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METHOD FOR DRIVING INK JET RECORDING

- HEAD AND APPARATUS THEREFOR

BACKGROUND OF THE INVENTION

The present invention relates to a recording apparatus for

5 printing print data including image data by jetting an ink

droplet from a nozzle opening while displacing a pressure
producing chamber using a piezoelectric vibrating element.-

As personal computers are gaining in. popularity ‘and
graphics data processing technology is improving, production of

10 high quality hard copies. not only in terms of character data
| but also in graphics images has been called for.

While thermal printers capable can print such data at a
high dot density and tone, these printers entail high operating
costs due to expensive ink ribbons the like. To overcome this

15 problem, ink jet printers, whose operating costs are lower, are
often used.

However, in the case of printing, for example, a so-called
solid'image that covers all or a large portion of the surface
of the recording paper, a process involving wetting the entire

- 20 f'r surface of the recordiﬁg paper with ink muét be empioyed. As
a result, the hard copy tends to wrinkle and that it takes a
long time to dry the hard copy. Further, in the case of
printing a color image, the size of the ink droplets ejected

from the recording head must be changed to express density



METHOD-AND APPARATUS FOR DRI VI NG | NK JET RECORDI NG HEAD —Bescription
The present invention relates to a recording appa- ratus for printi ng print—

data including imge data by jet- ting an ink dropl et fror’-ﬁuasnmetzga REN |ndg
whi | e di splacing a pressure produci ng chanber using a p| ezﬁ"l’”I’",H””,H"I
gradations.

A technique for changing the size of the ejected ink

droplets is described in Japanese Patent Unexamined Publication

No. Hei. 2-6137. That is, the size of an ink droplet is

5 - changed by adjusting the maximum or minimum voltage applied to
a pressure producing element. According to this drive method,

ink dropleté of different sizes are ejected by changing the
volume of the contracted pressure producing chamber at the time

of ejecting the ink droplets, and the volume is returned to the

10 initial condition thereafter. As a result, the meniscus and
the vibration of the pressure producing element after the ink
droplet has been ejected differ from one'ejection operation to
another, thereby impairing the print gquality due to the
ejection of tiny ink droplets after the main ink droplet has

15 been ejected.

[— SUMMARY OF THE INVENTION

The invention has been made in view of the above problems.
Accordingli? an object of the invention is to provide a method

for driving an ink jet recording head, in which the size of an

20 ink droplet can be changed by maintaining the ink droplet
' ejection speed constant with the volume of a contracted .

pressure producing chamber maintained constant.

Another.object of the invention is to provide an apparatus

with which to achieve the above objecti]



electr+c vi brating el enent As personal conputers are ga%ﬁ%ng—fﬁ“*
popul arity and graphi cs data processing technol ogy is inproving, roductlon

of high quality hard copies not only in ternms of char act er ThiaBkee
graphi cs i mages has been called for. VWi | e thernal prlnt ﬁ
print such data at a high dot density and tone. these prlnte

Te»eve;eeme_the—above-pfoblemsz the invention provides a
method for driving an ink jet recording head ha?ing a pressure
producing chamber communicating with a nozzle opening and a
piezoelectric vibrating element for expanding and contracting

S the pressure producing chamber, the method comprising the steps
of: expanding the pressufe producing chamber in an initial
condition to a predetermined volume over a first time period
which is 1longer than a natural vibration cycle of the
piezoelectric vibrating element and which corresponds to a size

10 of an ink droplet to be ejected; maintaining the pressure
producing chamber as expanded for a second predetermined period
of time with an expansion start time as a reference; and then
contracting the pressure producing chamber to the initial
condition-over a third predetermined time which is longer than

15 the natural vibration cycle of the piezoelectric vibrating
element, so that the ink droplet can 5e ejecte%;Z

When the pressure producing chamber is expanded to the
predetermined volume over the first predetermined time, which
is longer than the natural vibration.cycle of the piezoelectric

20 vibrating element, to supply ink, the meniscus adjacent to the
nozzle opening is strongly pulled toward the pressure producing
chamber, and then quickly returns to the nozzle opening, .
inducing vibration while rising up frém the nozzle opening.
While the cycle of this vibration takes a certain value defined

25 by an ink flow path system, the rising amount depehds on the




operating costs due to expensive ink ribbons the |ike. Fo—evereonme—this——
problem ink jet printers, whose operating costs are |lower, are often used.

However, in the case of printing, for exanple, a so- cal fhegh S dheqnRgplaced
that covers all or a large portion of the surface of the r , a
process involving wet- ting the entire surface of the reco th

i nk nust be enployed. As a result, the hard copy tends to

amplitude of the vibration in accordance with the pressure
producing chamber expansion speed.

When the pressure producing chamber is caused to contract

over the third predetermined time, which is longer than the

5 natural vibration cycle of the piezoelectric vibrating element,

at the time the meniscus has returned to the nozzle opening,

the size of the ejecting ink droplet is changed because the

rising amount of the meniscus depends on the pressure producing

chamber expansion speed. On the other hand, the ink droplet

10 ejection speed is maintained constant irrespective of the

volume of the ink droplet because such speed depends on the

volume velocity at the time of contracting the pressure

producing chamber, thereby preventing the ink droplet from

being positioned out of place on the recording paper.

15 BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is an exploded diagram showing an assembly of an
exemplary ink jet recording head used in the invention;
Figures 2(a) and 2(b) are diagrams showing a state in
which a piezoelectric vibrating element is contracted and a
20 state in which the piezoelectric vibrating element is expanded
in the recording head shown in Figure 1;
Figure 3 is a diagram showing an exemplary piezoelectric
vibrating element unit used in the recording head shown in

Figure 1;



winkle and that it takes a long time to dry the hard copy. ﬁﬁ?fﬁEF_‘Tﬁ—fﬁE_
case of printing a color inmage, the size of the ink dropl ahi SRkt 86l

t he recordi ng head nust be changed to express density grad
techni que for changing the size of the ejected ink dropl et MIHHI Hll n

Japanese Patent Unexam ned Publication No. Hei. 2-6137. Th
Figure 4 is a diagram showing an exemplary piezoelectric

of an ink droplet is changed by adjusting the nmaxi nrumm or mni-

vibrating element constituting the piezoelectric vibrating
element unit; |
Figures 5(a) and 5(b) are diagrams showing a drive voltage
5 signal shorter than the natural vibration cycle of a
piezoelectric vibrating element and a displacement of the
piezoelectric vibrating element brought about thereby, and
Figures 5(c) and 5(d) are diagrams showing a drive voltage
signal longer than the natural vibratidn cycle of the
10 piezoelectric vibréting element and a displacement of the
piezoelectric vibrating element brought about thereby;
Figure 6 is a block diagram showing an exemplary drlve
circuit for dr1v1ng the recording head shown in Figure 1;
Figures 7(a), 7(b), 7(c) and 7(d) are diagrams showing
15 operations of the drive circuit of the.invention,'in which
Figure 7(a) shows a print auxiliary signal; Figure 7(b), the
operation of charging and diséharging a piezoelectric vibrating
element; Figure 7(c), a change in the volume of a pressure
producing chamber; and Figure 7(d) the position of a meniscus;
20 Figure 8 is a-diagram showing a relationship between the
size of an ink droplet and the ink droplet ejection speed
defined by the drive circuit;
Figures 9(a) to 9(g) are photbgraphs showing ‘an  ink
droplet, the phétographs being taken while a pressure producing

25 - Chamber expanding time is being changed every predetermined



mim vottage &pplied to a pressure producing el enent According to this drive
met hod, ink droplets of diffent sizes are ejected by changing the volunme
the con- tracted pressure producing charier at the tine Dﬁsme@ﬁlas'BeLnr}erfa‘t‘eg

ink droplets, and the volune is returned to the initial c '
thereafter. As a result, the nmeniscus and the vibration o ,"HMHﬂ
produci ng el enent afterthe ink droplet has been ejected d

ej ection
interval from an expansion start time;

Figure 10 is a sectional view showing another exemplary
piezoelectric vibrating element to which the invention can be
applied; and

) Figure 11 is.a block diagram showing an exemplary drive
circuit of the invention which is suitable for driving a
recording head using the piezoelectric vibrating elément shown

in Figure 10.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

1o Details of the invention will now be described with
reference to preferred embodiments shown in the drawings.
Figure 1 is an exploded diagram shoﬁing an assembly of an |
exemplary- ink jet recording head used in the invention. In
Figure 1, reference numeral 1 designates a nozzle plate having
15 arrays 3 of nozzle openings with the nézzles being formed at a
predetermined pitch, e.g., 180 dpi. Each array has nozzle
openings 2 (Figure 2).
Reference numeral 4 designates a spacer interposed between
a vibrating plate 10 (described later) and the nozzle plate 1.
20 The spacer 4 defines pressure producing chambers 5 and
reservoiré 6 so as to correspond respectively to the arrays of
nozzle openings as shown in Figure 2. Ink supply ports 7
communicating with the pressure producing chambers 5 and the

reservoirs 6 are also formed in the spacer 4.
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Reference numeral 10 designates the vibrating plate, which
forms the pressure producing chambers 5 while confronting the
nozzie plate 1 through the spacer 4. The vibrating platé 10
includes island portions 15 and thin portions 10a around the
island portions 15. Each island portion 15 has a rigidity such
that displacements induced by contraction and éxpansion can be
transmitted to as wide an area as possible by causing the
vibrating plate 10 to abut against a distal end of a
piezoelectric vibrating element 14 of a piezoelectric vibrating
element unit 12 (described later) as shown in Figure 2. As a
result of this construction, the pressure producing chamber 5

can be contracted and expanded efficiently in response to the

‘contraction and expansion of the corresponding piezoelectric

vibrating -element 14.

As shown in Figure 3, each piezoelectric vibrating element

unit 12 includes half of the piezoelectric vibrating elements

l4. The piezoelectric vibrating element unit 12 is fixed on a
fixed plate 16 with the piezoelectric vibrating elements 14
being arranged at a predetermined pitch. - The piezoelectric
Yibrating elements 14 vibrate in a vertical vibrating mode.
Each vibrating element 14 is, as shown in Figure 4,
arranged so that a plurality of sets, each set composed of a
piezoelectric vibrating material 22 interposed between a drive

electrode 23 and a common electrode 24, are laminated one upon

another in sandwich-like form. The drive electrodes 23 are



operation to another, thereby inpairing the print quali ty due to t he
ejection of tiny ink droplets after the main ink dropl et hagybeRR i B&hRehlaced

Prior art docunent EP-A-0 159 188 discl oses a nethod for oper“mﬂ“\n“mnm

jet printer in which a trans-
exposed from a lateral side of the piezoelectric vibrating

element 14 and connected in parallel to one another through a
drive external electrode 25 formed by, e.g., vapor deposition.
The common electrodes 24 are exposed ffom the other lateral
5 side of the piezoelectric vibrating element 14 and connected in
parallel to one another through a common external electrode 26.
The common external electrode 26 is connected through an
electrically conductive member 27.
Returning to Figure 1, reference numeral 32 designates a
10 substrate, which has unit accommodating holes 33 and an ink
supply port 34 for supplying ink from an ink tank to the ink
reservoirs 6. The unit accommodating holes 33 accommodate the
vibrating element units .12 so that free'.ends of the
piezoelectric vibrating elements 14 are exposed therefrom. The
15 vibrating plate 10, the spacer 4, and the nozzle plate 1 are
alighed on a surface of the substrate.32 and fixed by a frame
body 35 to form a recording head body. The frame body 35
serves also as an electrostatic shield. Reference numeral 36
in Figure 1 designates a base plate for mounting the recording
20 head on a carriage. |
In this construction, the vibrating plate 10 is made of a
metal plate or a synthetic resin plate so that the vibrating .
. plate lb can be deformed at e higher efficiency by the
displacement of the piezoelectric vibrating element 14. When

25 the piezoelectric'vibrating element 14 is expanded (Figure 2(b)



ducer neans i's operated to produce a rapid expansion in the volune of an

i ik chanber,

and where the expanded volune is maintai ned f Dlhis $hee tihd Been Replaced

interval to allowink in the chanber to be rapidly pulled b
cusp-shaped di sturbance that causes a small droplet of ink t
and be ejected through an ink jet orifice. Further, pri
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piezoelectric vibrating element 14 is subsequently contracted
(Figure 2(a)), then the corresponding pressure producing
chamber 5 is compressed in response to the expansion of the
piezoelectric vibrating element 14. As a result, the ink
pressure in the pressure producing chamber 5 is increased on
the order of several atmospheres of pressure substantially
instantly to ejeét the ink present in the pressure producing
chamber 5 as an ink droplet. Reference numeral 15 in Figure 2
designates the island portion for transmitting the displacement
of the piezoelectric vibrating element 14 over a wide area on
the vibrating plate 10.

It is known that when a piezoelectric vibrating element 14
that vibrates vertically is chaiged at a cycle T1 that is
shorter than a natural vibration cycle Ta thereof or discharged
at a cycle T2 that is also shorter thah the natural vibration
cycle Ta (Figure 5(a)), the piezoelectric vibrating element
itself generates a residual vibration at the natural vibration
cycle Ta after the charging or discharging has been completed,
as shown in Figure S5(b). When the residual vibration of the
piezoelectric vibrating element is transmitted to the ink in
the pressure producing chamber through the vibrating plate 10,
the meniscus of the corresponding nozzle opening 2 starts

vibrating in an extremely unstable manner due to the very short

cycle of the residual vibration, and when the meniscus reaches



CF.JAPAN,‘ JP- A- 02192947, discloses an ink ejection systemin which a
driving pulse is provided to a vibrating member that has a ri sehi ssE: BMIBER Replace

is equal to a natural vibration period of an ink volune speed i i
nozzle, and a driving pulse having a fall tine that is N tinmes ;—'WHH’HHHI“",
the natural vibration period. It is an object of the present

to provide a nethcd and apparatus for driving an ink jet recording

a predetermined position, it becomes extremely difficult for
the piezoelectric vibrating element to vibrate with
satisfactory repetitiveness. If, while the meniscus is
vibrating, the piezoelectric vibrating element is caused to

5 expand to produce ink droplets, ink droplets are ejected
without fail, but dots to be formed on the recording paper by
such ink droplets are subjected to variations due to variations
in the size and ejection speed of the ink droplets in
dependence on the position of the meniscus.

10 In contradistinction thereto, in accordance with the
invention, the charging cycle Tl1 as well as the discharging
cycle T2 of the piezoelectric vibrating element 14 are set to
intervals longer than the natural vibration cycle Ta thereof.
If the piezoelectric vibrating element 14 is charged or

15 discharged wunder these conditions (Figure 5(c)), the
piezoelectric vibrating element 14 is aisplaced and expands as-
directed by a drive waveform without causing residual
vibration, as shown in Figure 5(d). 1In this case, the meniécus
produces regular vibrations of a cycle longer than the naturél

20 vibration cycle of the piezoelectric vibrating element 14.
Therefore, it is possible to set the charging and the
discharging cycles to intervals longer than the natufal
vibration cycle Ta,_i.e., the rise time Tl and the fall time T2
are set to intervals lohger than the natural vibration cycle Ta

25 of the piezoelectric vibrating element 14, and it is also

- 10 -



 —
—
head, i'n ‘which the size of an ink droplet can be changed by nalntalnlnﬁwamﬁ

i nk droplet ej ection speed constant with the vol une of a c¢gdshaeaHagBeen
pressure producing chanber maintained constant. For t_h| a‘\‘nﬂ

i nvention provides a nmethod for driving an ink jet recordln

to inde- pendent claim1l and an apparatus according to inde- ent clalm

2. Further advantageous fatures.
possible to set the piezoelectric vibrating element 14 drive
timing for jetting an ink droplet by taking into account the
displacement derived from the vibration of the meniscus. As a
result, stable ink droplets can be produced while the meniscus

5 is vibrating.

Figure 6 shows an exemplary circuit for driving the ink
jet recording head. In Figure 6, reference numeral IN1
designates an input terminal which receives a print auxiliary
signal S1 for generating a drive voltage that causes the

10 pressure producing chamber 5 of the recording head to contract
.(which is the standby state) or causes the pressure producing
chamber 5 to expand (which is the state in which ink is sucked
into the chamber 5), and INd designates a data input terminal
for receiving data from a host apparatus.

15 Reference numeral 40 designates a text/graphics data
judging unit, which judges whether dafa»inputted to a print
buffer 41 from the terminal INd is text data or graphics image
data based on the inputted data, and outputs a reference
voltage Vref to a variable time constant adjusting unit 43

20 (described later) in accordance. with the result of the
judgment. Reference numeral 43 designates the variable time
constant adjusting unit, which adjusts the pressure producing
chamber 5 expansion épeed. The variable time constant
adjusting unit 43 adjusts arbitrarily the time constant by the

25 reference voltage Vref from the data judging means 40. 1In the

- 11 -



aspects and details of the invention are evident fromthe dependent clains,
t He description and the draw ngs. The present inventi on ThisSheetlHa Been Replaced

nmet hod for driving an ink jet recording head having a pressur [
chanber conmuni cating with a nozzle opening and a pi ezoel ectr

el ement for expanding and con- tracting the pressure producin
case where the print data includes only text data, a reference

nmet hod conprising the steps of: -

voltage Vrefl is inputted, which sets a first time constant
that is longer than the natural vibration cycle of the
piezoelectric vibrating element 14, whereas in the case where
S the print data includes only graphics image data, a reference
voltage Vref2 is inputted, which sets a second time constant
that is longer than the first time constant. Reference numeral
42 designates a fixed time constant adjusting unit for setting
a pressure producing chamber 5 contracting speed, which is set
10 so as to yield a contraction interval longer than the natural
vibration cycle of the piezoelectric vibrating element 14.
Reference numeral 44 designates'a switching transistor
whose base is connected to the input terminal 1IN1. The
switching- transistor 44 controls the operation of the fixed
15 time constant adjusting unit 42 with the print auxiliary signal
51 inputted to the terminal IN1 in s&nchronism with a print.
timing signal.' The fixed time constant adjusting unit 42 is
activated when the transistor 44 is turned on, and generates a
voltage waveform for causing the piezoelectric vibrating
20 element 14 to expand at a time constant determined by a circuit
constant to thereby bring the pressure producing chamber 5 into
the contracting state, which is the standby state.
Reference numeral 48 designates a switching transistor 
whose base is connected to the terminal INl1. This switching

25 transistor 48 operates the variable time constant adjusting

- 12 -



expandi ng t he pressure produci ng chamber under an i n|t|aI condi ti hfd

a predeterm ned voI une over a first tinme period, the f'll‘hlS§h"‘1 “ﬁ”ﬁ

_ i

unit 43 by turning a transistor 49 off when the fixed time
constant adjusting unit 42 is inoperative. The variable time
constant adjusting unit 43 generates a voltage waveform for
causing the piezoelectric vibrating element 14 to contract at
5 a time constant determined by a circuit constant to thereby
expand the pressure producing chamber 5. In Figure 6,
reference numerals 50 and 51 designate current amplifying
transistors. ”
The respective piezoelectric vibrating elements 14 have
10 . first terminals thereof connected to the current-amplifying
transistors 50 and 51, and the second terminals thereof
grounded through transistors T that are to be turned on by
print signals. A diode D is inserted to connect the collector
and the emitter of each transistor. |
15 Since the voltage level of the print auxiliary signal S1
to be inputted to the terminal IN1 is iﬁitially high, the fixed
time constant adjusting means 42 is operative, and therefore
the commonly connecting terminal side of the piezoelectric
vibrating element 14 is maintained at a negative potential of
20 substantially -VL (volts). As a result, all the piezoelectric
vibrating elements 14 are charged through the diodes D so that
these elements are caused to expand, thus keeping the pressure.
producing chambers 5 contracted.
When the print auxiliary'signal Sl goes low, only the

25 piezoelectric vibrating element 14 connected to the transistor

- 13 -
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vibration cycle of the piezoelectric l"ll “IH““'I Il

T that has been turned on by the print signal is discharged

through the transistor T.

