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INKJET RECORDING APPARATUS HAVING ELECTROSTATIC ACTUATING
' MEANS AND METHOD OF CONTROLLING IT

'I'hi_s invention concerns an inkjet recording apparatus, e.g. a
printer, having electrostatic actuating means, and to a
method of controlling it. In particular, the invention con-
cerns a charge control means for the electrostatic actuator.

Inkjet printers using an electrostatic principle for pressure
generation in an inkjet head are known in the prior art. JP-
A-289351/1990 discloses an inkjet head comprising a silicon
substrate having formed therein ink passages each connected
to a respective inkjet nozzle at one end and to a common ink
reservoir at the other end. A side wall portion of the ink
passage is formed by a diaphragm as a vibration plate. A
respective individual or nozzle electrode is provided on the

‘outside surface of each diaphragm. Disposed opposite the

nozzle electrodes, via a gap, is a common electrode. Each
diaphragm with its nozzle electrode and the opposing common
electrode constitute an electrostatic actuator with the
nozzle electrode and the common electrode forming a pair of
capacitor plates. A similar electrostatic actuator or fluid
jet ejector is disclosed in US-A-4,520,375. In this latter
prior art, by utilizing its semiconducting property, the thin
silicon diaphragm itself forms one of the capacitor plates.
Applying a time varying voltage to the capacitor causes the
diaphragm to be set into mechanical motion and the fluid to
exit responsive to the diaphragm motion. More particularly,
when the actuator is charged to create an electrostatic field
between the capacitor plates, the diaphragm will be displaced -
in a direction to increase the volume of the ink passage and
correspondingly decrease the pressure, thereby taking in ink
from the ink reservoir. A following discharge of the actuator
causes the diaphragm to return to its initial position



thereby decreasing the volume of the ink passage resulting in
a cotrresponding increase of pressure in the ink passage. In
response to the pressure increase ink is ejected through the

nozzle.

The following is a more detailed description of the operation
principle of such an electrostatic actuator comprising a pair
of capacitor plates of which one is attached to or formed by
a diaphragm and the other by a counter electrode (hereinafter
referred to as a nozzle electrode or simply electrode) which
is disposed opposite to the diaphragm. When a voltage is
applied to the actﬁator, i.e. across the diaph;aqm and the
nozzle electrode, the resulting electrostatic attraction
force between the nozzle electrode and the diaphragm causes
the diaphragm to bend towards the nozzle electrode. On the
other hand, when bent, the diaphragm generates a restoring
force. Therefore, the extent of the bending of the diaphragm
during the application of a voltage to the actuator, i.e.,
the displacement of the mid-section of the diaphragm (herein-
after referred to as "equilibrium diaphragm displacement") is
determined by the condition at which the electrostatic force
and the diaphragm's restoring force are in equilibrium. If P,
denotes the pressure acting on the diaphragm in response to
the restoring force of the diaphragm, x the diaphragm displa-
cement, A is a proportionality constant (x<A representing a
change in volume) and K the compliance of the diaphragm
(defined as change in volume per pressure), the relationship
among these three variables is given by the following equa-
tion: | |
P, = x*A/K (1)

Likewise, if Va denotes the terminal voltage of the capaci-
tor, 1 the distance (hereinafter "“gap length") between the
diaphragm and the nozzle electrode and ¢ the permittivity of
the gap, then the pressure P, acting on the diaphragm in
response to the electrostatic force generated between the
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diaphragm and the nozzle electrode is given by equation (2)

as:

€ Va2 :
P, = = ¢ ——me (2)
¢ 2 (1-x)2 .

The equilibri&m diaphfagm displacement at which egquilibrium
(Pr=Pe) is established can be determined from Equations (1)
and (2). '

Figure 34 is a graphical representation of the relationships
given by equations (1) and (2) namely the generated pressures
P, and P, each as a function of the diaphragm displacement.
These graphs are based on the following parameters: K = 5x10°
18 mS/N], 1 = 0.25 [pm]}, € = 8.85 [pF/m].

The electrostatic pressure P, as a function of x is shown for
several values of the voltage Va by respective curves in the
figure. The relationship between the diaphragm displacement
and the diaphragm restoring pressure is indicated by a
straight line. Of two intersections between the straight. line
and each curve, the intersection on the left side indicates
the equilibrium diaphragm displacement at the particular vol-
tage level that is applied. At a voltage level at which the
straight 1line representing the restoring pressure and the
respective curve representing the electrostatic pressure do
not intersect (e.g., 35 V), the electrostatic pressure is
always greater than the restoring pressure of-;hé'diaphragm,
irrespective of the displacement of the diaphragm. Therefore,

~in this case the displacement tends toward infinity. In prac-

tice, however, the maximum displacement of the diaphragm is
restricted to the finite distance between the diaphragm and

the nozzle electrode.

Applying such actuators as described above to an inkjet head
of a recording apparatus involves the following problems.
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Improving the operation speed of the recording apparatus
requires an increase in the frequency at which the inkjet
head is capable of continuously ejecting ink droplets, i.e.,
the response frequency of the inkjet head. When attempting to
achieve a high response rate for the diaphragm, if the volume
of the ink passage is increased too rapidly by applying steep
pulse voltages for charging the actuator, air bubbles intrude
into the ink passage from the nozzle connected to it.
Furthermore, rapid pressure variations of the ink in the ink
passage may cause nitrogen and other gases dissolved in the
ink, to bubble up. In the case such bubbles exist in the ink
passage, any increase in pressure due to a sudden discharge
of the actuator is absorbed by the bubbles, thus degrading or
preventing ink ejection.

Further, a rapid attraction of the diaphragm to the nozzle
electrode causes secondary vibrations of the diaphragm which
in turn often cause a violent collision of the diaphragm
against the nozzle electrode that may result in a damage of
the inkjet head.

In addition to the above problem, electrostatic actuators
tend to be driven improperly by external noise and induction
noise because they can be driven by small electric charges.
In particular, since actuators of on-demand type inkjet heads
are often driven separately from their neighboring actuators,
on or more actuators which are not to driven at a given
moment but are disposed side by side to an actuator that is -
to be driven, sometimes operate improperly due to the induc-
tion noise generated by the driving current for the driven
actuator. Also in the actual operation of this kind of inkjet
heads, the driving interval, namely the period between one
ink ejection and the next ink ejection, often becomes fairly
long. In such cases, the problem of malfunction caused by

external noise arises.
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An objective of the present invention is to provide an inkjet
recording apparatus which allows high-quality recording in a
stable manner at a high recording speed, and which has a high
reliability and durability even when used for a 1long ‘time.
Another objective of the invention is to provide such recor-
ding apparatus which can be efficiently operated by a low
drive voltage. Still another objective of the invention is to
provide a method of driving such recording apparatus.

The objectives are achieved with a recording apparatus as
claimed in claim. 1 and a method as claimed in claim 16,
respectively. Specific embodiments of the invention are
subject-matter of the dependent claims. '

The following is an explanation of the operation of the
present invention. Figure 35 is a characteristic chart depic-
ting the relationship between the displacement of the
diaphragm and the electrostatic capacity of the actuator as
determined by numerical calculations. In the figure, the
horizontal axis shows the displacement of the diaphragm, and
the vertical axis indicates the electrostatic capacitance. A
displacement of the diaphragm reduces the distance between
the diaphragm and the nozzle electrode, thus increasing the
electrostatic capacitance. In this case the capacitance
changes in the range from approximately 200 pF to 1000 pF as
a function of the displacement of the diaphragm.

In order to obtain for each ejected ink dfoplet the ink quan-
tity necessary for high quality recording, the gap between
the diaphragm and the nozzle electrode in the inkjet head of
the present invention is preferably set at a minimum of
0.05um and a maximum of 2.0um, taking into consideration the
practical drive voltage range applicable for ordinary recor-
ding apparatus. To minimize the drive voltage, the gap length
should be as close to the lower limit as possible. However,
the smaller the gap length the higher the 1liability of the
diaphragm and the nozzle electrode coming into contact with
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each other, as noted above, with the risk of the head being
destroyed.

