signal from a drive circuit.

In Fig. 1, reference numeral 20 is an upper sub-
strate that is made of the same material as the center
substrate that exhibits a piezoelectric phenomenon. As
shown in Fig. 6, grooves 21 are formed on the surface
of the upper-substrate so as to face with the grooves 3
formed on the upper surface of the center substrate 1.
As shown in Fig. 7, each of the grooves 21 is formed in
such a way that the front end 21a which provides a noz-
zle orifice is shallow, that the portion 21b providing an
ink cavity is deep and that the rear end 21¢ will commu-
nicate with the inlet port 10a of the ink supply member
10. The each of grooves 21 are separated by dia-
phragms 22 and their inner (wall and bottom) surfaces
are covered with a metal layer that is electrically sepa-
rated by blank portions 23 to form electrodes 24. The
electrodes 24 are such that when the upper substrate
20 is placed on top of the center substrate 1, they will
establish electrical connection with the electrodes 17 on

the center substrate 1.
In Fig. 1, reference numeral 30 is a lower substrate

that is made of the same material as the center sub-
strate 1 that exhibits a piezoelectric phenomenon. As
shown in Fig. 9, grooves 31 are formed on the surface
of the lower substrate so as to face with the grooves 4
formed in the bottom surface of the center substrate 1.
As shown in Fig. 10, each of the grooves 31 is formed in
such a way that the front end 31a which provides a noz-
zle orifice is shallow, that the portion 31b providing an
ink cavity is deep and that the rear end 31¢ will commu-
nicate with the inlet port 10a of the ink supply member



zation in said two substrates (20, 30) are opposite
to the direction of polarization (E[err]) in the central

substrate (1). 3. An ink-jet recording head
according to claim 2. wherein the grooves (3)
formed in one surface of said central substrate
(1) are offset fromthe : -8 -. grooves (4) in the

ot her surface by one half of the : .
Y 10. The grooves 31 are separated by diaphragms 32

and their inner (wall and bottom) surfaces are covered
with a metal layer that is electrically interrupted by blank
portions 33 to form electrodes 34. The electrodes 34
_are such.that when the. lower substrate 30 is combined
with the center substrate 1, they will establish electrical
connection with the electrodes 18 on the center sub-
strate 1. ' -

Fig. 12 illustrates an example of a method of work-
ing the center substrate 1, the upper substrate 20 and
the lower substrate 30. First, a wedge stand 41 having a
predetermined angle, e.g. 2 degrees, is fixed on a hori-
zontal work table 40. Then, a piezoelectric substrate 42

_of a predetermined thickness is fixed on the wedge 41.
With the workpiece set up in the manner described
above, a dicing saw 43 is positioned in such a way that
its cutting depth at the front end of the substrate which
provides a nozzle orifice will take on a value appropriate
for the nozzle orifice, e.g. 30 um. Thereafter, the dicing
saw 43 or the work table 40 is moved relatively by a
given distance for cutting the surface of the substrate.
As a result, a groove having a predetermined width, e.g.

90 um, that corresponds to the cutting width of the dic-
ing saw will be formed at the angle specified by the
wedge 41. After the cutting of a predetermined length is
completed, the table 40 or the dicing saw 43 is further
moved in the horizontal direction and the saw is slowly
raised up, whereby the shaping of a rear end of the
groove is carried out (see Fig. 12A). _

When the formation of a single groove is carried
out, the work table 40 or the dicing saw 43 is shifted lat-
erally by a predetermined distance, e.g. 170 um, and
the above-described procedure is repeated to form the
necassary number of grooves.

After forming grooves 44 on the surface of the pie-
zoelectric substrates, a nickel layer 45 is formed in a
predetermined thickness, e.g. 1 um on the cut surface
of each substrate by a suitable technique such as elec-
traless plating, sputtering or evaporation (see Fig. 128).

IENT SHEET- The surface of the nickel layer is coated with a corro-
REPLACEB! ' sion-resistant metal, e.g. gold (Au) layer 46 in a prede-
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pi tch between adj acent grooves.
.recordi ng head conpri sing:

(142) that is conposed of a first and

pol ari zed pi ezoel ectric substrate (140,

that are bonded together in such a way thatg -
directions of polarization are oggosite to each

ot her, said substrate termineddhig
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Subsequently, the metal layers 45 and 46 formed
on the diaphragms are either cut with a dicing saw 47 or
etched by photolithography in a direction parallel to the
fluid passageways so as to electrically isolate the piated
layers on the individual passage-ways (Fig. 12D).

The substrates thus formed are assembled
together in the following manner. The upper substrate
20 and the lower substrate 30 are fixed to the top and
bottom surfaces of the center substrate 1 by a suitable
means such as an adhesive in such a way that the
graoves 21 and 31 will be fit with the grooves 3 and 4,
respectively. in addition, an ink supply member 10 that
is positioned at the rear end of each of the upper and
lower substrates 20 and 30 is fixed to the center sub-
strate in such a way that the ink supply port 10a will
communicate with the ends 32 and 4a of the grooves 3
and 4, respectively, in the center substrate 1.

As a resuft, the upper and lower substrates 20 and
30 are positioned and fixed in such a way that the direc-
tions of their polarization E, and E; that are opposite to
the direction of polarization E, in the center substrate 1
across their interfaces with the latter. as shown in Fig.

13. The grooves formed in the respective substrates 1,

20 and 30 are such that their shallow portions 3a/21a
and 4a/31a at the front end provide nozzle orifices SO
and 51 as shown in Fig. 14 and, at the same time, those
-grooves form ink cavities in the central portion that have
a cross section shaped like a flattened water drop. The
electrodes 24 on the upper substrate 20 and the elec-
trodes 34 on the lower substrate 30 contact to the elec-
trodes 17 and 18 on the opposite surfaces of the center

substrate 1, respectively, to establish electrical connec- -

tion.

