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:METHOD AND APPARATuS FOR DRIVING INK JET RECORDING HEAD 

The invention relates to a netlrd crxi en~ c£ dr::i.vlll} en :iric jet · 

recording head. 

As disclosed in Jap~nese Patent Publication No. Hei 2-

24218, ink jet recording heads having disk-shaped piezoelectric 

:Vibrating substrates secured to a resilient plate forming 

pressure chambers has heretofore been used for recording 

apparatuses. In the ink jet recording heads of this type, 

displacement of each piezoelectric vibrating element is so 

small that a large effective area must be provided, which in· 

turn ens~res a relatively large area. These ink jet recording 

heads are of such a structure that the pressure chambers are 

located distant from the no~zle openings and communicate with 

the nozzle openings through flow paths. This not only makes 

,.. the recording heads large in structure, but also entails the 

complicated operation of adjusting the fluid resistances of the 

respective ink flow paths so as to. be consistent. 

To overcome the above p=oblerns, proposed in, e.g., the 

specification of U.S. Patent No. 4,697,193, is an ink jet 
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recording head that produces ink droplets by arranging rod-like 

piezoelectric vibrating elements and abutting these elements 

against the resilient plate that forms the pressure chambers to 

allow the piezoelectric .vibrating elements to vibrate 

vertically. Since the piezoelectric vibrating elements can be 

disposed so as to confront the nozzle openings in this type of 

ink jet recording head, the flow paths for connecting the 

pressure chambers to the nozzle openin9s can be dispensed with. 

In addition, the piezoelectric vibrating elements can be 

prepared in lamination form, which contributes not only to 

decreasing the drive voltage, but also to improving the print 

speed owing to the fact that the eigenfrequency of the 

piezoelectric vibrating element is comparatively large and that 

this permits high-speed driving of the head. 

The ink jet recording head utilizing vertical vibration 

is driven by a so-called "pull-and-strike" method, in which a 

drive voltage is applied to the piezoelectric vibrating 

elements to contract them before forming dots and the drive 

voltage is then discharged to expand the piezoelectric 

vibrating elements so that ink droplets are produced. 

Such pull-and-strike method not only allows elastic 

energy prestored in the piezoelectric vibrating elements and 

the vibrating plate to be utilized, but also ensures that ink 

will be introduced to the pressure chambers. On the other 

hand, if the frequency of repeating the operation of the 

piezoelectric vibrating elements is increased to improve the 
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print speed,·the meniscus varies from one position to another each 

time an ink droplet is formed, thus varying the size and speed of 

the ink droplets and making the print quality inconsistent. 

To avoid these problems, a driving technique in which the 

piezoelectric vibrating elemen...,!:. contracting speed is set to a 

smallest possible value so as to minimize the varying distance of 

the meniscus; the piezoelectric vibrating elements are held as 

contracted for a prede~el:mined time period until the meniscus 

returns to the original position and stays stationary; and the 

piezoelectric vibrating elements are expanded by applying a second 

drive volta~~· 
This drive technique contributes to ensuring a stable print 

quality, but imposes a new problem that the high-speed response of 

each piezoelectric vibrating element cannot be fully utilized. 

The invention has been made in view of the . above 

circumstances. Accordingly, an object of the invention is to 

provide a method of driving an ink jet recording head utilizing 

the vertical vibration mode that allows high-speed drive while 

maintaining high print quality. Another object of the invention 

is to provide an apparatus on which to achieve the above method. 

These objects are solved by the method of driving an ink jet 

recording head according to independent claim 1 and the apparatus 

for driving an ink jet recording head according to independent 

claim 2. Further advantageous features, aspects and details of 

the method and the apparatus are evident from the dependent 

claims, the description and the drawings. The claims are intended 

to be understood as a first non-limiting approach to define the 

invention in general terms. The invention provides a method and 

an apparatus of driving an ink jet recording head that ejects an 

ink droplet from a nozzle opening by displacing a resilient plate 

forming a pressure chamber with a rod-like piezoelectric vibrating 

element and compressing the pressure chamber by such displacement. 
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The invention p:cuid:s 

to a method of driving an ink jet recording head in which 

pressure chambers are formed by disposing a vibrating plate so 

as to communicate with noz~le openings and in which ends of 

piezoelectric vibrating elements of a vertical vibration mode 

are fixed on the vibrating plate. The method involves the 

steps of: retreating the vibrating plate from the nozzle 

opening to a predete.z:mined position at such a speed as to allow 

a meniscus at a_ nozzle opening to be jetted from the nozzle 

opening by applying a drive voltage to a piezoelectric 

vibrating element; holding the vibrating plate at the position; 

and advancing the vibrating plate to the nozzle opening when 

the meniscus has returned by 1/3 or more of· the retreat 

distance. 