The present invention provides a control of the charging
process of the actuator whereby either the duration or the
voltage of the drive pulses applied to the electrostatic
actuator is set to a wvalue or controlled such that the
diaphragm does not touch the nozzle electrode even if the gap
length between the diaphragm and the nozzle electrode is
extremely small. Thus, there is no dahger that the inkjét
head might be damaged as a result of such contact. This ensu-
res a long service life and a high reliability of the inkjet
head. The controlled displacement of the diaphragm results in
reduced variations in ink ejection and speed and, thus,
improved recording quality. The small gap length permits the
inkjet head to operate at a low drive voltage level. By
appropriately controlling the charge rate and the discharge
rate of the actuator a high response frequency can be obtai-
ned without danger of bubble generation.

Further objectives, advantages and specific embodiments of
the present invention will be explained in detail below with
‘reference to the drawings, in which:

Fig. 1 is a partially exploded perspective view of the
inkjet head of a preferred embodiment of the inven-

tion,

Fig. 2 1is a side cross-section of the inkjet head shown in
Fig. 1,

Fig. 3 is a sectional view from line A-A in Fig. 2,

Fig. 4 1is a schematic diagram illustrating the charge dis-
tribution in the electrostatic actuator,
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is a functional block diagram of an inkjet printer
embodying the present invention,

is a block diagram of a drive circuit used in a
first embodiment of the present invention,

are circuit diagrams showing an example of charge and
discharge circuits of the drive circuit of Fig. 6,

is a timing chart showing input signals to the drive
circuit,, the voltage waveform of the actuator's ter-
minal voltage, and a waveform representing the vibra-
tion of the ink meniscus formed at the tip of a
nozzle, '

are schematic diagrams illustrating the operation
principle of the ink passage and actuator system,

is a circuit diagram showing an example of the timing
pulse generation means,

is a timing chart for explaining a modification of
the first embodiment wherein a hold period is provi-
ded between the charge and the discharge processes,

is a circuit diagram showing an example of the timing
pulse generation means suitable for obtaining a hold
period,

is a flow chart illustrating a microprocessor based
implementation of the timing pulse generation means

generating a hold period,

shows a simplified model for the determination of
diaphragm displacement of the electrostatic actuator,
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is a graph showing the relationship between the drive
voltage applied to the electrostatic actuator and the
diaphragm-nozzle electrode contact time,

is a timing chart for explaining a second and a third
embodiment of the present invention,

is a block diagram of a drive circuit of the second
embodiment of the present invention,

are circuit diagrams showing an example of a voltage
detection circuit and a comparison circuit,

is a block diagram of a drive circuit of the third
embodiment of the present invention,

are circuit diagrams showing an example of a current
integration circuit and a comparison circuit,

is a block diagram of drive circuit of a fourth embo-
diment of the present invention,

are circuit diagrams showing an example of a variable
timing pulse generation means and a charge conditions
storage means,

is a circuit diagram of an example of a printer con-
dition detection means, '

is a diagram showing the charge and discharge charac-
teristics of the electrostatic actuator with the
resistance value of a charge resistor as a parameter,

is a diagrammatic cross-section of the inkjet head,

is a timing chart for explaining a fifth embodiment
of the present invention,



For this purpose, the part 36 is provided, ducing neans may be provided

for obtain-
adj ust nent ,

near its upper end with-a part of non-circular ing fine
for exanple by using a ' :

Fig. 27 is a block diagram. of a first example of the drive

circuit of the fifth embodiment of the present inven-

tion,

Fig. 28 is a circuit diagram showing an example of the target
"value generation means and the variable-voltage

charge circuit,

Fig. 29 is a flow chart illustrating a microprocessor based
implementation of a target value generation means,

Fig. 30 is a block diagram of a second example of the drive
circuit of the fifth embodiment of the present inven-

tion,

Fig. 31 is a circuit diagram showing an example of a
variable-voltage charge circuit,

Fig. 32 is a block diagrain of the drive circuit of a sixth
embodiment of the present invention,

Fig. 33 schematically illustrates an inkjet printer embodying
the present invention,

Fig. 34 is a graphical representation of the electrostatic
attraction force -+and the restoring force acting on
the diaphragm versus the diaphragm displacement, and

Fig. 35 is a characteristic curve showing the relationship
between the diaphragm displacement and the electro-
static capacity of the actuator.

In the following embodiments the invention will be explained
with respect to a printer as an example of an inkjet recor-
ding apparatus.
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First Embodiment 10

Fig. 1 is a partially exploded perspective view and cross-
section of a preferred embodiment of the inkjet head of a
recording apparatus embodying the present invention. Note
that while this embodiment is shown as an edge type head
wherein ink is ejected from nozzles provided at the edge of a
substrate, the invention may also be applied to a face type
head wherein the ink is ejected from nozzles provided on the
. top surface of the substrate. Fig. 2 is a side cross-section
of the assembled inkjet head, and Fig. 3 is a sectional view
from line A-A in Fig. 2. The inkjet head 10 of this embodi-
ment is made up of three substrates 1, 2, 3 one stacked upon
the other and structured as described in detail below.

A first substrate 1 is sandwiched between second and third
substrates 2 and 3, and is made from a silicon wafer. Plural
nozzles 4 are formed between the first and the third sub-
strate by means of corresponding nozzle grooves 11 provided
_in the top surface of the first substrate 1 such as to extend
substantially in parallel at equal intervals from one edge of
the substrate. The end of each nozzle groove opposite said
one edge opens into a respective recess 12. Each recess in
turn is connected via respective narrow grooves 13 to a
recess 14. In the assembled state the recess 14 constitutes a
common ink cavity 8 communicating via orifices 7 formed by
the narrow grooves 13, and ink chambers 6 formed by the
recesses 12 with the nozzles 4. In the present embodiment,
each orifice 7 is formed by three parallel grooves 13 mainly
to increase the flow resistance but also to keep the inkjet
head operative if one of the grooves becomes clogged. Elec-~
trostatic actuators are formed' between the first and the
second substraté. The bottom of each ink chamber 6 comprises
a diaphragm 5 formed integrally with the substrate 1. As will
be understood, the grooves and recesses referred to above can
be easily and precisely formed by photolithographic etching
of the semiconductor substrate. '
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A common electrode 17 is provided on the first substrate 1.
The magnitude of the work function of the semiconductor for-
ming the first substrate 1 and the metal used for the common
electrode 17 is an important factor determining the effect of
electrode 17 on first substrate 1. The semiconductor material
used in this embodiment has a resistivity of 8 - 12 ficm, and
the common electrode 17 has in fact a two-layer structure
made from platinum on a titanium base layer or gold on a
chrome base layer. The base layer is provided mainly to
improve the bonding strength between the substrate and the
electrode. The present invention shall not be so limited,
however, and various other material combinations may be used
according to the qharacteristics of the semiconductor and
electrode materials.

Borosilicate glass, such as Pyrex glass, is used for the
second substrate 2 bonded to the bottom surface of first sub- .
strate 1. Nozzle electrodes 21 are formed on the surface of
second substrate 2 by sputtering gold to a 0.1 pm thickness
in a pattern essentially matching the shape of diaphragms 5.
Each of nozzle electrodes 21 comprises a lead member 22 and a
terminal member 23. A 0.2 um thick insulation layer 24 for
preventing dielectric breakdown and shorting during inkjet
head drive is formed from a Pyrex sputter film on the entire
surface of the second substrate 2 except for the terminal
members 23. In addition or as an alternative to the insula-
tion layer 24 an insulation layer - (5a in Fig. 4) may be pro-
vided on the side of the diaphragms 5 facing the nozzle elec-
trodes. Since the diaphragms 5 consist of a semiconductor
" material such insulation layer may be easily formed to a
thickness of 0.lum to 0.2um by oxidizing the semiconductor
material. Such oxide insulation 1layer exhibits excellent
mechanical strength, insulation performance and chemical
stability and substantially reduces the possibility of a
dielectric breakdown in case of a contact between the
diaphragm and the nozzle electrode. This is an advantage of
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using the semiconductor material itself as an electrode of
the electrostatic actuator.

A recess 15 for accommodating a respective nozzle electrode
21 is provided below each diaphragm 5. Bonding the second
substrate 2 to the first substrate 1 results in vibration
chambers 9 being formed at the positions of recesses 15 bet-
ween each diaphragm 5 an the corresponding nozzle electrode
21 opposite to it. In this embodiment, recesses 15 formed in
the bottom surface of the first substrate 1 provide for gai)s
between the diaphragms and the respective electrodes 21. The
length G (see Fig. 2; hereinafter the "gap length") of each
gap is equal to the difference between the depth of recess 15
and the thickness of the electrode 21. It is to be noted that
this recess can be alternatively formed in the top surface of
the second substrate 2. In this preferred embodiment, the
depth of recess 15 is 0.6 um, and the pitch and width of
nozzle grooves 11 are 0.72 mm and 70 pm, respectively.