Fig. 15 show a method of driving the ink-jet record-
ing head having the construction described above. As
shown, the electrodes 24 and 17 formed on the upper
substrate 20 and the ceriter substrate 1, respectively,
are connected to a drive power supply 68 via three-state
drive circuits 61 - 67 that are to be controlled by a signal
from a print data output circuit 60. if a selected ink cavity
70 that corresponds to the position where dots are to be

4. An ink-jet
a substrate unit

a second

141)

t he



grooves (143) forned therein that are spaced by

di aphragns (146) at a predeterm ned pitch and

el ectrodes (147) that are formed in those grooves
(143) in an electrically isolated manner, each of
said grooves (143) conprising a portion (143p)-that

extends fromthe surface, of the first piezoelectric )
substrate (141) to parti@fmes; 5k$%‘66£wﬁﬁea ¥e of one polan.t'y, eg.
pi ezoel ectri c substrat e fegativeamherbas tha elestrodes ifer two ink cavities 71

and 72 adjacent to ink cavity 70 are supplied with a volt-
age of the other polarity, e.g. positive (see Fig. 16), the
diaphragms 73 and 74 on the center substrate 1 as well
as the diaphragms 75 and 76 on the upper substrate 20
which define the ink cavity 70 in combination with 73
and 74 are subjected to the action of electric fields F1
‘and F2 that are directed towards the ink cavity 70. As a
result, tha diaphragms 73, 74, 75 and 76 will deflectin a
shear mode towards, the ink cavity 70, which then
shrinks in capacity to compress the ink it contains. This
causes the ink in the cavity 70 to be squirted in drops
from the tapered orifice (Fig. 13). The orifice SO has a
smaller cross-sectional area than the ink cavity 70, so it
will act like a nozzle orifice and permits the ink in the
cavity to be squirted in drops of an optimal diameter to
jet until they reach a recording sheet and form dots on
its surface.

When the dot generation ends and no more drive
signal is applied, the deformed diaphragms 73 - 76 will
be restored to their initial state. In this process of resto-
ration, the ink cavity will expand, so that additional ink is
supplied into the ink cavity 70 through the inlet port 10a
to condition the head for the next cycle of dot genera-
tion. :

In the first embodiment of the present invention, ink
is ejected by abruptly deforming the cavity defining dia-
phragms as ink is flowing into the cavity. Alternatively,
electric fields F5 and F, that will change their strength at
small rate may be first applied as shown in Fig. 17 in
directions that expand the ink cavities 71 and 72 adja-
cent the cavity 70, whereupon the diaphragms 75 and
76 on the upper substrate 20 and the diaphragms 73
and 74 on the center substrate 1 are deformed at a rel-
atively slow speed to filf the cavity 70 with ink. Following
this preliminary step, the diaphragms 73 - 76 are
abruptly deformed as in Fig. 16 to eject ink drops. That
is, the ink cavity 70 is filled with the necessary amount
of ink, and the elastic energy stored in the diaphragms
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cient depth to forman ink reservoir, a portion (1 43a)

comuni cating with one side of the first piezoel ec-

tric substrate (141) and having a sufficient depth to

provi de a nozzle orifice that is adapted to squirt ink

drops, and a portion (143c) having a depthiappro-

priate for receiving an externally supplied ink;

a top cover (150) that 73ealys isheftéctivetased t6jeheraty ink drops with

strate unit where the ﬂf&?&ﬁ&i&{c@ open: and

Further, in the first embodiment described above,
grooves are formed in both surfaces of the center sub-
strate 1 so as to provide nozzle orifices in two rows. If
desired, grooves may be formed in only one surface of
the center substrate 1 while other grooves are formed in
the corresponding surface of either the upper or lower
substrate to provide nozzle orifices in one row. It will be
apparent to one skilled in the art that the same result
can be achieved by this modified arrangement.

Figs. 18A and 18B are diagrams showing ancther
example of the structure of piezoelectric substrates to
be used in making the ink-jet recording head of the
present invention. In Fig. 18, reference numeral 80 is a
piezoelectric substrate that is made of lead zirconate or
some other material that exhibits a piezoelectric phe-
nomenon. The piezoelectric substrate is polarized in the
direction of its thickness and has grooves 81 formed in
its surface at equal spacings to provide fluid passage-
ways. The grooves 81 are separated by diaphragms 82
that are made of the same piezoelectric material. One
end of each groove 81 communicates with one side 80a
of the substrate 80 so as to form a nozzle crifice
whereas the other end communicates with the ink sup-
ply port.. -

As in the embodiment already described abave, the
grooves 81 are formed in such a way that the front end
of each groove which serves as a nozzle orifice is shal-
low enough to provide an orifice size that is suitabie for
squirting ink drops , that the center portion is deep

- enough to provide a capacity that is capable of accom-

modating the necessary amount of ink for drop genera-
tion, and that the rear end is of such a depth that it will
have a suitable fluid resistance in cooperation with the
inlet port of the ink supply member. Further, the inner
(wall and bottom) surfaces of groove 81 are provided
with electrodes 84 and 85 each of which is divided lon-
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itudinally into two parts by a blank space 83. The elec-
odes 84 and 8S are so adapted as to be connected to
n external circuit by means of conductive patterns 86
nd 87.



a ﬁenbet ( 151) for supplying ink into said grooves.

