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(54) Ink jet print head

(57) Described is an ink jet print head which pre-
vents the generation of ink mist by supplying a signal to
a piezoelectric vibrator (9) which causes a pressure
generating chamber (3) to expand by a volume smaller
than the volume expandedto jet out an ink droplet, when
the vibration of the meniscus generated after jetting out
an ink droplet moves to the position closest to the pres-
sure generating chamber (3). When the vibration of the
meniscus generated after jetting out an ink droplet goes
tothe nozzle hole (2), the pressure generating chamber
(3) is expanded again, to effectively attenuate the kinetic
energy of the meniscus and to hold the meniscus at a
position suitable for jetting out the next ink droplet.

FIG. 1

L
77

1]
07

10

[~ 12

Printed by Jouve, 75001 PARIS (FR)



1 EP 0 738 602 A2 2

Description

The present invention relates to an ink jet print head
having an actuator which consists of a longitudinal vi-
bration mode piezoelectric vibrator.

A high speed drive actuator for an ink jet print head
expands and compresses a pressure generating cham-
ber to suck in ink and to form ink droplets. The actuator
is constructed with a piezoelectric vibrator having a lon-
gitudinal vibration mode, which is expandable in its axial
direction and has a structure consisting of piezoelectric
sheet-like members and conductive sheet-like mem-
bers, alternately layered one on another. A part of the
pressure generating chamber is formed with an elastic
plate, and the chamber communicates with a nozzle
hole associated therewith.

When the longitudinal vibration mode piezoelectric
vibrator is compared with a piezoelectric vibrator of the
type in which the surface thereof is bent for vibration,
the former has a smaller contact area where it contacts
with the pressure generating chamber than the latter,
and may be driven at higher speed than the latter. Ac-
cordingly, the former is capable of performing the print-
ing operation at a high speed and at high resolution.

While the longitudinal vibration mode piezoelectric
vibrator may be driven at high speed, the attenuation
rate of the residual vibration is small. As aresult, a large
vibration is left after an ink droplet is shot forth. The re-
sidual vibration affects the behavior of the meniscus.
The position of the meniscus is indefinite when the next
ink droplet is jet out. More particularly, the direction of
the flying path of the ink droplet varies and the meniscus
overshoots the nozzle hole, thereby causing ink mist.
The result is deterioration of the print quality.

The present invention has been designed to over-
come the problems noted above. The object is solved
by the ink jet print head according to independent claims
1, 5and 8.

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

An aspect of the present invention is to provide an
ink jet printing device which is driven at high speed while
being free from the generation of ink mist and the bend-
ing of the flying path of the ink droplet.

A second aspect of the present invention is to pro-
vide an ink jet printing device which is capable of chang-
ing dot size while maintaining print quality.

A third aspect of the present invention is to provide
an ink jet printing device which is driven at a preset drive
frequency independently of the specifications of the
print head and ambient temperature, and which is free
from the generation of ink mist and the bending of a fly-
ing path of the ink droplet.

To solve the problems referred to above, the
present invention comprises: an ink jet print head having
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pressure generating chambers each including a nozzle
hole and each communicating with a common ink cham-
ber, which has a Helmholtz resonance frequency of pe-
riod TH, through an ink supplying path, and a piezoe-
lectric vibrator for expanding and compressing said
pressure generating chamber; and drive signal gener-
ating means for generating a first signal to expand said
pressure generating chambers, a second signal to com-
press said pressure generating chamber being in an ex-
panded state to compel said pressure generating cham-
berto shoot forth an ink droplet through said nozzle hole,
and a third signal to expand said pressure generating
chamber by a volume smaller than the volume expand-
ed by saidfirst signal when the vibration of the meniscus
generated after the shooting of an ink droplet moves to
the nozzle hole.

When the vibration of the meniscus generated by
the shooting of an ink droplet moves toward the nozzle
hole, the pressure generating chamber receives the
third signal to minutely expand the pressure generating
chamber to effectively attenuate the vibration of the me-
niscus, and to stay the meniscus at a position suitable
for jetting out the next ink droplet.

The invention will be better understood by reference
to the following description of embodiments of the in-
vention taken in conjunction with the accompanying
drawings.

Fig. 1 illustrates an ink jet print head used in an ink
jet printing device according to the present invention.

Fig. 2 illustrates an embodiment of an ink jet printing
device according to the present invention.

Fig. 3 is a block diagram of a control signal gener-
ating circuit in the ink jet printing device according to the
present invention.

Fig. 4 illustrates an embodiment of a drive signal
generating circuit in the ink jet printing device according
to the present invention.

Figs. 5(a) to 5(h) are waveforms showing an oper-
ation of the ink jet printing device.

Fig. 6 is a diagram showing the parameters defining
a drive signal.

Figs. 7(a) and 7(b) illustrate the behavior of a me-
niscus in connection with a drive signal.

Figs. 8(a) to 8(f) illustrate the behavior of a menis-
cus when a ratio of a second drive signal to the full drive
voltage is varied.

Figs. 9(a) to 9(f) show waveforms for explaining an-
other embodiment of the present invention.

Figs. 10(a) and 10(b) illustrate the behavior of a me-
niscus from an instant that an expansion of the pressure
generating chamber starts until an ink droplet is shot
forth.

Fig. 11 illustrates the variations of a flying speed and
an amount of an ink droplet to a ratio of the discharging
voltage to a minimum charging voltage.

Figs. 12(a) to 12(c) show a Helmholtz resonance
frequency and the returning times of the meniscus after
jetting out an ink droplet.
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Fig. 13 illustrates the relationship between ambient
temperature and the period of a Helmholiz resonance
frequency.

Fig. 14 illustrates the relationship between ambient
temperature and the timing of applying a third signal.

Fig. 15 illustrates another embodiment of the
present invention.

Fig. 16 illustrates an embodiment of a drive signal
generating circuit.

Figs. 17(a) to 17(f) illustrate a set of waveforms
showing an operation of the drive signal generating cir-
cuit.

Figs. 18(a) to 18(c) illustrate a set of waveforms
showing an operation of the drive signal generating cir-
cuit in one print cycle.

