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(57) Abstract: A method of driving a liquid ejection head includes preparing a liquid ejection head including first and second flow
paths, and a piezoelectric element, a first step of applying a first voltage, which expands the second flow path, to the piezoelectric
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the first flow path, and a third step of applying a third voltage, which expands the second flow path, to the piezoelectric element to
eject the liquid from the orifice after the liquid projects from the orifice.
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Description

Title of Invention: METHOD OF DRIVING LIQUID EJECTION
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HEAD AND LIQUID EJECTION APPARATUS
Technical Field

The present invention relates to a method of driving a liquid ejection head configured
to eject a droplet and relates to a liquid ejection apparatus.
Background Art

A liquid ejection head mounted on a liquid ejection apparatus, such as an inkjet
printing apparatus, includes an actuator, such as a piezoelectric element, as a generator
of energy for ejecting droplets. Such a liquid ejection head is advantageous in that it
can eject various types of droplets (ink, for example).

In recent years, liquid ejection apparatuses have been used for diverse purposes,
including commercial printing performed by a print on demand (POD) technique. In
order to meet the demand for high-speed printing required in commercial printing or
the like, an increase in the number of droplets ejected per unit time is required by the
liquid ejection head. To this end, the liquid ejection head needs to be driven at high fre-
quencies.

If a liquid that the liquid ejection head ejects on a recordable medium contains a large
amount of water, the recordable medium may be deformed (suffer from curling,
cockling, or other defects). To prevent such deformation of the recordable medium,
using a highly viscous liquid that contains a small amount of water is desirable as the
liquid that the liquid ejection head ejects.

However, a highly viscous liquid does not flow easily. Thus, a highly viscous liquid
flows slowly in a liquid ejection head that ejects the highly viscous liquid. After the
liquid ejection head ejects droplets of the liquid, it takes time to refill the liquid
ejection head with the liquid.

In the case of driving the liquid ejection head at high frequencies, there is a need to
quickly refill the liquid ejection head with a liquid. If a highly viscous liquid is used
here, the liquid ejection head may not be sufficiently refilled with the liquid. If the
liquid ejection head is not sufficiently refilled with the liquid, the liquid ejection head
may fail to eject droplets.

PTL 1 discloses a technique for quickly refilling a liquid ejection head with a liquid.
The liquid ejection head includes individual liquid chambers each connected to an
orifice through which droplets are ejected, a common liquid chamber that supplies the
liquid to the individual liquid chambers, and a communication portion that allows the

common liquid chamber and the individual liquid chambers to communicate with one
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[0008]  In the communication portion of the liquid ejection head, multiple triangular prism

[0009]

[0010]

[0011]

[0012]

members each having three sidewalls are vertically disposed. In each prism member,
one of the sidewalls faces a corresponding individual liquid chamber and a ridge
formed by the other two sidewalls is directed toward the common liquid chamber. Ac-
cordingly, the gap between the multiple prism members is narrow on the individual
liquid chamber side and wide on the common liquid chamber side.

In this liquid ejection head, the prism members in the communication portion
regulate the direction of the liquid flowing from the common liquid chamber to the in-
dividual liquid chambers. For this reason, the liquid easily flows from the common
liquid chamber to the individual liquid chambers, while the liquid negligibly flows
from the individual liquid chambers to the common liquid chamber. Since the liquid
ejection head is refilled with the liquid by making the liquid flow from the common
liquid chamber to the individual liquid chambers, the liquid ejection head can be
quickly refilled with the liquid.

In order that liquid ejection heads can be used for further different applications,
liquid ejection heads are required to accept a liquid with a higher viscosity or to be
driven at higher frequencies. Specifically, liquid ejection heads are required to eject
droplets with a viscosity of 40 cP at a frequency of 50 kHz. In this case, it is difficult
for even the liquid ejection head disclosed in PTL 1 to be fully refilled with a liquid

flowing from the common liquid chamber to the individual liquid chambers.
Citation List

Patent Literature
PTL 1: Japanese Patent No. 4061953
Summary of Invention

The present invention provides a method of driving a liquid ejection head. The
method includes preparing a liquid ejection head, a first step, a second step, and a third
step. The liquid ejection head includes an orifice through which a liquid is ejected, a
first flow path having a first end connected to the orifice, a second flow path connected
to a second end of the first flow path that is opposite the first end and having a larger
cross-sectional area than that of the first flow path, and a piezoelectric element
provided so as to correspond to the second flow path, the piezoelectric element
allowing a droplet to be ejected from the orifice by changing the capacity of the second
flow path with a voltage having a predetermined waveform being applied to the piezo-
electric element. In the first step, a first voltage, which increases the capacity of the
second flow path, is applied to the piezoelectric element while a meniscus of the liquid

that is recessed from the orifice toward an inside of the second flow path is formed in
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the first flow path to move the meniscus to the inside of the second flow path. In the
second step, a second voltage, which decreases the capacity of the second flow path, is
applied to the piezoelectric element while the meniscus in the second flow path that is
moving toward the first flow path is positioned in the second flow path to move the
liquid to an inside of the first flow path. In the third step, a third voltage, which
increases the capacity of the second flow path, is applied to the piezoelectric element
to eject the liquid from the orifice after the liquid in the first flow path projects from
the orifice.

Brief Description of Drawings

[fig.1]Fig. 1 is a schematic diagram of a liquid ejection apparatus according to a first
embodiment of the present invention.

[fig.2A]Fig. 2A is a schematic diagram of a liquid ejection head illustrated in Fig. 1.
[fig.2B]Fig. 2B is a schematic diagram of the liquid ejection head illustrated in Fig. 1.
[fig.2C]Fig. 2C is a schematic diagram of the liquid ejection head illustrated in Fig. 1.
[fig.3A]Fig. 3A is a schematic diagram of the liquid ejection head illustrated in Figs.
2A to 2C.

[fig.3B]Fig. 3B is a schematic diagram of the liquid ejection head illustrated in Figs.
2A to 2C.

[fig.4]Fig. 4 is a graph indicating data of experiments conducted by using the liquid
ejection head according to the first embodiment.