5. An inkjet recording head according to claim4.

wherein said first piezoelectric substrate (141) has

a thickness approximately one half the depth of the

I nk reservoir portion. -12 6. An ink-jet recordlng head
conprising: a substrate unit that is conposed of a first (201)

A substrate S0 which makes a pair with the’ sub-
strate 80 (see Fig. 188) is made of the same piezoelec-
tric material and that has grooves 91 and electrodes 94
and 95 formed on its surface in such a way thatthey are
symmetrical with the grooves 81 and electrodes 84 and
85 so as to place with each other. Stated more specifi-
cally, grooves 91 are formed in the surface of the sub-
strate 90 at equal spacings to. provide fluid a
passageways and those grooves 91 are separated by
diaphragms 92 that are made of the material as the sub-
strate 90. One end of each groove 91 communicates
with one side 90a of the substrate 90 so as to form a
nozzle arifice whereas the other end communicates
with the ink supply port. As in the embodiment already
described above, the grooves 91 are formed in such a
way that the front end of each groove which serves as a
nozzle orifice is shallow enough to provide an orifice
size that is suitable for squirting “ink drops, that the
center portion is deep enough to provide a capacity that
is capable of accommodating the necessary amount of
ink for drop generation, and that the rear end is of such
a depth that it will have ‘a suitable fiuid resistance in
cogperation with the inlet port the ink supply member.
Further, the inner (wall and bottom) surfaces of grooves
91 are provided with electrodes 94 and 95 each of
which is divided longitudinally into two parts by a biank

-space 93. The electrodes 94 and 95 are so adapted as
to be connected to an external circuit by means of con-
ductive patterns 96 and 97. '

When the two piezoelectric substrates 80 and S0
are bonded or otherwise connected, with their cut sur-
faces facing each other, they will have polarization vec-
tors £4 and ES acting in opposite directions across the
interface while, at the same time, the shallow front por-
tions of the grooves in the substrates combine to pro-
vide ink cavities that have tapered nozzle orifices and
that resembie flattened water drops in cross section. In
addition, the two electrodes 84 and 8S for the grooves
r e 81 in the substrate 90 and the two electrodes 94 and 95
REPLACEMENT SHEET on the substrate 90 contact each cther to establish elec-
“trical connection, with each ink cavity having an elec-
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second (200) and a third (202) pol arized piezoel ec-
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trode that is divided into two parts in the longitudinal
direction.

Fig. 19 illustrates a method for driving the printing
head having the construction described above. A print
data output circuit 100 supplies a control signal to a
three-state drive circuit 101 whose output is supplied
directly to the electrodes 85 and 95 closer to an ink sup-
ply port 103 where the same output is supplied to the
electrode 84 and 94 on the nozzle orifice side via a
delay circuit 102 that delays the output by the time nec-
essary for a vibration to propagate from the electrodes .
85 and 95 to the electrodes 84 and 94.

In the circuity shown in Fig. 19, a drive signal is first
applied to the electrodes 85 and 35 closer to the ink
supply port 103, so that only the regions of electrodes
85 and 95 of the diaphragms 82 and 92 are deformed
towards an ink cavity, whereupon the ink in the cavity is
compressed to create an elastic wave. When the time
set in the delay circuit 102 (e.g. 20 microseconds if the
distance between the centers of two electrode seg-
ments is 20 mm) has passed, the elastic wave from the °
electrodes 85 and 95 reaches the electrodes 84 and 94,
whereupon the delay circuit 102 outputs a drive signal
that is applied to the electrodes 84 and 94. As a resuit,
the regions of the electrodes 84 and 94 of the dia-
phragms 82 and 92 are deformed to further compress
the ink, thereby producing an efastic wave that is super-
posed on the elastic wave generated by the electrodes
8S and 9S. This allows the ink flowing towards the noz-
zle orifice to be compressed with high efficiency and
within a short region, whereby a sharp pressure wave is
exerted at the nozzle orifice to have the ink squirted in
drops without any tailing.

In the foregoing discussion, each of the electrodes
for grooves is divided into two parts in the longitudinal
direction but'if necessary it may be divided into three or
mare parts in the longitudinal direction so that a drive’
signal is applied to the successive electrode segments
with a time lag being provided that corresponds to the
time required for the pressure wave generated at the ink
supply port to reach the respective electrode segments.

" It will be apparent to one skilled in the art that the same



tric substrate that are bonded together in such a

way that the directions of polarization are opposite

to each other said substrate unit having a plurality

of grooves (203. 204) forned therein that are

spaced by di aphragns at a predeterm ned-pigch

and el ectrodes that are fornmed in those grooves in

resuit can be attained by this modified arrangement.

Figs. 20A and 208 show another example of the
electrode structure to be used in the ink-jet recording
head of the present invention. Reference numeral 110 is
a piezoelectric substrate which, as in the embodiment
already described above, has grooves 111 formed in its
surface that communicate with one end 110a of the sub-
strate to form nozzle orifices. The inner (wall and bot-
tom) surfaces of grooves 111 are provided with
electrodes 112 for allowing an electric field to act on dia-
phragms with which the grooves are separated. Each
electrode 112 consists of two regions, one being region
112a that is closer to the distal end 110a of the sub-
strate where a nozzle orifice opens and the other being
region 112b that is closer to the ink supply port, and the
second region 112b is formed to be thicker than the first
region 112a, Needless to say, such electrodes that vary
in thickness in different regions can be easily formed by
controlling the time of evaporation or plating.

With the electrode structure described above, the
elasticity of diaphragms that are closer to the ink supply
port can be enhanced by metals that have a higher elas-
tic modulus than the piezoelectric substrate, so those
diaphragms will deform faster than the diaphragms that
are closer to the nozzle orifice. At the time when the
pressure wave of the ink that has been generated by the
deformation of those diaphragms reaches the nozzle
orifice, the diaphragms in that region are still in the proc-
ess of deformation, so the pressure wave propagating
from the ink supply port will be further compressed to
insure that a pressure wave that is as sharp as is pro-
duced in the previous embodiment will act on the nozzle
orifice to have the ink sauirted in drops without tailings.