Fig. 19 illustrates an ink jet printing device to which
the drive signal generating circuit shown in Fig. 16 is
well adaptable.

Fig. 20 is a sectional view showing an additional
embodiment of the print head to which a drive technique
of the invention is applied.

Figs. 21(a) to 21(f) illustrate a set of waveforms for
explaining a controlling method used when the drive sig-
nal generating circuit shown in Fig. 16 is used for driving
the print head.

Fig. 22 is a block diagram showing another embod-
iment of a method of applying print data.

Fig. 1 illustrates an example of an ink jet print head
used in the present invention. In Fig. 1, reference nu-
meral 1 designates anozzle plate; 7, aflow-path forming
plate; and 8, an elastic plate. An ink flow path unit 11 is
formed by tightly closing both sides of the flow-path
forming plate 7 by the nozzle plate 1 andthe elastic plate
8.

The ink flow path unit 11 includes the pressure gen-
erating chambers 3, the common ink chambers 4, and
the ink supplying paths 5 connecting those chambers.
The ink flow path unit 11 shoots forth ink droplets and
sucks in ink when piezoelectric vibrators 9 extend and
contract.

Each piezoelectric vibrator 9 is a longitudinal vibra-
tion mode vibrator having piezoelectric and conductive
members, arranged in parallel and extended in the lon-
gitudinal direction, which are alternately layered. The
top of the piezoelectric vibrator is brought into contact
with the elastic plate 8 partly defining the pressure gen-
erating chamber 3, while the bottom is fastened to a
base 10.

In the ink jet print head thus constructed, the Helm-
holtz resonance frequency FH of the pressure generat-
ing chamber 3 is expressed by:

FH = 1/2% x N{(Mn + Ms)/(Ci + Cv)(Mn x Ms)}

where Ci is the fluid compliance of the pressure gener-
ating chamber 3, caused by ink compression; Cv is the
solid compliance of the members forming the pressure
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generating chamber 3, such as the elastic plate 8 and
the nozzle plate 1; Mn is the innertance of the nozzle
hole 2; and Ms is the innertance of the ink supplying path
5.

The fluid compliance Ci is given by the relation

Ci= Vipc

where V is the volume of the pressure generating cham-
ber 3; p is the density of ink; and ¢ is the sonic velocity
in ink.

The solid compliance Cv of the pressure generating
chamber 3 is equal to a static coefficient of strain of the
pressure generating chamber 3 when a unit of pressure
is applied to the pressure generating chamber 3.

In a specific example, the Helmholtz resonance fre-
quency FH of a pressure generating chamber 3, the di-
mensions of which are 0.5 to 2 mm in length, 0.1 t0 0.2
mm in width, and 0.05 to 0.3 mm in depth is 50 kHz to
200 kHz.

Fig. 2 illustrates a drive circuit for driving the ink jet
print head. In Fig. 2, a control signal generating circuit
20 includes input terminals 21 and 22 and output termi-
nals 23, 24 and 25. The control signal generating circuit
20receives atthe inputterminals 21 and 22 a print signal
and a timing signal from an external device for generat-
ing print data, and outputs a shift clock signal, a print
signal and a latch signal at the output terminals 23, 24
and 25.

Adrive signal generating circuit 26 receives a timing
signal from the external device by way of terminal 22,
and generates drive signals for transmission to the pie-
zoelectric vibrators 9.

A group of flip-flops F1 forms a latch circuit. Another
group of flip-flops F2 forms a shift register. The flip-flops
F2 produce print signals corresponding to the piezoe-
lectric vibrators 9, respectively. The print signals are
latched by the flip-flops F1, respectively. Then, those
signals are selectively applied to switching transistors
30 through OR gates 28.

Fig. Sillustrates the control signal generating circuit
20. In Fig. 3, a counter 31 is initialized at the leading
edge of a timing signal (Fig. 5(a)) received at the termi-
nal 22, counts a clock signal received from an oscillator
circuit 33 until its count reaches the number of piezoe-
lectric vibrators 9 that are connected to the output ter-
minal 29 of the drive signal generating circuit 26, outputs
a carry signal in LOW level, and stops the counting op-
eration. The carry signal from the counter 31 is applied
to an AND gate which in turn ANDs the carry signal and
a clock signal coming from the oscillator circuit 33, and
outputs the result as a shift clock signal to the terminal
23.

A memory 34 receives print data from terminal 21
and stores it therein. The print data consists of the
number of bits that is equal to the number of piezoelec-
tric vibrators 9. In addition, the memory 34 serially out-
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puts the print data bit by bit to the terminal 24 in syn-
chronism with a signal from the AND gate.

Print signals (Fig. 5(g)), serially output from terminal
24, become select signals for the switching transistors
30 in the next printing cycle. The select signals are
latched in the flip-flops F1 of the shift register by a shift
clock signal (Fig. 5(h)) output from terminal 23. A latch
signal is output from a latch signal generating circuit 35
at the trailing edge of the carry signal. The latch signal
is output when a drive signal to be output is kept at a
medium potential VM.

Fig. 4 illustrates the drive signal generating circuit
26. A timing control circuit 36 includes three one-shot
multivibrators M1, M2 and M3. Pulse widths PW1, PW2
and PW3 (Figs. 5(b)-5(d)) are set up inthe one-shot mul-
tivibrators, respectively. The pulse widths are used to
determine the sum T1 of a first charging time (Tc1) and
a first hold time (Th1) (T1 - Tc1 + Th1), the sum T2 of a
discharging time (Td) and a second hold time (Th2) (T2
= Td + Th2), and a second charging time (ic2).

The drive circuit 26 further includes a transistor Q2
for a charging operation, a transistor Q3 for a discharg-
ing operation, and a transistor Q6 for a second charging
operation. The transistors are turned on and off at the
leading edges and the trailing edges of the output pulses
of the one-shot multivibrators M1, M2 and M3.