As with second substrate 2, borosilicate glass is used for
the third substrate 3 bonded to the top surface of first sub-
strate 1. Bonding third substrate 3 to first substrate 1 com-
pletes formation of nozzles 4, ink chambers 6, orifices 7,
and ink cavity 8. An ink supply port 31 is formed in third
substrate 3 so as to lead into ink cavity 8. Ink supply port
31 is connected to an ink tank (not shown in the figure)
using a connector pipe 32 and a tube 33.

First substrate 1 and second substrate 2 are anodically
bonded at 300°C to 500 °C by applying a voltage of 500 V to
800 V, and first substrate 1 and third substrate 3 are bonded
under the same conditions to assemble the inkjet head as
shown in Fig. 2. After bonding the substrates, gap length G
between diaphragms 5 and nozzle electrodes 21 is 0.5 pm in
this embodiment. The distance G1 between diaphragms 5 (or. the
insulation layer S5a, if any) and insulation layer 24 covering
nozzle electrodes 21 is 0.3 um.
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The thus assembled inkjet head is driven by means of a drive
unit connected by leads 101 to common electrode 17 and termi-
nal members 23 of nozzle electrodes 21. The drive unit inclu-
des a plurality of drive circuits 40, one for each actuator.
Ink 103 is supplied from the ink tank (not shown in the figu-
res) through ink supply port 31 into first substrate 1 to
fill ink cavity 8 and ink chambers 6.

Also shown in Fig. 2 is an ink droplet 104 ejected from
nozzle 4 during inkjet head drive, and recording paper 2105.

Fig. 4 is a schematic view illustrating the distribution of
electric charges in the diaphragm and the nozzle electrode
when the polarity of the applied voltage is selected in
accordance with the present invention. A p-type silicon is
used for first substrate 1 in this embodiment and the common
electrode 17 and the nozzle electrodes 21 of the actuators
are connected to drive circuits 40 (symbolized by a battery
in Fig. 4) so that for charging an actuator a pulse voltage
is applied by which the common electrode is rendered positive
with respect to the nozzle electrode 21. The p-type silicon
is doped with acceptor impurities such as boron and has as
many holes as the number of acceptor atoms. The pulse voltage
establishes an electrostatic field. directed from the

:. diaphragm to the nozzle electrode. Because of this field the

holes 19 in the p-type silicon migrate towards insulation
layer 5a leaving negatively charged acceptor ions. Because
holes are injected from the common electrode 17 the negative
charge of the acceptor ions is neutralized. Therefore, the
diaphragm assumes a positive charge with no space-charge
layer being created, i.e. the diaphragm or the first sub-
strate functions as a conductor. In addition, a negative
charge accumulates -on the nozzle electrodes 21 side. As a
result, the pulse voltage applied between a diaphragm 5 and
its opposing nozzle electrode 21 generates an attractive
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force, due to static electricity, sufficient to deflect
diaphragm 5 towards the nozzle electrode 21.

In order to obtain a distribution of charges as explained
above, it is preferable to drive the electrostatic actuator
by a unipolar drive voltage of a polarity selected depending
on the conductivity type of the semiconductor material. It is
to be understood, however, that the present invention is not
restricted to unipolar di'ive voltages.

Fig. 33 shows an overview of a printer that incorporates the
inkjet head 10 described above. 300 denotes a platen as a
paper transport means that feeds recording paper 105. 301
indicates an ink tank that stores ink in it and supplies ink
to the inkjet head 10 through an ink supply tube 306. The
inkjet head 10 is mounted on a carriage 302 which is movable
by means of a carriage drive unit 310, including a stepping
motor, in a direction perpendicular to the direction in which
the recording paper 105 is transported. In synchronization
with the movement of the inkjet head, ink droplets are selec-
tively ejected from a row of nozzles so as to print charac-
ters and/or graphics on the recording paper 105. Because it
is desirable to provide the drive unit as close to the inkjet
head as possible, in this embodiment the drive unit is
incorporated into the inkjet head 10. In the printer of Fig.
33 a device is provided for preventing the clogging of the
inkjet head nozzles, a problem peculiar to printers that
incorporate on-demand-type inkjet heads. To prevent the
clogging of the nozzles, the inkjet head is moved to a posi-
tion in front of a cap 304, and then ink discharge operations
are performed several times while a pump 303 is used to
suction the ink through the cap 304 and a waste ink recovery
tube 308 into a waste ink reservoir 305.

Fig. 5 is a block diagram showing the configuration of one
embodiment of a printer embodying the present invention. 1In
the case of a terminal printer, a print request unit 61 is a
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host computer or another external device. In the case of a
printer that is built into a system, it is a computing

section within the system.

when receiving a print request from the print request unit
61, a printer controller 62 sends a drive signal to both a
paper transport unit 300 and the carriage drive unit 310,
thereby causing the carriage 302 on which the inkjet head 10
is mounted to be moved to a specified position on the recor-
ding paper and printing to be performed while the carriage
302 is being moved in the direction of printing. As mentioned
before, a drive circuit 40 is connected to each of the actua-
tors 27 of the inkjet head 10. Depending on the print data
which it receives from the print request unit, the printer
controller 62 sends a start-of-print signal S1 to the drive
circuits 40 of one or more actuators 27 corresponding to the
dot positions at which printing is to be performed. Upon
receiving this signal, the drive circuits 40 drive the actua-
tors 27. To reduce the wire inductance to the actuators, the
drive circuits 40 should be mounted on the carriage in order
to minimize the wire length. However, the present invention
is not limited by the wire length. For the purposes of the
present invention, the drive circuits can be placed outside
the carriage.

Fig. 6 shows a block diagram of a drive circuit according to
a first embodiment of the invention. The drive circuit con-
sists of a timing pulse generation means 63, a charge circuit
64, and a discharge circuit 65. When a start-of-print signal
S1 is input into the timing pulse generation means 63, the
timing pulse generation means 63 sends a charge signal of a
specified pulse width (charge period) to the charge circuit
64 in response to which the charge circuit 64 supplies a
charge to the actuator 27. Subsequently, the timing pulse
generation means 63 sends a discharge signal of a specified
pulse width (discharge period) to the discharge circuit 65.
The discharge circuit 65 then discharges the charge stored in



25 3, it
90

I s advant ageous for the two threads of WHAT WE CLAIM | S: -
the nenber 37 to have left-hand threads in 1. Alighter

conprising a device for ad-

the actuator 27. As mentioned before, this charging and sub-

sequent discharging of the actuator 27 causes ink first to be
suctioned and then ejected through the associated nozzle 4.

The following is a detailed explanation of the configuration
and action of the electrostatic actuator and its drive cir-
cuit with reference to specific circuit examples.

Fig. 7 shows an exémple of a charge circuit 64 and a

discharge circuit 65. Note that in Fig. 7 the actuator is
represented by its equivalent capacitor (5, 21). Fig. 8 shows
the charge and discharge signals 51 and 52 that are supplied
to the charge and discharge circuits, respectively, the vol-
tage waveform 53 of the actuator's terminal voltage Va, and a
waveform representing the vibration of the meniscus 102 of
the ink 103 that is formed at the tip of the nozzle 4. Fig. 9
schematically illustrates the conditions of various stages in
the vicinity of the ink chamber 6 when the actuator is dri-

ven.

Before time t0 (Fig. 8), i.e.,. in the standby status, transi-
stor 42 (Fig. 7) is off and transistor 45 is on. Conse-
quently, the capacitor (5, 21) in Fig. 7 is in a discharged
state. Therefore, the diaphragm 5 does not undergo a displa-
cement. The ink chamber 6 remains in a condition that does
not exert any pressure on the ink 103, as shown in Fig. 9(a).