In the case described above, the thickness of the
metal layer forming the electrodes is adjusted to vary at
two levels along the grooves. Two other exampies of the
electrode structure are shown in Figs. 21A and 218; the
electrode 122 shown in Fig. 21A consists of three por-
tions, 122a, 122b and 122¢, that are formed in such a
) way that the thickness increases stepwise in the order
\REPLACEMENT SHEET written along a groove 121 in a piezoelectric substrate
| 120; and the electrode 123 shown in Fig. 218 is formed
‘ N 2MAY 1998
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an el ectrical l y isol ated manner, each of said
.grooves conprising a portion that extends fromthe
surface of the outer first (201) and third (202) piezo-

el ectric substrates
trally fixed second

to a partial thickness of the cen-
pi ezoel ectric substrate (200) that

has a sufficient depth to forman ink resdPvoir a por -
tion comunicating with one side of the first piezo-
electric substrate dndush\d walyzhatits thicieidsskacreRisbs monotonically
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towards the ink supply port. it wiill be apparent to one
skilled in the art that the same resuit can be attained by
those modifications. :

Fig. 22 shows the structure of another example of
grooves that are to be formed in a piezoelectric sub-
strate and that are effective for the purpose of concen-
trating a pressure wave. Reference numeral 130 is a
groove that is formed in the surface of a piezoelectric

substrate 131 and that consists of a deep region 130a

closer t0 a nozzle orifice and a shallow region 130b
closer to the ink supply port, the depth of which portion
is In no way detrimental to the generation of ink drops.
An electrode 132 is formed on the inner {wall and bot-
tom) surfaces of thosa ragions. A diaphragm 133 that
separates two adjacent grooves 130 and that will
deform in response to a drive signal applied to the elec-

. trode 132 is such that the height H1 of the region closer

to the ink supply port is smaller than the height H2 of the
region closer to the nozzle orifice and, therefore, the -
region closer to the ink supply port has a higher elastic
modulus on account of the constraint exaerted by the bot-
tom surface. Thus, upon application of a drive signal to
the efectrode, the region of the diaphragm closer to the
ink supply port will first deform and the region closer to
the nozzie orifice which has a lower elastic modulus will
subsequently deform. As a result, the diaphragm in the
region closer to the nozzle orifice deforms to create a
pressure wave that is superposed an the pressure wave
that has propagated from the region closer to the ink
supply port. Hence, a pressure wave that is as sharp as
is produced in the previous embodiment will act on the
nozzle orifice.

n the examples shown in Figs. 19 - 22, the pres-
sure wave that has been generated on the ink supply
port side (see Fig. 23A) will reach the nozzle orifice after
the lapse of time AT (Fig. 238), causing the diaphragm
in that region to deform. Hence, a pressure wave that
has shor? tails and a high peak value as indicated by a
dashed line in Fig. 238 can be propagated to the nozzle
orffice. As a result, ink drops having a high ejection rate



provide a nozzle orifice that is adapted to squirt ink

.drops, and a portion having a depth appropriate for

receiving an externally supplied ink

covers (205, 206) that seal the opposite sur-

faces of said substrate unit where the groov, are

open: and é’ enber (207, 208) for

supplying ink into said gr ooves.
and a short duration will be generated and squirted onto

recording paper with minimum bends and not tailings
(see Fig. 23C).

However, in the absence of the arrangements
described above, pressure waves are generated simul-
taneously in all regions from the nozzle orifice to the ink
supply port as shown in Fig. 24A and those pressure
waves will successively propagate to the nozzle orifice,
so that ink wiil be squirted over a fairly long time as in
the case of the fluid from a water pistol. As a resuft, the
generated ink drops will have a small velacity of jetting
and continue for a long period (see Fig. 248), whereby
bends and satellites (undesired drops) are produced to

lower the print auality. :
Fig. 25 shows a second embodnment of the present

invention. Referance 140 is a substrate that is made of
piezoelectric material such as lead zirconate and it has
a selected thickness, e.g. 1 mm, which is greater than
one half the depth, e.g. 400 um, of the deepest portion
of a fluid passageway to be described just below. The
substrate 140 is preliminarily polarized in the direction
of its thickness. Reference numeral 141 is an upper
substrate that is made of the same material as the sub-
strate 140 and it has a selected thickness, e.g. 200 um,
which is approximately equal to one half the depth of the
deepest portion of the fluid passageway. This substrate
is also polarized preliminarily in the direction of its thick-
ness. The two substrates 140 and 141 are fixed
together with an adhesive into a single substrate unit
142 in such a way that the directions of polarization are
opposite ta each other.

As shown in Fig. 26, the substrate unit 142 has
grooves 143 formed in the surface of the less thick
upper substrate 141. These grooves have a selected
width of e.g. 85 um and, as shown in Fig. 27, each
groove 143 consists of the following three portions: a
portion 143a that is formed at an end of the substrate
unit 142 and that has a very small depth, e.g. 80 pm, to
enable the formation of a nozzle orifices in combination
LALEMENT SHEET with a top cover 150 that is to be described below: a por-
tion 143b that has a greater depth, e.g. 400 pm, about
N2 MAY 1998 twice the thickness of the upper substrate 141; and a

P Nas T ey Semem, .—J




7. 'An ink-jet recording head according to claim 6.
.wherein said first (201) and third (202) piezoelectric
substrates have a thickness approxi mately one hal f

the depth of the ink reservoir portion.

ink jet recording head according to claimg pr .7,
wherein the grooves formed in one surface of said

|REPLACEMENT SHEET
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portion 143c that is formed closer to the other end of the
substrate unit 142 and that has a smaller depth, e.g.
100 um, so that the fluid passageway is interrupted part
of the way by an inner surface of the substrate 141, The
depth and length of the portion 143c are selected in
such a way that it will present a certain fluid resistance
in cooperation with the inlet port 151a of an ink supply
member 151 (to be described just beiow), namely, less
ink will return during printing whereas the ink will flow in
rapidly during ink supply.