[fig.5]Fig. 5 illustrates a waveform of a voltage applied to a piezoelectric element of
the liquid ejection head according to the first embodiment.

[fig.6A]Fig. 6A illustrates an operational state of the liquid ejection head according to
the first embodiment.

[fig.6B]Fig. 6B illustrates an operational state of the liquid ejection head according to
the first embodiment.

[fig.6C]Fig. 6C illustrates an operational state of the liquid ejection head according to
the first embodiment.

[fig.6D]Fig. 6D illustrates an operational state of the liquid ejection head according to
the first embodiment.

[fig.6E]Fig. 6E illustrates an operational state of the liquid ejection head according to
the first embodiment.

[fig.6F]Fig. 6F illustrates an operational state of the liquid ejection head according to
the first embodiment.

[fig.6G]Fig. 6G illustrates an operational state of the liquid ejection head according to
the first embodiment.

[fig.6H]Fig. 6H illustrates an operational state of the liquid ejection head according to
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the first embodiment.

[fig.6I]Fig. 61 illustrates an operational state of the liquid ejection head according to
the first embodiment.

[fig.6J]Fig. 6J illustrates an operational state of the liquid ejection head according to
the first embodiment.

[fig.6K]Fig. 6K illustrates an operational state of the liquid ejection head according to
the first embodiment.

[fig.6L]Fig. 6L illustrates an operational state of the liquid ejection head according to
the first embodiment.

[fig.7A]Fig. 7A is a schematic diagram of a liquid ejection head according to a modi-
fication obtained by modifying the liquid ejection head illustrated in Figs. 2A to 2C.
[fig.7B]Fig. 7B is a schematic diagram of the liquid ejection head according to the
modification obtained by modifying the liquid ejection head illustrated in Figs. 2A to
2C.

[fig.8A]Fig. 8A is a schematic diagram of a liquid ejection head according to another
modification obtained by modifying the liquid ejection head illustrated in Figs. 2A to
2C.

[fig.8B]Fig. 8A is a schematic diagram of the liquid ejection head according to the
modification obtained by modifying the liquid ejection head illustrated in Figs. 2A to
2C.

[fig.9]Fig. 9 illustrates a waveform of a voltage applied to a piezoelectric element of
the liquid ejection head according to a second embodiment of the present invention.
[fig. 10A]Fig. 10A illustrates an operational state of the liquid ejection head according
to the second embodiment.

[fig. 10B]Fig. 10B illustrates an operational state of the liquid ejection head according
to the second embodiment.

[fig. 10C]Fig. 10C illustrates an operational state of the liquid ejection head according
to the second embodiment.

[fig.10D]Fig. 10D illustrates an operational state of the liquid ejection head according
to the second embodiment.

[fig. 10E]Fig. 10E illustrates an operational state of the liquid ejection head according
to the second embodiment.

[fig. 10F]Fig. 10F illustrates an operational state of the liquid ejection head according
to the second embodiment.

[fig.10G]Fig. 10G illustrates an operational state of the liquid ejection head according
to the second embodiment.

[fig. 10H]Fig. 10H illustrates an operational state of the liquid ejection head according

to the second embodiment.
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[fig.101]Fig. 101 illustrates an operational state of the liquid ejection head according to
the second embodiment.

[fig.10J]Fig. 10J illustrates an operational state of the liquid ejection head according to
the second embodiment.

[fig.10K]Fig. 10K illustrates an operational state of the liquid ejection head according
to the second embodiment.

[fig.10L]Fig. 10L illustrates an operational state of the liquid ejection head according
to the second embodiment.

[fig.11]Fig. 11 illustrates a waveform of a voltage applied to a piezoelectric element of
a liquid ejection head according to a modification obtained by modifying the piezo-
electric element of the liquid ejection head according to the second embodiment.
[fig.12A]Fig. 12A is a schematic diagram of a liquid ejection head according to a third
embodiment of the present invention.

[fig.12B]Fig. 12B is a schematic diagram of the liquid ejection head according to the
third embodiment of the present invention.

[fig.13]Fig. 13 illustrates a waveform of a voltage applied to a piezoelectric element of
the liquid ejection head according to the third embodiment.

[fig.14A]Fig. 14A illustrates an operational state of the liquid ejection head according
to the third embodiment.

[fig.14B]Fig. 14B illustrates an operational state of the liquid ejection head according
to the third embodiment.

[fig.14C]Fig. 14C illustrates an operational state of the liquid ejection head according
to the third embodiment.

[fig.14D]Fig. 14D illustrates an operational state of the liquid ejection head according
to the third embodiment.

[fig.14E]Fig. 14E illustrates an operational state of the liquid ejection head according
to the third embodiment.

[fig.14F]Fig. 14F illustrates an operational state of the liquid ejection head according
to the third embodiment.

[fig.14G]Fig. 14G illustrates an operational state of the liquid ejection head according
to the third embodiment.

[fig.14H]Fig. 14H illustrates an operational state of the liquid ejection head according
to the third embodiment.

[fig.141]Fig. 141 illustrates an operational state of the liquid ejection head according to
the third embodiment.

[fig.14J]Fig. 14] illustrates an operational state of the liquid ejection head according to
the third embodiment.

[fig.14K]Fig. 14K illustrates an operational state of the liquid ejection head according
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to the third embodiment.

[fig.14L]Fig. 14L illustrates an operational state of the liquid ejection head according
to the third embodiment.

[fig.15]Fig. 15 illustrates a waveform of a voltage applied to a piezoelectric element of
a liquid ejection head according to a modification obtained by modifying the piezo-
electric element of the liquid ejection head according to the third embodiment.
Description of Embodiments

Referring to the drawings, embodiments of the present invention will be described
below. Note that the present invention is not limited to the embodiments to be
described below.

First Embodiment

A first embodiment of the present invention will be described with reference to the
drawings.

Fig. 1 is a schematic diagram of a liquid ejection apparatus 1 according to the first
embodiment. The liquid ejection apparatus 1 includes an endless conveying belt 5 that
is wound around conveying rollers 4 and on which a recordable medium 3 is placed.
The liquid ejection apparatus 1 rotates the conveying belt 5 by a driving force of the
conveying rollers 4 and thus conveys the recordable medium 3 in the arrow direction
illustrated in Fig. 1.