When a timing signal is input from the external de-
vice to the terminal 22, the one-shot multivibrator M1 of
the timing control circuit 36 produces a pulse signal (Fig.
5(b)) of the pulse width PW1 (Tc1 + Th1), preset in the
one-shot multivibrator M1. In response to the pulse sig-
nal, a transistor Q1 is turned on, so that a capacitor C,
that was charged under the medium potential VM in an
initial state, is charged by a constant current Ic1, deter-
mined by the transistor Q2 and a resistor R1. During the
charging operation, the voltage across the capacitor C
reaches a voltage VH of a power source. At this time,
the charging operation automatically stops, and subse-
quently the capacitor is kept at this voltage until it is dis-
charged.

When the time (Tc1 + Th1) = T1 corresponding to
the pulse width PW1 of the one-shot multivibrator M1
elapses, the operation state of the one-shot multivibra-
tor M1 is inverted. At this time, the transistor Q1 is turned
off. The one-shot multivibrator M2 produces a pulse sig-
nal having pulse width PW2 (Fig. 5(b)), which turns on
the transistor Q3 to discharge the capacitor C. The ca-
pacitor is discharged with a flow of a constant current Id
determined by a transistor Q4 and a resistor R3, and the
discharging operation is continued until the voltage
across the capacitor decreases to be substantially equal
to the voltage VL.

When the time (Td + Th2) = T2 corresponding to
the pulse width PW2 of the one-shot multivibrator M2
elapses, the operation state of the one-shot multivibra-
tor M2 is inverted. At this time, the one-shot multivibrator
M3 produces a pulse signal having pulse width PW3
(Fig. 5(d)), which turns on the transistor Q6. Then, the
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capacitor C is charged again by a constant current Ic2.
The voltage across the capacitor C is increased up to
the medium potential VM, determined by a time (Tc2)
corresponding to the pulse width PW3 of the one-shot
multivibrator M3. When the capacitor voltage reaches
the medium potential VM, the charging operation termi-
nates.

Through the charging and discharging operations,
the drive signal varies, as shown in Fig. 5(e), such that
it rises from the medium potential VM to the voltage VH
at a fixed gradient, the voltage VH is maintained for a
fixed period Thl of time, and falls to the voltage VL at a
fixed gradient, the voltage VL is maintained for a fixed
period Th2 of time, and rises to the medium potential
VM.

The charging currentlc1, the discharging current Id,
the charging current Ic2, the charging time Tc1, the dis-
charging time Td, and the charging time Tc2 are given

by:

lc1 = Vbe2/Rr1;

|d = Vbed/Rr3;

Ic2 = Vbe7/Rr2;

Te1 = CO x (VM - VMY/lcT;

Td = CO X (VM - VL)/d;

Tc2 = COx (VM - V0L)/Ic2;

where CO is the capacitance of the capacitor C in the
drive signal generating circuit 26;

Rr1 is the resistance of the resistor R1;

Rr2 is the resistance of the resistor R2;

Rr3 is the resistance of the resistor R3;

Vbe2 is the voltage between the base and the
emitter of the transistor Q2;

Vbe4 is the voltage between the base and the
emitter of the transistor Q4;

Vbe7 is the voltage between the base and the
emitter of the transistor Q7.

The longitudinal vibration mode piezoelecitric vibra-
tor 9 is used as the actuator for expanding/compressing
the pressure generating chamber 3. In the print head of
the type in which the Helmholiz resonance frequency of
the pressure generating chamber 3 is increased for the
purpose of high speed driving, a duration of the residual
vibration of the piezoelectric vibrator 9, which follows the
shooting of the ink droplet, is longer than the period TH
of the Helmholtz resonance frequency, as described
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above. Accordingly, the meniscus is adversely affected
by the residual vibration of the piezoelectric vibrator 9.

To suppress the residual vibration of the piezoelec-
tric vibrator 9, in the present embodiment, the discharge
time constant Td when the extension of the piezoelectric
vibrator 9 is made to shoot forth the ink droplet, and the
charge time constant Tc2 when the pressure generating
chamber 3 is minutely expanded, are each selected to
be equal to the period of the natural vibration of the pi-
ezoelectric vibrator 9. Further, the Helmholtz resonance
frequency TH, the charging time constant Tcl, and the
discharging time constant Td are selected so as to sat-
isfy the following relations:

0.5Th < Te1 < 2TH, preferably Tc1 =

Td = Ta, preferably Td < TH, and

Tc2 = Ta, preferably Tc2 < TH.

Further, V2/V1 = R2/1 is selected to be within a
range from 0.1 to 0.5. In the ratio, V1 is a potential dif-
ference between a discharge voltage, i.e., a constant
voltage set up after the charging operation ends, and a
potential when the discharging operation ends, and V2
is a potential difference between a potential when the
discharging operation ends and the medium potential
VM.

The operation of the ink jet printing device will be
described.

As described above, the control signal generating
circuit 20 transfers select signals for selecting the
switching transistors 30 to the flip-flops F1 in the pre-
ceding printing cycle, and the flip-flops F1 latch the re-
ceived select signals during a period when all of the pi-
ezoelectric vibrators 9 are being charged to the medium
potential VM. Thereafter, a timing signal is applied, the
drive signal shown in Fig. 5(e) increases from the me-
dium potential VM to the voltage VH, to charge the pie-
zoelectric vibrator. During charging, the piezoelectric vi-
brator 9 contracts at a fixed rate to expand the pressure
generating chamber 3.

When the pressure generating chamber 3 expands,
ink flows from the common ink chamber 4 to the pres-
sure generating chamber 3 by way of the ink supplying
path 5, while atthe same time the meniscus in the nozzle
hole 2 is pulled to the pressure generating chamber 3.
The drive signal increases to the voltage VH and is kept
at the voltage VH for a preset period of time Th1, and
then decreases to the potential VL. When the drive sig-
nal decreases to the potential VL, each of the piezoe-
lectric vibrators 9, which were charged and have been
kept at the potential VH, is discharged through the diode
D associated therewith, so that the piezoelectric vibrator
9 extends to compress the pressure generating cham-
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ber 3 associated therewith. The pressure generating
chamber 3 is compressed and ink contained therein is
shot forth in the form of an ink droplet, through the nozzle
hole 2. Thereafter, the meniscus in the nozzle hole 2
starts to vibrate.