The grooves 143 are separated by dlaphragms 146
that are made of the same materials as the substrates,
and their inner (wall and bottom) surfaces are coated
with & metal layer to provide electrodes 147, which are
connected to a cable 149 by conductive patterns-148 so
as to receive a drive signal from an external drive circuit.

Turning back to Fig. 25, reference numeral 150 is a
top cover which is fixed to the substrate unit 142 so as
to seal the grooves 143 over the area from the front end
143a to the rear end 143c. Reference numeral 151 is an
ink supply member has the iniet port 1512 located in a
position that communicates with part of the rear end
143¢ of each groove 143.

Figs. 28A to 28C shows an illustrative method of
forming grooves 143 in piezoelectric substrates. Shown
by 155 is a substrate unit that is formed by bonding two
preliminarily polarized piezoelectric substrates 156 and
157 in such a way that the directions of polarization are
opposite to each other. The substrate unit is fixed to a
work table, with the thinner substrate 156 facing up to
be subjected to cutting. With the unit being thus set up,
a dicing saw 160 is set in such a position that it is
located in the center of a graave to be formed and cut-
ting is effected to a depth about twice the thickness of
the substrate 156 and the saw or the substrate unit 155
is moved relatively to form a groove 161 of a length suit-
able for an ink cavity (see Fig. 28A).

When the groove 161 that is to provide an ink cavm/
is thus formed, the dicing saw 160 is raised and moved
to the front end of the substrate unit 155, where it is cut
to a predetermined depth (see Fig. 288). Thereafter, the

An



secénd substrate are offset fromthe grooves in the
ot her surface by one half of the pitch between adja- -

cent grooves. 9. An ink-jet recording head
conpri si ng: a substrate unit that is
conposed of a first (171) and _18 - a second

(170) polarized piezoelectric substrate

that are bonded togetfaid Saw'ed & WaVed B¢ ot end of the substrate
unit 1SS and cutting is effected to form a portion that
serves as a connection to the ink supply port 1S51a. In
this case, the cutting depth and length are adjusted in
accordance with the type of ink used and the ink supply
pressure.

When the formation of a full length of grooves is fin-
ished, a layer of Ni-Cr alloy is formed in a thicikness of 2
to 4 um by a suitable technique such as evaporation,
sputtering or electroless plating and this alloy layer is
subsequently coated with a gold (Au) layer in a thick-
ness of less than 1 um. After thus forming a metal layer
over the entire surface of the substrate unit including the

“inner and bottom surfaces of the grooves, the metal
layer on top of the diaphragms which define the grooves
is removed to electrically isolate the electrodes for indi-
vidual grooves. Thereatfter, conductive paths to be con-
nected to those electrodes are formed by separating the
metal layer on the surface of the substrate unit at its rear -
end in correspondence to the electrode pattern.

Fig. 29 shows a sectional structure of the ink-jet
recording head that is constructed in the manner
described above. When ink is supplied through the inlet
port 1513, it will flow into the grooves 143 from the rear
end 143¢ and continues flowing all the way through the
grooves to form a meniscus at the nozzle orifices 145.
Then, a voltage of one polarity is appiied to the elec-
trode for the groove communicating with the nozzle ori-
fice from which ink drops should be squirted to form
dots whereas a voltage of the other polarity is applied to
the electrodes for two adjacent grooves. As a result, the
diaphragms that define the groove of interest will deform
in a shear miode towards the ink cavity so as to reduce
its capacity, whereby ink drops will be squirted from the
nozzle orifice 145 that is formed by the front end 1433 of
the groove in the substrate unit and the top cover 150.
When the dot formation ends, the application of voitage
is ceased, whereupon the diaphragms are restored to
the initial state and the capacity of the groove will

. increase, so that additional ink is supplied from the rear
end 143c of the groove to condition the head for the next
printing run.




directions of polarization are opposite to each

ot her, said substrate unit having a pI urality of grooves (173) forned
therein that are spaced by di aphragns at a
predeterm ned pitch and el ec-

- 19

In the example just described above, printing is per-
formed by first contracting the ink cavity in response to
a drive signal. it should, however, be noted that as
aiready explained with reference to Fig. 17, printing may
be performed by first expanding the ink cavity and then
contracting it.

The techniques shown in Figs. 18 - 22 may also be
applied to the example under consideration. That is,
each electrode may be divided into at least two regions,
one being located closer to the nozzle orifice and the
other closer to the ink supply port and a drive signal is
applied first to the region closer to the ink supply port,
with successive drive signals being applied with a time
lag that matches the propagation speed of the pressure
wave; or electrodes are formed in such a way that their
thickness increases stepwise in order from the nozzle
orifice side to the ink supply port side; or the elastic

- modulus of the region closer to the nozzle arifice is
made relatively small by, for example, forming grooves
that are shallower in the region closer to the ink supply

port. it will be apoarent to one skilled in the art that by
adopting those techniques, pressure waves that have

short tails and high peak vaiues can be produced to
generate sharp ink drops without tailings.