The meniscus retreats from the nozzle opening as the 

piezoelectric vibrating element contracts. The meniscus 

temporarily stops retreating before and after the piezoelectric 

vibrating element stops contracting, but at a next instance, 

the meniscus forms a stream toward the nozzle opening. As the 

direction of inertial streams of the ink is switched and at the 

time the meniscus has returned to a position about 1/3 of the 

original position, the piezoelectric vibrating element expands. 

As a result, the inertial streams and the pressure produced by 

the expansion of the piezoelectric vibrating eleme:i.t are 

applied to the ink adjacent to the nozzle opening, allowing ~he 

ink to splash out efficiently from the nozzle opening. When 
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the meniscus returns to a position more than 1/3 of the 

original position, an ink droplet splashes out. at a certain 

speed independently of the position of the meniscus, ensuring. 

that the printed dots will nave stable form and size. 

Figure 1 is a sectional perspective view showing an 

embodiment of an ink jet recording head according to the invention; 

Figure 2 is a sectional view of the ink jet recording 

head shown in Figure l; 

Figure 3 is a diagram showing an arrangement of ·ink 

flow paths and nozzle openings of the ink jet recording head 

shown in Figure 1; 

Figure 4 is a diagram showing motion of piezoelectric 

vibrating elements in the ink jet recording head shown in 

Figure 1; 

Figures S(I) through S(IV} are diagrams illustrative of 

the operation of the ink jet recording head shown in Figure l; 

Figure 6 is a circuit diagram showing an embodiment of 

a circuit for driving the ink jet recording head shown in 

Figure l; 

Figures 7 (I) through 7 (IV) are diagrams illustrative of 

a drive signal applied to the drive circuit, a voltage at the 

terminal of a piezoelectric vibrating element, a charging 

current, and motion of a meniscus; 

This Sheet Has :Seen Replaced 
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Figure 8 is a diagram showing a relationship among the 

contraction, the holding, and the expansion process of the 

piezoelectric vibrating element; 

Figure 9 is a diagram illustrative of the contraction, 

the holding, and the expansion process of a piezoelectric 

vibrating element th~t contracts by discharging; 

Figure 10 is a diagram showing an example of a model 

used to simulate the behavior of ink within a pressure chamber 

by a drive method of the invention; 

Figures ll(I) through ll(XXI) are diagrams 

chronologically showing the behavior of the meniscus when the 

piezoelectric. vibrating element is contracted and left as 

contracted; 

Figures 12(I) through 12(X) are diagrams 

chronologically showing the behavior of the meniscus when the 

piezoelectric vibrating element is contracted and left as 

contracted for 2 µsec and then expanded; 

Figures 13(!) through 13(X) are diagrams 

chronologically showing the behavior of the meniscus when the 

piezoelectric vibrating element is contracted and left as 

contracted for 4 µsec and then expanded; 

Figures 14 (I) through 14 ( X) are diagram chronologically 

showing the behavior of the meniscus when the piezoelectric 

vibrating element is contracted and left as contracted for 6 

µsec and then expanded; 

liiiffli~Hr 
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Figures lS(I) through lS(X) are diagrams 

chronologically showing the behavior of the meniscus when the 

piezoelectric vibrating element is contracted and left as 

contracted for 8 µsec and then expanded; 

Figures 16(I) through 16(X) are diagrams 

chronologically showing the behavior of the meniscus when the 

piezoelectric vibrating element is contracted and left as 

contracted for 10 µsec and then expanded; 

Figures 17(I) through 17(X) are diagrams 

chronologically showing the behavior of the meniscus when the 

piezoelectric vibrating element is contracted and left as 

contracted for 12 µsec and then expanded; 