In the present embodiment, when the vibration of
the meniscus is pulled to the pressure generating cham-
ber 3 inthe extreme, and reverses its course to the noz-
zle hole 2, the drive signal increases again from the po-
tential VL to the medium potential VM. As a result, the
piezoelectric vibrator 9 is charged again, and the pres-
sure generating chamber 3 is minutely expanded. By the
minute expansion of the pressure generating chamber
3, the meniscus that reversed its course to the nozzle
hole is once again pulled to the pressure ganerating
chamber 3. The meniscus loses its kinetic energy and
its vibration is rapidly attenuated.

Thus, to suppress the vibration of the meniscus
generated after an ink droplet is jet out, it is desirable to
apply aforce to the ink in the pressure generating cham-
ber 3 in a direction which is opposite to the moving di-
rection of the meniscus. Accordingly, it is preferable to
set the timing of the minute expansion of the pressure
generating chamber 3, caused by a third signal ((3) in
Fig. 7), at a time point (12 in Fig. 7) where the minute
vibration of the meniscus generated after ink is shot forth
starts to move to the nozzle hole.

Ink in the pressure generating chamber 3 starts to
vibrate when a second signal ((2) in Fig. 7) is applied to
the piezoelectric vibrator 9 and the pressure generating
chamber 3 is compressed. Therefore, the timing of ap-
plying the third signal ((3) in Fig. 7) is preferably setsuch
that Td + th2 = Tll x n (n is an integer equal to or larger
than 1). The suppression of the vibration in the earliest
possible stage, e.g., in a stage where the meniscus lies
at the back of the pressure generating chamber 3, will
be effective in preventing generation of ink mist by the
vibration of the meniscus and in reducing a time up to
the next shooting of ink. Therefore, the timing of apply-
ing the third signal (3) is preferably set at a time point
where n = 1, the smallest value.

A relative magnitude of the minute expansion of the
pressure generating chamber 3, a ratio R2/1 of the
charging voltage V2 by the third signal (3) and the dis-
charging voltage V1 to shoot forth the ink droplet, is pref-
erably 0.1 to 0.5, more preferably 0.2 to 0.4.

When the third signal (3) is not applied, a time Tr1,
shown in Fig. 8(a), of free vibration of the meniscus,
which is generated after the ink droplet is shot forth, to
return to a position suitable for jetting out the next ink
droplet, (a position near to the opening of the nozzle
hole) is very short. In this case, the meniscus greatly
projects from the opening of the nozzle hole (as indicat-
ed by cross hatching in Fig. 8(a)). Accordingly, ink mist
generated by the kinetic energy of the meniscus tends
to occur.

when the voltage V2 of the third signal (3) is varied
to be equal to the discharging voltage V1, the meniscus
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is greatly pulled to the pressure generating chamber 3
as shown in Fig. 8(f). Accordingly, ink mist generation is
prevented. In this case, however, a time tr6 for the me-
niscus vibration to reach the position for the next ink
droplet is considerably long. This fact necessitates the
lowering of the drive frequency.

When the ratio R2/1 is set at approximately 0.1 on
the basis of the above results, the meniscus vibrating in
free vibration mode is pulled to the pressure generating
chamber as shown in Fig. 8(b). Accordingly, the kinetic
energy of the meniscus is reduced, the generation of ink
mist is prevented, and a time tr2 for the meniscus to re-
turn to the position for the next ink droplet is reduced.

When the ratio R2/1 is stepwise increased to 0.3,
0.5, and 0.7, the vibration of the meniscus is rapidly re-
duced as shown in Figs. 8(c), 8(d), and 8(e). Inthis case,
however, the meniscus is greatly pulled to the pressure
generating chamber. Accordingly, times tr3, tr4 and tr5
for the meniscus to return to the position for the next ink
droplet are increased.

From the foregoing, it is seen that if the voltage ratio
R2/1 of the drive signal is set in the range from 0.1 to
0.5, preferably 0.2 to 0.4, a high frequency response of
10 kHz or higher is obtained. In addition, ink mist gen-
eration can be prevented and the printing speed can be
improved.

As already referred to, the meniscus in the nozzle
hole 2 is pulled to the pressure generating chamber at
a speed proportional to an expanding rate of the pres-
sure generating chamber 3, and reverses its course at
the position where it is pulled in the extreme and returns
to the nozzle hole 2 while vibrating. This phenomenon
is shown in Figs. 10(a) and 10(b).

In Figs. 10(a) and 10(b), there is graphically illus-
trated a relationship of a drive signal to expand the pres-
sure generating chamber 3 by contracting the piezoe-
lectric vibrator 9 and a quantity of the movement of the
meniscus pulled at that time. In Figs. 10(a) and 10(b), a
solid line indicates a motion of the meniscus when the
voltage of the drive signal is increased from a medium
potential VM1 to the voltage VH, and a one dot chain
line indicates a motion of the meniscus when the drive
signal voltage is increased from a voltage VM2 higher
than the voltage VM1, to the voltage VH.

As indicated by m1 and m2 in Fig. 10(b), the amount
of the movement of the pulled meniscus after a preset
time T1 elapses from the start of the expansion of the
pressure generating chamber 3 is proportional to the
amount of an expansion of the pressure generating
chamber 3. Therefore, if the pressure generating cham-
ber 3 is compressed at a fixed timing, the meniaci are
located at positions indicated by distances D1 and D2
at a time point where an ink droplet is shot forth.

When the voltage of the drive signal is increased
from the medium potential VM1 to the voltage VH, at the
time of shooting forth the ink droplet, the meniscus lies
at a position located apart from the nozzle hole 2 by long
distance D1. Accordingly, an amount of ink of the droplet
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is small, so that a small dot is formed on a print sheet.
When the voltage of the drive signal is increased from
the medium potential VM2 to the voltage VH, at the time
of shooting forth the ink droplet, the meniscus lies at a
position located apart from the nozzle hole 2 by short
distance D2. Accordingly, an amount of ink of the droplet
is large, so that a large dot is formed on a print sheet.
Fromthis fact, it is seen that the dot size can be adjusted
by varying the medium potential of the drive signal and
accordingly the amount of the ink of the droplet.