The operation of the thus-constructed drive voltage signal

generating circuit will be described based on the diagram shown
| 5 in Figure 7.

Upon input of print data from the host apparatus to the
print buffer 41, the print data judging unit 40 checks if the
print data includes graphics image data. Since the print data
includes only text data in this case, the print data judging

10 unit 40 outputs thé referénce voltage Vrefl for text data.

When the recording head moves by a unit distance under
this condition, a print timing signal fpr forming a single dbt
is generated at a time tl by a printer body (not shown), and in
synchronism therewith, the print auxiliary signal S1 that has

1s been high goes low and is received by the terminal IN1l. Then,
the transistor 44 is turned off to inhiﬁit the operation of the
fixed time constant adjusting unit 42. At the same time, the
transistor 48 and also the transistor 49 are turned off to
operate the variable time constant adjusting unit 43. As a

20 result, the terminal voltage of a capacitor 47 is increased to
0 (volt) from substantially -VL (volts) by the reference
voltage Vrefl at a rate determined by the first time constant .
defined by the circuit constant, thus to generate the drive
voltagé from the current amplifying transistors 50 and 51.

25 In association with the above operation, charges stored in

- 14 -



vibrating el enent and being suitable for formng a desired size of an

ink droplet to be ejected, wherein a tinme period duri ng Tk Blebt HaeBech Regfidced
signal is pro- duced is varied in accordance with the si

ink droplet to be ejected, mai nt ai ni ng the pressure proammmﬁmmll
as expanded for a predeterm ned second period of

the piezoelectric vibrating elements 14 connected to the
transistors T that have been turned on by the print signals at
an interval between times tl and t2’ are discharged through the
transistors T (Figure 7(b)). This causes the piezoelectric

5 vibrating elements 14 +to contract, thereby causing the
corresponding pressure producing chambers 5 to expand (Figure
7(c)). The expansion of the pressure producing chambers 5
introduces ink into the pressure producing chqmbers 5 from the
reservoirs 6 through the ink supply ports 7, and at the same

10 time causes the meniscuses of the corresponding nozzle openings
2 to retreat toward the pressure producing chambers 5.

When the terminal wvoltage of the capacitor 47 is
substantially zeroed at time t2’, the increase in the terminal
voltage 1is blockéd by a diode 52. The drive voltage is

15 . thereafter maintained at a fixed level of substantially 0
(volt) until the prinf auxiliary signél Sl that has been low
goes high. |

Here, since the first time constant, i.e., the interwval
between times tl and t2‘, is set to an interval longer than the

20 natural vibration cycle of the piezoelectric vibrating element
14, the piezoelectric vibrating element 14 stops without
undergoing a damped oscillator motion, thereby stopping the
volumetric change of the pressure producing chamber 5. On the
other hand, the meniscus formed adjacent to the nozzle opening

25 2 vibrates at a vibration cycle defined by a flow path system

- 15 -



time with an ‘expansion start time as a reference, mmnnsﬁmnmwhwd

contracting the pressure produci ng chanber to t he |n|t|a
over a predetermned third time period | onger than the nB!
vi bration cycl e of the pi ezoel ectric vibrating el enent,

droplet is ejected.

irrespective of the displacement of the piezoeléctric vibrating

element 14, +thus changing the position thereof with time
(Figure 7(d)).

When the print auxiliary signal S1 goes high at a time

5 (time t3) after the elapse of a predetermined time in this way,

the operation of the variable time constant adjusting unit 43

is inhibited, and the fixed time constant adjusting unit 42

starts operating instead. Therefore, the terminal voltage of

the capacitor 47 drastically drops to -VL (volts) again, thus

10 generating a similar drive voltage through the current
amplifying transistors 50 and 51.

As a result, the piezoelectric vibrating elements l4_that
have been discharged by the print signals in the above-
mentioned-éperation are suddenly charged and éxpanded through

15 the diodes D with the common connecting terminal side thereof
as the negative potential (Figure 7(5)). Accordingly, the.
pressure producing chambers 5 are caused to contract to jet ink
droplets from the corresponding nozzle openings 2 and form dots
on the recording paper.

20 The above operation is repeated so that a dot is formed on
the recording paper every time a print timing signal is
generated as the recording head moves.

On the other hand, if image data is included in the print
data outputted from the host apparatus, the print data judging

25 unit 40 outputs to the variable time constant adjusting unit 43

- 16 -~



Wien the pressure producing chanber is expanded to the redet er m ned

vol ume over the first predetermned tine, which is Ionger
vibration cycle of the piezoelectric vibrating elenent,
meni scus adj acent to the nozzle opening is strongly puIIed

Wi

pressure produci ng cham ber. and then quickly returns to the nozzl e

openi ng,

10

15

20

25

the reference voltage signal Vref2 for setting the second time
constant that is longer than the first time constant.

When the recording head moves by the unit distance under
this condition, the print timing signal for forming a single
dot is similarly generated at time tl from the printer body
(not shown), and in synchronism therewith, the print auxiliary
signal S1 that has been high goes low and is inputted to the
terminal IN1.

As a result, the transistor 44 turns off to inhibit the
operation of the fixed time constant adjusting unit 42, and
simultaneously therewith, the transistor 48 and the transistor
49 turn off to operate the wvariable time constant adjusting
unit 43. This operation of the variable time constant
adjusting - unit 43 increases the terminal voltage of the
capacitor 47 to 0 (volt) from substantially -VL (volts) at the
second time constant that is longef than the first time
constant defined by the circuit constant, so that a drive
voltage is generated by the current amplifying tranéistors 50
and 51.

In association therewith, the piezoelectric wvibrating
elements 14 connected to the transistors T that have been
turned on by the print signals at an intexrval between times tl1 .
and t2 are discharged through the transistors T (Figure 7(b)).
Accordingly, the piezoelectric vibrating elements 14 contract,

whereas the pressure producing chambers 5 expand (Figure 7(c)).

- 17 -



i nduci ng vi bration while rising up fromthe nozzle open- ing. Vhlle t he
cycle of this vibration takes a certain value defined by arThis/heet *ﬁ“la“d

system the rising amount depends on the anplitude of the VI
accordance with the pressure producing chanber expansion spe

the pressure produci ng chanber is caused to contract over t
predeterm ned tine, which is
The expansion of the pressure producing chambers 5 introduces
ink to the pressure producing chambers 5 through the ink supply
ports 7 from the reservoirs 6, and at the same time, the
meniscuses of the nozzle openings 2 retreat toward the pressure
5 producing chambers 5 (Figure 7(d)).

When the terminel voltage of the capacitor 47 drops to
substantially 0 (volt) at time t2, the diode 52 blocks the
increase in the terminal voltage, so that the drive voltage is
thereafter maintained at a fixed level of substantially O

10 (volt) until the print auxiliary signal S1 goes high from low.

Since the second time constant, i.e., the interval between
times tl1l and t2, is set to an interval that is longer than the
_natural vibration cycle of the piezoelectric vibrating element
14, the piezoelectric vibrating element 14. stops without

1s undergoing oscillatory damping, whereas the volumetric change
of the pressure producing chamber 5' is also stopped. In.
contrast thereto, the meniscus formed adjacent to the nozzle
opening 2 vibrates at a vibrating cycle defined by the flow
path system irrespective of the displacement of the

20 piezoelectric vibrating element 14, thus changing the position
thereof with time (Figure 7(d)).

When the print auxiliary signal S1 goes high at a time .
(time t3) after the elapse of a predetermined time period in
this way, the operation of the variable time constant adjusting

25 unit 43 is stopped, whereas the operation of the fixed time

- 18 -



| onger<than t'he natural vibration cycle of the piezoelec- tric vibrating
el'enment, at the tinme the neniscus has returned to the nozzimg segENisBen HePleced

size of the ejecting ink droplet is changed because the risH

the meniscus depends on the pressure producing chanmber exp mllﬁmmmm Il

On the other hand, the ink droplet
constant adjusting unit 42 is started. As a'result, the
terminal voltage of the capacitor 47 rapidly drops to -VL
(volts) again, and a similar drive voltage is generated through
the current amplifying transistors 50 and 51.

5 The piezoelectric vibrating elements 14 that are
discharged by the print signals in the above operation expand
while charged through the diodes D with the common connecting
terminal side as the negative potential (Figure 7(b)).
Accordingly, the pressure producing chambers 5 contract, which

10 causes ink droplets to be jetted from the corresponding nozzle
openings 2 to from dots on the recording paper.-

The above operation is repeated so that a dot is formed on
the recording paper every timé a print timing signal is
generated-as the recording head moves.

1s In this manner, since the pressure producing chamber 5
expansion speed changes based on the'result of the judgment
made by the data judging unit 40, the vibration cycle and phase
of the meniscus formed adjacent to the corresponding nozzle
opening 2 remains unchanged as shown in Figure 7(d)), but the

20 maximum displacement of the meniscus is changed. As a result,
the position of the meniscus at the time of jetting an ink
dro?let is displaced to M2’ in the case of printing text data, .
and to M2 in the case of printing image data. Since M2’ > M2,
tﬁe volume of a ejecting ink droplet becomes larger in the case

25 of printing text data.

- 19 -
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On the other hand, since the piézoelectric vibrating
element 14 expands at a fixed speed, the pressure producing
chamber 5 contracting speed is also fixed. Therefore, no
change takes place in the ink droplet ejection _speed

5 irrespective of the volume of the ink droplet. This means that
the ink droplet is onto a single point on the recording paper
irrespectiVe.of the volume thereof, thus achieving printing
with an amount of ink corresponding to the print data without
impairing the print quality.

10 Figure 8 shows the relationship between the pressure
producing chamber 5 expansion speed and the volume of an ink
droplet (a curve indicated by a broken line), and the
relationship between the pressure producing chamber 5 expansion
speed and-the ink droplet ejection speed (a curve indicated by

15 a solid 1line). This figure shows that when the preséure
producing chamber 5 is caused to expana at a cycle_longer than.
the natural vibration cycle of the piezoelectric vibrating
element 14, the ink droplet ejection speed remains at a fixed
level irrespective.of the volume thereof, even though the

20 volume thereof increases with increasing pressure prbducing
chamber 5 expansion speed.

Figure 9 is a series of photographs indicatiﬁg the size of
an ink droplet as well as the distance ﬁhereof from the nozzle
opening, i.e., the ink droplet ejection speed. More

25 specifically, the photographs show conditions adjacent to the

- 20 -



t he volume of the ink droplet because such speed depends on the vol une
velocity at the time of contract- ing the pressure produci ngrghéHIRelas Been Replaced

t hereby preventing the ink droplet from being positioned out '
t he recordi ng paper. In the draw ngs Figure 1 is an % mm“mm
di agram showi ng an

nozzle opening after the elapse of a predetermined time from
the generation of the ink droplet, which is produced by not
only changing the piezoelectric vibrating element 14
contracting speed, i.e., the pressure producing chamber 5

5 expanding time to a level of 20 psec at intervals of 2 usec
from 8 usec, but also the expansion of the'_piezoelectric.
vibrating element 14 after the elapse of a predetermined time
from the time of starting of the contraction of the
piezoelectric vibrating element 14.

10 . As is apparent from the photographs, while the size of the
ink droplet becomes larger as the expanding time is shortened
and the size of .the ink droplet becomes smaller as the
expanding time is lengthened, the tips of the respective ink
droplets are positioned flush with one another. That is, it is

15 demonstrated that the volume of the ink droplet can be adjusted
by changing the pressure producing chémber 5 expansion speed
without changing the ink droplet ejection speed.

While the case has been described where the invention is
applied to a recording head wusing d33 effect-based

20 piezoelectric vibrating elements in which electrodes are
arranged perpendicular to the piezoelectrié'vibratiﬂg element
expansion direction, it is apparent that similar effects can be.
obtained by applying the invention to the driving of a
recoxrding head 64 ﬁsing d31 effect-based piezoelectric

25 vibrating elements 64 in which drive electrodes 61 are arranged
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assenbly of an exenplary ink jet recording head used’rﬁ’the |nvent|qnce
Figures 2(a) and 2(b) are diagrams showing a state Isﬁ&tﬁaSBeen

pi ezoel ectric vibrating elenent is con- tracted and a s
t he pi ezoelectic vibrat- - ing elenent is expanded in the
shown in Figure 1 Figure 3 is a diagram showi ng an exe plezo-

with a piezoelectric material 63 interposed therebetween and in

which common electrodes 62 are arranged with a piezoelectric

material 63 interposed therebetween, both electrodes and

piezoelectric materials extending parallel to the expanding
5. direction, as shown in Figure 10.

That is, in Figure 11, reference numeral 72 designates a
variable time constant adjusting unit for setting the pressure
producing chamber expansion speed. If the signal from the data
judging unit 40 indicates that the print data includes only

10 text data, the first time constant that is longer than the
natural vibration cycle of the piezoelectric vibrating element
64 is set, whereas if the print data includes only graphics
image data, the second time constant that is longer than the
first time constant is set. Reference numeral 73 designates a

15 fixed time constant adjusting'unit for setting the pressure
producing chamber contracting speed. .The fixed time constant
is a time longer than the natural vibration cycle of thé
piezoelectric vibrating element 64 in this embodiment.

The piezoelectric vibrating elements 64 have first

20 terminals thereof connected +to the current amplifying
transistors 50 and 51, and the second terminals thereof
‘grounded through the transistors T. A diode D is inserted to.
connect the emitter and the collector of each transistor T.
Since the voltage level.of the print auxiliary signal S1 to be

25 inputted to the terminal IN1 is initially high, the fixed time

- 22 -



electric vibrating el ement unit used in the recording head shown in

Figure 1: Figure 4 is a diagram showi ng an exenplary piez lSShee'?HasBeenR eplace
el ectric vibrating el enment constituting the piezoe- Iectrlf

el ement unit; Figures 5(a) and 5(b) are diagranms showi ng a ""
vol tage signal shorter than the natural vibration cycle

pi ezoel ectric vibrating elenent and a dis-
constant adjusting unit 73 is operative, and therefore the
‘common connecting terminal side of the piezoelectric vibrating
element 64 is maintained at a fixed level of substantially 0
(volt). As a result, all the piezoelectric vibrating elements
5 64 are dischérged through the diodes D to substantially zero
the applied voltage.

Thus, when the print auxiliary signal S1 goes low, only
the piezoelectric wvibrating element 64 connected to the
transistor T that -has been turned on by the print signal is

10 discharged through the transistor T, thereby causing the
corresponding pressure producing chamber 5 to be expanded.

As a result of the above construction, the pressure
producing chamber 5 is caused to expand during the time the
piezoelectric vibrating element 64 is being charged, whereas

15 the voltage applied to the piezoelectric vibrating element 64
becomes substantially zero during the'time the piezoelectric
vibrating element 64 is being discharged, so that an ink
droplet is jetted when the pressure producing chamber 5 being
contracted. Therefore, by setting the time constant of the

20 variable time constant adjusting unit 72 to a long interval in
response to the signal from the data judging unit 40 in the
case of printing image data and to a short interval in the case
of printing text data, the volume of the ink droplet can be
adjusted with the ink droplet ejection speed maintained at a

25 . fixed level in a manner similar to that of the above-mentioned
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pl acenent of the piezoelectric vibrating el enent brought about thereby,

and Figures 5(c) and 5(d) are di agrans showi ng a drive voltage signa
| onger than the natural vibration cycle of the pi €z 0e| HiixShéet Has Been Replaced
vibrating el enent and a di spl acenent of the piezo- el ec '
el ement brought about thereby; Figure 6 is a block di aglmwml m,
exenpl ary drive circuit for driving the recording head

embodiment.

The pressure producing chamber expansion speed is set to
two levels in the above embodiments. If such speed is adjusted
to three or more levels in accordance with the density of an

5 image, a more subtle density adjustment can be given to the
image data. That is, if an image has a high dot density, the
size of an ink droplet can be adjusted to be smaller, whereas
if an image has a low dot density, a dot containing a larger
amount of ink is used for the printing. As a result, a uniform

10 density can be maintained over the entire part of the image.

As described in the foregoing, the invention is
characterized as adjusting the volume of an ink droplet without
changing the ink droplet ejection speed. This operation can be
performed - by ejection én ink droplet with the pressure

15 pfoducing chamber in an initial condition expanded to a
predetermined volume over a time which is longer than the?
natural vibration cycle of the piezoelectric vibrating element
and which corresponds to the size of the ink droplet to be
ejected, by maintaining the pressure producing chamber as

20 expanded for a predetermined interval with the.expansion start
time as a reference, and then by contracting the pressure
producing chamber to the initial condition over a predetermined
time that is longer than the natural vibration cycle of the
piezoelectric vibrating element in a method for driving an ink

25 jet recording head having not only pressure producing chambers

- 24 -



Figure-l;’ ‘Figures 7(a), 7(b), 7(6) and 7(d) are diagra . show n
operations of the drive circuit of the inven- tion, in WigEe Replaced
7(a) shows a print auxiliary sig- nal; Figure 7(b), the o mlm
chargi ng and di scharging a piezoelectric vibrting el enent

7(c), a change in the volume of a pressure pro- duci ng chanber; and
Figure 7(d) the position of a ' '

communicating with nozzle openings but also piezoelectric
vibrating elements for expanding-and contracting the pressure
producing chambers. As a result of the above operation,
production of wrinkles can be prevented without impairing the
5 print quality by minimizing the wetting of the recording paper

at the time of printing image data.
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CLATMS

What is claimed is:
1 : 1. A method for driving an ink jet reéording head having
2 a pressure producing chamber communicating with a nozzle
3 opening and a piezoelectric vibrating element for expanding and
4 contracting the pressure producing_ chamber, the method’
5 comprising the steps of: |
6 , expanding the pressure producing chamber under an initial
7 condition tb a predetermined volume over a first time period,
8 the first time period being longer than a natural vibration
9 cycle of the piezoelectric vibrating element and corresponding
10 to a size -0of an ink droplet to be ejected;
11 maintaining the pressure producing chamber as expanded for
12 a predetermined second period of time Qith an expansion start
13 time as a reference; and
14 then contracting the pressure producing chamber to the
15 initial condition over a predetermined third time period longer
16 than the natural vibration cycle of the piezoelectric vibrating
17 element, so that the ink droplet is éjected.
1 2. An apparatus for driving an ink jet recording head
2 having a pressure producing chamber communicating with a nozzle
3 opening and a piezoelectric vibrating element for expanding and

[
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circuit; Figures 9(a) to 9(g) are photographs showi ng an
t he photographs bei ng taken while a pressure produci ng cha
time is

5.. Figure 8 is a diagram show ng a rel ationship betmee . eDiepRétd
I ik droplet and the ink drop- | et ejection speed defined E@ ‘\ll‘\

4 contracting the pressure producing chamber, the apparatus
5 comprising:
6 drive 'voltage signal generating means for cyclically
7 generating a first voltage waveform for expanding the pressure
8 producing chamber under an initial condition to[é'predetermined
9 volume over a first period of timéz the first period of time
10 being longer than a natural vibration cycle of the
11 piezoelectric vibrating element and being suitable for forming
12 a desired size of an‘ink droplet, a second voltage waveform for
13 | maintaining the pressure producing chamber as expanded for a
14 predetermined second period of time with an output start time
15 of the first voltage waveform as a reference, and a third
16 voltage waveform for contracting the pressure producing chamber
17 to the initial condition over a predetermined third period of
18 time longer than the natural vibration cycle of the
19 piezoelectric vibrating element; and |
20 means for selectively:applying a drive voltage signal from
21 " the drive voltage signal generating means to the piezoelectric
22 vibrating element; wherein
23 a time period during which the first voltage waveform is
24 produced is varied in accordance with the size of the ink
25 droplet to be ejected.
1 C;3. The apparatus for driving an ink jet recording head
2 _ according' to claim 2, [ﬁherein the drive voltage signal
I —