When the charge signal 51 rises at time t0, the pnp transi-
stor 42, driven via an inverting buffer 41, is turned on. At
the same time the falling edge of discharge signal 52 renders
npn transistor 45, via a non-inverting buffer 44, off. This
causes a voltage to be applied to the capacitor (5, 21) via a
charge resistor 43. As a result, a charge current flows in
the direction of arrow A. The electrical charge stored in the
capacitor (5, 21)> causes an electrostatic force to act bet-
ween the diaphragm 5 and the electrode 21. This, in turn,
causes the diaphragm 5 to be attracted to the electrode 21,
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the volume of the ink chamber 6 to increase, as shown in Fig.
9(b), and the ink 103 in the vicinity of the ink chamber 6 to
be attracted in the direction of the arrow. During this time,
the voltage 53, i.e. the terminal voltage Va of the capacitor
(5, 21), changes, as shown by curve C in Fig. 8, according to
the time constant which is determined by the resistor 43 and
the capacitance of the capacitor (5, 21). As the diaphragm is
displaced, the meniscus 102 varies as indicated by curve E in
Fig. 8, i.e. it is drawn toward the ink chamber 6 (see Fig.
9(b)).

At time t1, the charge signal 51 is turned off, and, simulta-
neously, the discharge signal 52 is turned on. When this
happens, the transis;or 42 1is turned off. This stops the
charging of the capacitor (5, 21). On the other hand, because
the transistor 45 is turned on, the electrical charge stored
in the capacitor (5, 21) is discharged in the direction of
arrow B through a discharge resistor 46. Because the
discharge resistor 46 is set considerably smaller than the
charge resistor 43 the time constant during the discharging
process is smaller than that during the charging process, so
that the discharge occurs in a short time, as shown by curve
D in Fig. 8, compared to the length of time required in the
charging process. When the discharge occurs, the diaphragm is
suddenly released from the electrostatic attraction. Because
of its elasticity, the diaphragm 5 returns to the standby
position by its own, as shown in Fig. 9(c), thereby pressing
the ink in the ink chamber 6 suddenly. The pressure generated
inside the ink chamber 6 causes an ink droplet 104 to be
ejected from the nozzle 4. During this process the displace-
ment 54 of the meniscus 102 changes, as indicated by curve F
in Fig. 8. When the ejection pressure overcomes the viscosity
and the surface tension of the ink 103 that tend to pull the
ink back into the nozzle 4, the ink is ejected followed by
attenuation vibrations of the ink system.
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In Fig. 7, a discharge resistor 47 connected in parallel to
the capacitor (5, 21) has a sufficiently higher resistance
value than that of the charge resistor 43 and that of the
discharge resistor 46. While exerting little influence during
the charging or discharging process, when the head is opera-
ting, this discharge resistor 47 performs the function of
gradually releasing the electrical charge that may be stored
initially in the capacitor (5, 21) during the power-up stage.
The discharge resistor 47 thus serves to keep the initial

charge for the actuator at the zero level.

Fig. 10 shows an example circuit for the timing pulse genera-
tion means in this first embodiment. When the start-of-print
signal S1 is input into the trigger input terminal of a mono-
stable multivibrator 81, a positive pulse, whose time width
is determined by an external resistor and capacitor, is out-
put as charge signal at an output terminal Q. Because in this
embodiment the discharging process is commenced at the same
time as the charging of the actuator is stopped, pulses out-
put from the Q output terminal of multivibrator 81, namely
the inverted charge signal can be used as the discharge
signal.

In the embodiment explained above the charge that determines
the maximum displacement of the diaphragm is controlled by
the pulse width of the charge signal 51 and the charge time
constant in such a way that the desired ink ejection is
achieved on the one hand and a contact between the diaphragm
and the nozzle electrode avoided on the other hand. The
charge time constant is selected longer than the discharge
time constant. This allows to select the speed of charging,
i.e. the charge rate, as fast as possible but slow enough not
to cause bubbles to be generated. On the other hand, the
discharge rate is made faster than the charge rate enabling a
fast overall response of the actuator. According to éxperi-
ments, stable ink ejection was confirmed at a drive frequency
of 3kHz under the following conditions: 30V drive voltage,
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.15us charge period at 50N charge fesistance; and 45us charge
period at 5kl charge resistance. In both cases a 3.3 kf
discharge resistor was used. The discharge period was about
300 pus.

The resistance of the charge resistor 43 is closely related
to the negative pressure generated in the ink chamber, i.e.
the smaller the resistance, the larger the pressure. The
negative pressure generated in the ink chamber is mainly
determined by the differential pressure between the pressure
exerted on the diaphragm in response to the electrostatic
force and that due to the restoring force', as well as the
moving speed of the ink. Since the moving speed of the ink is
limited by the flow resistance, the higher the charge rate
the higher the dynamic negative pressure in the ink chamber.
On the other hand, when the actuator is being charged, the
generated electrostatic force is proportional to the square
of the charge accumulated in the actuator and inversely pro-
portional to the square of the distance between the diaphragm
and the nozzle electrode. Therefore, in the beginning of the
charging process, the attractive force increases slowly and
so does the negative pressure in the ink chamber. As the
diaphragm displacement approaches its target value the pres-
sure increases more quickly. In other words, at the beginning
of the charging process the influence of the charge rate on
the pressure generated in the ink chamber is rather small. By
contrast, the discharge starts at a small distance between
the diaphragm and the nozzle electrode, so the discharge rate
has a large effect on the pressure in the initial stage.
Both, the charge circuit and the discharge circuit each
inclusive of the actuator's capacitance have a first order
delay response with a steep slope at the beginning which
becomes more and more gentle as the process continues.
Because of these mechanisms, depending on the individual
case, determination of the resistance values of the charge
and the discharge resistors should be done on the basis of
the final charge rate and the initial discharge rate, i.e.
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rates effective when the diaphragm displacement is near its

- target value. For achieving a final charge rate smaller than

the initial discharge rate it is not necessarily required to
have the resistance of the charge resistor smaller than that
of the discharge resistor.

A further improvement of the foregoing embodiment increasing
the drive efficiency will be explained below.

At time ti, if only the charge signal 51 is turned off and
the discharge signal 52 is maintained at the off status, (the
ink system undergoes attenuation vibrations as indicated by
the broken line in Fig. 8 representing the displacement 54 of
the meniscus 102. The cycle T of these attenuation vibrations
is determined by parameters such as the flow resistance of
the ink passage. JP-A-2-24218 describes the fact that, in
view of this phenomenon, by suctioning the ink for a time
equal to 1/4 of the attenuation vibration cycle T (until time
t2), or for a time slightly longer than 1/4 T, and by pressu-
rizing the ink at the end of the suction process, it is
possible to utilize the vibration energy of the ink systenm
during the ink ejection process in order to achieve a high
degree of drive efficiency and an ink ejection that requires
only small electric power. '

However, normally the drive voltage will be high enough so
that if only the . charge .period were long enough the actuator
would be charged sufficiently for the diaphragm to come into
contact with the nozzle electrode. Therefore the charging
process is stopped during the progress of diaphragm displace-
ment before the diaphragm actually touches the nozzle elec-
trode. Since the vibration phase of the ink system always
lags behind the diaphragm vibration phase, when the dischar-
ging starts immediately after stopping the charging the
vibration energy of the ink system cannot be utilized effi-
ciently.
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The means and a drive method effective for overcoming this
problem will be explained with reference to Figs 11 to 13.
Fig. 11 shows a timing chart illustrating the drive method.
In the figure S1 denotes the start-of-print signal, and S2 an
imaginary signal that depicts the states of the charge signal
51 and the discharge signal 52, wherein the high level indi-
cates the charge signal, the low level the discharge signal,
and the medium level a hold status. Except for a modification
of the timing pulse generation means 63, the configuration of
the drive circuit 40 is the same as that explained above with
reference to Figs. 6 and 7.