Another embodiment of the present invention, de-
signed so as to be able to adjust the size of dots to be
formed on a recording medium by actively utilizing the
above phenomenon, is shown in Figs. 9(a)-9(f). This
embodiment uses a drive means having substantially
the same functions as those already mentioned refer-
ring to Figs. 2 to 4. However, the one-shot multivibrator
M3 in the timing control circuit 36 has additionally an
adjusting function to variably set the time constant there-
of by an external signal in order that a host device can
adjust the pulse width of the output signal of the multiv-
ibrator.

In the present embodiment, when receiving a timing
signal, the expansion of the pressure generating cham-
ber 3 starts. After atime period T1 elapses from the start
of the chamber expansion, the pressure generating
chamber 3 is compressed to shoot forth an ink droplet.
A sequence of the above operations of the embodiment
is as described above. At a time point where the vibra-
tion of the meniscus, generated with the shooting of the
ink droplet, reverses its course to the nozzle hole, the
one-shot multivibrator M3 operates to increase the volt-
age of the drive signal from the voltage VL tothe medium
potential and to minutely expand the pressure generat-
ing chamber 3.

At this time, the pulse width of the output signal of
the one-shot multivibrator M3 is adjusted to determine
the size of a dot to be printed in the next printing cycle.
The voltage of the medium potential VM is proportional
to the pulse width of the output signal of the one-shot
multivibrator M3. Accordingly, by controlling the pulse
width of the output signal of the one-shot multivibrator
M3 by a signal from the host device, the medium poten-
tial in the producing of the next ink droplet, i.e., a charge
start voltage of the piezoelectric vibrator 9, is adjusted
to voltages VH1 and VH2, and consequently the size of
a dot to be printed on a recording medium can be
changed as desired.

Fig. 11 graphically shows variations of the weight
and the flying speed of an ink droplet when the medium
potential VM is varied, specifically a ratio R2/1 of the
medium potential VM to the voltage V1 to shoot forth an
ink droplet is varied in the range from 0.18 t0 0.33. As
seen from the graph, the variation of the flying speed of
the ink droplet is extremely small, that is, the flying
speed increased approximately 1.06 times, in the range
from 7.5 m/s 10 8.0 m/s. In other words, the flying speed
takes a substantially fixed value irrespective of the me-
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dium potential VM. However, the variation of the amount
of ink of the droplet is large. The amount of ink increased
1.2 times, in the range from 0.046 to 0.056.

The foregoing demonstrates that the size of the dot
to be printed on the print paper can be controlled as de-
sired without varying the landing position of the ink drop-
let and generating ink mist, when the ratio R2/1 is ad-
justed by varying the pulse width PW3 of the output sig-
nal of the one-shot multivibrator M3.

A third embodiment of the invention which actively
utilizes the timing control circuit 36 so as to keep the
print quality satisfactory irrespective of the specifica-
tions of the print head and variations of ambient temper-
ature, will be described. As described above, when an
ink droplet is jet out, the meniscus in the nozzle hole 2
vibrates as shown in Fig. 7(a). The frequency of the vi-
bration of the meniscus is determined by the frequency
FH of the Helmholtz resonance. The frequency FH de-
pends on the tolerances in manufacturing the print
heads and the physical properties of ink.

For this reason, even if the print heads are manu-
factured according to the same specifications, the Helm-
holtz resonance frequency of the print heads is frequent-
ly different for every lot. This problem can be solved by
conforming the pulse width PW2 of the output signal of
the timing adjusting means, e.g., the one-shot multivi-
brator M2 in the present embodiment, in the control unit
assembled into the printing device, to the Helmholtz res-
onance frequency of each print head.

Specifically, when the Helmholiz resonance fre-
quency varies, times T21, T22 and T23, each from a
discharge start point t1 until the meniscus returns to the
nozzle hole 2, are minutely different as shown in Figs.
12(a), 12(b) and 12(c). If the time is finely adjusted in
each print head so that when the vibration of the menis-
cus reaches the optimum position, the operation state
of the one-shot multivibrator M2 is inverted, then the
pressure generating chamber 3 is minutely expanded in
the next stage. Accordingly, the kinetic energy of ink in
the pressure generating chamber 3 is properly reduced,
to thereby prevent the generation of ink mist.

In other words, the pressure generating chamber
can be minutely expanded always at the optimum timing
in such a simple manner that a time point of applying
the third signal is properly adjusted for every print head
by the pulse width PW2 of the output signal of the one-
shot multivibrator M2. Even if the print heads are not
uniform in the Helmholtz resonance frequency FH, the
print heads may be driven at the same drive frequency
without deteriorating the print quality.

Dimensions and elastic modulus of the print head,
and the physical properties of ink vary depending on am-
bient temperature. Accordingly, the frequency FH of the
Helmholtz resonance is also dependent largely on am-
bient temperature.

Samples of print heads were picked up from a
number of manufactured print heads, and the tempera-
ture dependency of the period TH of the Helmholiz res-
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onance frequency of each sample was investigated. As
shown in Fig. 13, the periods of the Helmholtz reso-
nance frequencies (these period values are indicated
with marks *, A, O, O and X) were varied with tempera-
ture. No difference was confirmed in the rate of change
of the frequency FH of the Helmholiz resonance among
the print heads. Further, variations of the rates of change
of the frequencies FH of the print heads with respect to
temperature were similar.

As shown in Fig. 14, the time T2 from an instant that
the discharging operation starts to jet an ink droplet until
the third signal (signal (3) in Fig. 7) is applied is adjusted
in accordance with ambient temperature. By adjusting
this time, the pressure generating chamber 3 may be
expanded again at a time point where the kinetic energy
of the meniscus going to the nozzle hole may be effec-
tively attenuated. Accordingly, the generation of ink mist
can reliably be prevented irrespective of ambient tem-
perature.

Fig. 15 shows an embodiment of the invention
which is capable of adjusting the time of applying the
third signal in accordance with ambient temperature. In
the embodiment, a signal output from a temperature de-
tecting means 38 is input to the one-shot multivibrator
M2 in the timing control circuit 36, to thereby control the
pulse width PW2 of the pulse signal output from the one-
shot multivibrator M2.