ST



bei ng changed-every predetermned interval from an ex rt tinme;
Fi'gure 10 is a sectional 'view showi ng anot her exenpl ary plezo &&k&mww
vibi ating el ement to which the invention can be applledTh

is a block diagram showi ng an exenpl ary drive circuit of ﬁ

which is suitable for driving a recordi ng head using the

3 generating means comprises a charging and discharging circuit
4 comprising variable resistor means and a capacitor, the time
5 for p;oducing the first voltage waveform being adjusted by
6 changing value of the variable resistor means;V/

1 4. The apparatus for driving an ink jet recording head
2 according to claim 2, further comprising data judging means for
3 judging whefher or not data inputted to a print buffer includes
4 graphics image data, and wherein the time for producing the
5 first voltage waveform is set to a shorter value in the case of
6 printing text data and to a longer value in the case of
7 printing graphics image data in accordance with a signal from
8 the data judging means.7
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'vibratrng el enent shown in Figure - 10. Details of the inventionwll—now—
be described with reference to preferred enbodlnents shomn |n the dr aw

i ngs. Figure 1 is an exploded di agram showi n H%BrBeenReplaced
exenplary ink jet recording head used in the |nvent|on
reference nuneral 1 desig-

ABSTRACT QF THE DISCLOSURE

An ink jet printing head which prints image data with ink
droplets without impairing print quality or causing the
recording paper to be excessively wetted. The ink jet

5 recording ~ head includes pressure producing chambers
- communicating with nozzle openings, and piezoelectric vibrating
elements for expanding and contracting the pressure producing
chambers. Whether print data is graphics image data or text

data is judged by a data judging unit, and as a result of the

10 judgment, a time constant of a variable time constant adjusting
unit is set to a'longer time in the case of printing image data

than in the case of printing text data. Accordingly, the
pressure producing chambers are caused to expand without
undergoing damped oscillation for a time which is longer than

15 the natural vibration cycle of the piezbelectric vibrating

element and which specifically corresponds to the print data.
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nates a nozzl e plate having arrays 3 of nozzle openings with the nozzles

being forned at a predeternmined pitch. e.g., 180 dpi. EagﬁEmF s ﬁﬁ‘ ool o

openings 2 (Figure 2). Ref erence nuneral 4 designates -
posed between 3%§g%Lating plate 10 (described later) and t e
1. The spacer i nes pressure produci ng chanbers 5 and reservoirs 6 so

as to corre- ;Z/Qi 7 : :




'épond~reshectively to the arrays of nozzle openings as shown in Figut

81aéed
I nk supply ports 7 communicating with the pressure produiﬁ e& P and
the reser- voirs 6 are also fornmed in the spacer 4. I
10 designates the vibrating plate, which forns the pressur

chanbers 5.while confronting the nozzle plate 1 through th er 4. The
vibrating%ﬁraﬁg_lo I ncl udes island portions 15 and
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thin port.ions 10a around the island portions 15. Each island portlon 15 has
a r|g|d|ty such that displacenents induced by contraction and expansi on can

be transnmt- This Sheet Has Been Replaced
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-6 ted t.o as wide an area as possi bl e by causing the vibrat- ing pl ate 10
to abut against a distal end of a piezoelectric vibrating elenent 14 of a

pi ezoel ectric
eet Has Been Replaced
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vibr@trngielenent unit 12 (described later) as shown in Figure 2. As a

result of this construction,
contracted and expanded eff|C|entIy in response to the contract
expansi on of the correspondi ng piezoelectric vibrating el enent
shown in Fi gurgs®teach piezoelectric vbrating el ement unit 12

t he pressure produci ng chanber 5 THIBHER Has

Been Replaced
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unit-12 is fixed on a fixed plate 16 with the piezoel ectric vibrating
el ements 14 being arranged at a predeter- mned pitch. The piezoelectric
vibrati-ng el enments 14 vibrate in a vertical vibrating noderhis Sheet HasBa&iReplaced

vibrating elenent 14 is, as shown in Figure 4, arranged so :
plurality of sets...each set conposed of a piezoelectic vib ;| I
22 interposed en a drive electrode 23 and a common el o
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24 are Ianlnated one upon another in sandwi ch-1ike

electrodes 23 are
vi brating el enent
drive exter- na
common el ect

pi ezoel ectri
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14 and con- '
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SO that free ends of the piezoelectric vibrati ng el ements 14 are exposed
therefrom The vibrati ng plate 10, the spacer 4, and the nozzle plate 1
are-aligned on a sur- face of the substrate 32 and fixed by a frarre body
35 te forma recordi'ng head body. The frane body 35 SerMis as an

el ectrostatic shield. Reference nuneral 36 in Fi gure 1 d
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METHOD AND APPARATUS FOR DRIVING INK JET RECORDING HEAD
Description

The present invention relates to a recording appa-

- ratus for printing print data including image data by jet-
ting an ink droplet from a nozzle opening while
displacing a pressure producing chamber using a piezo-
electric vibrating element.

As personal computers are gaining in popularity
and graphics data processing technology is improving,
production of high quality hard copies not only in terms
of character data but alsoi |n graphlcs images has been
called for.

While thermal printers capable can print such data
at a high dot density and tone, these printers entail high
operating costs due to expensive ink ribbons the like. To
overcome this problem, ink jet printers, whose operating
costs are lower, are often used.

However, in the case of printing, for example, a so-
called solid image that covers all or a large portion of the
surface of the recording paper, a process involving wet-
ting the entire surface of the recording paper with ink
must be employed. As a result, the hard copy tends to
wrinkde and that it takes a long time to dry the hard copy.
Further, in the case of printing a color image, the size of
the ink droplets ejected from the recording head must
be changed to express density gradations. :

A technique for changing the size of the ejected ink
droplets is described in Japanese Patent Unexamined
Publication No. Hei. 2-6137. That is, the size of an ink
droplet is changed by adjusting the maximum or mini-
mum voltage applied to a pressure producing element.
According to this drive method, ink droplets of different
sizes are ejected by changing the volume of the con-
tracted pressure producing chamber at the time of eject-
ing the ink droplets, and the volume is returned to the
initial condition thereafter. As a result, the meniscus and
the vibration of the pressure producing element after the
ink droplet has been ejected differ from one ejection ,



expanded (Figure 2(b) to jet an ink dropl
t he pi ezoel ectyhis@natt s BbdnkEpise@ment 14 is

2(a)), then the IiNg pressure proguehg tE
in response to UWH Hmlw uof t he piezoelectric vibrat- 1
As a result, th in the pres- sure producing cl§a

I ncreased on the order of several atnos@heres of pressure si
i nstantly

operation to another, thereby impairing the print quality
due to the ejection of tiny ink droplets after the main ink
droplet has been ejected.

Prior art document EP-A-0 159 188 discloses a °
method for operating an ink jet printer in which a trans-
ducer means is operated to produce a rapid expansion
in the volume of an ink chamber, and where the
expanded volume is maintained for a sufficient interval
to allow ink in the chamber to be rapidly pulled back to
form a cusp-shaped disturbance that causes a small
droplet of ink to break away and be ejected through an
ink jet orifice.

Further, prior art document PATENT ABSTRACTS
OF JAPAN, JP-A-02192947, discioses an ink ejection
system in which a driving puise is provided to a vibrating
member that has a rise time which is equal to a natural
vibration period of an ink volume speed in an ink nozzle,
and a driving pulse having a fall time that is N times
longer than the natural vibration period.

it is an object of the present invention to provide a
method and apparatus for driving an ink jet recording
head, in w-hl.ch the size of an ink droplet can be changed
b¥ maintaining the ink droplet ejection speed constant
with the volume of a contracted pressure producing
chamber maintained constant.

For this purpose, the invention provides a method
for driving an ink jet recording head according to inde-
pendent claim 1 and an apparatus according to inde-
pendent claim 2. Further advantageous features,
aspects and details of the invention are evident from the
dependent claims, the description and the drawings.

The present invention provides a method for driving
an ink jet recording head having a pressure producing: |
chamber communicating with a nozzle opening and a
piezoelectric vibrating element for expanding and con-
fracting the pressure producing chamber, the method

~ comprising the steps of: '

expanding the pressure producing chamb'ef under
an initial condition to a predetermined volume over
a first time period, the first time period being lorger



to eJ ect the—nk—present—+n—the pressure producing cham ber 5 as .an-ink

dropl et Reference nuneral 15 in Figure 2 desi gnat es the igl {oN SHEET
°h ﬁ@ ﬂ

transmttindb Bee elent of t T r
over a W de rating pl g Pﬁ% gﬁ,{gﬁ BIEEN kn a,‘t ﬁgf
prezoelectrl - nment 14% v.kugw we+t | C C 3%@

a cycle T1 that S shorter than a natur.al3 vibration cycle Jla —eof

than a natural vibration cycle of the piezoelectric
vibrating element and being suitable for forming a
-desired size of an ink droplet to be ejected, wherein
a time period during which the first signal is pro-
duced is varied in accordance with the size of the
ink droplet to be ejected,

maintaining the pressure producing chamber as
expanded for a predetermined . second period of
time with an expansion start time as a reference,
and

then contracting the pressure producing chamber
to the initial condition over a predetermined third
time period longer than the natural vibration cycle of -
the piezoelectric vibrating element, so that the ink
droplet is ejected. :

When the pressure producing chamber is
expanded to the predetermined volume over the first
predetermined time, which is longer than the natural
vibration cycle of the piezoelectric vibrating element, to

- supply ink, the meniscus adjacent to the nozzle opening
is strongly pulled toward the pressure producing cham-

ber. and then quickly returns to the nozzle opening,
inducing vibration while rising up from the nozzle open-

ing. While the cycle of this vibration takes a certain
value defined by an ink flow path system, the rising
amount depends on the amplitude of the vibration in
accordance with the pressure producing chamber
expansion speed.
When the pressure producing chamber is caused to
contract over the third predetermined time, which is
~ longer than the natural vibration cycle of the piezoelec-
fric vibrating element, at the time the meniscus has
. returned to the nozzle opening, the size of the ejecting
ink droplet is changed because the rising amount of the
meniscus depends on the pressure producing chamber
expansion speed. On the other hand, the ink droplet



or, di scharged at a cycl e T2 that is P SHEET Rks BEAD |t he | NREPLATEMENTr SHERIN
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cycle Ta (Fi Rdnlacepl ezoel ectric pepDA@EH NG el jenment d-tseit

generates a r on at t he—raturat—vrbration cycl LzTg QW{%

charging or di s been conpl eted, as shown inj{Fi é
o

n

t he residual vi brat | on e piezoelectric vi brating el erfe
transmtted to the ink in the pressure produc~ 4 ng chanber through t he

vibrating plate 10, djbetiorerspeed is maintained constant irresp
the volume of the ink droplet because such speed
depends on the volume velocity at the time of contract-
ing the pressure producing chamber, thereby preventing
the ink droplet from being positioned out of place on the -
recording paper.
In the drawings

Figure 1 is an exploded diagram showing an
assembly of an exemplary ink jet recording head
used in the invention;

Figures 2(a) and 2(b) are diagrams showing a state
in which a piezoelectric vibrating element is con-
tracted and a state in which the piezoelectric vibrat-
ing element is expanded in the recording head
shown in Figure 1;

Figure 3 is a diagram showing an exemplary piezo-
electric vibrating element unit used in the recording
head shown in Figure 1;

Figure 4 is a diagram showing an exemplary piezo-
electric vibrating element constituting the piezoe-
lectric vibrating element unit;

Figures 5(a) and S(b) are diagrams showing a drive
voltage signal shorter than the natural vibration
cycle of a piezoelectric vibrating element and a dis- -
placement of the piezoelectric vibrating element
brought about thereby, and Figures 5(c) and 5(d)
are diagrams showing a drive voitage signal longer
than the natural vibration cycle of the piezoelectric
vibrating element and a displacement of the piezo-
electric vibrating element brought about thereby:
Figure 6 is a block diagram showing an exemplary
drive circuit for driving the recording head shown in
Figure 1;

Figures 7(a), 7(b), 7(c) and 7(d) are diagrams
showing operations of the drive circuit of the inven-
tion, in which Figure 7(a) shows a print auxiliary sig-
nal; Figure 7(b), the operation of charging and
discharging a piezoelectric vibrating element; Fig-
ure 7(c), a change in the volume of a pressure pro-
ducing chamber; and Figure 7(d) the position of a
meniscus;
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F:guré 8 is a diagram showing a relationship
between the size of an ink droplet and the ink drop-

let ejection speed defined by the drive circuit;
Figures 9(a) to 9(g) are photographs showing an
ink droplet, the photographs being taken while a
pressure producing chamber expanding time is
being changed every predetermined interval from
an expansion start time;

Figure 10 is a sectional view showing another
exempiary piezoelectric vibrating element to which
the invention can be applied; and

Figure 11 is a block diagram showing an exemplary
drive circuit of the invention which is suitable for
driving a recording head using the piezoelectric
vibrating element shown in Figure 10.

Details of the invention will now be described with
reference to preferred embodiments shown in the draw-

ings.

Figure 1 is an exploded diagram showing an
assembly of an exemplary ink jet recording head used in
the invention. In Figure 1, reference numeral 1 desig-
nates a nozzle plate having arrays 3 of nozzle openings
with the nozzles being formed at a predetermined pitch,
e.g., 180 dpi. Each array has nozzle openings 2 (Figure
2).

Reference numeral 4 designates a spacer inter-
posed between a vibrating plate 10 (described later)
and the nozzle plate 1. The spacer 4 defines pressure
producing chambers 5 and reservoirs 6 so as to corre-
spond respectively to the arrays of nozzle openings as
shown in Figure 2. Ink supply ports 7 communicating
with the pressure producing chambers S and the reser-
voirs 6 are also formed in the spacer 4.

Reference numeral 10 designates the vibrating
plate, which forms the pressure producing chambers 5
while confronting the nozzle plate 1 through the spacer
4. The vibrating plate 10 includes island portions 15 and
thin portions 10a around the island portions 15. Each
island portion 15 has a rigidity such that displacements
induced by contraction and expansion can be transmit-
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ted to as wide an area as possible by causing the vibrat-
ing plate 10 to abut against a distal end of a
piezoelectric vibrating element 14 of a piezoelectric
vibrating element unit 12 (described later) as shown in
Figure 2. As a result of this construction, the pressure
producing chamber S can be contracted and expanc!ed
efficiently in response to the contraction and expansion
of the corresponding piezoelectric vibrating element 14.

As shown in Figure 3, each piezoelectric vibrating
element unit 12 includes half of the piezoelectric vibrat-
ing elements 14. The piezoelectric vibrating element
unit 12 is fixed on a fixed plate 16 with the piezoelectric
vibrating elements 14 being arranged at a predeter-
mined pitch. The piezoelectric vibrating elements 14
vibrate in a vertical vibrating mode.

Each vibrating element 14 is, as shown in Figure 4,
arranged so that a plurality of sets, each set composed
of a piezoelectric vibrating material 22 interposed
between a drive electrode 23 and a common electrode
24, are laminated one upon ancther in sandwich-like
form. The drive electrodes 23 are exposed from a lateral
side of the piezoelectric vibrating element 14 and con-
nected in parallel to one another through a drive exter-
nal electrode 25 formed by, e.g., vapor deposition. The
common electrodes 24 are exposed from the other lat-
eral side of the piezoelectric vibrating element 14 and
connected in parallel to one another through a common
external electrode 26. The common external electrode
26 is connected through an electrically conductive
member 27. .

Returning to Figure 1, reference numeral 32 desig-
nates a substrate, which has unit accommodating holes
33 and an ink supply port 34 for supplying ink from an
ink tank to the ink reserwoirs 6. The unit accommodating

holes 33 accommodate the vibrating element units 12
so that free ends of the piezoelectric vibrating elements

14 are exposed therefrom. The vibrating plate 10, the
spacer 4, and the nozzle plate 1 are aligned on a sur-
face of the substrate 32 and fixed by a frame body 35 to
form a recording head body. The frame body 35 serves
also as an electrostatic shield. Reference numeral 36 in
Figure 1 designates a base plate for mounting the
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recording head on a carriage.

In this construction, the vibrating plate 10 is made
of a metal plate or a synthetic resin plate so that the
vibrating plate 10 can be deformed at a higher efficiency
by the displacement of the piezoelectric vibrating ele-
ment 14. When the piezoelectric vibrating element 14 is
expanded (Figure 2(b) to jet an ink droplet under a con-
dition in which the piezoelectric vibrating element 14 is
subsequently contracted (Figure 2(a)), then the corre-
sponding pressure producing chamber 5 is compressed
in response to the expansion of the piezoelectric vibrat-
ing element 14. As a resuit, the ink pressure in the pres-
sure producing chamber 5 is increased on the order of
several atmospheres of pressure substantially instantly
to eject the ink present in the pressure producing cham-
ber 5 as an ink droplet. Reference numeral 15 in Figure
2 designates the island portion for transmitting the dis-
placement of the piezoelectric vibrating element 14.over
a wide area on the vibrating plate 10.

it is known that when a piezoelectric vibrating ele-
ment 14 that vibrates vertically is charged at a cycle T1
that is shorter than a natural vibration cycle Ta thereof
or discharged at a cycle T2 that is also shorter than the
natural vibration cycle Ta (Figure 5(a)), the piezoelectric
vibrating element itself generates a residual vibration at

- the natural vibration cycle Ta after the charging or dis-

charging has been completed, as shown in Figure 5(b).
When the residual vibration of the piezoelectric vibrating
element is transmitted to the ink in the pressure produc-
ing chamber through the vibrating plate 10, the menis-
cus of the corresponding nozzle opening 2 starts
vibrating in an exiremely unstable manner due to the
very short cycle of the residual vibration, and when the
meniscus reaches a predetermined position, it
becomes extremely difficult for the piezoelectric vibrat-
ing element to vibrate with satisfactory repetitiveness. If,
while the meniscus is vibrating, the piezoelectric vibrat-

- ing element is caused to expand to produce ink drop-
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lets, ink droplets are ejected without fail, but dots to
formed on the recording paper by such ink droplets are
subjected to variations due to variations in the size and
ejection speed of the ink droplets in dependence on the
position of the meniscus.

in contradistinction thereto, in accordance with the
invention, the charging cycle T1 as well as the discharg-
ing cycle T2 of the piezoelectric vibrating element 14
are set to intervals longer than the natural vibration
cycle Ta thereof. if the piezoelectric vibrating element 14
is charged or discharged under these conditions (Figure
5(c)), the piezoelectric vibrating element 14 is displaced
and expands as directed by a drive waveform without

_causing residual vibration, as shown in Figure 5(d). In
this case, the meniscus produces reguiar vibrations of a

cycle longer than the natural vibration cycle of the pie-
zoelectric vibrating element 14. Therefore, it is possible
to set the charging and the discharging cycles to inter-
vals longer than the natural vibration cycle Ta, i.e., the
rise ime T1 and the fall time T2 are set to intervals
* longer than the naturai vibration cycle Ta of the piezoe-
lectric vibrating element 14, and it is also possible to set
the piezoelectric vibrating element 14 drive. timing for
jetting an ink droplet by taking into account the displace-
ment derived from the vibration of the meniscus. As a
result, stable ink droplets can be produced while the
meniscus is vibrating.
Figure 6 shows an exemplary circuit for driving the
- ink jet recording head. In Figure 6, reference numeral
IN1 designates an input terminal which receives a print
auxiliary signal S1 for generating a drive voitage tha
causes the pressure producing chamber § of the
recording head to contract (which is the standby state)
or causes the pressure producing chamber 5 to expand
(which is the state in which ink is sucked into the cham-
ber 5), and INd designates a data input terminal for
~ receiving data from a host apparatus.
Reference numeral 40 designates a text/graphics
- data judging unit, which judges whether data inputted to
a print buffer 41 from the terminal INd is text data or
graphics image data based on the inputted data, and
outputs a reference voitage Vref to a variable time con-
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el enen "1Ve 1 start adjustifig unit 43 (described later) in accordance

with the resuit of the judgment. Reference numeral 43
designates the variable time constant adjusting unit,
which adjusts the pressure producing chamber S
expansion speed. The variable time constant adjusting
unit 43 adjusts arbitrarily the time constant by the refer-
ence voltage Vref from the data judging means 40. In
the case where the print data includes only text data, a
reference voltage Vref1 is inputted, which sets a first
time constant that is longer than the natural vibration
cycle of the piezoelectric vibrating element 14, whereas
in the case where the print data inciudes only graphics
image data, a reference voltage Vref2 is inputted, which
sets a second time constant that is longer than the first
time constant. Reference numeral 42 designates a fixed
time constant adjusting unit for setting a pressure pro-
ducing chamber S contracting speed, which is set so as
to yield a contraction interval longer than the natural
vibration cycle of the piezoelectric vibrating element 14.
_ Reference numeral 44 designates a switching tran-
sistor whose base is connected to the input terminal
IN1. The switching transistor 44 controls the operation
of the fixed time constant adjusting unit 42 with the print
auxiliary signal S1 inputted to the terminal IN1 in syn-:
chronism with a print timing signal. The fixed time con-
stant adjusting unit 42 is activated when the transistor
44 is turned on, and generates a voltage waveform for
causing the piezoelectric vibrating element 14 to
expand at a time constant determined by a circuit con-
stant to thereby bring the pressure producing chamber

§ into tha confractina state, which is the standby state.
Reference numeral 48 designates a switchung tran-

sistor whose base is connected to the terminal IN1. This
switching transistor 48 operates the variable time con-
stant adjusting unit 43 by tuming a transistor 49 off .
when the fixed time constant adjusting unit 42 is inoper-
ative. The variable time constant adjusting unit 43 gen-
erates a voltage waveform for causing the piezoelectric
vibrating element 14 to contract at a time constant
determined by a circuit constant to thereby expand the
pressure producing chamber S. In Figure 6, reference
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numerais SO and 51 designate current amplifying tran-
sistors.