Figures 18(I) through 18(X} are diagrams 

chronologically showing the behavior of the meniscus when the 

piezoelectric vibrating element is contracted and left as 

contracted for _14 µsec and then expanded; 

Figures 19(I) through 19(X) are diagrams showing the 

profile of an ink droplet at each of the above-mentioned 

holding times; 

Figure 20 is a diagram showing a relationship among the 

holding time, the ink jetting speed, and the ink jetting 

amount; 

Figure 21 is a diagram showing a relationship between 

the drive frequency and the ink jetting amount; 

Figure 22 is a diagram showing a relationship between 

the drive frequency and the ink jetting speed; 

lii[iflff 
- 7 -



' . 

THIS SHEET HAS BEEN 
REPLACED 

Figure 23 is a diagram showing a relationship between 

the time constant and the damped vibration amplitude of a drive 

voltage when the piezoelectric vibrating element is expanded; 

and 

Figure 24 is a circuit diagram showing 

a circuit for drivinq a conventional ink jet recording head. 

The invention will be described in detail with 

·reference to embodiments shown in the accompanying drawings. 

Figures 1 and 2 show an embodiment of an ink jet 

recording head utilizinq a vertical vibration mode to which a 

drive apparatus of the invention will be applied. Reference 

numeral 1 designates a piezoelectric vibrating element that 

vibrates in the vertical vibration mode. The piezoelectric 

vibrating element is fo:rmed by sandwiching drive electrodes and 

a piezoelectric vibratinq material while connecting the drive 

electrodes that interpose the piezoelectric vibrating material 

in parallel. The advantage of this structure is that all the 

piezoelectric vibrating layers can be driven by a single 

voltage; ink droplets can be formed at a drive voltage of about 

30 volts. 

One end of the piezoelectric vibrating element 1 is 

fixed on a base 9 by an insulating adhesive 7 whose elastic 

coefficient is relatively large, whereas the other end thereof 

carries a vibrating plate 8 which is made of a highly elastic 
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transmitting member 2. A nozzle plate 3 having nozzle openings 

4 is fixed on the base 9 through spacers 11 so as to provide a 

certain gap with respect t~ the vibrating plate 8. A space 
. 

formed between the vibrating plate 8 and the nozzle plate 3 

provides the pressur~ chamber 10, so that ink is supplied from 

a not shown ink tank through an ink supply path 5 that is a 

recessed·portion arranged in the base 9. The nozzle openings 

4 are arranged in a plurality of rows so as to be staggered in 

an auxiliary scanning direction as shown in Figure 3. This 

arrangement permits printing with dots as dense as possible. 

With reference to Fig. 5 (I) in the thus structured ink jet recording 

head, a meniscus 15 is positiaied alloost on the surface of the nozzle 

opening 4 when no drive voltage is applied to the piezoelectric 

vibrating element 1. When a first drive voltage 

is applied to the piezoelectric vibrating element 1 so that the 

element 1 will contract (in a direction indicated by reference 

character "a" in Figure 4 ) , the vibrating plate 8 that is fixed 

on the end of the piezoelectric vibrating element 1 retreats 

from the nozzle opening 4 while 1EinJ eJffitiafily d:!fa:Itah:.elat:::i~ 

to the nozzle plate 3. As a result, the pressure chamber 10 

expands and this causes the ink to flow in a direction 

indicated by reference character "A" in Figure S{II). This in 

turn causes the meniscus 15 to retreat.toward the piezoelectric 

vibrating element 1. At the same time, the ink flows into the 

pressure chamber 10 from the i:1k supply flow path 5 while 

iiiii~f 
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ushered by the stream of ink as indicated by reference 

character "B" (Figure S(II}}. 