The liquid ejection apparatus 1 illustrated in Fig. 1 includes four liquid ejection heads
2. The liquid ejection heads 2 are arranged side by side in a direction in which the
recordable medium 3 is conveyed. Each liquid ejection head 2 is connected to a corre-
sponding ink tank 6 containing a liquid (ink) of yellow (Y), magenta (M), cyan (C), or
black (Bk). The liquid ejection heads 2 that eject inks of different colors may be po-
sitioned in any order. A pump 7 that transmits a liquid contained in each ink tank 6 to a
corresponding one of the liquid ejection heads 2 is disposed between the liquid ejection
head 2 and the ink tank 6.

The liquid ejection apparatus 1 can perform recording on the recordable medium 3 in
full color with each liquid ejection head 2 appropriately ejecting the ink of the corre-
sponding color supplied from the corresponding ink tank 6 to the recordable medium 3.

Figs. 2A to 2C are schematic diagrams illustrating part of the liquid ejection head 2
according to the first embodiment. Fig. 2A illustrates a bottom surface of one liquid
ejection head 2 that faces a recordable medium 3 (see Fig. 1). Fig. 2B is a sectional
view of the liquid ejection head 2 taken along a line IIB-IIB of Fig. 2A. Fig. 2C is an
enlarged diagram of a portion near an orifice 9 illustrated in Fig. 2B, which will be
described below.

The liquid ejection head 2 includes an orifice plate 8 in which first flow paths 10 are
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formed and a flow-path forming member 15 in which second flow paths 11 and a
common liquid chamber 12 are formed. The orifice plate 8 is bonded to the flow-path
forming member 15 such that each first flow path 10 communicates with a corre-
sponding second flow path 11. Each orifice 9 is provided with a first flow path 10 and
a corresponding second flow path 11. The common liquid chamber 12 is shared by a
row of the orifices 9 illustrated in Fig. 2A.

An end of each first flow path 10 that is opposite the second flow path 11 is an
orifice 9 through which droplets are ejected. The first flow path 10 has the same
diameter as the orifice 9 and is formed perpendicularly to a surface of the orifice plate
8. Thus, the droplets that pass through the first flow path 10 and are ejected from the
orifice 9 travel in a direction that is perpendicular to the orifice plate 8.

A droplet ejected from the orifice 9 forms one dot on the recordable medium 3 (see
Fig. 1). As the diameter of the orifice 9 and the first flow path 10 decreases, a dot
formed on the recordable medium 3 by a droplet ejected from the orifice 9 becomes
smaller. The smaller a droplet ejected on the recordable medium 3, the finer the image
recorded on the recordable medium 3 by the liquid ejection head 2. Therefore, it is
preferable that the orifice 9 and the first flow path 10 have a small diameter.
Specifically, it is preferable that the orifice 9 have a diameter of approximately 10 to
20 micrometers so that fine droplets of approximately 1 to 4 pl are ejected from the
orifice 9.

The first flow path 10 determines a direction in which droplets are ejected from the
orifice 9 with respect to the recordable medium 3. It is thus preferable that the diameter
of the first flow path 10 be small so that a liquid flows in one direction to the orifice 9.

In the first embodiment, the diameter of the orifice 9 is 17 micrometers, and the
diameter of the first flow path 10 is also 17 micrometers. The thickness of the orifice
plate 8 is 17 micrometers. In short, the first flow path 10 has a columnar shape having
a diameter of 17 micrometers and a length of 17 micrometers.

The cross-sectional area of the second flow path 11 (an area of a cross section taken
in a direction that is perpendicular to the orifice plate 8) is larger than the cross-
sectional area of the first flow path 10. Thus, bent-shaped connecting portions 14 are
formed between the first flow path 10 and the second flow path 11. In this em-
bodiment, an angle theta of each connecting portion 14 that is formed by a first flow
path 10 side end surface of the second flow path 11 (a surface of the orifice plate 8
facing the second flow path 11) and an inner wall surface of the first flow path 10 is 90
degrees (referred to as the "angle theta of the connecting portion 14", below).

A flexible member 16 is disposed on a side surface of each second flow path 11, and
a piezoelectric element 13 is disposed on the flexible member 16 on a side that is

opposite the second flow path 11. One piezoelectric element 13 is provided for each
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second flow path 11 that is provided for a corresponding orifice 9.

The liquid ejection apparatus 1 (see Fig. 1) includes a controller (not illustrated) that
controls the liquid ejection head 2. The controller applies a voltage having a prede-
termined waveform to each piezoelectric element 13 in a cycle in which a liquid can be
ejected, to control the liquid ejection head 2. The controller of the liquid ejection
apparatus 1 that is connected to each piezoelectric element 13 includes electrode
wiring (not illustrated) through which a voltage is applied to each piezoelectric element
13.

When a voltage is applied to a piezoelectric element 13, the piezoelectric element 13
bends together with the flexible member 16 toward the second flow path 11 or to a side
that is opposite the second flow path 11. When the piezoelectric element 13 and the
flexible member 16 bend toward the second flow path 11, the capacity of the second
flow path 11 decreases. When the piezoelectric element 13 and the flexible member 16
bend to a side that is opposite the second flow path 11, the capacity of the second flow
path 11 is increased. In the liquid ejection head 2 according to this embodiment, a
liquid contained in the second flow path 11 is ejected through the first flow path 10
from the orifice 9 by bending the piezoelectric element 13 and the flexible member 16
toward the second flow path 11 and thus reducing the capacity of the second flow path
11.

The length of the second flow path 11 in a direction that is perpendicular to the
surface of the orifice plate 8 is 8800 micrometers. The second flow path 11 is a
rectangular parallelepiped, has a width (dimension in the depth direction in Figs. 2B
and 2C) of 100 micrometers, and has a height (dimension in the up-and-down di-
rections in Figs. 2B and 2C) of 200 micrometers.

A common liquid chamber 12 communicates with an end portion of the second flow
path 11 that is opposite the first flow path 10. The second flow path 11 and the
common liquid chamber 12 are connected to each other via a constricted portion 17.
The width (dimension in the right-and-left directions in Figs. 2B and 2C) of the con-
stricted portion 17 is 50 micrometers.