The respective piezoelectric vibrating elements 14
have first terminals thereof connected to the current
amplifying transistors S0 and 51, and the second termi-
nals thereof grounded through transistors T that are to
be turned on by print signals. A diode D is inserted to
connect the collector and the emitter of each transistor.

Since the voltage level of the print auxiliary signal
S1 to be inputted to the terminal IN1 is initially high, the
fixed time constant adjusting means 42 is operative, and
therefore the commonly connecting terminal side of the
piezoelectric vibrating element 14 is maintained at a
negative potential of substantially -VL (volts). As a
result, all the piezoelectric vibrating elements 14 are
charged through the diodes D so that these elements
are caused to expand, thus keeping the pressure pro-
ducing chambers S contracted.

When the print auxiliary signal S1 goes low, only
the piezoelectric vibrating element 14 connected to the
transistor T that has been turned on by the print signal
is discharged through the transistor T.

The operation of the thus-constructed drive voitage
signal generating circuit will be described based on the
diagram shown in Figure 7.

Upon input of print data from the host apparatus to
the print buffer 41, the print data judging unit 40 checks
if the print data includes graphics image data. Since the
print data includes only text data in this case, the print
data judging unit 40 outputs the reference Voltage Vref1
for text data. _

When the recording head moves by a umt distance
under this condition, a print timing signal for forming a
single dot is generated at a time t1 by a printer body (not
shown), and in synchronism therewith, the print -auxil-
iary signal S1 that has been high goes low and is
received by the terminal IN1. Then, the transistor 44 is
turned off to inhibit the operation of the fixed time con-
stant adjusting unit 42. At the same time, the transistor
48 and also the fransistor 49 are turned off to operate
the variable time constant adjusting unit 43. As a result,
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the terminal voltage of a capacitor 47 is increased to 0
(volt) from substantially -VL (volts) by the reference volt-
age Vref1 at a rate determined by the first ime constant
defined by the circuit constant, thus to generate the
drive voitage from the current amplifying transistors S0
and 51,

In association with the above operation, charges
Stored in the piezoelectric vibrating elements 14 con-
nected to the transistors T that have been turned on by
the print signals at an interval between times t1 and 2 -
are discharged through the transistors T (Figure 7(b)).
This causes the piezoelectric vibrating elements 14 to
contract, thereby causing the corresponding pressure
producing chambers S to expand (Figure 7(c)). The
expansion of the pressure producing chambers S intro-
duces ink into the pressure producing chambers S from
the reservoirs 6 through the ink supply ports 7, and at
the same time causes the meniscuses of the corre-
sponding nozzle openings 2 to retreat toward the pres-
sure producing chambers S.

When the terminal voltage of the capacitor 47 is
substantially zeroed at time t2', the increase in the ter-
minal voltage is blocked by a diode 52. The drive voit-
age is thereafter maintained at a fixed level of
substantially 0 {volt) until the print auxiliary signal St
that has been low goes high.

Here, since the first time constant, i.e., the interval
between times t1 and 12', is set to an interval longer than
the natural vibration cycle of the piezoelectric vibrating
element 14, the piezoelectric vibrating element 14 stops
without undergoing a damped oscillator motion, thereby
stopping the volumetric change of the pressure produc-
ing chamber 5. On the other hand, the meniscus formed
adjacent to the nozzle opening 2 vibrates at a vibration
cycle defined by a flow path system irrespective of the
displacement of the piezoelectric vibrating element 14,
thus changing the position thereof with time (Figure
7(d)).

When the print auxiliary sugnal S1 goes high at a
ime (time t3) after the elapse of a predetermined time in
this way, the operation of the variable time constant
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adjusting unit 43 is inhibited, and the fixed time constant
adjusting unit 42 starts operating instead. Therefore, the
terminal voltage of the capacitor 47 drastically drops to
-VL (voits) again, thus generating a similar drive voltage
through the current amplifying transistors S0 and 51.

As a result, the piezoelectric vibrating elements 14
that have been discharged by the print signals in the
above-mentioned operation are suddenly charged and
expanded through the diodes D with the common con-

- necting terminal side thereof as the negative potential
(Figure 7(b)). Accordingly, the pressure producing
chambers 5 are caused to contract to jet ink droplets
from the corresponding nozzie openings 2 and form
dots on the recording paper.

The above operation is repeated so that a dot is
formed on the recording paper every time a print timing
signal is generated as the recording head moves.

On the other hand, if image data is included in the
print data outputted from the host apparatus, the print
data judging unit 40 outputs to the variable time con-
stant adjusting unit 43 the reference voitage signal
Vref2 for setting the second time constant that is longer
than the first time constant.

When the recording head moves by the unit dis-
tance under this condition, the print timing signal for

forming a sinale dot is similarly generated at time t1
from the printer body (not shown), and in synchronism
therewith, the print auxliary signal S1 that has been
high goes low and is inputted to the terminal IN1.

As a result, the transistor 44 turns off to inhibit the
operation of the fixed time constant adjusting unit 42,

- and simultaneously therewith, the transistor 48 and the
transistor 49 turn off to operate the variable time con-
stant adjusting unit 43. This operation of the variable
time constant adjusting unit 43 increases the terminal
voltage of the capacitor 47 to 0 (volt) from substantially
-VL (voits) at the second time constant that is longer
than the first time constant defined by the circuit con-
stant, so that a drive voitage is generated by the current
amplifying transistors S0 and 51.

In association therewith, the piezoelectric vibrating
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elements 14 connected to the transistors T that have
been turned on by the print signals at an interval
between times t1 and t2 are discharged through the
transistors T (Figure 7(b)). Accordingly, the piezoelectric
vibrating elements 14 contract, whereas the pressure |
producing chambers 5 expand (Figure 7(c)). The expan-
sion of the pressure producing chambers S introduces
ink to the pressure producing chambers S through the
ink supply ports 7 from the reservoirs 6, and atthe same

~ time, the meniscuses of the nozzle openings 2 retreat

toward the pressure producing chambers 5 (Figure
7(d)). |

When the terminal voltage of the capacitor 47 drops
to substantially 0 (voit) at time {2, the diode 52 blocks
the increase in the terminal voltage, so that the drive
voitage is thereafter maintained at a fixed level of sub-
stantially 0 (volt) until the print auxiliary signal S1 goes
high from low.

Since the second time constant, ie., the interval

- between times t1 and t2, is set to an interval that is

longer than the natural vibration cycle of the piezoelec-
tric vibrating element 14, the piezoelectric vibrating ele-
ment 14 stops without undergoing oscillatory damping,
whereas the volumetric change of the pressure produc-
ing chamber § is also stopped. In contrast thereto, the
meniscus formed adjacent to the nozzle opening 2
vibrates at a vibrating cycle defined by the flow path sys-
tem irrespective of the displacement of the piezoelectric
vibrating element 14, thus changing the position thereof
with time (Figure 7(d)). T

When the print auxiliary signal S1 goes high at a
time (time t3) after the elapse of a predetermined time
period in this way, the operation of the variable time con-
stant adjusting unit 43 is stopped, whereas the opera-
tion of the fixed time constant adjusting unit 42 is
started. As a result, the terminal voltage of the capacitor
47 rapidly drops to -VL (voits) again, and a similar drive
voltage is generated through the current ampilifying
transistors 50 and 51.

The piezoelectric'vibrating elements 14 that are dis-
charged by the print signals in the above operation
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expand while charged through the diodes D with the
common connecting terminal side as the negative

potential (Figure 7(b)). Accordingly, the pressure pro-
ducing chambers S contract, which causes Ink dropiets

to be jetted from the corresponding nozzle openings 2
to from dots on the recording paper.

The above operation is repeated so that a dot is
formed on the recording paper every time a print timing
signal is generated as the recording head moves.

In this manner, since the pressure producing cham-
ber 5 expansion speed changes based on the result of
the judgment made by the data judging unit 40, the
vibration cycle and phase of the meniscus formed adja-
cent to the corresponding nozzle opening 2 remains
unchanged as shown in Figure 7(d)), but the maximum
displacement of the meniscus is changed. As a result,
the position of the meniscus at the time of jetting an ink

- droplet is displaced to M2’ in the case of printing text
data, and to M2 in the case of printing image data.
Since M2' > M2, the volume of a ejecting ink droplet
becomes larger in the case of printing text data.

On the other hand, since the piezoelectric vibrating
element 14 expands at a fixed speed, the pressure pro-

~ ducing chamber § contracting' speed is also fixed.
Therefore, no change takes place in the ink droplet ejec-
fion speed irrespective of the volume of the ink droplet.
This means that the ink droplet is onto a single point on
the recording paper irrespective of the volume thereof,
thus achieving printing with an amount of ink corre-
sponding to the print data without impairing the print
quality. .

Figure 8 shows the relationship between the pres-

sure producing chamber 5 expansion speed and the
volume of an ink droplet (a curve indicated by a broken
line), and the relationship between the pressure produc-
ing chamber 5 expansion speed and the ink droplet
ejection speed (a curve indicated by a solid line). This
figure shows that when the pressure producing cham-
ber S is caused to expand at a cycle longer than the nat-
ural vibration cycle of the piezoelectric vibrating element
14, the ink droplet ejection speed remains at a fixed
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level irrespective of the volume thereof, even though the
volume thereof increases with increasing pressure pro-
ducing chamber S expansion speed.

Figure 9 is a series of photographs indicating the
size of an ink droplet as well as the distance thereof
from the nozzle opening, i.e., the ink droplet ejection
speed. More specifically, the photographs show condi-
tions adjacent to the nozzle opening after the elapse of -
a predetermined time from the generation of the ink
droplet, which is produced by not only changing the pie-
Zoelectric vibrating element 14 contracting speed, i.e.,
the pressure producing chamber 5 expanding time to a
level of 20 usec at intervals of 2 usec from 8 psec, but
also the expansion of the piezoelectric vibrating ele-
ment 14 after the elapse of a predetermined time from

- the time of starting of the contraction of the piezoelectric
vibrating element 14.

As is apparent from the photographs, while the size
of the ink droplet becomes larger as the expanding time
is shortened and the size of the ink droplet becomes
smaller as the expanding time is lengthened, the tips of

the respective ink droplets are posinoned tiush with oneg
another. That is, it is demonstrated that the volume of
the ink droplet can be adjusted by changing the pres-
sure producing chamber § expansion speed without
changing the ink droplet ejection speed.

While the case has been described where the
invention is applied to a recording head using d33
effect-based piezoelectric vibrating elements in which
glectrodes are arranged perpendicular to the piezoelec-
tric vibrating element expansion direction, it is apparent
that similar effects can be obtained by applying the
invention to the driving of a recording head using d31
effect-based piezoelectric vibrating elements 64 in
which drive electrodes 61 are arranged with a piezoe-
lectric material 63 interposed therebetween and in
which common electrodes 62 are arranged with a piezo-
slectric material 63 interposed therebetween, both elec-
rodes and piezoelectric materials extending parallel to
the expanding direction, as shown in Figure 10.

That is, in Figure 11, reference numeral 72 desig-
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nates a variable time constant adjusting unit for setting
the pressure producing chamber expansion speed. If
the signal from the data judging unit 40 indicates that
the print data includes only text data, the first time con-
stant that is longer than the natural vibration cycle of the
piezoelectric vibrating element 64 is set, whereas if the
print data includes only graphics image data, the sec-
ond time constant that is longer than the first time con- :
stant is set. Reference numeral 73 designates a fixed -
lime constant adjusting unit for setting the pressure pro-
ducing chamber contracting speed. The fixed time con-
stant is a time longer than the natural vibration cycle of
the piezoelectric vibrating element 64 in this embodi-
ment.

The piezoelectric vibrating elements 64 have first
lerminals thereof connected to the current amplifying
ransistors S0 and S1, and the second terminals thereof
grounded through the transistors T. A diode D is
inserted to connect the emitter and the collector of each
ransistor T. Since the voitage level of the print auxliary
signal S1 to be inputted to the terminal IN1 is initially
high, the fixed time constant adjusting unit 73 is opera-
live, and therefore the common connecting terminal
side of the piezoelectric vibrating element 64 is main-_
lained at a fixed level of substantially 0 (voit). As a
fesult, all the piezoelectric vibrating elements 64 are
discharged through the diodes D to substantially zero
the applied voltage.

Thus, when the print auxiliary signal S1 goes low,
only the piezoelectric vibrating element 64 connected to
the transistor T that has been turned on by the print sig-
nal is discharged through the transistor T, thereby caus-
ing the corresponding pressure producmg chamber Sto
be expanded.

As a result of the above construction, the pressure
producing chamber 5 is caused to expand during the
ime the piezoelectric vibrating element 64 is being
charged, whereas the voltage applied to the piezoelec-
¥ric vibrating element 64 becomes substantially zero



expand at a tinme constant determ ned
bring the pressygespl agiisddRepibanber
t he standby stat
si stor whose bas
transi stor 48 op
turning a transistor 49 of f when the fixediz -nme constant adj
i s i noper-

&Uﬂﬁeﬂg@@ ting

during the time the piezoelectric vibrating element 64 is
being discharged, so that an ink droplet is jetted when
the pressure producing chamber S being contracted.
Therefore, by setting the time constant of the variable
time constant adjusting unit 72 to a long interval in
response to the signal from the data judging unit 40 in
the case of printing image data and to a short interval in
the case of printing text data, the volume of the ink drop-
let can be adjusted with the ink droplet ejection speed
maintained at a fixed level in a manner similar to that of
the above-mentioned embodiment.

The pressure producing chamber expansion speed
is set to two levels in the above embodiments. If such
speed is adjusted to three or more levels in accordance
with the density of an image, a more subtie density
adjustment can be given to the image data. That s, if an
image has a high dot density, the size of an ink droplet
can be adjusted to be smaller, whereas if an image has
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a low dot density, a dot containing a larger amount of ink

is used for the printing. As a resuilt, a uniform density
can be maintained over the entire part of the image.

As described in the foregoing, the invention is char-
acterized as adjusting the volume of an ink droplet with-
out changing the ink droplet ejection speed. This
operation can be performed by ejection an ink droplet
with the pressure producing chamber in an initial condi-
tion expanded to a predetermined volume over a time
which is longer than the natural vibration cycle of the
piezoelectric vibrating element and which corresponds
to the size of the ink droplet to be ejected, by maintain-
ing the pressure producing chamber as expanded for a
predetermined interval with the expansion start time as
a reference, and then by contracting the pressure pro-
ducing chamber to the initial condition over a predeter-
mined time that is longer than the natural vibration cycle
of the piezoelectric vibrating element in_a method for
driving an ink jet recording head having not only pres-
sure producing chambers communicating with nozzle
openings but also piezoelectric vibrating elements for
expanding and contracting the pressure producing
chambers. As a resuilt of the abova operation, produc-
tlon of wrinkles can be prevented without impairing the
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pressure produ

print quality by minimizing the wetting of the recording
paper at the time of printing image data.
Claims

1. A method for driving an ink jet recording head hav-
ing a pressure producing chamber (S) communicat-
ing with a nozzle opening (2) and a piezoelectric
vibrating element (14, 64) for expanding and con-
tracting the pressure producing chamber (5), the
method comprising the steps of:

expanding the pressure producing chamber (5)
under an initial condition to a predetermined
volume over a first time period, the first time
period being longer than a natural vibration

cycle of the pieznelectric vibrating element (14,
64) and being suitable for forming a desirea

size of an ink droplet to be ejected, wherein a
time period during which the first signal is pro-
duced is varied in accordance with the size of
the ink droplet to be ejected,

maintaining the pressure producing chamber
(5) as expanded for a predetermined second
period of time with an expansion start ime as a
reference; and

then contracting the pressure producing cham-
ber (5) fo the initial condition aover a predeter-
mined third time period longer than the natural
vibration cycle of the piezoelectric vibrating ele-
ment (14, 64), so that the ink droplet is ejected.

2. An apparatus for driving an ink jet recording head
having a pressure producing chamber (5) commu-
nicating with a nozzle opening (2) and a piezoelec-
tric vibrating element (14,64) for expanding and
confracting the pressure producing chamber (5),
especially according to claim 1, the apparatus com-
pising: ==
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drive signal generating means for cyclically
generating a first signal for expanding the pres-
sure producing chamber (5) under an initial
condition to a predetermined volume over a
first period of time being longer than a natural
vibration cycle of the piezoelectric vibrating ele-
ment (14;64) and being suitable for forming a
desired size of ink droplet, a second signal for
maintaining the pressure producing chamber
'(5) as expanded for a predetermined second
period of time with an output start time of the
first signal as a reference, and a third signal for
contracting the pressure producing chamber
(5) to the initial condition over a predetermined
third period of time longer than the natural
vibration cycle of the piezoelectric vibrating ele-
ment (14,64); and |
means for selectively applying a drive signal
from the drive signal generating means to the
- piezoelectric vibrating element (14;64);
wherein _

a time peridd during which the first signal is
produced is varied in accordance with the size
of the ink droplet to be ejected.

3. The apparatus for driving an ink jet recording head
according to claim 2, further comprising data judg-
ing means (40) for judging whether or not data
inputted to a print buffer inciudes graphics image
data, and wherein the time for producing the first

_ signal is set to a shorter value in the case of printing

text data and to a longer value in the case of print-
ing graphics image data in accordance with a signal

from the data judging means (40).

4. The apparatus for driving an ink jet recording head
according to claim 2 or 3, wherein the first, second
and third signals are first, second and third voitage

e-forms respectlvely. and the drive signal is a

T L
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5. The apparatus for driving an ink jet recording head
according to claim 4, wherein the drive voltage sig-
nal generating means comprises a charging and
discharging circuit comprising variable resistor
means and capacitor (47), the time for producing
the first voltage wave-form being adjusted by
changing value of the variable resistor means.
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METHOD AND APPARATUS FOR DRIVING INK JET RECORDING HEAD

Description

The present invention relates to a recording appa-
ratus for printing print data including image data by jet-
ting an ink droplet from a nozzie opening while
displacing a pressure producing chamber using a piezo-
electric vibrating element.

As personal computers are gaining in popularity
and graphics data processing technology is improving,
production of high quality hard copies not only in terms
of character data but also in graphm images has been
called for.