When the piezoelectric vibrating element 1 is 

maintained as contracted, -streams C of the ink toward the 

nozzle opening are produced in the pressure chamber 10 by 

inertia (Figure 5 (~II}), so that the meniscus 15 starts 

advancing toward the nozzle opening 4. When a drive voltag.e is 

applied to the piezoelectric vibrating·element 1 so that the 

element 1 will expand (in a direction indicated by reference 

character "b" in Figure 4} while the meniscus is advancing, the 

vibrating plate 8 is biased against the piezoelectric vibrating 

element 1 to be elast~cally deformed toward the nozzle opening 

to thereby contract the pressure chamber 10. A pressure D 

thereby produced is added to the inertial streams C (Figure 

5 (III} } that have been produced in the previous process to 

thereby splash out the ink in the pressure chamber 10 as an ink 

droplet 16 from the nozzle opening 4 (Figure 5 (IV)). While the 

pressure produced by the expansion of the piezoelectric 

vibrating element 1 produces a stream E toward the ink supply 

flow path 5 from the pressure chamber 10, such pressure is 

checked by the inertial stream B produced in the previous 

process to some degree. This contributes to reducing pressure 

drop in the pressure chamber 10 to some degree (Figure S(IV)). 

Figure 6 shows an embodiment of an apparatus for 

driving the above-mentioned ink jet recording head. A first 

switching circuit 20 includes three transistors 21, 22, 23 and 
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turns on when a H-level voltage is applied to an input terminal 

24. A second switching circuit 25 includes transistors 26, 27 

and is connected to the input terminal 24 through an inverter 

28 so that the circuit 25 tUrns on when a L-level voltage is 

applied to the input terminal 24. A capacitor 29 forms a time 

constant circuit. 'Phis capacitor 29 is charged by a power 

supply voltage VH through a resistor 30 when the first 

switching circuit 20 turns on and discharges through a resistor 

31 when the second switching circuit 25 turns on. A current 

buffer 32 includes transistors 33, 34 and supplies a voltage 

proportional to the terminal voltage of the capacitor 2 9 to the 

piezoelectric vibrating element 1. 

In the thus configured circuit, when an input signal 

such as shown in Figure 7(I) is applied to the input terminal 

24 and when the signal goes low, the transistor 22 turns off, 

which in turn causes a drive voltage VP to rise to the voltage 

VH. Since the transistor 22 and the capacitor 29, as well as 

the current buffer 32 connected thereto form a Miller 

integrator, the waveform of the drive voltage VP applied to the 

piezoelectric vibrating element 1 depicts a rising straight 

line with a certain gradient as shown in Figure 7(II). When 

the drive voltage VP equals the power supply voltage VH, the 

voltage stops rising and the drive voltage VP is held at the 

power supply voltage VH level for a predetermined time 

thereafter. 
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When the input signal goes high, the capacitor 29 

discharges through the resistor 31, so that the drive voltage 

VP of the piezoelectric vibrating element 1 depicts a falling 

line that is . substantially symmetrical with respect to the 

rising portion of the waveform thereof. 

By the way, a: rising ti~e -cl of the drive voltage Vp and 

a falling time -r2 thereof are determined by the capacitor 29 

and the resistors 30, 31, which constitute a circuit. Assuming 

that the capacitance of the capacitor 29 is C, the resistance 

of the resistor 30 is Rl, the resistance of the resistor 32 is 

R2, the base-emitter voltages of the transistors 20, 26 are 

Vbel, Vbe2, then i;l and i;2 are expressed as 

i;l = C x Rl x VH I VBEl 

-r2 = C x R2 x VH I VBE2 

As a result, a current IP flowing through the 

piezoelectric vibrating element 1 is expressed as 

IP = Cp x VH I -rl 

= Cp x VBEl I (C x Rl) 

IP = Cp x VH I i;2 

= Cp x VBE2 I (C x R2) 

As is apparent from the current IP, this is a constant 

current circuit designed to cause a certain current to flow 

through the piezoelectric vibrating element 1. In contrast 

thereto, there is a conventional constant voltage circuit that 

is often used as a circuit for driving a piezoelectric element 

such as shown in Figure 24. To drive a piezoelectric element 

- 12 -
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with this constant voltage circuit, a current IP' flowing 

through the piezoelectric element and a voltage VP' applied to 

the piezoelectric element vary with time. That is, assuming 

that the resistance of a resistor 6.l. is Rl' and the resistance 

of a resistor 6Z is R2', the current IP' and the voltage VP' 

are expressed as 

IP' = (t) = VH I Rl' x exp {-t I (Cp x Rl')} 

VP' = (~) = VH x (1 - exp {-t I (Cp x Rl')}] 