In this embodiment, a clear ink is used as a liquid that is ejected from the orifice 9.
The clear ink is made up of 66% ethylene glycol (EG) 600, 33% pure water, and 1%
surfactant. This clear ink has a viscosity of 40 * 10-* pascal-seconds and a surface
tension of 38 * 10-* N/m at room temperature.

Figs. 3A and 3B are sectional views of the liquid ejection head 2. Fig. 3A illustrates a
method of driving a liquid ejection head 2 according to a comparative example. Fig.
3B illustrates a method of driving the liquid ejection head 2 according to the em-
bodiment.

The broken lines illustrated in Figs. 3A and 3B indicate positions of gas-liquid in-
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terfaces S, each being an interface between an air and the liquid, before the liquid
ejection heads 2 eject the liquid. In Fig. 3A, the liquid is inside the first flow path 10,
the gas-liquid interface S before the liquid is ejected is positioned in the first flow path
10, and the liquid forms a concave meniscus such that the liquid in a center portion of
the orifice 9 is recessed. In Fig. 3B, the liquid is not inside the first flow path 10 but is
in the second flow path 10, and forms a concave meniscus such that the liquid is
recessed from the orifice 9 toward the inside of the second flow path 11.

The solid lines adjacent to the broken lines in Figs. 3A and 3B indicate positions of
the gas-liquid interfaces S after the liquid ejection heads 2 have ejected the liquids and
before the liquid ejection heads 2 have been refilled with the liquids. After the liquid
ejection heads 2 are refilled with the liquids from the states indicated in Figs. 3A and
3B, the gas-liquid interfaces S return to the positions indicated by the broken lines
from the positions indicated by the solid lines.

In the state illustrated in Fig. 3A, the gas-liquid interface S before the liquid is
ejected is positioned in the first flow path 10, and thus the liquid has to flow into the
first flow path 10 to refill the first flow path 10. As described above, however, the first
flow path 10 is formed thin and thus the flow resistance of the first flow path 10 is high
for a liquid flowing through the first flow path 10. For this reason, it is difficult to
quickly refill the first flow path 10 with the liquid flowing from the second flow path
11.

On the other hand, in the liquid ejection head 2 illustrated in Fig. 3B, the gas-liquid
interface S before the liquid is ejected is positioned in the second flow path 11. Thus, it
is not the first flow path 10 but the second flow path 11 that is refilled with the liquid.
Since the second flow path 11 has a diameter that is far larger than that of the first flow
path 10, the flow resistance of the second flow path 11 is low for the liquid flowing
through the second flow path 11. Thus, the second flow path 11 can be quickly refilled
with the liquid flowing from the common liquid chamber 12 (see Fig. 2B).

In the first flow path 10, the liquid is moved by capillary force in a direction
indicated by the arrow illustrated in Fig. 3A. In the second flow path 11 on the other
hand, the liquid is affected by a surface tension and thus moves in a direction indicated
by the arrows illustrated in Fig. 3B. Since the surface area of the gas-liquid interface S
that is in the state as illustrated in Fig. 3B is large, the surface tension that causes the
gas-liquid interface S to return toward the orifice 9 is large. For this reason, the effect
of the surface tension illustrated in Fig. 3B is larger than the effect of the capillary
force illustrated in Fig. 3A. From this viewpoint as well, the liquid flows faster through
the second flow path 11 than through the first flow path 10 during a refilling operation.

In this embodiment, as illustrated in Fig. 3B, the piezoelectric element 13 is driven

while the gas-liquid interface S is receding in the second flow path 11 (while the gas-
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liquid interface S is positioned at the broken line). Thus, when the piezoelectric
element 13 is deformed and the second flow path 11 is contracted, part of the liquid
contained in the contracted second flow path 11 is instantaneously ejected through the
first flow path 10 from the orifice 9. Then, at the timing when the liquid projects from
the orifice 9, the piezoelectric element 13 is driven such that the gas-liquid interface S
recedes into the second flow path 11. Accordingly, in this embodiment, the gas-liquid
interface S recedes back into the second flow path 11 immediately after a droplet is
ejected from the orifice 9.

With the method of driving the liquid ejection head 2 according to the embodiment,
only the second flow path 11 needs to be refilled with the liquid flowing from the
common liquid chamber 12 and there is no need to refill the first flow path 10 with the
liquid flowing from the second flow path 11. For the reason described above, the liquid
ejection head 2 can be quickly refilled with the liquid with the method of driving the
liquid ejection head 2 according to the embodiment. Thus, the liquid ejection head 2
can be sufficiently refilled with the liquid even in the case where the liquid ejection
head 2 is driven at a high frequency and ejects a large number of droplets per unit time.

Fig. 4 is a graph indicating results of experiments conducted by using the liquid
ejection head according to the first embodiment. In the experiments, an initial position
of the gas-liquid interface S was set to be approximately 30.3 micrometers away from
the orifice 9, and the liquid ejection head was refilled with the liquid without the
voltage being applied to the piezoelectric element 13 from a state in which the gas-
liquid interface S was at the initial position. The axis of abscissas represents time. A
first axis of ordinates (left axis of ordinates) represents a distance Y, from the orifice 9
to the gas-liquid interface S. Values for the distance Y, with respect to the time are
plotted with cross marks. A second axis of ordinates (right axis of ordinates) represents
the speed Y, at which the liquid flows during a refilling operation. Values for the speed
Y, with respect to the time are plotted with filled symbols.

As is clear from Fig. 4, the speed Y, at which the liquid flows during a refilling
operation (given as the refilling speed Y, below) sharply drops and then becomes
constant with time. The reason for this will be described separately for the case where
the gas-liquid interface S is positioned in the second flow path 11 and for the case
where the gas-liquid interface S is positioned in the first flow path 10. Here, the
thickness of the orifice plate 8 is 17 micrometers. Thus, a position that is 17 mi-
crometers away from the orifice 9 (position at the broken line illustrated in Fig. 4) is a
position of a boundary between the first flow path 10 and the second flow path 11.