While thermal printers capable can print such data
at a high dot density and tone, these printers entail high
operating costs due to expensive ink ribbons the like. To
overcome this problem, ink jet printers, whose operating
costs are lower, are often used. -

However, in the case of printing, for example, a so-
called solid image that covers all or a large portion of the
surface of the recording paper, a process involving wet-
ting the entire surface of the recording paper with ink
must be employed. As a resuit, the hard copy tends to
wrinkde and that it takes a long time to dry the hard copy.
Further, in the case of printing a color image, the size of

the ink droplets ejected from the recording head must

be changed to express density gradations.

A technique for changing the size of the ejected ink
droplets is described in Japanese Patent Unexamined
Publication No. Hei. 2-6137. That is, the size of an ink
droplet is changed by adjusting the maximum or mini-
mum voltage applied to a pressure producing element.
According to this drive method, ink droplets of different
sizes are ejected by changing the volume of the con-
tracted pressure producing chamber at the time of eject-
ing the ink droplets, and the volume is returned to the
initial condition thereafter. As a result, the meniscus and
the vibration of the pressure producing element after the

ink droplet has been ejected differ from one ejection
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operation to another, thereby impairing the print quality
due to the ejection of tiny ink droplets after the main ink
. droplet has been ejected.

Prior art document EP-A-0 159 188 discloses a
method for operating an ink jet printer in which a trans-
ducer means is operated to produce a rapid expansion
in the volume of an ink chamber, and where the
expanded volume is maintained for a sufficient interval
to allow ink in the chamber to be rapidly pulled back to
form a cusp-shaped disturbance that causes a small
droplet of ink to break away and be ejected through an
ink jet orifice.

Further, prior art document PATENT ABSTRACTS
OF JAPAN, JP-A-02192947, discloses an ink ejection
system in which a driving pulse is provided to a vibrating
member that has a rise time which is equalto a natural
vibration period of an ink voiume speed in an ink nozzle,
and a driving pulse having a fall time that is N times
longer than the natural vibration period.

It is an object of the present invention to provide a
method and apparatus for driving an ink jet recording
head, in w.l'u.ch the size of an ink droplet can be changed
by maintaining the ink droplet ejection speed constant
with the volt-.ame. of a contracted pressure producing
chamber maintained constant.

- For this purpose, the invention provides a method
for driving an ink jet recording head according to inde-
pendent claim 1 and an apparatus according to inde-
pendent claim 2. Further advantageous features,
aspects and details of the invention are evident from the
dependent claims, the description and the drawings.

The present invention provides a method for driving
an ink jet recording head having a pressure producing
chamber communicating with a nozzle opening and a
piezoelectric vibrating element for expanding and con-
fracting the pressure producing chamber, the method
comprising the steps of:

exp.apf.ﬁng the pressure producing chamber under
an initial condition to 3 predetermined volume over
a first time period, the first time period being lorger
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than a natural vibration cycle of the piezoelectric
vibrating element and being suitable for forming a
desired size of an ink droplet to be ejected, wherein
a time period during which the first signal is pro-
duced is varied in accordance with the size of the
ink droplet to be ejected,

maintaining the pressure producing chamber as
expanded for a predetermined second period of
time with an expansion start time as a reference,
and

then contracting the pressure producing chamber
to the initial condition over a predetermined third
time period longer than the natural vibration cycle of

the piezoelectric vibrating element, so that the ink

droplet is ejected.

When the pressure producing chamber is
expanded to the predetermined volume over the first
predetermined time, which is longer than the natural
vibration cycle of the piezoelectric vibrating element, to
supply ink, the meniscus adjacent to the nozzie opening
is strongly pulled toward the pressure producing cham-

ber. and then quickly returns to the nozzle opening,

inducing vibration while rising up from the nozzle open-
ing. While the cycle of this vibration takes a certain
value defined by an ink flow path system, the rising
amount depends on the amplitude of the vibration in
accordance with the pressure producing chamber
expansion speed.

When the pressure producing chamber is caused to
contract over the third predetermined time, which is
longer than the natural vibration cycle of the piezoelec-
fric vibrating element, at the time the meniscus has
returned to the nozzle opening, the size of the ejecting
ink droplet is changed because the rising amount of the
meniscus depends on the pressure producing chamber
expansion speed. On the other hand, the ink dropiet
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ejection speed is maintained constant irespective of
the volume of the ink droplet because such speed
depends on the volume velacity at the time of contract-
ing the pressure producing chamber, thereby preventing
the ink droplet from being positioned out of piace on the
recording paper.

In the drawings

Figure 1 is an exploded diagram showing an
assembly of an exemplary ink jet recording head
used in the invention; '
Figures 2(a) and 2(b) are diagrams showing a state
in which a piezoelectric vibrating element is con-
tracted and a state in which the piezoelectric vibrat-
ing element is expanded in the recording head
shown in Figure 1;
Figure 3 is a diagram showing an exemplary piezo-
electric vibrating element unit used in the recording
head shown in Figure 1;
Figure 4 is a diagram showing an exemplary piezo-
electric vibrating element constituting the piezoe-
lectric vibrating element unit;
Figures 5(a) and 5(b) are diagrams showing a drive
voltage signal shorter than the natural vibration
cycle of a piezoelectric vibrating element and a dis-
placement of the piezoelectric vibrating element
brought about thereby, and Figures 5(c) and 5(d)
are diagrams showing a drive volitage signal longer
than the natural vibration cycle of the piezoelectric
vibrating element and a displacement of the piezo-
electric vibrating element brought about thereby:
Figure 6 is a block diagram showing an exemplary
drive circuit for driving the recording head shown in
Figure 1;
Figures 7(a), 7(b), 7(c) and" 7(d) are diagrams
showing operations of the drive circuit of the inven-
tion, in which Figure 7(a) shows a print auxiliary sig-
nal; Figure 7(b), the operation of charging and
- discharging a piezoelectric vibrating element; Fig-

ure 7(c), a change in the volume of a pressure pro-
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Figure 8 is a diagram showing a relationship
between the size of an ink droplet and the ink drop-
let ejection speed defined by the drive circuit;
Figures 9(a) to 9(g) are photographs showing an
ink droplet, the photographs being taken while a
pressure producing chamber expanding time is
being changed every predetermined interval from
an expansion start time;
Figure 10 is a sectional view showing'ancther
exemplary piezoelectric vibrating element to which
the invention can be applied; and
" Figure 11 is a block diagram showing an exemplary
drive circuit of the invention which is suitable for
driving a recording head using the piezoelectric
vibrating element shown in Figure 10.

Details of the invention will now be described with
reference to preferred embodiments shown in the draw-

ings.

Figure 1 is an exploded diagram showing an
assembly of an exemplary ink jet recording head used in
the invention. In Figure 1, reference numeral 1 desig-
nates a nozzle plate having arrays 3 of nozzle openings
with the nozzles being formed at a predetermined pitch,
e.g., 180 dpi. Each array has nozzle openings 2 (Figure
2).

Reference numeral 4 designates a spacer inter-
posed between a vibrating plate 10 (described later)
and the nozzle plate 1. The spacer 4 defines pressure
producing chambers S and reservoirs 6 so as to corre-
spond respectively to the arrays of nozzle openings as
shown in Figure 2. Ink supply ports 7 communicating
with the pressure producing chambers 5 and the reser-
voirs 6 are aiso formed in the spacer 4.

Reference numeral 10 designates the vibrating
plate, which forms the pressure producing chambers S
while confronting the nozzle plate 1 through the spacer
4. The vibrating plate 10 inciudes island portions 15 and
thin portions 10a around the island portions 15. Each
island portion 15 has a rigidity such that displacements
induced by contraction and expansion can be transmit-
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ted to as wide an area as possible by causing the vibrat-
ing plate 10 to abut against a distal -end of a
piezoelectric vibrating element 14 of a plezoelectr!c
vibrating element unit 12 (described later) as shown in
Figure 2. As a resuit of this construction, the pressure
producing chamber § can be contracted and expanded
efficiently in response to the contraction and expansion
of the corresponding piezoelectric vibrating element .14.
As shown in Figure 3, each piezoelectric vibrating
element unit 12 includes half of the piezoelectric vibrat-
ing elements 14. The piezoelectric vibrating elemer]t
unit 12 is fixed on a fixed plate 16 with the piezoelectric
vibrating elements 14 being arranged at a predeter-
mined pitch. The piezoelectric vibrating elements 14
vibrate in a vertical vibrating mode. '

Each vibrating element 14 is, as shown in Figure 4,
arranged so that a plurality of sets, each set composed
of a piezoelectric vibrating material 22 interposed
between a drive electrode 23 and a common electrode
24, are laminated one upon another in sandwich-like
form. The drive electrodes 23 are exposed from a lateral
side of the piezoelectric vibrating element 14 and con-
nected in parallel to one another through a drive exter-
nal electrode 25 formed by, e.g., vapor deposition. The
common electrodes 24 are exposed from the other lat-
eral side of the piezoelectric vibrating element 14 and
connected in parallel to one another through a common
external electrode 26. The common external electrode
26 is connected through an electrically conductive
member 27. _

Returning to Figure 1, reference numeral 32 desig-
nates a substrate, which has unit accommeodating holes
33 and an ink supply port 34 for supplying ink from an
ink tank to the ink reservoirs 6. The unit accommodating

holes 33 accommodate the vibrating element units 12
so that free ends of the piezoelectric vibrating elements

14 are exposed thersfrom. The vibrating plate 10, the
spacer 4, and the nozzle plate 1 are aligned on a sur-
face of the substrate 32 and fixed by a frame body 35 to
form a recording head body. The frame body 35 serves
also as an electrostatic shield. Reference numeral 36 in
Figure 1 designates a base plate for mounting the
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recording head on a carriage.

In this construction, the vibrating plate 10 is made
of a metal plate or a synthetic resin plate so that the
vibrating plate 10 can be deformed at a higher efficiency
by the displacement of the piezoelectric vibrating ele-
ment 14. When the piezoelectric vibrating element 14 is
expanded (Figure 2(b) to jet an ink droplet under a con-
dition in which the piezoelectric vibrating element 14 is
subsequently contracted (Figure 2(a)), then the corre-
sponding pressure producing chamber 5 is compressed
in response to the expansion of the piezoelectric vibrat-
ing element 14. As a resuilt, the ink pressure in the pres-
sure producing chamber 5 is increased on the order of
several atmospheres of pressure substantially instantly
to eject the ink present in the pressure producing cham-
ber 5 as an ink droplet. Reference numeral 15 in Figure
2 designates the island portion for transmitting the dis-
placement of the piezoelectric vibrating element 14 over
a wide area on the vibrating plate 10.

It is known that when a piezoelectric vibrating ele-
ment 14 that vibrates vertically is charged at a cycle T1
that is shorter than a natural vibration cycle Ta thereof
or discharged at a cycle T2 that is also shorter than the
natural vibration cycle Ta (Figure 5(a)), the piezoelectric
vibrating element itself generates a residual vibration at

. the natural vibration cycle Ta after the charging or dis-
charging has been completed, as shown in Figure 5(b).
When the residual vibration of the piezoelectric vibrating
element is transmitted to the ink in the pressure produc-
ing chamber through the vibrating plate 10, the menis-
cus of the corresponding nozzle opening 2 starts
vibrating in an extremely unstable manner due to the
very short cycle of the residual vibration, and when the
meniscus reaches a predetermined position, it
becomes extremely difficult for the piezoelectric vibrat-
ing element to vibrate with satisfactory repetitiveness. f,
while the meniscus is vibrating, the piezoelectric vibrat-
ing element is caused to expand to produce ink drop-

-
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lets, ink droplets are ejected without fail, but dots to be
formed on the recording paper by such ink droplets are
subjected to variations due to variations in the size and
ejection speed of the ink droplets in dependence on the
position of the meniscus.

In contradistinction thereto, in accordance with the
invention, the charging cycle T1 as well as the discharg-
ing cycle T2 of the piezoelectric vibrating element 14
are set to intervals longer than the natural vibration
cycle Ta thereof. Iif the piezoelectric vibrating element 14
is charged or discharged under these conditions (Figure
5(c)), the piezoelectric vibrating element 14 is displaced
and expands as directed by a drive waveform without
causing residual vibration, as shown in Figure 5(d). In

" this case, the meniscus produces regular vibrations of a

cycle longer than the natural vibration cycle of the pie-
zoelectric vibrating element 14. Therefore, it is possible
to set the charging and the discharging cycles to inter-
vals longer than the natural vibration cycle Ta, i.e., the
rise ime T1 and the fall ime T2 are set to intervals
longer than the natural vibration cycle Ta of the piezoe-
lectric vibrating element 14, and it is also possible to set
the piezoelectric vibrating element 14 drive. timing for
jetting an ink dropiet by taking into account the displace-
ment derived from the vibration of the meniscus. As a
result, stable ink droplets can be produced while the
meniscus is vibrating.

Figure 6 shows an exemplary circuit for driving the
ink jet recording head. in Figure 6, reference numeral
IN1 designates an input terminal which receives a prini
auxiliary signal S1 for generating a drive voltage thal
causes the pressure producing chamber 5 of the
recording head to contract (which is the standby state)
or causes the pressure producing chamber 5 to expand
(which is the state in which ink is sucked into the cham-
ber 5), and INd designates a data input terminal for
receiving data from a host apparatus. _

Reference numeral 40 designates a text/graphics
data judging unit, which judges whether data inputted to
a print buffer 41 from the terminal INd is text data or
graphics image data based on the inputted data, and
outputs a reference voltage Vref to a variable time con-

In association ther eVREMLACENENT SHEET
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stant adjusting unit 43 (described later) in accordance
with the resuit of the judgment. Reference numeral 43
designates the variable time constant adjusting unit,
which adjusts the pressure producing chamber S
expansion speed. The variable time constant adjusting
unit 43 adjusts arbitrarily the time constant by the refer-
ence voitage Vref from the data judging means 40. In
the case where the print data includes only text data, a
reference voltage Vref1 is inputted, which sets a first
fime constant that is longer than the natural vibration
cycle of the piezoelectric vibrating element 14, whereas
in the case where the print data inciudes only graphics
image data, a reference voitage Vref2 is inputted, which
sets a second time constant that is longer than the first
time constant. Reference numeral 42 designates a fixed
time constant adjusting unit for setting a pressure pro-
ducing chamber 5 contracting speed, which is set so as
to yield a contraction interval longer than the natural
vibration cycle of the piezoelectric vibrating element 14.

Reference numeral 44 designates a switching tran-
sistor whose base is connected to the input terminal
IN1. The switching transistor 44 controls the operation
of the fixed time constant adjusting unit 42 with the print
auxiliary signal S1 inputted to the terminal IN1 in syn-
chronism with a print timing signal. The fixed time con-
stant adjusting unit 42 is activated when the fransistor
44 is turned on, and generates a voltage waveform for
causing the piezoelectric vibrating element 14 to
expand at a time constant determined by a circuit con-
stant to thereby bring the pressure producing chamber

5 into the contractina state, which is the standby state.
Reference numeral 48 designates a switching tran-

sistor whose base is connected to the terminal IN1. This
switching transistor 48 operates the variable time con-
stant adjusting unit 43 by turning a transistor 49 off
when the fixed time constant adjusting unit 42 is inoper-
ative. The variable time constant adjusting unit 43 gen-

erates a voltage waveform for causing the piezoelectric

vibrating element 14 to contract at a time constant
determined by a circuit constant to thereby expand the
pressure producing chamber 5. In Figure 6, reference
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numerals 50 and 51 designate current amplifying tran-

sistors. _

The respective piezoelectric vibrating elements 14
have first terminals thereof connected to the current
amplifying transistors S0 and 51, and the second termi-
nals thereof grounded through transistors T that are to
be turned on by print signals. A diode D is inserted to
connect the collector and the emitter of each transistor.

Since the voltage level of the print auxiliary signal
S1 to be inputted to the terminal IN1 is initially high, the
fixed time constant adjusting means 42 is operative, and
therefore the commonly connecting terminal side of the
piezoelectric vibrating element 14 is maintained at a
negative potential of substantially -VL (volits). As a
result, all the piezoelectric vibrating elements 14 are
charged through the diodes D so that these elements
are caused to expand, thus keeping the pressure pro-
ducing chambers S contracted.

When the print auxiliary signal S1 goes fow, only
the piezoelectric vibrating element 14 connected to the
transistor T that has been turned on by the print signal
is discharged through the transistor T.

The operation of the thus-constructed drive voltage
signal generating circuit will be described based on the
diagram shown in Figure 7.

Upon input of print data from the host apparatus to
the print buffer 41, the print data judging unit 40 checks
if the print data includes graphics image data. Since the
print data includes only text data in this case, the print
data judging unit 40 outputs the reference Voltage Vref1
for text data. _

When the recording head moves by a unit distance
under this condition, a print timing signal for forming a
single dot is generated at a time t1 by a printer body (not
shown), and in synchronism therewith, the print auxil-
iary signal S1 that has been high goes low and is
received by the terminal IN1. Then, the transistor 44 is
turned off to inhibit the operation of the fixed time con-
stant adjusting unit 42. At the same time, the transistor
l48 and also the transistor 49 are turned off to operate
the variable time constant adjusting unit 43. As a result,
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the terminal voitage of a capacitor 47 is increased to 0
(volt) from substantially -VL (voits) by the reference voit-
2ge Vref1 at a rate determined by the first ime constant
defined by the circuit constant, thus to generate the
drive voitage from the current amplifying transistors 50
and 51.

In association withthe above operation, charges
Stored in the piezoelectric vibrating elements 14 con-
nected to the transistors T that have been turned on by
the print signals at an interval between times t1 and £2° -~
are discharged through the transistors T (Figure 7(b)).
This causes the piezoelectric vibrating elements 14 to
contract, thereby causing the corresponding pressure
producing chambers S to expand (Figure 7(c)). The
expansion of the pressure producing chambers S infro-
duces ink into the pressure producing chambers S from
the reservoirs 6 through the ink supply ports 7, and at
the same time causes the meniscuses of the corre-
sponding nozzle openings 2 to retreat toward the pres-
sure producing chambers S.

When the terminal voitage of the capacitor 47 is
substantially zeroed at time t2', the increase in the ter-
minal voitage is blocked by a diode S2. The drive voit-
age is thereafter maintained at a fixed level of
substantiaily 0 (volt) until the print auxiliary signal S1
that has been low goes high.

Here, since the first time constant, i.e., the lnterval
between times t1 and t2', is set to an interval longer than
the natural vibration cycle of the piezoelectric vibrating
element 14, the piezoelectric vibrating element 14 stops
without undergoing a damped oscillator motion, thereby
stopping the volumetric change of the pressure produc-
ing chamber 5. On the other hand, the meniscus formed
adjacent to the nozzle opening 2 vibrates at a vibration
cycle defined by a flow path system irrespective of the
displacement of the piezoelectric vibrating element 14,
thus changing the position thereof with time (Figure
7(d))- -

When the print auxiliary signal S1 goes high at a
time (ime t3) after the elapse of a predetermined time in

-~ this way, the operation of the variable time constant
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adj ustmg unit 43is inhibited, and the fixed time constant
adjusting unit 42 starts operating instead. Therefore, the
terminal voltage of the capacitor 47 drastically drops to
-VL (volts) again, thus generating a similar drive voltage
through the current amplifying transistors S0 and 51.

As a result, the piezoelectric vibrating elements 14
that have been discharged by the print signals in the
above-mentioned operation are suddenly charged and
expanded through the diodes D with the common con-
necting terminal side thereof as the negative potential
(Figure 7(b)). Accordingly, the pressure producing
chambers 5 are caused to contract to jet ink droplets
from the corresponding nozzle openings 2 and form
dots on the recording paper.

The above operation is repeated so that a dot is
formed on the recording paper every time a print timing
signal is generated as the recording head moves.

On the other hand, if image data is included in the
print data outputted from the host apparatus, the print
data judging unit 40 outputs to the variable time con-
stant adjusting unit 43 the reference voltage signal
Vref2 for setting the second time constant that is longer
than the first time constant.