The time required for the drive voltage VP' to reach the power 

supply voltage VH is very long in this circuit. However, a 

time period tO, which is an interval in which the drive voltage 

reaches a voltage VP'(t) that is 0.9 times the power supply 

voltage VH can be expressed as 

tO = 2.3 x Cp x Rl' 

assuming that the voltage that can ensure the deformation of 

the piezoelectric element is the voltage VP'(t) that is 0.9 

times the power supply voltage. If Rl' is set so that the 

voltage VP' (t) rises within the time period tO that is equal to 

the rising time "t'l, the maximum of IP', that is IP' (0) is 

expressed as 

IP'(O} = VH I Rl' 

= VH x 2.3 x Cp I "t'l = 2.3 x IP 

This indicates that the constant voltage circuit requires the 

maximum current 2.3 times that of the constant current circuit 

in order to rise the voltage within the same time period. The 

above also applies to the falling time. 

- 13 - This Sheet Has Been Replaced 
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As described above, the use of the constant current 

circuit proposed in this embodiment allows the maximum current 

flowing through the circuit to be reduced even if the charging 

time and the discharging time are shortened compared with the 

conventional drive circuit. As a result, the drive circuit can 

be fabricated with small components and economically. 

Figures 7(I) through 7(IV) are diagrams showing the 

operation of the above-mentioned drive circuit in waveform. 

Upon input of a signal such as shown in Figure 7(I) from a host 

machine, the first switching circuit 20 turns on as the signal 

goes low at time Tl to charge the capacitor 29 through the 

resistor 30. This charging current varies with a time cons·tant 

~l, and a voltage that increases at a certain rate is applied 

to 'the piezoelectric vibrating element 1 by the Miller 

integrating function. Accordingly, the piezoelectric vibrating 

element 1 ~ontracts at a constant speed, not only causing the 

vibrating plate 8 to retreat at a constant speed to thereby 

expand the pressure chamber 10, but also causing the meniscus 

to retreat as time elapses (Figure 7(IV)). 

When the terminal voltage VP of the piezoelectric 

vibrating element 1 has reached the power supply voltage VH at 

time T2, the voltage stops rising, causing the expansion of the 

pressure chamber 10 to stop as well. With the pressure chamber 

10 maintained as expanded for a predetermined time {holding 

time T) and when the meniscus returns to a predetermined 

position that will be described later, the input signal goes 

- 14 -
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high at time T3. As a result, the second switching circuit 25 

turns on to cause the capacitor 29 to discharge through the 

resistor 31 with a time constant -c2. Accordingly, the terminal 

voltage VP of the piezoele~tric vibrating element 1 decreases 

at a certain rate, causing the piezoelectric vibrating element 

1 to expand at a constant speed which in turn causes the 

pressure chamber 10 to contract at a certain rate. 

The example in which the ._piezoelectric vibrating 

element contracts by charging and expands by discharging has 

been described in this embodiment. It goes without saying that 

if a piezoelectric vibrating element that contracts by 

discharging and expands by charging is used, the similar 

operation can be achieved by generating a drive voltage whose 

rising time constant is -cl, whose holding time is T, and whose 

falling time constant is -c2 with the 0-volt level as a 

symmetrical line while using a drive signal that first goes 

high and then goes low as shown in Figure 9. 

By the way, the behavior of the ink in the drive method 

of the invention will be described in detail by simulation. 

That is, the drive method involves the steps of: first 

contracting the piezoelectric vibrating element 1 by applying 

the first drive voltage to the ink jet recording head to 

thereby retreat the meniscus formed on the nozzle opening from 

the surface of the nozzle opening i and then expanding t:.he 

piezoelectric vibrating element l at a proper time · when the 

meniscus starts advancing. The result. of a simulation in which 
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a recording head whose nozzle opening diameter is 40 µm and 