Firstly, in the case where the gas-liquid interface S is positioned in the second flow
path 11, the area of the gas-liquid interface S decreases further as the amount of liquid

injected in the refilling operation increases. When the area of the gas-liquid interface S
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decreases, the effect of the surface tension, which acts as the motive force for moving
the liquid, decreases. Thus, the refilling speed Y, drops until the liquid proceeds to a
position that is 17 micrometers away from the orifice 9. On the other hand, in the case
where the gas-liquid interface S is positioned in the first flow path 10, the effect of the
capillary force acting on the liquid contained in the first flow path 10 does not
markedly change even when the amount of liquid injected in the refilling operation
increases. For this reason, the refilling speed Y, is almost uniformly low when the gas-
liquid interface S is positioned to be 17 micrometers or less away from the orifice 9.

When the refilling speed Y, at the time point when the gas-liquid interface S has the
largest area (plot A in Fig. 4) is compared with the speed Y, for the time after the gas-
liquid interface S enters the first flow path 10 (plot B in Fig. 4), it is found that the
refilling speed Y, is several tens of times higher than the speed Y.

For these reasons, it is found that the refilling speed Y, markedly increases by
maintaining the gas-liquid interface S to be in a receding state in the second flow path
11 as illustrated in Fig. 3B.

Fig. 5 is a graph indicating a waveform of a voltage applied to the piezoelectric
element 13 according to the embodiment. Figs. 6A to 6L illustrate the behavior of the
liquid contained in the liquid ejection head 2 that is driven by the method of driving the
liquid ejection head 2 according to the embodiment.

While Fig. 5 is referred to, the method according to the embodiment will be
described in detail in order from Figs. 6A to 6L.

In Fig. 5, periods during each of which one droplet can be ejected from the orifice 9
by driving the piezoelectric element 13 of the liquid ejection head 2 according to the
embodiment will be sequentially referred to as a first cycle, a second cycle, and a third
cycle in this order. Here, in this method according to the embodiment, a zeroth cycle is
provided prior to the first cycle in which a droplet is ejected for the sake of explanatory
convenience.

Fig. 6A illustrates a state of the liquid ejection head 2 before the liquid ejection head
2 according to the embodiment is driven (initial state). In this state, both the first flow
path 10 and the second flow path 11 are filled with the liquid and the gas-liquid
interface S is positioned at a static position near the orifice 9. The liquid ejection head
2 is in an initial state when the time on the axis of abscissas in the zeroth cycle in Fig.
5 1s 0 microseconds.

Firstly, an operation of ejecting a droplet in the first cycle illustrated in Fig. 5 will be
described. The first cycle is a primary cycle in which a droplet is ejected.

During a period T1 illustrated in Fig. 5 in the zeroth cycle that is prior to the first
cycle in which a droplet is ejected, a negative voltage is applied to the piezoelectric

element 13 to move the gas-liquid interface S from the initial state to a position
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indicated by the broken line illustrated in Fig. 6A. Consequently, at the time point A il-
lustrated in Fig. 5 at which the first cycle starts, as illustrated in Fig. 6B, the piezo-
electric element 13 to which the negative voltage (first voltage) has been applied bends
in a concave shape, the second flow path 11 expands, and the gas-liquid interface S
moves to the position indicated by the broken line illustrated in Figs. 6A and 6B. Here,
the liquid forms a concave meniscus inside the second flow path 11 (first stage).

Subsequently, in a period T2 illustrated in Fig. 5, a positive voltage is applied to the
piezoelectric element 13 to move the gas-liquid interface S to a position indicated by
the solid line in Fig. 6C. Consequently, the piezoelectric element 13 to which the
positive voltage (second voltage) has been applied bends in a convex shape, the second
flow path 11 contracts, and the liquid flows into the first flow path 10. Then, in a
period T3 illustrated in Fig. 5, the positive voltage that has been applied to the piezo-
electric element 13 is maintained until the gas-liquid interface S moves to the position
indicated by the solid line in Fig. 6C. As a result, the liquid protrudes from the orifice 9
and forms a convex meniscus as illustrated in Fig. 6C (second stage).

In a period T4 illustrated in Fig. 5, a negative voltage is applied to the piezoelectric
element 13 to return the gas-liquid interface S to a position indicated by the broken line
in Fig. 6D at the timing when the liquid protrudes from the orifice 9. With the ap-
plication of the negative voltage, the piezoelectric element 13 bends in a concave shape
and the liquid contained in the first flow path 10 recedes into the second flow path 11.
On the other hand, part of the liquid that protrudes from the orifice 9 as illustrated in
Fig. 6C in the period T3 illustrated in Fig. 5 is ejected from the orifice 9 by the inertial
force without receding into the second flow path 11. At this time, a tail of the liquid is
generated between the part of the liquid receding into the second flow path 11 and the
part of the liquid ejected from the orifice 9. At the time point B illustrated in Fig. 5, a
negative voltage, which is equal to the negative voltage (first voltage) applied at the
time point A, is applied to the piezoelectric element 13. At the same time, the tail of
the liquid breaks and a first droplet is ejected as illustrated in Fig. 6E (third stage).

At the time point B, as indicated by the solid line in Fig. 6F, the gas-liquid interface
S is positioned so as to be retracted from the first flow path 10 beyond the position
indicated by the broken line as in Fig. 6A. This is because the amount of the liquid in
the second flow path 10 is reduced by ejecting the droplet.

The negative voltage that has been applied to the piezoelectric element 13 at the time
point B is maintained until the time point C illustrated in Fig. 5. With this application
of the negative voltage, the second flow path 11 is refilled with the liquid flowing from
the common liquid chamber 12 (see Fig. 2). Thus, the gas-liquid interface S moves to a
position indicated by the broken line in Fig. 6G between the time points B and C. At
the time point C, as illustrated in Fig. 6H, the gas-liquid interface S returns to the



13

WO 2012/144175 PCT/JP2012/002575

[0055]

[0056]

[0057]

[0058]

[0059]

[0060]

[0061]

position indicated by the broken line in Figs. 6A and 6B. Here, the gas-liquid interface
S is in the same state as at the time point A. In other words, at the time point C at
which the second cycle starts, the liquid ejection head 2 returns to the above-described
first stage in the same way as at the time point A at which the first cycle starts.