When the recording head moves by the unit dis-
fance under this condition, the print timing signal for

forming a sinale dot is similarly generated at time t1
from the printer body (not shown), and in synchronism

therewith, the print auxiliary signal S1 that has been

high goes low and is inputted to the terminal IN1.
As a result, the transistor 44 turns off to inhibit the
operation of the fixed time constant adjusting unit 42,
and simuitaneously therewith, the transistor 48 and the
transistor 49 turn off to operate the variable time con-
stant adjusting unit 43. This operation of the variable
. time constant adjusting unit 43 increases the terminal
voltage of the capacitor 47 to 0 (volt) from substantially
-VL (voits) at the second time constant that is longer
than the first ime constant defined by the circuit con-
stant, so that a drive voltage is generated by the current

_ amplifying transistors 50 and 51.

T ——————— In association therewith, the piezoelectric vibrating
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been turned on by the print signals at an interval
between times t1 and {2 are discharged through the
transistors T (Figure 7(b)). Accordingly, the piezoelectric
vibrating elements 14 contract, whereas the pressure
producing chambers 5 expand (Figure 7(c)). The expan-
sion of the pressure producing chambers 5 introduces
ink to the pressure producing chambers S through the
ink supply ports 7 from the reservoirs 6, and at the same
time, the meniscuses of the nozzle openings 2 retreat
toward the pressure producing chambers 5 (Figure
7(d)).

When the terminal voltage of the capacitor 47 drops
to substantially 0 (volt) at time t2, the diode 52 blocks
the increase in the terminal voltage, so that the drive
voltage is thereafter maintained at a fixed level of sub-
stantially 0 (volt) until the print auxiliary signal S1 goes
high from low.

Since the second time constant, ie., the interval
between times t1 and {2, is set to an interval that is
longer than the natural vibration cycle of the piezoelec-
tric vibrating element 14, the piezoelectric vibrating ele-
ment 14 stops without undergoing oscillatory damping,
whereas the volumetric change of the pressure produc-
ing chamber 5 is also stopped. In contrast thereto, the
meniscus formed adjacent to the nozzle opening 2
vibrates at a vibrating cycle defined by the flow path sys-
tem irrespective of the displacement of the piezoelectric

vibrating element 14, thus changing the position thereof
with time (Figure 7(q)).

When the print auxiliary signal S1 goes high at a
time (time t3) after the elapse of a predetermined time
period in this way, the operation of the variable time con-
stant adjusting unit 43 is stopped, whereas the opera-
tion of the fixed time constant adjusting unit 42 is
started. As a resuit, the terminal voltage of the capacitor
47 rapidly drops to -VL (volts) again, and a similar drive
voltage is generated through the current amplifying
transistors 50 and 51. ]

The piezoelectricvibrafing elements 14 that are dis-
charged by the print signals in the above operation

mng oscill atory danpi ng. whereas the
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expand while charged through the diodes D with the
common connecting terminal side as the negative

potential (Figure 7(b)). Accordingly, the pressure pro-
ducing chambers S contract, which causes ink dropiets

to be jetted from the corresponding nozzie openings 2
to from dots on the recording paper.

The above operation is repeated so that a dot is
formed on the recording paper every time a print timing
signal is generated as the recording head moves.

in this manner, since the pressure producing cham-
ber 5 expansion speed changes based on the resuit of
the judgment made by the data judging unit 40, the
vibration cycle and phase of the meniscus formed adja-
cent to the corresponding nozzle opening 2 remains
unchanged as shown in Figure 7(d)), but the maximum
displacement of the meniscus is changed. As a resuit,
the position of the meniscus at the time of jetting an ink
droplet is displaced to M2' in the case of printing text
data, and to M2 in the case of printing image data.
Since M2' > M2, the volume of a ejecting ink droplet
becomes larger in the case of printing text data.

On the other hand, since the piezoelectric vibrating
element 14 expands at a fixed speed, the pressure pro-

. ducing chamber 5 contracting speed is also fixed.
Therefore, no change takes place in the ink droplet ejec-
fion speed irrespective of the volume of the ink droplet.
This means that the ink droplet is onto a single point on
the recording paper irrespective of the volume thereof,
thus achieving printing with an amount of ink corre-
sponding to the print data without impairing the print
quality. .

Figure 8 shows the relationship between the pres-

sure producing chamber 5 expansion speed and the
volume of an ink droplet (a curve indicated by a broken
line), and the relationship between the pressure produc-
ing chamber § expansion speed and the ink droplet
ejection speed (a curve indicated by a solid line). This
figure shows that when the pressure producing cham-
ber S is caused to expand at a cycle longer than the nat-
ural vibration cycle of the-piezoelectric vibrating element
14, the ink droplet ejection speed remains at a fixed
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level irrespective of the volume thereof, even though the
volume thereof increases with increasing pressure pro-
ducing chamber S expansion speed.

Figure 9 is a series of photographs indicating the
size of an ink droplet as well as the distance thereof
from the nozzle opening, ie., the ink droplet ejection
speed. More specifically, the photographs show condi-
fions adjacent to the nozzle opening after the elapse of__
a predetermined time from the generation of the ink
droplet, which is produced by not only changing the pie-
2oelectric vibrating element 14 contracting speed, i.e.,
the pressure producing chamber § expanding time to a
level of 20 usec at intervals of 2 usec from 8 usec, but
also the expansion of the piezoelectric vibrating ele-
ment 14 after the elapse of a predetermined time from.
the time of starting of the contraction of the piezoelectric
vibrating element 14.

As is apparent from the photographs, while the size
of the ink droplet becomes larger as the expanding time
is shortened and the size of the ink droplet becomes
smaller as the expanding time is lengthened, the tips of

the respective ink droplets are posiuoned tiush with orié~
another. That is, it is demonstrated that the volume of
the ink droplet can be adjusted by changing the pres-
sure producing chamber 5 expansion speed without
changing the ink droplet ejection speed.

While the case has been described where the
invention is applied to a recording head using d33
effect-based piezoelectric vibrating elements in which
electrodes are arranged perpendicular to the piezoelec-
fric vibrating element expansion direction, it is apparent
that similar effects can be obtained by applying the
invention to the driving of a recording head using d31
effect-based piezoelectric vibrating elements 64 in
which drive electrodes 61 are arranged with a piezoe-
lectric material 63 interposed therebetween and in
which common electrodes 62 are arranged with a piezo-
slectric material 63 interposed therebetween, both elec-
rodes and piezoelectric materials extending parallel to
the expanding direction, as'shown in Figure 10.

That is, in Figure 11, reference numeral 72 desig-
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nates a variable time constant adjusting unit for setting
the pressure producing chamber expansion speed. If
the signal from the data judging unit 40 indicates that
the print data includes only text data, the first time con-
stant that is longer than the natural vibration cycle of the
piezoelectric vibrating element 64 is set, whereas if the
print data includes only graphics image data, the sec-
ond time constant that is longer than the first time con- ~
stant is set. Reference numeral 73 designates a fixed
fime constant adjusting unit for setting the pressure pro-
ducing chamber contracting speed. The fixed time con-
stant is a time longer than the natural vibration cycle of
the piezoelectric vibrating element 64 in this embodi-
ment.

The piezoelectric vibrating elements 64 have first
lerminals thereof connected to the current amplifying
ransistors 50 and §1, and the second terminals thereof
grounded through the fransistors T. A diode D is
inserted to connect the emitter and the collector of each
fransistor T. Since the voitage level of the print auxiliary
signal S1 to be inputted to the terminal IN1 is initially
high, the fixed time constant adjusting unit 73 is opera-
live, and therefore the common connecting terminal
side of the piezoelectric vibrating element 64 is main-
lined at a fixed level of substantially O (volt). As a
resuit, all the piezoelectric vibrating elements 64 are
discharged through the diodes D to substantially zero
the applied volitage.

Thus, when the print auxiliary signal S1 goes low,
only the piezoelectric vibrating element 64 connected to
the transistor T that has been turned on by the print sig-
nal is discharged through the transistor T, thereby caus-
ing the corresponding pressure producing chamber S to
be expanded.

As a result of the above construction, the pressure
producing chamber S is caused to expand during the
ime the piezoelectric vibrating element 64 is being
charged, whereas the voltage applied to the piezdelec-
tric vibrating element 64 becomes substantially zero

__,__———————‘_'.’_'_/_'__— « -
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uring the time the piezoelectric vibrating element 64 is
being discharged, so that an ink droplet is jetted when
the pressure producing chamber 5 being contracted.
Therefore, by setting the time constant of the variable
time constant adjusting unit 72 to a long interval in
response to the signal from the data judging unit 40 in
the case of printing image data and to a short interval in
the case of printing text data, the volume of the ink drop-
let can be adjusted with the ink droplet ejection speed

_maintained at a fixed level in a manner similar to that of

the above-mentioned embodiment.
The pressure producing chamber expansion speed

_is set to two levels in the above embodiments. I such

speed is adjusted to three or more levels in accordance
with the density of an image, a more subtle density
adjustment can be given to the image data. Thatis, if an
image has a high dot density, the size of an ink droplet
can be adjusted to be smailer, whereas if an image has
a low dot density, a dot containing a larger amount of ink
is used for the printing. As a result, a uniform density
can be maintained over the entire part of the image.

As described in the foregoing, the invention is char-
acterized as adjusting the volume of an ink droplet with-
out changing the ink droplet ejection speed. This
operation can be performed by ejection an ink droplet
with the pressure producing chamber in an initial condi-
tion expanded to a predetermined volume over a time
which is longer than the natural vibration cycle of the
piezoelectric vibrating element and which corresponds
to the size of the ink droplet to be ejected, by maintain-
ing the pressure producing chamber as expanded for a
predetermined interval with the expansion start time as
a reference, and then by contracting the pressure pro-
ducing chamber to the initial condition over a predeter-
mined time that is longer than the natural vibration cycle
of the piezoelectric vibrating element in a method for
driving an ink jet recording head having not only pres-
sure producing chambers communicating with nozzle
openings but also piezoelectric vibrating elements for
expanding and contracting the pressure producing

I ch es i nk droplets to be jetted fromthe
ecordi ng paper.
fred on the recording
g signal | S geners as the recording head
e the pressure producing cham ber 5
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chambers. As a result of the above operation, produc-

tion of wrinkles can be prevented without impairing the

ect Has Been Replaced

\\ll\l\\ LY



t he Judgnen»
- phase of thg ﬁgpl
2 remai ns u
of the neni
the tine of
printing te

unit 40, the vibration cycle and

e correspondi ng nozzl e openi ng

NC I n dHAS v yhe maxi mum di spl acenent
ECYS i S chang 1A} aré &€Dpositjon of the neniscus at
j et &ihg\ah 1 rhplet is displace M2' in the case of

a.—and to JRin the case of printing i mage data.

- 18 - REPLACEMENT SHEET

print quality by minimizing the wetting of the recoraing
paper at the time of printing image data. :
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1. A method for driving an ink jet recording head hav-
ing a pressure producing chamber (5) communicat-
ing with a nozzle opening (2) and a piezoelectric
vibrating element (14, 64) for expanding and con-
tracting the pressure producing chamber (5), the
method comprising the steps of: .

expanding the pressure producing chamber (5)
under an initial condition to a predetermined
volume over a first time period, the first time
period being longer than a natural vibration

cycle of the piezoelectric vibrating element (14,
64) and being suitable for forming a desirea

size of an ink droplet to be ejected, wherein a
time period during which the first signal is pro-
duced is varied in accordance with the size of
the ink droplet to be ejected,

maintaining the pressure producing chamber
(5) as expanded for a predetermined second
period of time with an expansion starttime as a
reference; and

then contracting the pressure producing cham-
ber (5) to the initial condition over a predeter:
mined third time period longer than the natural
vibration cycle of the piezoelectric vibrating ele-
ment (14, 64), so that the ink droplet is ejected.

2. An apparatus for driving an ink jet recording head
having a pressure producing chamber (5) commu-
nicating with a nozzle opening (2) and a piezoelec-

* tric vibrating element (14:64) for expanding and
contracting the pressure producing chamber (5),
especially according to claim 1, the apparatus com-

R <ionall generating means or cycically RN O A0

generating a first signal for expanding the pres-
sure producing chamber (5) under an initial

condition to a predetermined volume over a

first period of time being longer than a natural
This Sheet Has Been Replaced
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24 Pho§ 1938 ment (14:64) and being suitable for forming a
| desired size of ink droplet, a second signal for
maintaining the pressure producing chamber
(S) as expanded for a predetermined second
period of ime with an output start time of the
first signal as a reference, and a third signal for
contracting the pressure producing chamber
(S) to the initial condition over a predetermined
third period of time longer than the natural
vibration cycle of the piezoelectric vibrating ele-
ment (14;64); and
means for selectively applying a drive signal
from the drive signal generating means to the
' piezoelectric vibrating element (14;64);

wherein

a time period during which the first signal is
produced is varied in accordance with the slze
of the ink droplet to be ejected.

3. The apparatus for driving an ink jet recording head
according to claim 2, further comprising data judg-
ing means (40) for judging whether or not data
inputted to a print buffer includes graphics image
data, and wherein the time for producing the first

~ signal is set to a shorter value in the case of printing
text data and to a longer value in the case of print-
ing graphics image data in accordance with a signal
from the data judging means (40).

4. The apparatus for driving an ink jet recording head
according to claim 2 or 3, wherein the first, second
and third signals are first, second and third voltage
wave-forms , respectively, and the drive signal is a

_voltage signal. '

H\E‘ The apparatus for driving an ink jet recording head

ing to claim 4, wherein the drive voltage sig-

R "a' ge"e'aﬂﬂg means camprises & charging and

circuit comprising variable resistor

means and capacitor (47), the time for producing

- the first voltage wave-form being adjusted by
This Sheot Has Been changing value of the variable resistor means.
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Rnd the ink droplet ejection speed (a curve

I ng chanber?. B |
i ndi cat ed by} i{$ THI§SHEEE HARBEENal when the pressure
produci ng ch nR t o exPEaCED a cyg¢l e | onger than the nat-

ural vibrati oel ec:[_r'gg vibrating el enment 14. the ink
dropl et ej ectfo gﬂeeﬁd’ﬁ t a fix

ABSTRACT REPLACEMENT SHEET

The ink jet printing head of the preseant invention prints image data with
ink droplets without impairing print gquality or causing the
recording paper to be excessively wetted. The ink jet

recording head includes 'pressu:e producing chambers (5) communicating with
nozzle openings (2), and piezoelectric vibrating elements (14) for
expanding and contracting the pressure producing chambers (5). Whether

print data is graphics image dJaja or }ex‘-

data is judged by a data judging unit, and as a result of the
judgment, a time constant of a variable time constant adjusting
unit is set to a longer time in the case of printing image data.
than in the case of printing text data. Accordingly, the
pressure producing chambers (5) are caused to expand without

undergoing damped oscillation for a time which is longer than

the natural wvibration cyclé of the piezoelectric vibrating

element (14) and which specifically corresponds to the print data.

Figure 2-{b)
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| evel irrespective of the volunme tHeregfgy 1 gh the vol unme t hereof
I ncreases Wi th increasing pressure |pro- QEIIQL' ¢ %%ﬁmr 5 expansi on speed.
Figure 9 ts a serles of gr aphs Tndires WE2t he size of an ink dr opl et
as well asSTH ) rdof fromthe nozzle opening. i.e., the ink
dropl et ej specifically, the photographs show condi -

tions adj adent ppeni ng after2 the el apse of

to—The nozzI
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vi brating el enment 14. " As is apparent fromthe photographs, while the
size of the ink droplet becones [l fd& he expanding tinme is shortened

and the size of the ink droplet|beco Hﬁggﬂﬂﬂmﬂm¢u the expanding lime is
| engt heneds i espectwe—LtfEBropl ef s are positioned flush
with one aJoBEpLA EMENT SHEETt] i s denonstrated Tirat the vol ume of the ink
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sure produci ng chanber 5 expansion speed without changing the ink dropl et

ej ection speed. Wil e the casem@gm%ggm ged where the invention
is applied to a recording head usj ng dEpehdgst - baded piezoel ectric
vi brating el enments bt perpendl cular to the

'%{i\_w.)EMEN@ ﬁiﬁﬁe ht expan5| on direction, it is apparent that
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invention to the driving of a recording he - based

pi ezoel ectric vibrating elenents 64 in whi FI?E%ELIE Ast%TrE{(:ige 61 are

drranged With a pi €208 SolulinCelBlCldall 63—-f—ﬁ-t-e-r-pe-e-e$(—hereboetmeen and in

whi ch common el ectr ‘ﬂEPE&CEﬂE‘WWQ with a piezo- electric material 63
Qt alecs

I nt er posed t her ebet weep, 0 SS and pi ezoelectric materials
extendi ng parallel t hs &exﬂﬁn%fﬁg di g ecti o.n5 at shown in Figure 10.
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ment.” The pi ezoel ectric vibrati jgREPAREMENTe SHEEL d {
t hereof connected to the current angl iffyrng tansistqr g :
second terminals thereof grounded tRrqughgt peTt "ggam st =A diode Dis
inserted to connect the emtter and{the collector dach transistor T.
Since the voltage | evel of the pring auxilrary S|gncll Sl to be inputted to
the termnal INl is initially REPLACEMENT SHEET

-3-

For this purpose, the invention provides a method for driving an ink jet recording
head according to independent claim 1 and an apparatus according to independent
claim 2. Further advantageous features, aspects and details of the invention are
evident from the independent claims, the description and the drawings. The claims
are intended to be understood as a first non-limiting approach of defining the
invention in general terms.

The invention provides a method for driving an ink jet recording head having a
pressure producing chamber communicating with a nozzle opening and a
piezoelectric vibrating element for expanding and contracting the pressure producing
chamber, the method comprising the steps of: expanding the pressure producing
chamber in an initial condition to a predetermined volume over a first time period
which is longer than a natural vibration cycle of the piezoelectric vibrating element
and which corresponds to a size of an ink droplet to be ejected; maintaining the
pressure producing chamber as expanded for a second predetermined period of time
with an expansion start time as a reference; and then contracting the pressure
producing chamber to the initial condition over a third predetermined time which is
longer than the natural vibration cycle of the piezoelectric vibrating clement, so that
the ink droplet can be ejected.

When the pressure producing chamber is expanded to the predetermined volume
over the first predetermined time, which is longer than the natural vibration cycle of
 the piezoelectric vibrating element, to supply ink, the meniscus adjacent to the nozzle
opening is strongly pulléd toward the pressure producing chamber, and then quickly
returns to the nozzle opening, inducing vibration while rising up from the nozzle
opening. While the cycle of this vibration takes a certain value defined by an ink
flow path system, the rising amount depends on the

This Sheet Has Been Replaced
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hir“(jh', ‘t he fixed tinme constant adjusting unit 73 is opera- live, andéé’é?l:"

theref ere the common connecting ternminal side of the piezoel ectri‘c®

vibrating el ement 64 is main- ained at a fixed | evel ¢f jsubstantialTy]O _
(volt). As a result all the piezoelectric vibrating el ejerﬂﬂ B8£Ta1088

di scharged through the diodes D to substantially zerojhdq_applied voltagqg.
Thus, when the print auxiliary signal S1 goes |ow,

-29. REPLACEMENT SHEET
Abstract
METHOD AND APPARATUS FOR DRIVING INK JET RECORDING HEAD

The ink jet printing head of the present invention prints image data with ink droplets

- without impairing print quality or causing the recording paper to be ekcessively wetted.
The ink jet recording head includes pressure producing chambers (5) communicating
with nozzle openings (2), and piezoelectric vibrating elements (14) for expanding and
contraéﬁng the pressure produciﬁg chambers (5). Whether print data is graphics image
data or text data is judged by a data judging unit, and as a result of the judgment, a time
constant of a variable time constant adjusting unit is set to a longer time in the case of
printing image data than in the case of printing text data. Accordingly, the pressure
producing chambers (5) are caused to expand without undergoing damped oscillation for
a time which is longer than the natural vibraﬁon cycle of the piezoelectric vibrating

clement (14) and which specifically corresponds to the print data.