When the start-of-print signal S1 is applied at time t10, the
timing pulse generation means 63 outputs a charge signal to
the charge circuit 64. At time t11, after a specified length
of time necessary for an ink suction to occur, the timing
pulse generation means 63 stops the charge signal, puts both
the charge and the discharge circuit in an idle state, and
holds the actuator 27 in the charged state. At time t13,
after a length of time corresponding- to the phase delay of
the ink system has elapsed, the timing pulse generation means
63 applies the discharge signal 52 to the diécharge circuit
65, and thus begins to discharge the charge accumulated in
the actuator. '

This drive method, in which the charge state is held for a
prescribed hold period after completion of the charging pro-~
cess and before the discharging process is commenced, ensures
an effective utilization of the vibration energy of the ink
system and, thus, an efficient ink ejection operation. The
reason is that, after the displacement of the diaphragm is
stopped, without the diaphragm ever touching the nozzle elec-
trode, the actuator is kept in this state until the wvibra-
tions of the ink system reach a maximum. Then the actuator is
discharged and the ink is pressurized.
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Fig. 12 shows an example of a timing pulse generation means
suitable for this embodiment. When the start-of-print signal
S1 is input into the trigger inpﬁt terminal of a first mono-
stable multivibrator 82, a charge signal, whose time duration
is determined by an external resistor and a capacitor, is
output as a positive pulse. At the same time, the start-of-
print signal S1 is similarly input into a second mono-stable
multivibrator 83, and a discharge signal, whose time duration
is determined by external elements, is output from the inver-
ted output terminal Q to the discharge circuit. In this cir-
cuit configuration the pulse width of the pulses generated by
the first mono-stable multivibrator 82 is set shorter than
the pulse width of the pulses generated by the second mono-
stable multivibrator 83 by the length of the hold period
(t13-t11 in Fig. 11).

Fig. 13 is a flow chart illustrating another example of a
timing pulse generation means for this embodiment, implemen-
ted through the use of a microprocessor. In this example a
provision is made to allow the user to select the hold period
setting either on or off. The following is a description of
how the timing pulse generation means operates. When recei-
ving the start-of-print signal S1, the microprocessor, not
shown in the figure, sets the discharge signal in the inac-
tive state at ST1, sets the charge signal in the active state
at ST2, and begins charging the actuator 27. At ST3, the
microprocessor sets the charge period (Tc) in a timer, at ST4
it detects the time-up condition of this timer, and at STS it
stops charging while putting the 'charge signal in. the inac-
tive state. In doing so, at ST6 the microprocessor determi-
nes, based on printer specifications, whether or not the hold

status is to be set. If the printer requires the hold status,
the microprocessor sets a hold period (Th) in the timer and
maintains the hold sfatus until the time-up condition of the
timer is detected at ST8. After the time-up condition has
been detected, or if the printer does not require the setting
of the hold status, the microprocessor initiates the dischar-
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ging process by setting the discharge signal 52 in the active

_ state at ST9.

Note that as shown in the timing charts of Figs. 8 and 11,
the discharge state is preferably maintained until the start
of the succeeding charge (from tl13 to t12 in Fig. 11). As a
result, the inter-terminal impedance of the actuator is main-
tained fairly low, thus preventing the actuator from opera-
ting improperly under the influence of external noise or
induction noise. '

Second Embodiment

In the above embodiment, for allowing an accurate control of
the charge in the actuator the powér supply or drive voltage
used for charging should be regulated not to fluctuate. How-
ever, where a sufficiently constant drive voltage cannot be
ensured the charge conditions may be modified, as explained
in this embodiment. |

Fig. 14 shows a simplified model for determining the displa-
cement of the diaphragm of the electrostatic actuator, where
m denotes the sum of the ink inertance and the mass of the
diaphragm, r is the ink's passage flow resistance, K is the

" diaphragm compliance (defined as change of volume per pres-
sure), € is the permittivity in the gap between the diaphragm

and the nozzle electrode, Va is the terminal voltage of the
actuator, G is the length of the gap between the diaphragm
and the nozzle electrode, A is a proportionality constant of
unit m? and x is the displacement of the diaphragm. Based
upon this model, the following motion equation, Equation (3),
is obtained: '

mAx" + rAx' + Ax/K = (€/2)-(Va/(G - x))2 (3)
X(t=0) = x'(£=0) = 0

and .
Va = Vs- (1 - e~t/RC) (4)
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where Vs denotes the drive voltage used for charging, R is
the resistance of the charge resistor 43 (Fig. 7), and C is
the electrostatic capacity of the actuator.

As indicated in Equations (3) and (4), the displacement x of
the diaphragm 5 is a function of the drive voltage Vs, 'and;
consequently, the contact time, i.e. the period between the
start of charging and the moment at which the diaphragm 5
gets into contact with the nozzle electrode, also varies with
the drive voltage Vs. Fig. 15 shows an example of the rela-
tionship between drive voltage Vs and contact time. In this
example the constants enumerated above have the following

values:
m = 1.0-10% [kg/m*)
r =1.5:10%2" [N.s/m3]
K = 2.5-10718 [md/N]
R = 3.9 [ka]
C = 650 pF (average over diaphragm displacement)

According to Fig. 15, in the neighborhood of a 30V drive vol-
tage, normally the contact time varies at a rate of 2us per
volt. Therefore, to prevent any contact, the charge condi-
tions such as the charge resistance value, i.e. the charge
rate, or the charge period may be varied according to the
power supply or drive voltage.

This second, like the following third and sixth embodiments
are directed to means and drive methods for controlling the
charging. of the actuator dependent on the power supply
voltage and/or other parameters. Other parameters include
temperature, ambient pressure, humidity, ink viscosity etc.
that may influence the actuator operation.

Fig. 17 is a block diagram of the drive circuit used in the
second embodiment of the present invention. Fig. 16 is a
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timing chart that will be used to explain a drive method
according to the present embpdiment.

When the start-of-print signal S1 is applied from the printer
controller 62 to the timing pulse generation means 63 at time
t20, the timing pulse generation means 63 supplies a charge
signal 51 to the charge circuit 64 and begins charging the
actuator 27. A comparison circuit 67 compares the terminal
voltage of the actuator 27, detected by a voltage detection
circuit 66, with a target voltage value corresponding to a
specified charge amount gO. When the amount of charge built
up in the actuator 27 reaches the specified value g0 at time
€21, the comparison circuit 67 detects equality between the
actual terminal voltage and the target voltage value and out-
puts a reset signal S4 to the timing pulse generation means
63. This causes the timing pulse generation means 63 to set
the charge signal 51 in the inactive state and stop the char-
ging of the actuator. The operations that occur after this
point are the same as those described in the first embodiment

above.

Fig. 18 shows examples of the voltage detection circuit 66
and the comparison circuit 67 suitable for the second embodi-
ment. The terminal voltage of the actuator 27, after under-
going a voltage division, is input into a comparator 85
through a voltage follower 84. In the comparator 85, the ter-
minal voltage is compared with the target voltage value. If
the comparison indicates that the detected voltage equals the
target voltage value, the comparator 85 outputs a low-level
reset signal to the timing pulse generation means. In the
example circuit for the timing pulse generation means, shown
in Figs. 10 and 12, the reset signal is input into the reset
terminal of the mono-stable nulti-vibrator, 81 or 82, thus
causing the charge signal 51 to assume the inactive state. In
the microprocessor implementation of the timing pulse genera-
tion means, shown as flow chart in Fig. 13, the presence or
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absence of a reset signal is tested at step ST4. If a reset
signal is present, the charge process is immediately halted.

As noted above and shown in Fig. 34, the diaphragm displace-
ment is a function of the terminal voltage, and thus the ter-
minal voltage required to obtain a given diaphragm displace-
ment can be predetermined. Further, the electric charge is in
direct proportion to the terminal voltage with the capaci-
tance as the prpportionality factor being a function of the
diaphragm displacement as shown in Fig. 35. Thus, the rela-
tionship between the terminal voltage and the electric charge
can be determined uniquely by the amount of displacement of
the diaphragm. Therefore, according to the above configura-
tion, the charge pulses are regulated, not in terms of time,
but in terms of the electrical charge or the terminal voltage
which is a function of the charge. This permits an always
accurate determination of the amount of displacement that the
diaphragm 5 may undergo, which, in turn, can reduce the
influence of variations in the resistance value of the charge
resistor 43 or fluctuations in the value of the drive vol-
tage. This results in an even more stable ink ejection.

Like in the first embodiment, the efficiency of ink ejection
can be enhanced by providing a specified hold period before
the discharge signal is put into the active state.