The embodiment is capable of adjusting the time of
starting a minute expansion of the pressure generating
chamber 3 in accordance with ambient temperature, in
response to a signal output from the temperature de-
tecting means 38. Accordingly, the kinetic energy of the
meniscus is attenuated with certainty irrespective of a
variation of ambient temperature, and hence a stable
jetting of the ink droplet is attained.

No print signal is present and hence the piezoelec-
tric vibrators 9 are connected to the switching transistors
30 being in anonconductive state, and the vibrators start
their discharge when the voltage of the drive signal
drops below the medium potential VM during the course
of the voltage decreasing of the drive signal from the
voltage VH to the potential VL. Then, the pressure gen-
erating chamber 3 is minutely compressed.

An output signal of the one-shot multivibrator M3,
which is inverted in signal level by an invertor 37, makes
all of the switching transistors 30 active through the OR
gates 28. As a consequence, the piezoelectric vibrators
9, not involved in the printing operation, minutely expand
and compress the pressure generating chambers 3 to
such an extent as not to jet ink droplets. The minute vi-
bration causes an agitation of the ink in a region near
the nozzle hole and the ink in the pressure generating
chamber, which minimizes the increase of viscosity of
the ink in the nozzle hole 2, and hence elongates the
time up to the clogging of the nozzle hole with ink.

Fig. 16 shows another embodiment of the drive sig-
nal generating circuit 26. A constant current circuit 40 is
made up of transistors Q111, Q112 and Q113, and re-
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sistors R111 to R117. The constant current circuit re-
ceives a signal of high level at the input terminal IN101
and operates in response to the signal, and outputs a
current |1, which is determined by resistance r111 of the
resistor R111 and a base-emitter voltage VBE 111 of the
transistor Q111, given by

I1=VBE111/r111.

A capacitor C101 is charged by the current I1.

When the capacitor C101 is charged by the current
I1, the voltage across the capacitor C101 increases at
a gradient given by

dV/dt = 11/c101

where ¢101 is the capacitance of the capacitor C101.

A second constant current circuit 41 is made up of
transistors Q121 to Q123, and resistors R121 to R127.
The second constant current circuit 41, like the first con-
stant current circuit 40, receives an input signal at the
input terminal IN102 and feeds a fixed charging current
to the capacitor C101.

Athird constant current circuit 42 is made up of tran-
sistors Q131 and Q132, and resistors R131 to R135.
The third constant current circuit is a constant current
circuit of the sink type which operates in response to a
signal of high level, which is received at the input termi-
nal IN103 of the constant current circuit. The capacitor
C101 is discharged through the resistor R131. At this
time, a discharging current |3 is defined by

13=VBE131/r131

where r131 is resistance of the resistor R131; and
VBE131 is base-emitter voltage of the transistor
Q131.
When the capacitor C101 is discharged, the voltage
across the capacitor C101 decreases at a gradient given

by

dV/dt = 13/c101

where ¢101 is the capacitance of the capacitor C101.
A fourth constant current circuit 43 is made up of
transistors Q141 and Q142, and resistors R141 to R145.
Like the third constant current circuit 42, the fourth con-
stant current circuit 43 is a constant current circuit of the
sink type. Thus, the capacitor C101 is charged and dis-
charged by the currents of the first to fourth constant
current circuits. A voltage across the capacitor C101 is
applied to a current buffer 44 composed of transistors
Q101 to Q104, and is output at the terminal OUT101
thereof in the form of a drive signal. The drive signal is
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applied to the piezoelectric vibrators 9.

The operation of the drive signal generating circuit
thus constructed will be described with reference to
Figs. 17(a)-17(f).

In a print preparation phase of the printing device,
a signal that keeps a high level for a preset period 11 of
time is input to the input terminal IN101. Then, the con-
stant current circuit 40 feeds the current |1 to the capac-
itor C101. By the current [1, the capacitor C101 is
charged and a voltage at the output terminal OUT101 is
increased to the medium potential VM with time, and a
first signal is output. After time t1, the signal at the input
terminal IN101 goes low, the charging of the capacitor
C101 is stopped, and subsequently the output voltage
is kept at the medium potential VM.

In this state, the device operation enters a print
phase. Then, a signal of high level is applied to the input
terminal IN102 for time t2, longer than a time necessary
for the voltage across the capacitor C101 to increase
from the medium potential VM to the power source volt-
age VH. Accordingly, the voltage of the drive signal is
increased from the medium potential VM to a voltage
approximate to the power source voltage VH, and sub-
sequently the voltage approximate to the power source
voltage VH is sustained. As a result, the pressure gen-
eratingchamber 3 is expanded by avolume correspond-
ing to a potential difference between the medium poten-
tial VM and the power source voltage VH.

In synchronism with the jetting out of an ink droplet,
a signal of high level is input to the input terminal IN103
for time 13, longer than a time necessary for the voltage
across the capacitor C101 to drop to about 0 V. Accord-
ingly, the drive signal is decreased to about O V, and a
third signal is generated.

Thereafter, at a time point where the motion of the
meniscus caused after the jetting out of the ink droplet
is completed, the high level signal of time t1 is input to
the input terminal IN101. Then, the voltage of the drive
signal is increased up to the medium potential VM, and
a third signal is generated. By the third signal, the pres-
sure generating chamber 3 is minutely expanded, and
the meniscus is pulled to the pressure generating cham-
ber.

Subsequently, in the print phase of the printing de-
vice, the first, second and third signals are output every
print signal.

After printing one line, a signal of high level is ap-
plied to the input terminal IN104 for time 14, longer than
a time necessary for the voltage across the capacitor
C101 todropto 0 V. The voltage of the drive signal drops
to about 0 V. Since the voltage drop minutely compress-
es the pressure generating chamber 3, the fourth con-
stant current circuit 43 is designed to have such a time
constant as to fail to shoot forth ink. The voltage gently
drops.