Next, an operation of ejecting a droplet in the second cycle illustrated in Fig. 5 will
be described. The second cycle is also the primary cycle in which a droplet is ejected.

In this embodiment, a droplet is ejected also in the second cycle, and thus a voltage
having a waveform that is similar to the one applied in the first cycle illustrated in Fig.
5 1s applied to the piezoelectric element 13. Consequently, the behavior of the liquid in
the second cycle illustrated in Figs. 61 to 6L is similar to the behavior of the liquid in
the first cycle illustrated in Figs. 6C to 6F. Specifically, a meniscus moves toward the
orifice 9 with the refilling operation illustrated in Fig. 6H. Here, before the meniscus
enters the first flow path 10, a positive voltage is applied to the piezoelectric element
13. As in the first cycle, after a period in which the positive voltage is maintained, a
negative voltage is applied to the piezoelectric element 13 until the time point D. Thus,
a second droplet is ejected. In Fig. 5, the time points A and B in the first cycle
correspond to the time points C and D in the second cycle.

In the third or subsequent cycle, a voltage having a waveform that is similar to that in
the first and second cycles is applied to the piezoelectric element 13 and thus a third or
subsequent droplet is ejected. In this manner, droplets can be ejected a desired number
of times.

Here, a case is assumed where no negative voltage is applied to the piezoelectric
element 13 in the zeroth cycle in which the liquid ejection head is in the initial state
and then, a positive voltage is applied to the piezoelectric element 13 in the first cycle
so that a droplet is ejected from the orifice 9. In this case, the amount of a first droplet
is larger than the amount of a second or subsequent droplet.

For this reason, in this embodiment, a negative voltage (first voltage) is applied to the
piezoelectric element 13 from the zeroth cycle in which the liquid ejection head is in
the initial state illustrated in Fig. 5 until the start of the first cycle in which a droplet is
ejected, and thus the gas-liquid interface S is positioned in the second flow path 11.
With this operation, the amount of the first droplet that is ejected from the orifice 9
becomes substantially equal to the amount of the second or subsequent droplet.

Figs. 7A and 7B are schematic diagrams of a liquid ejection head 2a according to a
modification. Except for an orifice plate 8a, the liquid ejection head 2a has a con-
figuration similar to that of the liquid ejection head 2 illustrated in Figs. 2A to 2C. In
Figs. 7A and 7B, components that are the same as those in Figs. 2A to 2C are denoted
by the same reference signs and the description thereof will not be given.

A side of the orifice plate 8a of the liquid ejection head 2a that faces the second flow
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path 11 is tapered such that the thickness of the orifice plate 8a decreases with de-
creasing distance to the first flow path 10. The angle theta of each connecting portion
14 in Fig. 2C is 90 degrees, while the angle theta of connecting portions 14a in Fig. 7B
is larger than 90 degrees. Specifically, the angle theta of each connecting portion 14a is
110 degrees. Also in this case, droplets can be ejected repeatedly by applying a voltage
having a waveform that is similar to the one illustrated in Fig. 5 to the piezoelectric
element 13.

In this embodiment, a liquid ejection head is described that has a first flow path
having a columnar shape. However, the method according to the embodiment is also
applicable to a liquid ejection head having a first flow path not having a columnar
shape. For example, it is confirmed that droplets can be repeatedly ejected through a
first flow path having a shape illustrated in Fig. 8A or 8B by applying a voltage having
a waveform that is similar to the one illustrated in Fig. 5 to the piezoelectric element
13.

Second Embodiment

A second embodiment of the present invention will be described with reference to the
drawings.

In the second embodiment, a liquid ejection head 2 of a liquid ejection apparatus 1
(see Fig. 1) that is similar to the one according to the first embodiment is employed,
and a liquid (clear ink) that is similar to the one employed in the first embodiment is
used.

Fig. 9 is a graph illustrating a waveform of a voltage that is applied to the piezo-
electric element 13 in this embodiment. Figs. 10A to 10L illustrate the behavior of the
liquid contained in the liquid ejection head 2 that is driven by the method of driving the
liquid ejection head 2 according to the second embodiment.

While Fig. 9 is referred to, the method of driving a liquid ejection head 2 according
to the second embodiment will be described in detail in order from Figs. 10A to 10L.

Fig. 10A illustrates an initial state of the liquid ejection head 2 according to the
second embodiment. In this state, both the first flow path 10 and the second flow path
11 are filled with the liquid and thus the gas-liquid interface S is at a static position
near the orifice 9.

The waveform in the zeroth and first cycles in Fig. 9 is the same as the one in the
zeroth and first cycles in Fig. 5. Thus, the behavior of the liquid in the zeroth and first
cycles illustrated in Figs. 10A to 10F in the liquid ejection head according to the
second embodiment is similar to the behavior of the liquid in the zeroth and first cycles
illustrated in Figs. 6A to 6F in the liquid ejection head according to the first em-
bodiment. Fig. 10G illustrates a state that is after the first cycle and in which the gas-

liquid interface S has returned to the same position as the gas-liquid interface S is po-
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sitioned before the liquid ejection head 2 ejects the liquid, the position being indicated
by the broken lines in Figs. 10A to 10L. Then, a second droplet is ejected in the second
cycle in the same manner as in the first embodiment (Figs. 10H to 10K). Fig. 10K il-
lustrates a state that is after a period U2 of the second cycle illustrated in Fig. 9 and in
which the gas-liquid interface S has returned to the same position as the gas-liquid
interface S is positioned before the liquid ejection head 2 ejects the liquid, the position
being indicated by the broken lines in Figs. 10A to 10L.