whose gap g between the nozzle plate 3 and the vibrating plate 

8 in the stop condition is 80 µm is operated using an ink whose 

viscosity is 10 mPs usin~ an acoustic model shown in Figure 

10 will be presented. This model is an acoustic concentrated 

constant circuit that models respective sections of the ink jet 

head as concentrated constants. A concentrated constant 

circuit 40 for the nozzle section connects a pressure 44 of the 

meniscus 15 and an acoustic inertance 45 and a resistance 46 of 

a nozzle in series. A concentrated constant circuit 41 

includes the piezoelectric vibrating element 1 and the 

vibrating plate 8 as single vibrating components, respectively, 

and connects a pressure producing source 48, a compliance 49, 

a resistance SO, and an acoustic inertance 57 in series. A 

concentrated constant circuit 42 representing the pressure 

chamber 10 connects a resistance 52 and an acoustic inertance 

53 in series. A concentrated constant circuit 43 representing 

deformation of the entire part of the pressure chamber 10 is 

expressed by a compliance 55. A concentrated constant circuit 

for the entire part of the ink jet head connects the 

concentrated constant circuits 40, 41, 42, and 43 in parallel. 

By the way, the acoustic inertance 45 and the resistance 46. at 

the time when the neniscus 15 fills up the nozzle q:>ening 4 are 

greater than those at the time when the meniscus 15 is in retreat. 

For this reason, in this simulation, the pressure, the acoustic 

inertance 45, and the resistance 46 constituting the 

- 16 -



THIS SHEET HAS BEEN 
REPLACED 

concentrated constant circuit 40 for the nozzle section are 

treated as a nonlinear element that changes in accordance with 

the amount of retreat of the meniscus 15. In this simulation, 

the pressure plate 8 remov~s the ink at a volume velocity Uv 

when the pressure producing source 48 is driven. As a result, 

volume velocities Uri, Uc, Us of the ink at the respective 

sections varying in a nonsteady-state manner can be obtained. 

Figures 11 through 18 show a simulation of splashing ink 

droplets while giving the calculated volume velocity Un of the 

nozzle section as a boundary condition for a general-purpose 

differential calculus that is capable of handling the behavior 

of a free surface. 

The eigenfrequency of the vibrating system including 

the acoustic inertances 45, 53 and the compliance 55 is termed 

as a resonance frequency of the pressure chamber. 

Figures ll(I) through ll(XXI) show a free behavior of 

the meniscus adjacent to the nozzle opening when the first 

· drive voltage changing at a certain gradient is applied to the 

piezoelectric vibrating ·element for 10 µsec and held 

thereafter. The meniscus continues to retreat from the time at 

which the drive voltage has been applied (Figure ll(I)) to the 

time that is 10 µsec thereafter (Figure ll(VI)). Then, the 

meniscus is directed toward the nozzle opening. Upon elapse of 

22 µsec from the application of the drive voltage {Figure 

ll(X!I)), the ink droplet projects from the nozzle openin~ 4, 
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so that the ink droplet can be developed into such a liquid 

column as to define a final form thereof (Figure ll(XXI)). 

Figures 12 through 18 respectively show, in a sum, the 

flow of the ink adjacent j:o the nozzle· opening in the case 

where the meniscus in various positions contractsthe pressure 

chamber by the application of the second drive voltage. The 

selected time constants for the process of both contracting and 

expanding th~ .. piezoelectric vibrating element 1. are 10 µsec, 

respectively. . The various positions of the meniscus are 

achieved by changing the time between the end of contraction 

and the start of expansion of the piezoelectric vibrating 

element, i.e., the above-mentioned holding time. 

Figure 12 shows flow of the ink when the pressure 

chamber is contracted upon elapse of 12 µsec from the 

application of the first drive voltage, i.e., _with the holding 

time being 2 µsec. The pressure chamber is compressed as the 

meniscus stops retreating and starts an initial phase of 

advance thereafter while helped by the inertial stream. As a 

result, the ink splashes out in columnar form, i.e., with the 

diameter at the end being substantially the same as that at the 

middle. 

Figure 13 shows flow of the ink when the pressure 

chamber is contracted upon elapse of 14 µsec from the 

application of the first drive voltage, i.e., with the holding 

time being 4 µsec. This is a flow .of the ink w:ien t.he 

vibrating plate is pushed out into the nozzle opening side as 
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the meniscus makes a small advance toward the nozzle opening 

after the retreat phase thereof. The ink jetted out of the 

nozzle opening similarly becomes columnar. 