Figs. 18(a)-18(c) show timing charts of a printing
operation of the ink jet printing device, which uses the
drive signal generating circuit just described. In the print
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preparation phase, as referred to above, during the pe-
riod that the drive voltage rises from 0 V to the medium
potential VM, an all-output-on signal is rendered high,
so that all of the bidirectional switching transistors 30
(Fig. 19) are turned on. In this state, irrespective of print
data, the medium potential VM is applied to all of the
piezoelectric vibrators 9 to charge the vibrators up tothe
medium potential VM.

In a normal print phase, when the all-output-on sig-
nal is in an on state, the drive signal is applied to specific
piezoelectric vibrators 9 through the bidirectional
switching transistors 30', which were selectively ren-
dered conductive by print data 1 to n, to thereby charge
these vibrators. The piezoelectric vibrators 9, not select-
ed, are not charged and remain at the medium potential
VM.

At the start and the end of one print period of one
print cycle, the all-output-on signal is turned on at least
one time during a period that the drive signal is kept at
the medium potential VM. By turning on the all-output-
on signal in this manner, those piezoelectric vibrators
which have not been driven for a long time, resulting in
a decrease from the medium potential VM because of
discharge, are charged again to increase the reduced
medium potential. That is, each piezoelectric vibrator is
refreshed.

In a print end phase, when the drive signal voltage
drops from the medium potential VM to about 0V, the
all-output-on signal goes high. As a result, the residual
charge in all of the piezoelectric vibrators 9 are com-
pletely discharged, and the voltage across each piezo-
electric vibrator 9 is at 0 V, to thereby prevent the gen-
eration of fine ink droplets, which results from unwanted
expansion and compression of the piezoelectric vibrator
caused by noise.

Rates of change of the voltage variations of the first
signal that increases from the medium potential VM to
the voltage VH, the second signal that decreases from
the voltage VH to 0 V, and the third signal that increases
from about 0 V to the medium potential VM, can be set
individually. Accordingly, the drive signal may be more
properly set so as to conform to the characteristics of
the print heads. In the embodiment shown in Fig. 16, the
signal generating circuit for generating the signals to be
inputtothe inputterminals IN101to IN104 is not referred
to. It is readily seen, however, that the signal generating
circuit may be constructed with one-shot multivibrators
connected in a cascade fashion as shown in Fig. 4.

In the embodiments described above, the invention
is applied to an ink jet printing device which jets out ink
droplets when the pressure generating chamber is ex-
panded and contracted in response to the charging and
discharging of the piezoelectric vibrator. It is evident that
the invention may be applied to a print head using a pi-
ezoelectric vibrator 54 as shown in Fig. 20. The piezo-
electric vibrator 54 consists of piezoelectric sheet-like
members 51 and electrode sheet-like members 52 and
53, alternately layered one on another in the vibration
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direction, as shown in Fig. 20. The piezoelectric vibrator
54 is expanded when charged and compressed when
discharged.

In this case, signals are input to the input terminals
IN101 to IN104 at the timings as shown in Figs. 21(a)-
21(f).

In the embodiments described above, control data
is serially transferred to the switching transistors 30 for
driving the piezoelectric vibrators. Where the number of
piezoelectric vibrators of the print head is not large, a
circuit arrangement as shown in Fig. 22 may be used.
In the circuit, the drive signals are output to the piezoe-
lectric vibrators by directly inputting print data and the
all-output-on signal to the control gates of the switching
transistors 30, and the serial-parallel converting means,
for example, so that the shift register is not used.

In the above-mentioned embodiments, the timings
of outputting the signals are controlled by the one-shot
multivibrators. It is apparent, however, that any other
suitable timing control means, for example, a microcom-
puter, may be used for the same purpose.

As described above, the present invention includes
drive signal generating means for generating a first sig-
nal to expand the pressure generating chambers, a sec-
ond signal to compress the pressure generating cham-
ber being in an expanded state to compel the pressure
generating chamber to shoot forth an ink droplet through
the nozzle hole, and a third aignal to expand the pres-
sure generating chamber by a volume smaller than the
volume expanded by the first signal when the vibration
of the meniscus generated after the shooting of an ink
droplet moves to the nozzle hole. Therefore, the menis-
cus going to the nozzle hole for jetting out the ink droplet
is pulled back by the expansion of the pressure gener-
ating chamber, to thereby effectively attenuate the vi-
bration of the meniscus. Accordingly, the generation of
ink mist caused by the kinetic energy of the meniscus
can be prevented. The meniscus for jetting out the next
ink droplet is stayed at a proper position, so that the fly-
ing of the ink droplet is stabilized.

Claims
1. Anink jet print head comprising:

pressure generating chambers (3), each of said
pressure generating chambers (3) having a
Helmholiz resonance frequency of period TH
and communicating with a common ink cham-
ber (4) via an ink supply path (5);

nozzle holes (2) respectively corresponding to
said pressure generating chambers (3); and
piezoelectric vibrators (9) for expanding and
compressing said pressure generating cham-
bers (3), respectively; and

drive signal generating means (26), connected
to said piezoelectric vibrators (9), for generat-
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ing a first signal to expand said pressure gen-
erating chambers (3), a second signal for com-
pressing said pressure generating chambers
(3) being in an expanded state to jet out ink
droplets from respective nozzle holes (2), and
a third signal, for expanding said pressure gen-
erating chambers (3), by a volume smaller than
avolume produced in response to said first sig-
nal, and at a time when a meniscus generated
after jetting out each ink droplet moves toward
an associated nozzle hole (2).

The ink jet print head according to claim 1, wherein
the amplitude of said third signal is 0.1 to 0.5 times
the amplitude of said second signal, preferably 0.2
1o 0.4 times the amplitude of said second signal.

The ink jet print head according to claim 1 or 2,
wherein an active state time duration of said first
signal is substantially equal to said period TH of said
Helmholtz resonance frequency.

The ink jet print head according to one of claims 1
to 3, wherein an active time duration of said third
signal is substantially equal to the period of natural
vibration of said piezoelectric vibrators (9).