The third cycle following the second cycle is a secondary cycle in which a droplet is
not ejected. Here, the voltage to be applied to the piezoelectric element 13 is changed
to zero during a period U3 following the period U2 of the second cycle. Consequently,
the second flow path 11 is contracted such that the second flow path 11 is in a state
before continuous ejection is started, and the gas-liquid interface S is moved toward
the orifice 9, which is a stationary position (See Fig. 10L). While the continuous
ejection is temporarily stopped (for example, during the third cycle in the example il-
lustrated in Fig. 9), the gas-liquid interface S has to successfully return to the orifice 9,
which is a stationary position. This is because, if next ejection starts before the gas-
liquid interface S returns to the stationary position, the initial state of the gas-liquid
interface S becomes different from that in the case where the gas-liquid interface S is
in the stationary position. Accordingly, different ejection results will be obtained even
when the liquid ejection head 2 is driven in the same manner. For this reason, by the
time immediately before the timing (indicated by G in Fig. 9) when the second flow
path is expanded for starting ejection in a next cycle, the gas-liquid interface S has to
return to the stationary position. However, as described above, since it takes long time
to refill the first flow path 10, it is difficult to return the gas-liquid interface S to the
stationary position by the start of next ejection by waiting the first flow path 10 to be
naturally refilled with the liquid. On the other hand, in this embodiment, by returning
the piezoelectric element 13 to the initial state, the second flow path 11 is contracted
and thus the gas-liquid interface S is forcibly pushed toward the orifice 9 with a flow
of the liquid generated by the contraction. Thus, the gas-liquid interface S is capable of
quickly returning to the stationary position.

In this embodiment, the liquid ejection head is maintained to be in the initial state in
a period U4, part of which is included in the second cycle and the other part is included
in the third cycle in which a droplet is not ejected, by applying no voltage to the piezo-
electric element 13. Thus, a droplet is not ejected in the third cycle.

A fourth cycle following the third cycle is the primary cycle in which a droplet is
ejected. Here, the fourth cycle starts while the gas-liquid interface S is positioned in the
second flow path 11. Thus, in the same manner as in the zeroth cycle, a negative

voltage is started to be applied to the piezoelectric element 13 at a time point G in the



16

WO 2012/144175 PCT/JP2012/002575

[0072]

[0073]

[0074]

[0075]

[0076]

[0077]

[0078]

[0079]

[0080]

third cycle. With this application of the negative voltage, a droplet can be ejected in the
fourth cycle in the same manner as in the first cycle.

Fig. 11 is a graph illustrating a waveform of a voltage that is applied to the piezo-
electric element 13 in the case where a droplet is ejected in the first cycle and a droplet
is not ejected in the second cycle. The waveform in the zeroth, first, and second cycles
in Fig. 11 is the same as the waveform in the zeroth, second, and third cycles in Fig. 9.
Thus, a droplet is ejected in the first cycle in Fig. 11 but a droplet is not ejected in the
second cycle.

As described above, as in the embodiment, even in the case where the secondary
cycle in which a droplet is not ejected exists, droplets can be repeatedly ejected
favorably by bringing the liquid ejection head 2 into the initial state in the secondary
cycle in which a droplet is not ejected.

In the case where secondary cycles in each of which a droplet is not ejected continue,
the liquid ejection head 2 is kept in the initial state until the last one of the secondary
cycles immediately before a primary cycle in which a droplet is ejected.

With the method of driving a liquid ejection head 2 according to this embodiment,
the liquid ejection head 2 can favorably perform ejecting operations even when the
primary cycle in which a droplet is ejected and the secondary cycle in which a droplet
is not ejected coexist. Even when primary cycles in each of which a droplet is ejected
continue, the liquid flows at a high speed in a refilling operation because the liquid is
injected into the second flow path 11, not into the first flow path 10 that is formed thin.
Thus, the liquid ejection head 2 can be driven at a high frequency.

Third Embodiment

A third embodiment of the present invention will be described with reference to the
drawings.

In a method of driving a liquid ejection head according to the third embodiment, a
liquid (clear ink) that is similar to the one employed in the first embodiment is used.

Figs. 12A and 12B are schematic diagrams of a liquid ejection head 2b according to
the third embodiment of the present invention. Figs. 12A and 12B are sectional views
corresponding to those of Figs. 2B and 2C.

An inner wall surface of a first flow path 10 of the liquid ejection head 2b is
subjected to a liquid-repelling treatment. With this treatment, a static position of the
gas-liquid interface S for the case where the liquid ejection head 2b is in the initial
state, which is the state before ejecting a droplet, is maintained near the border between
the first flow path 10 and the second flow path 11.

Fig. 13 is a graph of a waveform of a voltage applied to a piezoelectric element 13
according to the third embodiment. Figs. 14A to 14L illustrate the behavior of the
liquid contained in the liquid ejection head 2b that is driven by the method of driving



17

WO 2012/144175 PCT/JP2012/002575

[0081]

[0082]

[0083]

[0084]

[0085]

[0086]

[0087]

the liquid ejection head 2b according to the third embodiment.

While Fig. 13 is referred to, the method of driving a liquid ejection head 2b
according to the embodiment will be described in detail in order from Figs. 14A to
14L.

Fig. 14A illustrates the initial state of the liquid ejection head 2b according to the em-
bodiment. In this state, the gas-liquid interface S is positioned at a static position near
the border between the first flow path 10 and the second flow path 11. In this em-
bodiment, as in the second embodiment, a droplet is ejected in each of the first and
second cycles, a droplet is not ejected in the third cycle, and a droplet is ejected again
in the fourth cycle.

The behavior of the liquid illustrated in Figs. 14B to 14K are similar to the behavior
of the liquid illustrated in Figs. 10B to 10K according to the second embodiment. In
Fig. 14L, a voltage applied to the piezoelectric element 13 is set to zero and thus the
gas-liquid interface S is brought back to the static position near the border between the
first flow path 10 and the second flow path 11.

In this embodiment, the duration of a period W1 is 2 microseconds, the duration of a
period W2 is 1 microsecond, the duration of a period W3 is 2 microseconds, the
duration of a period W4 is 5 microseconds, the duration of a period W6 is 7 mi-
croseconds, and the duration of a period W7 is 2 microseconds. In addition, a voltage
deltal is -5V, and a voltage delta2 is 15V.