Further, as a means of measuring the amount of charge that is
accumulated in the actuator, it is possible to use a means
for detecting the integrated value of the charge current
instead of the terminal voltage of the actuator. Fig. 19
shows a block diagram of this type of configuration. At time
t20 (see Fig. 16), the timing pulse generation means 63 sets
the charge signal 51 in the active state and simultaneously
outputs a reset signal to a current integration circuit 68.
Upon receiving this signal, the charge circuit 64 begins
charging the actuator, and the current integration circuit 68
begins the integration of the charge current flowing to the
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actuator. The integrated value of the charge current, i.e.,
the amount of charge, is compared in a comparison circuit 67
with a specified charge quantity g0, thus causing the genera-
tion of a reset signal when the compared values are equal.
The operations that occur subsequent to this step are identi-
cal to those described in the above embodiment based on a
voltage detection.

Fig. 20 shows a circuit example of the current integration
circuit 68. A voltage proportional to the current, which is
generated by a current detection resistor 87 provided in the
charge path, is converted to a current value by an operation
amplifier 86, and a constant-current driver 90 charges a
capacitor 88. The capacitor 88 is discharged when a discharge
transistor 89 is turned on by a reset signal transmitted from
the timing pulse generation means 63. A voltage, proportional
to the charge current that is integrated by the capacitor 88,
is compared by the comparison circuit 67 with a specified
value causing the generation of the reset signal when the two
values are equal.

As explained above, the charging process of the actuator may
be feedback controlled by comparing a parameter representa-
tive of the charge state of the actuator with a target wvalue.
' In addition to the terminal voltage and the integrated charge
current, other parameters 1like the dispiacement of the
diaphragm or the pressure in the ink passage may alternati-
vely be detected and used for this purpose.

Third Embodiment )

In the second embodiment, either a voltage detection circixit
or a current integration circuit 68 for directly detecting
the charge state of the actuator 27, and a comparison circuit
67 are provided for each actuator thereby implementing a
closed-loop or feedback control for the charging of the
actuator. The provision of these elements increases the
complexity of the circuitry. To prevent this problem, the
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present embodiment provides for an open-loop control by
predetermining a respective optimal charge period for several
values of the power supply or drive voltage, and setting the
charge period based upon ‘information obtained from a means
for measuring this voltage. -

Fig. 21 shows a block diagram of a drive circuit according to
the third embodiment. When the start-of-print signal S1 is
output from the printer controller 62, a variable timing
pulse generation means 73 reads information on the condition
of the printer from printer condition detection means 74,
which detects printer conditions, such as the power supply
voltage, and, based on this information, the variable timing
pulse generation means 73 receives an optimal charge period
for the current printer condition from charge condition

‘memory means 75. As will be understood, memory means 75 has

prestored therein for each of several power supply or drive
voltage values the respective optimal charge period. Subse-
quently, the variable timing pulse generation means 73 char-
ges and discharges the actuator as described in the first
embodiment. The charge condition memory means is capable of
storing not only charge periods but also information on hold
period. The following is a detailed explanation with refe-
rence to actual circuit examples.

Fig. 22 is a flowchart illustrating the sequence of opera-
tions that occur when the variable timing pulse generation
means is implemented using a microprocessor. Fig. 23 is an
example circuit that detects the drive voltage for the actua-
tor as an example of a printer condition detection means.
When receiving the start-of-print signal S1, the microproces-
sor stops the discharging process at ST31, and simultaneously
begins the charging process at ST32. At ST33, the micropro-
cessor receives information on printer conditions and status
data from the printer condition detection means 74. In this
example the "printer condition" .refers to the voltage of a
drive power supply unit (not shown). At ST34, the micropro-
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cessor starts up a subroutine for determining the length of
charge period. At ST35, the subroutine assigns the status
data to the pointer to a charge period table, and, at ST36,
the subroutine references the table. At ST37, the subroutine
reads charge period data from the table and passes the data
to the main routine. Based on the charge period data, the
main routine performs a series of processing tasks such as
setting a timer. The operations that occur after this step
are identical to those described in the first embodiment. If
the hold period must be cﬁanged'depending on a printer condi-
tion, all that needs to be done is to set up a hold period
table and to perform the same processing tasks as in the case
of setting the charge period. Thus it suffices to pass the
status data to the pqinter to the hold period table. In the
circuit shown in Fig. 23, the voltage of the 'drive power
supply is divided and converted to a digital value by an A/D
converter 99. The points at which the drive power supply
voltage is measured should, as much as possible, be on wires
that are common to all charge circuits 64, several of which

normally exist.

Fourth Embodiment

In the first to third embodiments described above the value
of the charge resistance is a critical factor that influences
the print quality of electrostatic actuator driven inkjet.
heads. The following explains the reason for this fact and
describes a method of setting a charge resistance value.

Fig{ 24 is a graph showing for three different charge resi-
stance values the charge characteristic curve. i.e. the
change in the amount of electrical charge accumulated in the
actuator during the charging proceés. In the charge circuit
64 shown in Fig. 7, if the value of charge resistor 43, which
determines the time constant during the charging process, is
small the amount of electrical charge changes as indicated by
solid line 55. If the value of charge resistor 43 is large,
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the change in the amount of electrical charge varies accor-

ding to solid line 57.

If the amount of electrical charge increases too slowly, as
shown by solid line 57, the electrical charge necessary for
ink suction cannot be obtained at time t4l. Consequently, the
change in-the volume of the ink chamber 6 is not sufficient
to produce a large enough ink ejection. If ink ejection is
forced under these conditions, a significant degradation in
print quality or even no ink ejection at all will result.
Thus, in this case, to obtain a sufficient amount of electri-
cal charge, the charge pulse width must be extended to time
t43. This, however, decreases the responsiveness 6f the head
and results in a failure to obtain the desired printing
speed. According to experimental and computational verifica-
tions, a sufficient amount of ink suction occurs if the
amount of electrical charge stored is approximately 90% of
the capacity of the capacitance C of the actuator. Therefore,
the ratio between the time constant (RC) of the charge cir-
cuit, determined by the charge resistance R and the capaci-
tance C, and the charge period (T0), as determined from Equa-
tion (5), gives Formula (6), and this determines the maximum

charge resistance value.

g = go (1-e"TO/RC) (5)
g 2 0.990
TO/RC 2 2.3 (6)

RC < 0.43T0

on the other hand, when the amount of electrical charge
increases too rapidly, as shown by line 55, the ink in the
ink passage is attracted suddenly to the vicinity of the
diaphragm, as indicated in Fig. 25. This causes either the
intrusion of bubbles 106 from the nozzle due to a pressure
(negative pressure) that is lower than the atmospheric pres-
sure, or the occurrence of nitrogen and other gases dissolved
in the ink as air bubbles 106 due to rapid vibrations of the
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ink in the ink passage. As discussed previously, when the
electrical charge stored in the actuator is discharged under
these conditions so as to reset the volume of the ink passage
to the standby status, the ‘pressur_e that would normally eject
an ink droplet will be absorbed by the bubbles 106, thus
leading to a phenomenon of no or no sufficient ‘ink ejection.
To prevent this problem it is also necessary to establish a
lower 1limit on the time constant for the charge circuit.
According to experimental verifications, even when a non-
bubbling ink is used by removing nitrogen and other gasés
normally contained in the ink by degassing, the application
of negative pressure, greater than 2x10° Pa, generates
bubbles in the ink passage, thus preventing any ejection of
ink.

When an experiment was conducted under the conditions of 30V
drive voltage applied to the head, a charge period TO of
15us, and a resistance of 500 for the resistor 43, no bubbles
occurred and a stable ink ejection was obtained in the inkjet
head with the electrostatic actuator that was used in the
experiment. A measurement of the capacitance C gave approxi-
mately 270 pF resulting in an approximate time constant of
0.0135us. '

Therefore, the inkjet drive method of the fifth invention
ensures a stable ink ejection by setting the value of the
charge resistor 43 within the range between an upper and a
lower limit. The upper limit is determined by the condition
that the time constant of -the charge circuit is less than 1/2
of the charge pulse width and the lower limit is determined
by the condition that the negative pressure exerted on the
ink during the suctioning of the ink is less than 2 X 10°Pa.
As will be understood, in each of the first to third embodi-
ments the charge resistor 43 may preferably be set within

this range.
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Fifth Embodiment 32

Fig. 27 is a block diagram that shows the drive circuit for
the actuator according to a fifth embodiment of the present
invention. Fig. 26 is a timing chart for explaining drive
method employed in the fifth embodiment.