_ Fig. 30 shows a third embodiment of the present
invention. Shown by 170 is a substrate thatis made of a
piezoelectric material such as lead zirconate and it has
a selécted thickness, e.g. 1 mm which is greater than
one half the depth, e.g. 400 um, of the deepest portion

_of a fluid passageway to be described just below. The
substrate 170 is preliminarily polarized in the direction
of its thickness. Shown by 171 is an upper substrate that
is made of the same material as the substrate 170 and

it has a selected thickness, e.g. 200 um, which is -
approximately equal to one half the depth of the deep-
est portion of the fiuid passageway. This substrate is

~ also polarized preliminarily in the direction of its thick-
ness. The two substrates 170 and 171 are fixed
together with an adhesive into a single substrate unit in
such a way that the directions of polarization are oppo-
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- 26 - ' trodes that are forned in those
grooves in an el ec- . trically isolated
manner, each of said grooves (137)

- 20-

The substrates 170 and 171 have grooves 173 of a
width of e.g. about 85 um formed in such a way that they
are open at the surface of the less thick upper substrate
171. The grooves 173 are spaced at a constant pitch as
already described in the previous embodiments. The
‘grooves 173 are generally boat-shaped in cross section

-and the depth of their central portion is about 400 um,
which is approximately twice the thickness of the sub-
strate 171. The inner (wall and bottom) surfaces of the
grooves 173 are coated with a2 metal layer to form elec-
trodes 176 as in the previcus embodiments.

Shown by 180 in Fig. 30 is a top cover which has
grooves 180a formed therein as shown in Fig. 31; the
grooves 180a are open at one end and have a length at
least sufficient to communicate at the other end with the
grooves 173 in the piezoelectric substrate 171. The
depth and width of each groove 180a are of a selected
size, such as e.g. ca. 80 um, thatis appropriate for form-
ing a nozzle orifice from which ink drops are to be
squirted. The grooves 180a are spaced at the same
pitch as grooves 173 and they are provided in such a
way that they combine with the surface of the substrate
171 to form nozzle orifices 181 (see Fig. 32). Shown by
182 in Fig. 30 is an ink supply member which is fixed to
the substrate 171 in such a way that the ink supply port
182a communicates with the rear end of each groove
173.

In the embodiment under consideration, the elec-
trodes 176 for two grooves that are adjacent to the
groove communicating with the nozzle orifice from
which ink drops shouid be squirted to form dots are sup-
plied with a drive signal as in the previous embodi-
ments. Then, the diaphragms that define the groove of
interest will deform and the ink cavity contracts, where-
upon the ink contained in the groove (cavity) is com-
pressed to be squirted in drops from the nozzle orifice
181 which is defined by the groove 180a in the top cover
180 and the surface of the substrate 171.

R . In the embodiment just described abave, printing is
REPI ACEMENT SHEET performed by first contracting the ink cavity in response
o { to a drive signal. it should, however, be noted that as

0 2 MAY 1998 already explained with reference to Fig. 17, printing may
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extending fromthe surface of the first (171) piezoe-
llectric substrate to a partial thickness of the second
(170) piezoelectric substrate and having .a sufficient
depth to forman ink reservoir, said grooves being

seal ed at both ends: a top cover (180) that
is fixed to the surface of said '2,1," . _ substrate
unit where the groovebe(pkfdmned sy figtexpanding the ink cavity and then and

t hat has grooves com%mdaqtvwh t he

The techniques shown in Figs. 18 - 22 may also be
applied to the embodiment under consideration. That is,
each electrode may be divided into at least two regions,
one being located closer to the nozzle orifice and the
other closer to the ink supply port and a drive signal is
applied first to the region closer to the ink supply port,
with successive drive signals being applied with a time
lag that matches the propagation speed of the pressure
wave; or electrodes are formed in such a way that their
thickness in creases stepwise in order from the nozzie
orifice side to the ink supply port side; or the elastic
moduius of the region closer to the nozzle orifice is
made relatively small by, for example, forming grooves
that are shallower in the region closer to the ink supply
port. it will be apparent to one skilled in the art that by
adopting those techniques, pressure waves that have
short tails and high peak values can be produced to
generate sharp ink drops without tailings.

Fig. 33 shows the structure of grooves formed in the
piezoelectric substrates of an ink-jet recording head
according to a fourth embodiment of the present inven-
tion. Shown by 190 is a substrate unit that is composed
of two polarized piezoelectric substrates 191 and 182.
The substrate 191 has a thickness approximately one
half the depth of the deepest portion of the grooves to
be formed and the substrate 192 is thicker than the sub-
strate 191. The two substrates are bonded together in
such a way that the directions of their polarization are
opposite to each other. in those substrates, grooves 193

- are formed in such a way that that their depth increases
monotonically in a linear fashion from the nozzle arifice
side towards the ink supply port.

According to the fourth embodiment of the present
invention, a groove can be formed by a single cutting
operation in which a dicing saw is placed in contact with
the side of the substrate unit 190 where nozzle orifices

— are to be formed and then the saw is moved with the rei-
REPLACEMENT SHEET!  ative distance between the saw and the substrate 190
_ being reduced in the direction in which the groove is
0 2 MAY 1998 farmed. '
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grooves in said substrate unit to formnozzle orifices

(181); and a menber (182) for suplying ink
into said grooves. 10. An ink-jet recording head
according to claim?o. wherein said first

pi ezoel ectric substrate (171) has a

t hi ckness approxi mately one hal f the dept#2of the

'k reservoir portion. The foregaing description of the third and fourth
embodiments of the present invention shown in Figs. 25
and 30 is directed to the case where nozzle arifices are
formed in only one surface of a substrate unit but it
should be understood that two rows of nozzle orifices
may be formed as shown in Fig. 1. An example of this
two-row arrangement is shown in Fig. 34. Piezoelectric
substrates 201 and 202 each having a thickness about
one half the depth of the grooves to be formed are
bonded to the opposite surfaces of a centrally posi-
tioned piezoelectric substrate 200. Grooves 203 and
204 are then formed at a predetermined pitch in the sur-

faces of the substrates 201 and 202, raspectively. The
- grooves 203 and 204 are provided with electrically iso-

late electrodes and subsequently sealed with covers
205 and 206, respectively. Finally, ink supply members
207 and 208 are provided on the respective substrates
201 and 202 in such a way that they communicate with -
the grooves 203 and 204, respectively.. This provide a
simple process for constructing a recording head that
has two rows of nozzle orifices on opposite surfaces.