Figure 2(b)
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only the piezoelectric vibrating e msm%%ﬁ@@t’e\g to heRERIAQE P
Tthat has been turned on by the print siREPLAGEP|s dikchar ge WT g}
transistor T. thereby caus- ing the correspondi ng pressur ﬁcgﬁg

chanber 5 to be expanded. As a result of the above copstr 13%
pressure produci ng chanber 5.is caused #d expand during tpe tTme—the
plezoelectrlc vibrating el enent 64 is being
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charged, whereas the vol tage appligd-ta the piezoel ec- t‘.*EPRACS%NTngﬂEET
el ement 64 becones substantial |y zedHBIS SHEET Has BEPJ
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respoﬁse to the signal fromthe dataj]j
printing image data and to a short
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As’ described in the foregoing, the invention is char- acterize Taf

adJ ustirng the volunme of an ink droplet w
ej ection speed. This operation can be pe fBEMEMEhH UE' N an i

with the pressure producing chanber in ag igrtsat—condr=-1tijon expanded to

_predeterm ned vol une over a time whi Chal orgﬁ 0 Ijagsﬂs @ rlatural vibration
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FIG. 7 a .

FIG. 7 b

PIEZOELECTRIC

CHARGING AND
DISCHARGING
VOLTAGE OF
ELEMENT

0 1 t2' 2 t3 t4 TIME

UME

FIG. 7¢c

PRODUCING CHAMBER

CHARGE IN VOL
OF PRESSURE

TIME

NN
~
'~
N,
L4
”

=
. l) N\

FIG. 7d

POSITION OF MENISCUS

_—

This Sheet H Replaced

LT



to.the size of the ink droplet to be—etected 1 nj ain © £
produci ng chamber as expanded for a ﬁ?“gﬁé @éﬁﬁt brval WC&?{@W §?‘Eé'
expansion start tinme as a referencei.and —By—eontf act ijngd the pressure
pro- ducing chanber to the initial condition over a predetjer}- 28n&g Tt 1988
that is longer than the natural vibration cygle of the pi 4zdel ectric :
vibrating element in a nethod for driving an"ink jet recofdi ng head havi ng

not only pres- REPEAGEMERT-S :

SPEED AND THE VOLUME
OF AN INK DROPLET

= I >

Ta

PRESSURE PRODUCING CHAMBER
EXPANDING SPEED

-
Been Replaced

i



sure produci ng chanbers comuni cat i
pi ezoel ectric vibrating el enments for
produci ng chanmbers. As a result of t
wri nkl es can be prevented w thout i

This Sheet Has Been R

T

npairing the

-8

LNQS

L

bt FLACEST T Srir,

racllrmrﬂﬁﬂrﬁﬁﬁessum@

pr

Dd

12 f1@PTkgs |

b i .

ULl Arra e~

T

Ul W
LA ey ke oy '".’ S ‘;EIL'T ceremnamef

PRESSURE
CHAMBER
EXPANSION
CYCLE

T1 (us)

T1=20

T1=18

T1=16

T1=14

T1=12

T1=10



REPLAEZENEW SHEET - ' e« e e e o e s
! [ THISRHEET HAS BEEN REPLACEMINT S T
Caibn okt

" REPLACED
20 0CT 1998

-9 -
REPLACEMENT SHEET
63 62
FiG. 10
61
64 —>
-

Been Replaced

\\\\\\\\\\\\\\\\\\\\\\\\\



pri.nt ‘qual ity by mnimzing the wetting of the recording JM’ILAQEMENE %t?[ﬁg
of printing inmage data. ~
28 GCT 1908

-10 -

ET%ACEMENT SHEET
- -0

R

VH
JAN

N .
= S
) =8c R
Q 525 \
W . )
o |
=i
]
1
gl |

Has Been Replaced

"



- 19"_- d ai s "1. A nethod or drivi ng an ink jet Y di ng r?égbAEBMENT SHEET _

ing a pressure produci ng chanber (5) conmunicat - I ng th a nozzle
opening (2) and a piezoel ectric 10 AUG 1993

-1 - 1 p—

REPLACEMENT SHEET

METHOD AND APPARATUS FOR DRIVING INK JET RECORDING HEAD
Description

The present invention relates to a recording appa-
ratus for printing print data including image data by jet-
ing an ink droplet from a nozzle opening while
displacing a pressure producing chamber using a piezo-
electric vibrating element.

As personal computers are gaining in popularity
and graphics data processing technology is improving,
production of high quality hard copies not only in terms
of character data but aiso in graphics images has been
called for. :

While thermal printers capable can print such data
at a high dot density and tone, these printers entail high
operating costs due to expensive ink ribbons the like. To
overcome this problem, ink jet printers, whose operating
costs are lower, are often used.

However, in the case of printirig, for example, a so-
called solid image that covers all or a large portion of the
surface of the recording paper, a process involving wet-
ting the entire surface of the recording paper with ink
must be employed. As a resuit, the hard copy tends to
wrinkle and that it takes a long time to dry the hard copy.
Further, in the case of printing a color image, the size of
the ink droplets ejected from the recording head must
be changed to express density gradations. :

A technique for changing the size of the ejected ink
droplets is described in Japanese Patent Unexamined
Publication No. Hei. 2-6137. That is, the size of an ink
droplet is changed by adjusting the maximum or mini-
mum voitage applied to a pressure producing element.
According to this drive method, ink droplets of different
sizes are ejected by changing the volume of the con-
tracted pressure producing chamber at the ime of eject-
ing the ink droplets, and the volume is returned to the

. initial condition thereafter. As a resuit, the meniscus and
. the vibration of the pressure.producing element after the
ink droplet has been ejected differ from one ejection



vi brat i ngj el efrent (14, 64) for expanding and con- tracti nBEPMEMEemngEET

produci ng chanber (5), the ~ method conprising the steps ¢f: .
expandi ng the pressure produci ng chanber (5) under [ n'l bi l"
condition to a predeterm ned vol ume over a first ti per og,ldtﬁgg
first tine peri od being | onger_t?a_n a natural vibralion

REPLACEMENT SHEET
operation to ancther, thereby impairing the print quality
due to the ejection of tiny ink droplets after the main ink
droplet has been ejected. :

Prior art document EP-A-0 159 188 discloses 2
method for operating an ink jet printer in which a trans-
ducer means is operated to produce a rapid expansion
in the volume of an ink chamber, and where the
expanded voiume is maintained for a sufficient interval
to allow ink in the chamber to be rapidly pulled back to
form a cusp-shaped disturbance that causes a small
droplet of ink to break away and be ejected through an
ink jet orifice. '

Further, prior art document PATENT ABSTRACTS
OF JAPAN, JP-A-02192947, discloses an ink ejection
system in which a driving pulse is provided to a vibrating
member that has a rise ime which is equal to a natural
vibration period of an ink volume speed in an ink nozzle,
and a driving pulse having a fall time that is N times
longer than the natural vibration period.

It is an object of the present invention to provide a
method and apparatus for driving an ink jet recording
head, in which the size of an ink droplet can be changed
by maintaining the ink droplet ejection speed constant
with the volume of a contracted pressure producing
chamber maintained constant.

For this purpose, the invention provides a method
for driving an ink jet recording head according to inde-
pendent claim 1 and an apparatus according to inde-
pendent claim 2. Further advantageous features,
aspects and details of the invention are evident from the
dependent claims, the description and the drawings.

The present invention provides a method for driving
an ink jet recording head having a pressure producing
chamber communicating with a nozzle opening and a
piezoelectric vibrating element for expanding and con-
tracting the pressure producing chamber, the method
comprising the steps of: -

expanding the pressure producing chamber under
an initial condition to a predetermined volume over
a first time period, the first time period being lorger




cycl & of 'the piezoelectric vibrating el enent (14,
sHtable for formng a desired size of an ink droplilet{to be

ejected, wherein a
pr o- duced is

droplet to be ejected.
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tinme period during which the firlst] s §nhdiliG 4999
varied in accordance with the size of the in

mai nt ai ning the pressur geprladiphRgeghamMer

than a natural vibration cycle of the piezoelectric

. vibrating element and being suitable for forming a
desired size of an ink droplet to be ejected, wherein
a time period during which the first signai is pro-
duced is varied in accordance with the size of the
ink droplet to be ejected,

maintaining the pressure producing d'!an:ber as
-‘expanded for a predetermined second period of
time with an expansion start ime as a reference,
and

then contracting the pressure producing chamber
to the initial condition over a predetermined third
time period longer than the natural vibration cycle of -
the piezoelectric vibrating element, so that the ink
droplet is ejected. :

When the pressure producing chamber is
expanded to the predetermined volume over the first
predetermined time, which is longer than the natural
vibration cycle of the piezoelectric vibrating element, to
supply ink, the meniscus adjacent to the nozzie opening
is strongly pulled toward the pressure producing cham-

ber. and then quickly returns to the nozzle opening,
mducmg vibration while rising up from the nozzle open-

ing. While the cycle of this vibration takes a certain
value defined by an ink flow path system, the rising
amount depends on the amplitude of the vibration in
accordance with the pressure producing chamber
expansion speed.

When the pressure producing chamber is caused to
contract over the third predetermined time, which is
longer than the natural vibration cycle of the piezoelec-
tric vibrating element, at the time the meniscus has
returned to the nozzle opening, the size of the ejecting
ink droplet is changed because the rising amount of the
meniscus depends on the pressure producing chamber
expansion speed. On the other hand, the ink droplet



(5)" as éxpaﬁded for a predeternined second peri od &EPMGEMENTFSHEET

expansion start tinme as a reference; and e

the pressure produci ng cham ber (5) to the initi I gue)qgggv
a preter- mned third time period longer than th natural
vibration cycle of the piezoelectric vibratng el4e_- REP ACEME'\!T SEET i

gjection speed is maintained constant irresp

. the volume of the ink droplet because such speed

- depends on the volume velocity at the time of contract-

ing the pressure producing chamber, thereby preventing

the ink droplet from being positioned out of place on the
recording paper.

In the drawings

Figure 1 is an. exploded diagram showing an
assembly of an exemplary ink jet recording head
used in the invention;
Figures 2(a) and 2(b) are diagrams showing a state
in which a piezoelectric vibrating element is con-
tracted and a state in which the piezoelectric vibrat-
ing element is expanded in the recording head
shown in Figure 1;
Figure 3 is a diagram showing an exemplary piezo-
electric vibrating element unit used in the recording
head shown in Figure 1;
Figure 4 is a diagram showing an exemplary piezo-
electric vibrating element constituting the piezoe-
lectric vibrating element unit;
Figures 5(a) and 5(b) are diagrams showing a drive
voltage signal shorter than the natural vibration
cycle of a piezoelectric vibrating element and a dis-
placement of the piezoelectric vibrating element
brought about thereby, and Figures 5(c) and 5(d)
are diagrams showing a drive voltage signal longer
than the natural vibration cycle of the piezoelectric
vibrating element and a displacement of the piezo-
electric vibrating element brought about thereby:;
Figure 6 is a block diagram showing an exemplary
drive circuit for driving the recording head shown in
Figure 1;
Figures 7(a), 7(b), 7(c) and 7(d) are diagrams
showing operations of the drive circuit of the inven-
tion, in which Figure 7(a) shows a print auxiliary sig-
nal; Figure 7(b), the operation of charging and
. discharging a piezoelectric vibrating element; Fig-
ure 7(c), a change in the volume of a pressure pro-
ducing chamber; and Figure 7(d) the position of a
meniscus;



MEFLALENMICN T onel

ment (14.64), so that the ink droplet is ejected. 2. An appprgtus for
driving an ink jet recording head havi ng a pressure prodpucind §hklipesag
(5) comu- ricating with a nozzle opening (2) and a pi ezpelec- tric
vibrating elenment (14;64) for expanding and contracting|the pres,gure
produci ng chanter (5). especially accg)rdi ng to cl aiggpl_;\c \ 5Eht us -
com =9

Figure 8 is a diagram showing a relationship
between the size of an ink droplet and the ink drop-
let ejection speed defined by the drive circuit;
Figures 9(a) to 9(g) are photographs showing an
- ink droplet, the photographs being taken while a
pressure producing chamber expanding time is
being changed every predetermined interval from
an expansion start time;
Figure 10 is a sectional view showing ancther
exemplary piezoelectric vibrating element to which
the invention can be applied; and
Figure 11 is a block diagram showing an exemplary
drive circuit of the invention which is suitable for
driving a recording head using the piezoelectric
vibrating element shown in Figure 10.

Details of the invention will now be described with
reference to preferred embodiments shown in the draw-
ings. | |

Figure 1 is an exploded diagram showing an
assembly of an exemplary ink jet recording head used in
the invention. In Figure 1, reference numeral 1 desig-
nates a nozzle plate having arrays 3 of nozzle openings
with the nozzles being formed at a predetermined pitch,
e.g., 180 dpi. Each array has nozzle openings 2 (Figure
2). _

Reference numeral 4 designates a spacer inter-
posed between a vibrating plate 10 (described iater)
and the nozzle plate 1. The spacer 4 defines pressure
producing chambers § and reservoirs 6 so as to comre-
spond respectively to the arrays of nozzle openings as
shown in Figure 2. Ink supply ports 7 communicating
with the pressure producing chambers § and the reser- -
voirs 6 are also formed in the spacer 4.

Reference numeral 10 designates the vibrating -
plate, which forms the pressure producing chambers §
while confronting the nozzle plate 1 through the spacer
4. The vibrating plate 10 inciudes island portions 15 and
thin portions 10a around the island portions 15. Each
island portion 1S has a rigidity such that displacements
induced by contraction and expansion can be transmit-




drive signal generating neans for cyclically gener at i npy REPLAEEMENT SHEET

signal for expanding the pres- sure produci ng chanber [ 5] under—an -
initial _ condition to a predeterm ned vol une over a figrgst m-)erfgggd
of time being |onger than a natural REPLACFIY!EFTSH-EAP A

-6 -

ted to as wide an area as possible by causing the vibrat-
ing plate 10 to abut against a distal end of a
piezoelectric vibrating element 14 of a p|ezoelec1rfc
vibrating element unit 12 (described later) as shown in
Figure 2. As a result of this construction, the pressure
producing chamber 5 can be contracted and expanded
efficiently in response to the contraction and expansion
of the corresponding piezoelectric vibrating element 14.

As shown in Figure 3, each piezoelectric vibrating
element unit 12 includes half of the piezoelectric vibrat-
ing elements 14. The piezoelectric vibrating element
unit 12 is fixed on a fixed plate 16 with the piezoelectric
vibrating elements 14 being arranged at a predeter-
mined pitch. The piezoelectric vibrating elements 14
vibrate in a vertical vibrating mode.

Each vibrating element 14 is, as shown in Figure 4,
arranged so that a plurality of sets, each set composed
of a piezoelectric vibrating material 22 interposed
between a drive electrode 23 and a common electrode
24, are laminated one upon another in sandwich-like
form. The drive electrodes 23 are exposed from a lateral
side of the piezoelectric vibrating element 14 and con-
nected in parallel to one another through a drive exter-
nal electrode 25 formed by, e.g., vapor deposition. The
common electrodes 24 are exposed from the other lat-
eral side of the piezoelectric vibrating element 14 and
connected in parallel to one another through a common
external electrode 26. The common external electrode
26 is connected through an electrically conductive
member 27. | _

Returning to Figure 1, reference numeral 32 desig-
nates a substrate, which has unit accommodating holes
33 and an ink supply port 34 for supplying ink from'an
ink tank to the ink reserwvoirs 6. The unit accommodating

holes 33 accommodate the vibrating element units 12
so that free ends of the piezoelectric vibrating elements

14 are exposed therefrom. The vibrating plate 10, the
.spacer 4, and the nozzle plate 1 are aligned on a sur-
face of the substrate 32 and fixed by a frame body 35 to
form a recording head body. The frame body 35S serves
also as an electrostatic shield. Reference numeral 36 in
Figure 1 designates a base plate for mounting the
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recording head on a carriage.

In this construction, the vibrating plate 10 is made
of a metal plate or a synthetic resin piate so that the
vibrating plate 10 can be deformed at a higher efficiency
by the displacement of the piezoelectric vibrating ele-
ment 14. When the piezoelectric vibrating element 14 is
expanded (Figure 2(b) to jet an ink droplet under a con-
dition in which the piezoelectric vibrating element 14 is
subsequently contracted (Figure 2(a)), then the corre-
sponding pressure producing chamber 5 is compressed
in response to the expansion of the piezoelectric vibrat-
ing element 14. As a resuit, the ink pressure in the pres-
sure producing chamber 5 is increased on the order of
several atmospheres of pressure substantially instantly
to eject the ink present in the pressure producing cham-
ber S as an ink droplet. Reference numeral 1S in Figure

~ 2 designates the island portion for transmitting the dis-
placement of the piezoelectric vibrating element 14 over
a wide area on the vibrating plate 10.

It is known that when a piezoelectric vibrating ele-
ment 14 that vibrates vertically is charged at a cycle T1
that is shorter than a natural vibration cycle Ta thereof
or discharged at a cycle T2 that is aiso shorter than the
natural vibration cycle Ta (Figure 5(a)), the piezoelectric
vibrating element itself generates a residual vibration at

- the natural vibration cycle Ta after the charging or dis-
charging has been completed, as shown in Figure S(b).
When the residual vibration of the piezoelectric vibrating
element is transmitted to the ink in the pressure produc-
ing chamber through the vibrating plate 10, the menis-
cus of the corresponding nozzle opening 2 starts
vibrating in an extremely unstable manner due to the
very short cycle of the residual vibration, and when the
meniscus reaches a predetermined position, -it
becomes extremely difficult for the piezoelectric vibrat-
ing element to vibrate with satisfactory repetitiveness. If,
while the meniscus is vibrating, the piezoelectric vibrat-
ing element is caused to expand to produce ink drop-

-
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lets, ink droplets are ejected without fail, but dots to be
formed on the recording paper by such ink droplets are
subjected to variations due to variations in the size and
ejection speed of the ink droplets in dependence on the
position of the meniscus.

In contradistinction thereto, in accordance with the
invention, the charging cycle T1 as well as the discharg-
ing cycle T2 of the piezoelectric vibrating element 14
are set to intervals longer than the natural vibration
cycle Ta thereof. If the piezoelectric vibrating element 14
is charged or discharged under these conditions (Figure
5(c)), the piezoelectric vibrating element 14 is displaced
and expands as directed by a drive waveform without

_causing residual vibration, as shown in Figure 5(d). In
this case, the meniscus produces regular vibrations of a

.cycle longer than the natural vibration cycle of the pie-
zoelectric vibrating element 14. Therefore, it is possible
to set the charging and the discharging cycles to inter-
vals ionger than the natural vibration cycle Ta, i.e., the
rise ime T1 and the fall time T2 are set to intervals
longer than the natural vibration cycle Ta of the piezoe-
lectric vibrating element 14, and it is also possible to set
the piezoelectric vibrating element 14 drive. iming for
jetting an ink droplet by taking into account the displace-
ment derived from the vibration of the meniscus. As a
result, stable ink droplets can be produced while the
meniscus is vibrating.

Figure 6 shows an exemplary circuit for driving the
ink jet recording head. In Figure 6, reference numeral
IN1 designates an input terminal which receives a print
auxiliary signal S1 for generating a drive voitage thai
causes the pressure producing chamber S5 of the
recording head to contract (which is the standby state)
or causes the pressure producing chamber S to expand
(which is the state in which ink is sucked into the cham-
ber 5), and INd designates a data input terminal for
receiving data from a host apparatus.

Reference numeral 40 designates a text/graphics
data judging unit, which judges whether data inputted to
a print buffer 41 from the terminal INd is text data or
graphics image data based on the inputted data, and
outputs a reference voltage Vref to a variable time con-
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expansion speed. The variable time constant adjusting
unit 43 adjusts arbitrarily the time constant by the refer-
ence voltage Vref from the data judging means 40. In
the case where the print data includes only text data, a
reference voltage Vref1 is inputted, which sets a first
fime constant that is longer than the natural vibration
cycle of the piezoelectric vibrating element 14, whereas

in the case where the print data inciudes only graphics

image data, a reference voltage Vref2 is inputted, which
sets a second time constant that is longer than the first
time constant. Reference numeral 42 designates a fixed
time constant adjusting unit for setting a pressure pro-
ducing chamber 5 contracting speed, which is set so as
to yield a contraction interval longer than the natural
vibration cycle of the piezoelectric vibrating element 14.