As aresult of experiments using the liquid ejection head set as above, the amount of
a first droplet ejected in the first cycle was 1.4 pl and the ejection speed was 6.4 m/s.
The amount of a second droplet ejected in the second cycle was 1.4 pl and the ejection
speed was 6.8 m/s. The amount of a third droplet ejected in the fourth cycle was 1.4 pl
and the ejection speed was 6.4 m/s, because the liquid ejection head returned to almost
the same state as that in the first cycle in which the first droplet was ejected.

Fig. 15 is a graph illustrating a waveform of a voltage applied to the piezoelectric
element 13 for the case where a droplet is ejected in the first cycle and a droplet is not
ejected in the second cycle. The waveform in the zeroth, first, and second cycles in
Fig. 15 is similar to that in the zeroth, second, and third cycles in Fig. 13. Thus, a
droplet is ejected in the first cycle in Fig. 15, but a droplet is not ejected in the second
cycle in Fig. 15.

With the method of driving a liquid ejection head 2b according to the embodiment,
the liquid ejection head 2b can favorably perform ejecting operations even when the
primary cycle in which a droplet is ejected and the secondary cycle in which a droplet
is not ejected coexist. Even when a liquid ejection head is driven at a high frequency
(46.5 kHz) to eject a liquid having the viscosity of 40 cP, the liquid ejection head 2b

can favorably perform ejecting operations.
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With the method of driving a liquid ejection head 2b according to the embodiment,
the amount of a droplet in a single ejection falls within a range of 1.3 to 1.4 pl and the
ejection speed falls within a range of 6.2 to 6.8 m/s. Thus, with the method of driving a
liquid ejection head 2b according to the embodiment, droplets can be ejected stably.

Since the first flow path 10 is subjected to the liquid repelling treatment with the
method according to the embodiment, the liquid is less likely to flow through the first
flow path 10 having a high flow resistance. Thus, the piezoelectric element 13 is
allowed to be driven by a low voltage and the liquid ejection head 2b has a longer life.

While the present invention has been described with reference to exemplary em-
bodiments, it is to be understood that the invention is not limited to the disclosed
exemplary embodiments. The scope of the following claims is to be accorded the
broadest interpretation so as to encompass all such modifications and equivalent
structures and functions.

This application claims the benefit of Japanese Patent Application No. 2011-093070,
filed April 19, 2011, which is hereby incorporated by reference herein in its entirety.
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Claims

A method of driving a liquid ejection head comprising:

preparing a liquid ejection head that includes a first flow path having a
first end serving as an orifice, a second flow path connected to a second
end of the first flow path and having a larger cross-sectional area than
that of the first flow path, and a piezoelectric element provided so as to
correspond to the second flow path, the liquid ejection head repeating
cycles in each of which the liquid ejection head is capable of ejecting a
droplet from the orifice by applying a voltage having a predetermined
waveform to the piezoelectric element, the cycles including a primary
cycle in which a droplet is ejected from the orifice and a secondary
cycle in which a droplet is not ejected from the orifice;

the first step of applying, in the primary cycle, a first voltage, which
increases the capacity of the second flow path, to the piezoelectric
element so that a concave meniscus of a liquid that is recessed from the
orifice toward an inside of the second flow path is formed in the second
flow path;

the second step of applying, in the primary cycle, a second voltage,
which decreases the capacity of the second flow path, to the piezo-
electric element so that the liquid in the second flow path flows into the
first flow path; and

the third step of applying, in the primary cycle, the first voltage to the
piezoelectric element so that the liquid having flowed into the first flow
path in the second step is ejected from the orifice and a concave
meniscus of the liquid is formed in the second flow path.

The method according to Claim 1, wherein at a timing when the liquid
projects from the orifice in the second step, the first voltage is applied
to the piezoelectric element in the third step.

The method according to Claim 1, wherein, in any one of the cycles
that is the primary cycle followed by a subsequent cycle that is the
primary cycle, after the third step is performed in the any one of the
cycles, the second flow path is refilled with the liquid, and then the first
step of the subsequent cycle is started.

The method according to Claim 1, wherein, in any one of the cycles
that is the primary cycle followed by a subsequent cycle that is the
secondary cycle, after the third step is performed in the any one of the

cycles, the liquid ejection head is maintained at an initial state at which
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no voltage is applied to the piezoelectric element during a period from
when the liquid ejection head returns to the initial state to when the
subsequent cycle is started.

The method according to Claim 1, wherein, in any one of the cycles
that is the secondary cycle followed by a subsequent cycle that is the
primary cycle, the first voltage is applied to the piezoelectric element
until the subsequent cycle is started, and then the first step of the
subsequent cycle is started.

The method according to Claim 1, wherein, in any one of the cycles
that is the secondary cycle followed by a subsequent cycle that is the
secondary cycle, the liquid ejection head is maintained at an initial state
at which no voltage is applied to the piezoelectric element.

A liquid ejection apparatus comprising:

a controller that controls the liquid ejection head with the method
according to Claim 1.

The liquid ejection apparatus according to Claim 7, wherein an inner
wall surface of the first flow path is subjected to a liquid repelling
treatment.

A method of driving a liquid ejection head, comprising:

preparing a liquid ejection head that includes an orifice through which a
liquid is ejected, a first flow path having a first end connected to the
orifice, a second flow path connected to a second end of the first flow
path that is opposite the first end and having a larger cross-sectional
area than that of the first flow path, and a piezoelectric element
provided so as to correspond to the second flow path, the piezoelectric
element allowing a droplet to be ejected from the orifice by changing
the capacity of the second flow path with a voltage having a prede-
termined waveform being applied to the piezoelectric element;

a first step of applying a first voltage, which increases the capacity of
the second flow path, to the piezoelectric element while a meniscus of
the liquid that is recessed from the orifice toward an inside of the
second flow path is formed in the first flow path to move the meniscus
to the inside of the second flow path;

a second step of applying a second voltage, which decreases the
capacity of the second flow path, to the piezoelectric element while the
meniscus in the second flow path that is moving toward the first flow
path is positioned in the second flow path to move the liquid to an

inside of the first flow path; and
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a third step of applying a third voltage, which increases the capacity of
the second flow path, to the piezoelectric element to eject the liquid
from the orifice after the liquid in the first flow path projects from the

orifice.
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