Fig. 3S shows a printer in which an ink-jet recording
head according to the present invention is employed. In
this printer, a head carriage 303 mounts an ink jet-
recording head to which an ink for printing is supplied
from a ink supply pipe 302 and pint data are applied
through a flexible wiring substrate 306. The head car-
riage 303 is driven by a carriage motor 307 through a
carriage belt 305 so that the head is shuttled along a
carriage guide 304 extending in a main scanning direc-
tion. Thus, a recording paper 309 on a platen 308 is
printed.

REPLACEMENT SHEET
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11. An i nk-j et recording head agcording to claim9 or 10

et e INMBAERY I TP e o
a way that the .

sai d substrate*unict Fn wsu
directions of polarization are opposi'te to each
ot her. and whetd®in two covers are fixed to

t he opposite Claims surfaces of said substrate unit
where the grooves
1. Anink-jet recording head comprising:

a plurality of piezoelectric substrates (1. 20, 30, 80,

90) that are polarized in the direction of their thick-

ness and that have grooves (3, 4, 21, 31,:81, 91,

111) spaced by diaphragms (S, 6, 22, 32,.82, 92,

133) at a predetermined pitch; and

electrodes (17, 18, 24, 34, 84, 85, 94, 95, 112, 122,

- 123) that are formed in those grooves in an electri-

cally isolated manner,
each of said grooves (3, 4, 21, 31, 81, 91, 111)
comprising a portion having a sufficient depth to
form an ink reservoir, a portion communicating with
one side (1a, 80a, 90a) of the head and having a
sufficient depth to provide a nozzle orifice (S0, S1)
that is adapted to squirt ink drops, and a portion
having a depth appropriate for receiving an exter-
nally supplied ink,
said piezoelectric substrates (1, 20, 30, 80, 90)
being fixed together into a unitary assembly in such
a way that the surfaces of the substrates where
those grooves (3, 21, 4, 31, 81, 91) are open are in
registry and that the directions of polarization (E;.
€, Ej, E4. Eg) in those substrates are opposite to
each cther, said recording head further including an
ink supply means (10) that is provided on the side
opposite to the side where said orifice is to be pro-
vided.

2. Anink-jet recording head according to claim 1, said
plurality of piezoelectric substrates comprising:
a central substrate (1) that has said grooves (3.4)
on both surfaces;
two piezoelectric substrates (20, 30) each of which
has. on one surface, grooves (21, 31);
said twa substrates (20, 30) being fixed to said cen-
tral substrate (1) to form a unitary assembly in such
a way that the surfaces of those substrates where
— . the grooves are open are aligned with those sur-
REPLACEMENT SHEET faces of the central substrate whera the grooves
o are open and that the directions (E,. E;) of polari-
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are open and that have grooves communi cating

-with the gr mﬁmstrate unit to form noz-
zle orifice mml“]“m | 12. An ink-jet recording head
a

according to*clain 1™ wherein said first and
third piezoelectric substrates have a
thi ckness approxi mately one half the deptir 24 - of

the ink reservoir portiQBu nin said twa substrates (20, 30) are apposite
to the direction of polarization (E,) in the central
substrate (1).

"3. An ink-jet recording head according to claim 2,
wherein the grooves (3) formed in one surface of
said central substrate (1) are offset from the

- grooves (4) in the other surface by one half of the
pitch between adjacent grooves.

4. Anink-jet recording head comprising:

a substrate unit (142) that is composed of a firstand
a second polarized piezoelectric substrate (140,
141) that are bonded together in such a way that
the directions of polarization are opposite to each
other, said substrate unit having a plurality of
grooves (143) formed therein that are spaced by
diaphragms (146) at a predetermined pitch and
electrodes (147) that are formed in those grooves
(143) in an electricaily isolated manner, each of
said grooves (143) comprising a portion (143b) that
extends from the surface of the first piezoelectric
substrate (141) to partial thickness of the second
piezoelectric substrate (140) and that has a suffi-
cient depth to form an ink reservoir, a portion (143a)
communicating with one side of the first piezoelec-
tric substrate (141) and having a sufficient depth to
provide a nozzle orifice that is adapted to squirt ink
drops, and a portion (143¢) having a depth appro-
priate for receiving an externally supplied ink; '
a top cover (150) that seals the surface of said sub-
strate unit where the grooves are open; and

a member (151) for supplying ink into said grooves.

5. An ink-et recording head according to claim 4,
' wherein said first piezoelectric substrate (141) has
a thickness approximately one half the depth of. the

ink reservoir portion.