Reference numeral 44 designates a switching tran-
sistor whose base is connected to the input terminal
IN1. The switching transistor 44 controls the operation
of the fixed time constant adjusting unit 42 with the print
auxiliary signal S1 inputted to the terminal IN1 in syn-
chronism with a print iming signal. The fixed time con-
stant adjusting unit 42 is activated when the transistor
44 is turned on, and generates a voltage waveform for
causing the piezoelectric vibrating element 14 to
expand at a time constant determined by a circuit con-
stant to thereby bring the pressure producing chamber

5 into the contractina state, which is the standby state.
Reference numeral 48 designates a switching tran-

sistor whose base is connected to the terminal IN1. This
switching transistor 48 operates the variable time con-
stant adjusting unit 43 by turning a transistor 49 off
when the fixed time constant adjusting unit 42 is inoper-
ative. The variable time constant adjusting unit 43 gen-

erates a voltage waveform for causing the piezoelectric
vibrating element 14 to contract at a time constant

determined by a circuit constant to thereby expand the
pressure producing chamhber S. In Figure 6, reference
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numerals 50 and 51 designate current amplifying tran-
sistors. _

The respective piezoelectric vibrating elements 14
have first terminals thereof connected to the current
amplifying transistors 50 and 51, and the second termi-
nals thereof grounded through transistors T that are to
be turned on by print signals. A diode D is inserted to
connect the collector and the emitter of each transistor.

Since the voltage level of the print auxiliary signal
S1 to be inputted to the terminal IN1 is initially high, the
fixed time constant adjusting means 42 is operative, and
therefore the commonly connecting terminal side of the
piezoelectric vibrating element 14 is maintained at a
negative potential of substantially -VL (volts). As a
result, all the piezoelectric vibrating elements 14 are
charged through the diodes D so that these elements
are caused to expand, thus keeping the pressure pro-
ducing chambers § contracted.

When the print auxiliary signal S1 goes low, only
the piezoelectric vibrating element 14 connected to the
transistor T that has been turned on by the print signal
is discharged through the transistor T.

The operation of the thus-constructed drive voitage
signal generating circuit will be described based on the
diagram shown in Figure 7.

Upon input of print data from the host apparatus to
the print buffer 41, the print data judging unit 40 checks
if the print data includes graphics image data. Since the
print data includes only text data in this case, the print
data judging unit 40 outputs the reference Voltage Vref1
ffor text data.

When the recording head moves by a unit distance
under this condition, a print timing signal for forming a
single dot is generated at a time t1 by a printer body (not-
shown), and in synchronism therewith, the print auxil-
iary signal S1 that has been high goes low and is
received by the terminal IN1. Then, the transistor 44 is
turned off to inhibit the operation of the fixed time con-
stant adjusting unit 42. At the same time, the transistor
48 and also the transistor 49 are turned off to operate
the variable time constant adjusting unit 43. As a result,
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the terminal voltage of a capacitor 47 is increased to 0
(volt) from substantially -VL (volts) by the reference voit-
age Vref1 at a rate determined by the first time constant
. Uefined by the circuit constant, thus to generate the
drive voitage from the current amplifying transistors S0
and 51.
In association with-the above operation, charges
Stored in the piezoelectric vibrating elements 14 con-
nected to the transistors T that have been turned on by

the print signals at an interval between times t1 and 2' -

are discharged through the transistors T (Figure 7(b)).
This causes the piezoeleciric vibrating elements 14 to
contract, thereby causing the corresponding pressure
producing chambers 5 to expand (Figure 7(c)). The
expansion of the pressure producing chambers S intro-
duces ink into the pressure producing chambers S from
the reservoirs 6 through the ink supply ports 7, and at
the same time causes the meniscuses of the corre-
sponding nozzle openings 2 to retreat toward the pres-
sure producing chambers S.

When the terminal voltage of the capacitor 47 is
substantially zeroed at time t2', the increase in the ter-
minal voltage is blocked by a diode §2. The drive voit-
age is thereafter maintained at a fixed level of
substantially 0 (volt) until the print auxiliary signal S1
that has been low goes high.

Here, since the first time constant, i.e., the interval
between times t1 and 12', is set fo an interval longer than
the natural vibration cycle of the piezoelectric vibrating

~ element 14, the piezoelectric vibrating element 14 stops
without undergoing a damped oscillator motion, thereby
stopping the volumetric change of the pressure produc-
ing chamber 5. On the other hand, the meniscus formed
adjacent to the nozzle opening 2 vibrates at a vibration
cycle defined by a flow path system irrespective of the
displacement of the piezoelectric vibrating element 14,

_thus changing the position thereof with time (Figure
7(d)).

When the print auxiliary signal S1 goes high at a
ime (time 13) after the elapse of a predetermined time in
this way, the operation of the variable ime constant



wave-forns, respectively, and the drive signal is a wol t 36
5. The apparatus for driving an ink jet recordi ng head
¢laim4, wherein the drive voltage sig- nal generating

a chargi ng and

nmeans and capacitor (47), the tine for_plrzogluci ng

} a Y FERY

di scharging circuit conprising var iR%H_"?"E"

adjusting unit 43 is inhibited, and the fixed time constant
adjusting unit 42 starts operating instead. Therefore, the
terminal voltage of the capacitor 47 drastically drops to
-VL (volts) again, thus generating a similar drive voltage .
through the current amplifying transistors 50 and 51.

As a result, the piezoelectric vibrating elements 14
that have been discharged by the print signais in the
above-mentioned operation are suddenly charged and
expanded through the diodes D with the common con-
necting terminal side thereof as the negative potential
(Figure 7(b)). Accordingly, the pressure producing
chambers 5 are caused to contract to jet ink droplets
from the corresponding nozzle openings 2 and form
dots on the recording paper.

The above operation is repeated so that a dot is
formed on the recording paper every time a print timing
signal is generated as the recording head moves.

On the other hand, if image data is included in the
print data outputted from the host apparatus, the print
data judging unit 40 outputs to the variable time con-
stant adjusting unit 43 the reference voltage signal
Vref2 for setting the second time constant that is longer
than the first ime constant.

When the recording head moves by the unit dis-
fance under this condition, the print timing signal for

forming a sinale dot is similarly generated at time t1

from the printer body (not shown), and in synchronism
therewith, the print audliary signal St that has been
high goes low and is inputted to the terminal IN1.

As a result, the transistor 44 turns off to inhibit the
operation of the fixed time constant adjusting unit 42,
and simultaneously therewith, the transistor 48 and the
transistor 49 turn off to operate the variable time con-
stant adjusting unit 43. This operation of the variable-

~ time constant adjusting unit 43 increases the terminal

voltage of the capacitor 47 to 0 (volt) from substantially
-VL (volts) at the second time constant that is longer
than the first time constant defined by the circuit con-
stant, so that a drive voltage is generated by the current
amplifying transistors S0 and"S1.

In association therewith, the piezoelectric vibrating
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elements 14 connected to the transistors T that have
been tumed on by the print signals at an interval
between times t1 and {2 are discharged through the
transistors T (Figure 7(b)). Accordingly, the piezoelectric
vibrating elements 14 contract, whereas the pressure
producing chambers 5 expand (Figure 7(c)). The expan-
sion of the pressure producing chambers S introduces
ink to the pressure producing chambers S through the
ink supply ports 7 from the reservoirs 6, and at the same
time, the meniscuses of the nozzle openings 2 retreat
toward the pressure producing chambers 5 (Figure
7(d)).

When the terminal voitage of the capacitor 47 drops
to substantially 0 (voit) at time t2, the diode 52 blocks
the increase in the terminal voltage, so that the drive
voltage is thereafter maintained at a fixed level of sub-
stantially 0 (volt) until the print auxiliary signal S1 goes
high from low.

Since the second time constant, ie., the interval

- between times t1 and 12, is set to an interval that is
longer than the natural vibration cycle of the piezoelec-
tric vibrating element 14, the piezoelectric vibrating ele-
ment 14 stops without undergoing oscillatory damping,
whereas the volumetric change of the pressure produc-
ing chamber § is also stopped. In contrast thereto, the
meniscus formed adjacent to the nozzle opening 2
vibrates at a vibrating cycle defined by the flow path sys-
tem irrespective of the displacement of the piezoelectric

vibrating element 14, thus changing the position thereof
with time (Figure 7(q)).

When the print auxiliary signal S1 goes high at a
time (time t3) after the elapse of a predetermined time
period in this way, the operation of the variable time con-
stant adjusting unit 43 is stopped, whereas the opera-
tion of the fixed time constant adjusting unit 42 is
started. As a result, the terminal voitage of the capacitor
47 rapidly drops to -VL (volts) again, and a similar drive
voltage is generated through the current amplifying
transistors 50 and 51. _ |

The piezoelectricvibrating elements 14 that are dis-
charged by the print signals in the above operation
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expand while charged through the diodes D with the
common connecting terminal side as the negative
potential (Figure 7(b)). Accordingly, the pressure pro-
ducing chambers S contract, which causes ink droplets
to be jetted from the corresponding nozzle openings 2
to from dots on the recording paper.

The above operation is repeated so that a dot is
formed on the recording paper every time a print timing
signal is generated as the recording head moves.

in this manner, since the pressure producing cham-
ber S expansion speed changes based on the resuit of
the judgment made by the data judging unit 40, the
vibration cycle and phase of the meniscus formed adja-
cent to the corresponding nozzle opening 2 remains
unchanged as shown in Figure 7(d)), but the maximum
displacement of the meniscus is changed. As a result,
the position of the meniscus at the time of jetting an ink
droplet is displaced to M2’ in the case of printing text
data, and to M2 in the case of printing image data.
Since M2' > M2, the volume of a ejecting ink droplet
becomes larger in the case of printing text data.

On the other hand, since the piezoelectric vibrating
element 14 expands at a fixed speed, the pressure pro-

~ ducing chamber S contracting speed is also fixed.
Therefore, no change takes place in the ink droplet ejec-
tion speed irrespective of the volume of the ink droplet.
This means that the ink droplet is onto a single point on
the recording paper irrespective of the volume thereof,

thus achieving printing with an amount of ink corre-.

sponding to the print data without impairing the print
quality. - '

Figure 8 shows the relationship between the pres-
sure producing chamber S expansion speed and the
volume of an ink droplet (a curve indicated by a broken
line), and the relationship between the pressure produc-
ing chamber 5 expansion speed and the ink droplet
ejection speed (a curve indicated by a solid line). This
figure shows that when the pressure producing cham-
ber Sis caused to expand at a cycle longer than the nat-
ural vibration cycle of thepiezoelectric vibrating element
14, the ink droplet ejection speed remains at a fixed
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level irrespective of the volume thereof, even though the
volume thereof increases with increasing pressure pro-
ducing chamber 5 expansion speed.

Figure 9 is a series of photographs indicating the
size of an ink droplet as well as the distance thereof
from the nozzle opening, ie., the ink droplet ejection
speed. More specifically, the photographs show condi-
tions adjacent to the nozzle opening after the elapse of

a predetermined time from the generation of the ink
droplet. which is produced by not only changing the pie-
zoelectric vibrating element 14 contracting speed, i.e.,
- the pressure producing chamber 5 expanding time to a
level of 20 usec at intervals of 2 isec from 8 psec, but
also the expansion of the piezoelectric vibrating ele-
ment 14 after the elapse of a predetermined time from
the time of starting of the contraction of the piezoelectric
vibrating element 14.

As is apparent from the photographs, while the size
of the ink droplet becomes larger as the expanding time
is shortened and the size of the ink droplet becomes

smaller as the expanding time is lengthened, the tips of
the respective ink dropiets are posimoneda fiusnh with one

another. That is, it is demonstrated that the volume: of
the ink droplet can be adjusted by changing the pres-
sure producing chamber 5 expansion speed without
changing the ink droplet ejection speed.

While the case has been described where the
invention is applied to a recording head using d33
effect-based piezoelectric vibrating elements in which
glectrodes are arranged perpendicular to the piezoelec-
fric vibrating element expansion direction, it is apparent
that similar effects can be obtained by applying the
invention to the driving of a recording head using d31
effect-based piezoelectric vibrating elements 64 -in
which drive electrodes 61 are arranged with a piezoe-
lectric material 63 interposed therebetween and in
which common electrodes 62 are arranged with a piezo-
slectric material 63 interposed therebetween, both elec-
rodes and piezoelectric materials extending parallef to
ine expanding direction, as shown in Figure 10.

That is, in Figure 11, reference numeral 72 desig-
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nates a variable time constant adjusting unit for setting

" the pressure producing chamber expansion speed. If
the signal from the data judging unit 40 indicates that
the print data includes only text data, the first time con-
stant that is longer than the natural vibration cycle of the
piezoelectric vibrating element 64 is set, whereas if the
print data includes only graphics image data, the sec-
ond time constant that is longer than the first time con- -
stant is set. Reference numeral 73 designates a fixed
time constant adjusting unit for setting the pressure pro-
ducing chamber contracting speed. The fixed time con-
stant is a time longer than the natural vibration cycle of
the piezoelectric vibrating element 64 in this embodi-
ment.

The piezoelectric vibrating elements 64 have first
lerminals thereof connected to the current amplifying
ransistors 50 and 51, and the second terminals thereof
grounded through the fransistors T. A diode D is
inserted to connect the emitter and the collector of each
fransistor T. Since the voitage level of the print auxliary
signal S1 fo be inputted to the terminal IN1 is initially -
high, the fixed time constant adjusting unit 73 is opera-
live, and therefore the common connecting terminal
side of the piezoelectric vibrating element 64 is main-_
fained at a fixed level of substantially O (voit). As a
result, all the piezoelectric vibrating elements 64 are
discharged through the diodes D to substantially zero
the applied voitage.

Thus, when the print auxifiary slgnal S1 goes low,
only the piezoelectric vibrating element 64 connected to
the transistor T that has been turned on by the print sig-
nal is discharged through the transistor T, thereby caus-
ing the corresponding pressure producing chamber 5 to
be expanded.

As a result of the above construction, the pressure
producing chamber 5 is caused to expand during the
ime the piezoelectric vibrating element 64 is being
charged, whereas the voltage applied to the piezoelec-
tric vibrating element 64 becomes substantially zero

v
-
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during the timie the piezoelectric vibrating element 64 is
being discharged, so that an ink droplet is jetted when
the pressure producing chamber 5 being contracted.
Therefore, by setting the time constant of the variable
time constant adjusting unit 72 to a long interval in
response to the signal from the data judging unit 40 in
the case of printing image data and to a short interval in
the case of printing text data, the volume of the ink drop-
let can be adjusted with the ink droplet ejection speed
maintained at a fixed level in a manner similar to that of
the above-mentioned embodiment.

The pressure producing chamber expansion speed
is set to two levels in the above embodiments. If such
speed is adjusted to three or more levels in accordance
with the density of an image, a more subtie density
adjustment can be given to the image data. That s, if an
image has a high dot density, the size of an ink droplet
can be adjusted to be smaller, whereas if an image has
a low dot density, a dot containing a larger amount of ink
is used for the printing. As a result, a uniform density
can be maintained over the entire part of the image.

As described in the foregoing, the invention is char-
acterized as adjusting the volume of an ink droplet with-
out changing the ink droplet ejection speed. This
operation can be performed by ejection an ink droplet
with the pressure producing chamber in an initial condi-
tion expanded to a predetermined volume over a time
which is longer than the natural vibration cycle of the
piezoelectric vibrating element and which corresponds
to the size of the ink droplet to be ejected, by maintain-
ing the pressure producing chamber as expanded for a
predetermined interval with the expansion start time as

a reference, and then by contracting the pressure pro-

ducing chamber to the initial condition over a predeter-

mined time that is longer than the natural vibration cycle

of the piezoelectric vibrating element in_a method for
driving an ink jet recording head having not only pres-
sure producing chambers communicating with nozzle
openings but also piezoelectric vibrating elements for
expanding and contracting the pressure producing
chambers. As a resuit of the above operation, produc-
tion of wrinkles can be prevented without impairing the
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Claims

1. A method for driving an ink jet recording head hav-
ing a pressure producing chamber (5) communicat-
ing with a nozzle opening (2) and a piezoelectric
vibrating element (14, 64) for expanding and con-
tracting the pressure producing chamber (S), the
method comprising the steps of:

expanding the pressure producing chamber(S)
under an initial condition to a predetermined
volume over a first ime period, the first time
period being longer than a natural vibration
cycle of the pieznelectric vibrating element (14,
64) and being suitable for forming a desirea
size of an ink droplet to be ejected, wherein a
time period during which the first signal is pro-
duced is varied in accordance with the size of
the ink droplet to be ejected,

maintaining the pressure producing chamber
(S) as expanded for a predetermined second

. period of time with an expansion startime as a
reference; and

then contracting the pressure producing cham-
ber (5) to the initial condition over a predeter:
mined third time period longer than the natural
vibration cycle of the piezoelectric vibrating ele-
ment (14, 64), so that the ink droplet is ejected.

2. An apparatus for driving an ink jet recording head
having a pressure producing chamber (5) commu-
nicating with a nozzie opening (2) and a piezoelec-

* fric vibrating element (14;64) for expanding and
contracting the pressure producing chamber (5),
especially according to claim 1, the apparatus com-
prising: :

drive signal generating means for cyclically
generating a first signal for expanding the pres-
sure producing chamber (5) under an initial
condition to a predetermined volume over a
first period of time being longer than a natural

T L0
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vibration cycle of the piezoelectric vibrating ele-
ment (14,64) and being suitable for forming a
desired size of ink droplet, a second signal for
maintaining the pressure producing chamber
(S) as expanded for a predetermined second
period of ime with an output start time of the
first signal as a reference, and a third signal for
contracting the pressure producing chamber
(S) to the initial condition over a predetermined
third period of time longer than the natural
vibration cycle of the piezoelectric vibrating ele-
ment (14;64); and
means for selectively applying a drive signal -
from the drive signal generating means to the

 piezoelectric vibrating element (14;64);
wherein -

aﬁmepeﬁodduring which the first signal is
produced is varied in accordance with the size
of the ink droplet to be ejected. '

3. The apparatus for driving an ink jet recording head
according to claim 2, further comprising data judg-
ing means (40) for judging whether or not data
inputted to a print buffer includes graphics image
data, and wherein the time for producing the first

_ signal is set o a shorter value in the case of printing
text data and to a longer value in the case of print-
ing graphics image data in accordance with a signal
from the data judging means (40).

4. The apparatus for driving an ink jet recording head
according to claim 2 or 3, wherein the first, second
and third signals are first, second and third voltage
wave-forms , respectively, and the drive signal is a

_voltage signal.

The apparatus for driving an ink jet recording head
according to claim 4, wherein the drive voltage sig-
nal generating means comprises a charging and
discharging circuit comprising variable resistor
means and capacitor (47), the time for producing
the first voltage wave-form being adjusted by
changing vaiue of the variable resistormeans. ... ——————

UL
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BABSTRACT

The ink 'jer. printing head of the present invention prints image data with
ink droplets without impairing print quality or causing the
recording paper to be excessively wetted. The ink jet

recording head includes pressure producing chambers (S) communicating with
nozzle openings (2), and piezoelectric vibrating elements (14) for
expanding and contracting the pressure producing chambers (S). VWhether

print data is graphics image daja or ledt

data is judged by a data judging unit, and as a reéult of the
judgment, a2 time constant of a variable time constant adjusting
unit is set to a longer time in the case of printing image data.
than in the case of printing text data. Accordingly, the
pressure producing chambers (S) are caused to expand without

undergcing damped oscillation for a time which is longer than

the natural vibration cycle of the piezoelectric vibrating

element (14) and which specifically corresponds to the print data.

Figure 2-(b)
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