The following is an explanation of the compositidn and opera-
tion of the fifth embodiment with reference to Figs. 27 and
26.

A characteristic of this embodiment is that a variable vol-
tage charge circuit 71 is used as a charge circuit to charge
the actuator 27 and that a target value generation means 70
is provided that outputs a target charge voltage value to the
variable voltage charge circuit the target value varying in
accordance with the length of time that has elapsed since the
charging process began. Upon receivihg the start-of-print
signal S1 from the printer controller 62 at time t50, the
timing pulse generation means 63 inside the drive circuit
outputs a charge signal S2 to the target value generation
means 70. As mentioned above, the target value generation
means generates a target voltage varying with the length of
time that has elapsed since .it received the charge signal and
supplies the generated target voltage to the charge circuit
71. Upon receiving this voltage, the charge circuit 71
supplies a charge voltage, equal to the target value, to the
actuator.

When the charge signal S2 from the timing pulse generation
means 63 becomes inactive at time t51, the target value gene-
ration means 70 stops generating target values, and the
variable voltage charge circuit 71 stops charging the actua-
tor. After that discharging of the actuator is performed as
described in the preceding embodiments.

Fig. 28 shows example circuits of the target value generation
means 70 and the variable voltage charge circuit 71 suitable
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for this embodiment. The charge signal from the timing pulse
generation means 63 is applied to the reset inpﬁt of a coun-
ter 91. When the charge signal becomes active, the counter 91
begins operating, i.e., starts counting clock signals that
are supplied by an oscillation circuit 94. The count value
output from the counter 91 is a binary output and is input
into the address input of a memory 92 in which target value
data are stored. Therefore, the address in the memory is
updated at every predetermined clock count, aﬁd the target
value data stored at the respective address is supplied to
the digital input of a D/A converter 93. Then, a target value
is output from the D/A converter 93 as a voltage. When the
charge signal becomes inactive, the counter 91 is reset. When
this occurs, the target value data stored at address O0OH of
the memory 92 is input into the digital input of the D/A con-
verter. Therefore, the charging of the actuator can be
stopped by storing at this address a data value that forces
the output of the charge circuit to assume a high impedance
state. V1 in Fig. 26 shows the resulting terminal voltage of
the actuator. As shown in this example, the target values may
be set such as to result in a hold period within the active

portion of the charge signal.

The variable voltage charge circuit 71 is a constant-voltage
driver having a negative feedback loop for feeding back part
of its output voltage to its input. Thus, the variable vol-
tage charge circuit is capable of producing output voltages
that are proportional to the target voltages generated by the

D/A converter 93.

Fig. 29 is a flow chart for explaining another example of the
target value generation means 70 suitable for this embodi-
ment, which uses a microprocessor. When, at time t50, the
start-of-print signal S1 is output from the printer control-
ler 62 and a charge signal is output by the timing pulse
generation means 63, at ST21 the microprocessor initializes
the address pointer to a table in which target value data are
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stored. At ST22, the microprocessor updates the address, at
ST23, it reads the data stored at that address from the
table, and outp_uts them to the D/A converter. Then, at ST24,
the microprocessor sets a timer to a specified time interval
Ti at which the target value is to be updated. At ST25, the
microprocessor waits until the time-up condition occurs.
After the time-up condition has been detected, at ST26, the
microprocessor checks whether or not the end of data in the
target value table was reached. If there are still other
data, the microprocessor loops to ST22 and outputs the next
target wvalue. If the end 6f data has been reached, at ST27,
the microprocessor outputs the data that set the charge vol-
tage to 0V and thus terminates the generation of target

values.

Fig. 30 shows a variation of the fifth embodiment employing a
feedback control. In this case, instead of a target voltage
value, a target charge value for the actuator is generated,
the target charge value vary:l.ng w1th the elapsed time since
the beginning of the chargJ.ng process, of the actuator. The
actuator is charged by applying a charge current whose value
is regulated based on the difference between the target
charge value and the integrated value of the charge current,
which represents the actual charge accumulated in the actua-
tor. In other ‘words, this modification of the fifth embodi-
ment employs a control that makes the actual charge in the
actuator track the time varying target charge value.

As the target value generation means either a hardware solu-
tion using the above circuit examples or a software solution
appropriately controlling a microprocessor may be employed.
When the timing pulse generation means 63 applies a charge
signal to the target value generation means, the target wvalue
generation means, as noted above, generates a time varying
target charge value. On the other hand, the current integra-
tion circuit 68, described in the second embodiment, starts
integrating the charge current upon receiving a charge signal
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from the timing pulse generation means 63. The integrated
charge current value output from the current integration cir-
cuit is fed back as the instantaneous charge value to an
adder (see Fig. 30) which provides the difference between the
target charge value and the actual charge value of the actua-
tor as a command charge current value to a variable current
charge circuit 72. In this manner, the amount of charge
stored in the actuator is always regulated so that it is
equal to the target value from the target wvalue generation

means 70.

Fig. 31 shows a circuit example of the variable current
charge circuit 72. A command current value, obtained by a
differential amplifier 96 (forming the adder of Fig. 30) as
the difference between the target charge value and the inte-
grated current value, is level-shifted by a level converter

. 97 after having been attenuated, and is input into a

constant-current driver 98. In this manner a charge current
corresponding to the command current value is obtained.

In this manner, by providing a feedback control on the amount
of charge stored in the actuator, this charge is regulated so
that the diaphragm 5 does not touch the electrode 21, the
amount of charge necessary to cause that level of suction
that ensures adequate ink ejection is stored, an optimal gap
is constantly maintained, and a stable ink ejection is achie-

ved.

In the above fifth embodiment, memory 92 has prestored
therein a table of target values. In this case, the target
values rather than a charge period and a charge time constant
determine the charge characteristic, i.e. the charge rate and
the final charge amount of the actuator. With respect to the
charge rate, the target values are preferably set based on
the same considerations that have been explained in the
fourth embodiment for the resistance value of the charge
resistor 43, namely so that, during the ink suctioning
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process, the actuator is charged in a way that the negative
pressure exerted on the ink is no greater than 2x10° Pa. As
to the final charge amount, the target values are set to
result in the amount of charge necessary to cause sufficient
ink suction for ink ejection.

sixth Embodiment _ ,

Although the above embodiments are based on the assumption
that the electromechanical properties of the electrostatic
actuator, the ink viscosity, and other properties are con-
stant, in reality these properties may vary between produc-
tion lots and may be subject to change due to aging or tempe-
rature. Therefore, charge period and target values are set in
consideration of these factors to values that tend to deviate
from optimal values to the safe side. As mentioned above,
with the electrostatic actuator, the distance between the
diaphragm and the nozzle electrode must be controlled so that
the distance becomes as small as possible without the
diaphragm and the nozzle electrode ever touching each other.
However, setting safe values means that the closest distance
between the diaphragm and the nozzle electrode is kept rela-
tively large at the expense of drive efficiency and print
quality. Further, even though a direct contact is prevented,
the fact that the smallest distance can vary leads to uneven
print quality, for example, the print density.

In view of these issues, as shown in Fig. 32, the sixth embo-
diment provides further improvement by incorporating a prin-
ter condition detection means 74, a variable-timing pulse
generation means 73, and a charge condition storage means 75,
in addition to the configuration used in the fifth embodi-
ment; further, in the sixth embodiment the target value gene-
ration means is replaced with a variable target value genera-
tion means allowing to select among two or more tables of
target values according to the condition of the printer. In
this manner, a variation in the viscosity of the ink, for
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instance, can be easily compensated for, which would not be
possible by simply changing the charge period.

As an example of a variable target value generation means
using a microprocessor, reference is again made to Fig. 29.
During the initialization of table addresses, at ST21, the
variable target value generation means reads status data from
the printer condition detection means and selects a corres-
ponding target value table from plural prestored target value
tables. After that, the target value generation means pef-

‘forms the same processing as that shown in the flowchart in

Fig. 29. Specific examples of printer condition detection
means include, in addition to those shown in Fig. 23, tempe-
rature detection means comprising a temperature detector,
such as a thermistor, disposed in the vicinity of the inkjet
head, an A/D converter for A/D converting the output voltage
of the detector, and means for inputting the digital data to
the microprocessor. Other detection means, like ambient tem-
perature detection means, humidity detection means etc. may
additionally or alternativély be provided and used to select
optimum charge conditions from a plurality of prestored con-
ditions.