An ink jet print head especially according to one of
the preceding claims comprising:

pressure generating chambers (3), each of said
pressure generating chambers (3) having a
Helmholtz resonance frequency of period TH
and communicating with a common ink cham-
ber (4) via an ink supply path (5);

nozzle holes (2) respectively corresponding to
said pressure generating chambers (3); and
piezoelectric vibrators (9) for expanding and
compressing said pressure generating cham-
bers (3), respectively;

drive signal generating means (26), connected
to said piezoelectric vibrators (9), for generat-
ing a first signal to expand said pressure gen-
erating chambers (3) for a time substantially
equal to said period TH of said Helmholtz res-
onance frequency, a second signal for com-
pressing said pressure generating chambers
(3), each being in an expanded state, to jet out
ink droplets from respective nozzle holes (2) af-
ter a predetermined time from the output of said
first signal, and a third signal, for expanding
said pressure generating chambers (3) by a
volume smaller than a volume produced in re-
sponse to said first signal, at a time when a me-
niscus generated after jetting out each ink drop-
let moves toward an associated nozzle hole (2);
and

means for adjusting a ratio of the amplitudes of
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said first signal and said third signal.

The ink jet print head according to claim 5, wherein
said ratio is adjusted by an active state time duration
of said third signal.

The ink jet print head according to one of the pre-
ceding claims, wherein said drive signal generating
means (26) comprises:

a timing control circuit (36);

charging means connected to said timing con-
trol circuit (36);

discharging means connected to said timing
control circuit (36);

a capacitor connected to both said charging
means and said discharging means; and

an output terminal (29) for outputting said first
signal, said second signal and said third signal.

8. Anink jet print head especially according to one of

the preceding claims comprising:

pressure generating chambers (3), each of said
pressure generating chambers (3) having a
Helmholiz resonance frequency of period TH
and communicating with a common ink cham-
ber (4) via an ink supply path (5);

nozzle holes (2) respectively corresponding to
said pressure generating chambers (3); and
piezoelectric vibrators (9) for expanding and
compressing said pressure generating cham-
bers (3), respectively;

drive signal generating means (26), connected
to said piezoelectric vibrators (9), for generat-
ing a first signal to expand said pressure gen-
erating chambers (3), a second signal for com-
pressing said pressure generating chambers
(8), each being in an expanded state, to jet out
ink droplets from respective nozzle holes (2) af-
ter a predetermined time from the output of said
first signal, and a third signal, for expanding
said pressure generating chambers (3) by a
volume smaller than a volume produced in re-
sponse to said first signal, at a time when a me-
niscus generated after jetting out each ink drop-
let moves toward an associated nozzle hole (2);
and

means for adjusting a time period (36) between
termination of supply of said second signal to
initiation of supply of said third signal.

9. Theinkjet print head according to claim 8, wherein

the amplitude of said third signal is 0.2 to 0.4 times
the amplitude of said second signal.

10. The ink jet print head according to one of the pre-

ceding claims, wherein an active state time duration



11.

12.

13.

14.

15.

16.

17.

19

of said third signal is shorter than said period TH of
said Helmholtz resonance frequency.

The ink jet print head according to one of the pre-
ceding claims wherein an active state time duration
of said third signal is substantially equal to an active
state time duration of said second signal.

The ink jet print head according to one of the pre-
ceding claims, wherein a time difference from an
output of said second signal to an output of said
third signal is substantially equal to said period TH
of said Helmholtz resonance frequency.

The ink jet print head according to one of the pre-
ceding claims, wherein an active state time duration
of said second signal is substantially equal to the
period of natural vibration of said piezoelectric vi-
brators (9).

The ink jet print head according to one of the pre-
ceding claims, wherein an active state time duration
of said third signal is substantially equal to the pe-
riod of natural vibration of said piezoelectric vibra-
tors (9).

The ink jet print head according to one of the pre-
ceding claims, wherein output timing of said third
signal is controlled in accordance with ambient tem-
perature.

The ink jet print head according to one of the pre-
ceding claims, wherein output timing of said third
signal is controlled in accordance with ambient tem-
perature so that said output timing coincides with a
timing when vibration of said meniscus in each noz-
zle hole (2) moves to a position closest to an asso-
ciated one of said pressure generating chambers

(3).

The ink jet print head according to one of the pre-
ceding claims further comprising:

a control signal generating means (20) for gen-
erating a latch signal, a print signal and a shift
clock signal; and/or

a plurality of first flip-flops (F2), respectively
corresponding to said piezoelectric vibrators
(9), which receive said shift clock signal and
said print signal, each of said plurality of first
flip-flops (F2) outputting a print signal, and/or
a plurality of second flip-flops (F 1), respectively
coupled to said piezoelectric vibrators (9), each
of said second flip-flops (F1) receiving said
print signal from an associated one of said first
flip-flops (F2) and further receiving said latch
signal; each of said second flip-flops (F1) out-
putting a control signal, and/or

10

15

20

25

30

35

40

45

50

55

11

EP 0 738 602 A2

18.

19.
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a plurality of switching transistors (30) each re-
ceiving said control signal output by an associ-
ated one of said second flip-flops (F1) for con-
trolling activation of respective ones of said pi-
ezoelectric vibrators (9); and/or wherein said
first flip-flops (F2) form a shift register and said
second flip-flops (F1) form a latch circuit such
that said print signals from said first flip-flops
(F2) are latched by said second flip-flops (F1),
respectively.

The ink jet print head according to one of the pre-
ceding claims, further comprising:

a plurality of OR gates (28) connected to said
drive signal generating means (26) and to respec-
tive ones of said second flip-flops (F1), wherein said
switching transistors (30) are selectively activated
by output signals from said OR gates (28).

The ink jet print head according to one of claims 8
to 18, wherein said drive signal generating means
comprises:

a timing control circuit (36);

atemperature detecting means (38) connected
to said timing control circuit (36);

a timing control circuit (36);

charging means connected to said timing con-
trol circuit (36);

discharging means connected to said timing
control circuit (36);

a capacitor connected to both said charging
means and said discharging means; and

an output terminal (29) for outputting said first
signal, said second signal and said third signal.

20. The ink jet print head according to one of the pre-

ceding claims, wherein said print head is included
in an ink jet printing device.
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