6. Anink-jet recording head comprising: _
a substrate unit that is composed of a first (201), a
second (200) and a third (202) polarized piezoelec-

|REPLACEMENT SHEET
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13. An i nk-jet recordi ng head according to one of the
precedi ng W\“‘ “uﬂgh of said el ectrodes
is divi dedﬂl“m“ um l regi ons (84, 85: 94. 95)

in the | ongi*t uli nal Mirection of the grooves (81: 91). 14, An ink-j et
recordi ng head according to one of the . pgeceding clainms wherein each of

sai d el ectrodes ) .
tric substrate that are bonded together in such a
way that the directions of polarization are opposite
to each cother, said substrate unit having a plurality
of grooves (203, 204) formed therein that are
spaced by diaphragms at a predetermined pitch
and electrodes that are formed in those graooves in
an electrically isolated manner, each of said
groaves comprising a portion that extends from the
surface of the outer first (201) and third (202) piezo-
electric substrates to a partial thickness of the cen-
trally fixed second piezoelectric substrate (200) that
has a sufficient depth to form an ink reservaoir, a por-
tion communicating with one side of the first piezo-

electric substrate and having a sufficient depth to
- provide & nozzle orifice that is adapted to squirt ink

drops, and a portion having a depth appropriate for”
receiving an externally supplied ink;-

two covers (205, 206) that seal the opposite sur-
faces of said substrate unit where the grooves are
open; and

a member (207, 208) for supplying ink into said
grooves.

7. An ink-jet recording head according to claim 8,
wherein said first (201) and third (202) piezoelectric
substrates have a thickness approximately one half
the depth of the ink reservoir portion.

8. Anink jet recording head according to claim 6 or 7,
wherein the grooves formed in one surface of said
second substrate are offset from the grooves in the
other surface by one haff of the pitch between adja-
cent grooves.

9. Anink-jet recording head comprising:
a substrate unit that is composed of a first (171) and
a second (170) polarized piezoelectric substrate
that are bonded together in such a way that.the
directions of polarization are opposite to each
other, said substrate unit having a plurality of
grooves (173) formed therein that are spaced by
diaphragms at a predetermined pitch and elec-
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trodes that are formed in those grooves in an elec-

trically isolated manner, each of said grooves (137)

extending from the surtace of the first (171) piezoe-

lectric substrate to a partial thickness of the second

(170) piezoelectric substrate and having a sufficient

depth to form an ink reservoir, said grooves being

sealed at both ends;

a top cover (180) that is fixed to the surface of said

substrate unit where the grooves (180a) are open

and that has grooves communicating with the
grooves in said substrate unit to form nozzie orifices

(181); and _

a member (182) for suplying ink into said grooves.
An ink-jet recording head according to claim 9,
wherein said first piezoelectric substrate (171) has
a thickness approximately one half the depth of the
ink reservoir portion.

An ink-jet recording head according to claim 9 or 10
further comprising:

a third polarized piezoelectric substrate that is
bonded to said substrate unit in such a way that the
directions of polarization are opposite to each
cther,

and wherein two covers are fixed to the opposite
surfaces of said substrate unit where the grooves
are open and that have grooves communicating
with the grooves in said substrate unit to form noz-
zle orifices;

An ink-jet recording head according- to clalm 11

wherein said first and third piezoelectric substrates
have a thickness approximately one haif the depth

of the ink reservoir portion.

An ink-jet recording head according to one of the
preceding claims; wherein each of said electrodes
is divided into at least two regions (84, 85; 94, 95)
in the longitudinal direction of the grooves (81; 91).

An ink-jet recording head according to one of the
preceding claims wherein each of said electrodes



(1i2; 122, 123) isformed in such away that it isthin in the region
-cl oser to the nozzle orifice side and thick in the region closer to the

i nk suppl y—stde.— 15 Am Tnk=-j et recording head according to one of the

||IIIII| LS -

(112, 122, 123) is formed in such a way that it is thin
in the region closer to the nozzle orifice side and
thick in the region closer to the ink supply side.

15. An ink-jet recording head according to one of the
preceding claims, wherein said grooves (111, 130)
are formed to be shallow (130b) in the region closer
to the ink supply side so that the diaphragms (133)
in the region closer to the nozzle orifice side will
have a smaller elastic moduius.

16. Use of the ink-jet recording head according to any
of the preceding claims in a printing apparatus.

17. A printing apparatus comprising an ink-jet record-
ing head according to one of claims 1 to 15, a head
carriage (303) for mounting said ink-jet recording
head, head carriage driving means (304, 307) for
driving said head carriage in a scanning direction,
and a platen (308) on which a recording paper
(309) is disposed. :

REPLACEMENT SHEET
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precedi ng cl ai ns wherein said grooves (111. 130) are fornmed to be

Shall ow (130b) in the region closer to the ink supply side so that the
di aphragns (133) in the region closer to the nozzle orifice side wll
have a smaller elastic nodulus. 16. Use of the ink-jet recording head
according to any of the preceding cl%i;ms Iin a printing apparatus.

INK-JET RECORDING HEAD AND ITS USE

ABSTRACT

An ink-jet recording head, in which at least <two
piezoelectric substrates (1, 20, 30) are opposite each other
in polarization direction, grooves (3, 21; 4, 31) are formed
across the interface of the two substrates at a predetermined
pitch so as to form cavities, at one end of which are opened
to the atmosphere and have orifices (50, 51) adapted for
squirting ink drops. Those cavities have electrodes (17, 18,
24, 34) formed on their inner surfaces. When a voltage of
one polarity is -applied to the electrode for the cavity from
which ink drops should be generated whereas a voltage of the
other polarity is applied to the electrodes for the +two
adjacent cavities, the diaphragms separating the three
cavities will deform in a shear mode towards the cavity from
which ink drops should be generated. As a result, the
capacity of the cavity from which ink drops should be
generated decreases to have the ink in said cavity squirted
outward from the orifice (50, 51).

FIGURE 13
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17. A printing apparatus conprising an ink-jet record- i ng head

according to one of clains 1 to 15. a head carriage (303) for nmounting
said ink-jet recording head, head carriage driving nmeans (304. 307) for
driving said head carriage in a scanning direction, and a platen (308)

on which a recordi ng paper (309) is disposed.
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