The printer condition detection also includes the detection
of printer setting conditions. In the case the inkjet heads
and the drive circuits, which are the same in specification,
are used for printers of different specification, the inkjet
head drive circuits can select the drive condition by detec-
ting the printér specification, e.g., the power supply vol-
tage, print density, recording media type and so on, from the
setting status of, for example, a DIP switch mounted on the

printer.

Although printer condition detection means have been descri-
bed above as being applied to the fifth embodiment, it is to
be noted that such detection means may also be employed in
the other embodiments of the invention. For instance, it is
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feasible to replace the charge resistor 43 by controllable
resistance means whose resistance value is controlled in
response to detected printer conditions and/or settings.
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WHAT IS CLAIMED IS:

1. An inkjet recording apparatus comprising

an inkjet head (10) having for each of one or more
nozzles (4), an ink passage (6, 7, 8) in communication with
the nozzle, and an actuator (27) comprising a pair of capaci-
tor plates (5, 21) of which one plate is formed by or
- attached to a diaphragm (5) provided in a part of said ink
passage, while the other .'plate is formed by an electrode (21)
disposed outside of said ink passage in opposition to the
diaphragm with a gap (G) therebetween, and |

means for charging and discharging the actuator (27)
such as to displace the diaphragm (5) by an electrostatic
force, thereby to eject ink droplets from said nozzle (4),

wherein said means for charging and discharging compri-
ses charge control means (40, 62) for controlling the charge
accumulated in the actuator (27) during charging.

2. The apparatus according to claim 1, wherein said
charge control means comprises charge rate control means (43,
64; 70, 71) for controlling the charge rate of the actuator
(27).

3. The apparatus according to claim 2, wherein said
charge rate control means (43, 64; 70, 71) 1is adapted to
control the final charge rate to be smaller than the initial
discharge rate.

4. The apparatus according to claim 2 or 3, wherein the
charge rate control means is adapted to control the charge
rate of the actuator (27) such that the negative pressure
inside the ink passage does not exceed 2 x 10° Pa.

5. The apparatus according to any one of claims 1 to 4,
‘wherein said charge control means (40, 62) comprises timing
.pulse generation means (63), charge means (64) responsive to
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a chafge signal from said timing pulse generation means (63)
for charging the actuator (27) and discharge means (64)
responsive to a discharge signal from said timing pulse gene-
ration means (63) for discharging the actuator (27).

6. The apparatus acc_ordihg to claims 5, wherein said
discharge charge means (65) comprises switch means (45)
responsive to said discharge signal (52) for shorting said
capacitor plates (5, 21) of the actuator through a discharge
resistor (46) and/or said charge means (64) comprises switch
means (41, 42) responsive to said charge signal (51) for
applying a charge current through a charge resistor (43) to
the actuator (27).

7. The apparatus éccording to claim 6, wherein the
product of the resistance value of the charge resistor (43)
and the capacitance of the actuator (27) is 1less than
approximately half the active period of said charge signal
(51).

8. The apparatus according to any one of the preceding
claims, further comprising means (63) for providing a hold
period between the end of a charge period and the start of a
subsequent discharge period, said hold period selected in
accordance with a phase lag between the diaphragm motion and
a pressure vibration in said ink passage (6, 7, 8).

9. The apparatus according to any one of the preceding
claims, wherein a discharge period extends from the end of
the preceding charge period or the end of the preceding hold
period, if any, to the start of the next charge period.

10. The apparatus according to any one of the preceding
claims, wherein said charge control means (40, 62) further
comprises means (66, 68) for detecting the value of a parame-
ter representing the actual charge state of the actuator
(27), comparison means (67) for comparing the detected value
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with .a predetermined value and for outputting a control
signal when the detected value is equal to the predetermined
value, and means (63)-for stopping the charging of the actua-
tor in response to the control signal.

11. The apparatus according to any one of the preceding
claims, further comprising recording condition detection

" means (74) for detecting recording conditions of the recor-

ding apparatus, said charge control means (40, 62) control-
ling the charge and/or charge rate depending on the detected
recording conditions.

_ 12. The apparatus according to any one of the preceding
claims, wherein said charge control means (40, 62) irncludes:
target value generation means (70, 73-75) for genera-
ting a target value corresponding to a desired amount of
charge to be stored in the actuator (27), and '
target value charging means (63, 64, 66, 67) responsive
to said target value for charging the actuator up to said
desired amount of charge.

13. The apparatus according to claim 12, wherein said
target value is varied with the length of time that has elap-
sed from the start of charging . :

14. The apparatus according to claim 11 and one of
claims 12 and 13, wherein said charge control means comprises
storage means (75) having prestored therein charge/discharge
conditions for the actuator (27) according to the recording
conditions, the target value generation means (73-76) being
adapted to generate a target value or a set of target values
based on the charge/discharge condition retrieved from said
storage means in response to the detected recording condi-
tion.
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15. The apparatus according to any one of the preceding
claims, wherein said actuator (27) is driven by a unipolar

drive voltage.

16. A method of driving an electrostatic actuator in
the inkjet head of an inkjet recording apparatus wherein the
actuator is capable of moving a diaphragm associated with an
ink passage in the inkjet head for increasing and decreasing
the volume of the ink passage, comprising the steps of char-
ging the actuator for increasing the volume and subsequeht
discharging the actuator for decreasing the volume, wherein
the charging step includes controlling the charge supplied to
the actuator.

17. The method according to claim 16, wherein the char-
ging step includes charging the actuator at a specified

charge rate.

18. The method according to claim 16 or 17,-com§rising
a step of holding the charge accumulated in the actuator for
a predetermined hold period after the end of the charging
step and before the start of the subsequent discharging step,
said hold period selécted in accordance with a phase lag bet-
ween the motion of the diaphragm and a pressure vibration in

said ink passage.

19. The method according. to any one of claims 16 to 18 -
wherein said discharging step ends at or immediately before
the start of the next charging step.

20. The method of any one of the claims 16 to 19,
wherein said charging step comprises: |

detecting a recording condition of said recording appa-
ratus, _

generating, in response to the detected recording con-
dition, a target value representing an amount of charge to be
supplied to the actuator, and
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ABSTRACT OF THE DISCLOSURE (Fig. 1

INKJET RECORDING APPARATUS HAVING ELECTROSTATIC ACTUATING
MEANS AND METHOD OF CONTROLLING IT '

An inkjet recording apparatus is provided with an inkjet head
having a nozzle (4) , an ink passage (6, 7, 8) that is
connected to the nozzle, and an electrostatic actuator compb-
sed of a diaphragm (5) that is provided in a part of the ink
passage and an electrode (21) placed outside of the ink pas-~
sage opposite to the diaphragm. Recording is performed by
moving the diaphragm by means of an electrostatic force gene-~
rated by applying a voltage to the actuator thereby ejecting
ink droplets from the nozzle. A drive circuit for the actua-
tor comprises a timing pﬁlse generator, -a charge circuit and
a discharge circuit. The drive circuit controls an amount of
charge to be supplied to the actuator as well as the charge
rate, preferably corresponding to environmental operatihg
conditions of the recording apparatus. Thus a durébly stable
and precise ink ejection can be realized.
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TEXT OF THE ABSTRACT

INKJET RECORDING APPARATUS HAVING ELECTROSTATIC ACTUATIN G MEANS

AND METHOD OF CONTROLLING IT

An inkjet recording apparatus is provxded with an inkjet head having a nozzle (4), an ink

passage (6,7,8) that is connected to the nozzle, and an electrostatic actuator (27) composed of

a diaphragm (5) that is provided in a part of the ink passage and an electrode (21) placed -

outside of the ink passage opposite to the diaphragm. Recording is performed by moving the

diaphragm (5) by means of an electrostatic force generated by applying a voltage to the

‘actuator (27) thereby ejecting ink droplets from the nozzle. A drive circuit (40,62) for the

~ actuator comprises a timing pulse generator (63), a charge circuit (64) and a discharge circuit

" (65). The drive circuit controls an amount of charge to be supplied to the actuator as well as

the charge rate, preferably corresponding to environmental operating conditions of the
recording apparatus. Thus a durably stable and precise ink ejection can be realized. .

Fig. 1

RLPLAC

FSGOOS 960628 SG-Abstract