Figure 14 shows fIOw of the ink when the pressure 

chamber is contracted upon elapse of 16 µsec from the 

application of the first drive voltage, i.e., with the holding 

time being 6 µsec. This is a flow of the ink when the 

piezoelectric vibrating element is expanded as the meniscus 

makes a small advance toward the nozzle opening after the 

retreat phase thereof and returns to a position about 1/3 of 

the farthest retreat position. Since a part of the front end 

of an ink droplet jetted out of the nozzle opening is 

constricted and transformed into a spherical form in the course 

of splashing, an ideally farmed dot can be formed on a 

recording sheet. 

Figures 15 through 18 respectively show flows of the 

ink when the time elapsing from the application of the· second 

voltage is set to 18 µsec (the holding time is 8 µsec), 20 µsec 

(the holding time is 10 µsec), 22 µsec (the holding time is 12 

µsec), and 24 µsec (the holding time is 14 µsec). It has been 

verified that the end of the ink droplet jetted out from the 

nozzle opening becomes spherical when the piezoelectric 

vibrating element is expanded at the respective times. 

Figure 19 shows various profiles of an ink droplet 

photographed by a high-speed camera in function of the holding 

time. The profiles of the ink droplet were photographed under 
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the following steps using the recording head which is the model 

of the above-mentioned simulation. The photographs were taken 

by the steps of: jetting an ink droplet from the nozzle opening 

when the first drive voltage was applied for 10 µsec at· a 

certain rate, i.e., at such a speed as to allow an ink droplet 

to splash in columnar form from the nozzle opening helped by 

the inertial stream if the meniscus was left as it was, so that 

the piezoelectric vibrating element was contracted at a certain 

rate; and leaving the piezoelectric vibrating element as 

contracted for an arbitrary time thereafter; and applying a 

drive voltage that changes at a certain rate for 10 µsec, so 

that the piezoelectric vibrating element was contracted. It is 

verified that the profiles with the holding time being 6 µsec 

or more (Figure 19(III)) are such that the front end of an ink 

droplet jetted from the nozzle is constricted into a spherical 

form, whereas the profiles with the holding time being 4 ··µsec 

or less (Figures 19(II), 19(I)) are all columnar. 

The amount of ink jetted from the nozzle ·opening every 

holding time and the ink jetting speed are as shown in Figure 

20. The amount of ink jetted (the solid line in Figure 20) 

exhibits a slight increase with increasing holding time. The 

ink jetting speed drops drastically with increasing holding 

time up to 6 µsec, or a time at which the meniscus returns to 

a position.about 1/3 of the farthest retreat position, while 

maintaining a constant value of about 12.5 m/sec with a holding 

time longer than 6 µsec. By the way, it is known that when the 
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ink jetting speed .is high, the ink droplet jetted from the 

nozzle becomes columnar, whereas that when the ink jetting 

speed is low, the ink droplet becomes spherical. It is also 

known that when the front end of a jetted ink droplet is 

spherical, the dot formed on a recording sheet is substantially 

circular. It has been verified from the above.that an ideal 

dot, i.e., a circular dot can. b~. printed with the above­

rn~ntioned model if the pressure chamber is contracted after the 

holding time of 6 µsec, i.e., after the meniscus has returned 

to a position 1/3 of the farthest retreat position. 

The above fact has ·been further checked by observing 

various behaviors of the meniscus· while changing parameters 

such as nozzle opening size, ink viscosity, and the gap between 

the nozzle plate and the vibrating plate. As a result, it is 

verified that the front end of an ink droplet splashing from 

the nozzle opening becomes spherical irrespective of parameters 

as long as the pressure chamber is contracted at a time when 

the meniscus has returned to a position 1/3 of the farthest 

retreat position although the time in which the meniscus 

returns to such position 1/3 of the farthest retreat position 

varies. 

The above mean~ that the ink droplet can splash in 

spherical form irrespective of the position of the meniscus 

when the inertial stream produced as the vibrating plate is 

retreated expands the pressure chamber at such a high speed as 

to allow the ink droplet to be jetted from the nozzle opening 
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and when the pressure chamber is contracted after the meniscus 

has returned to a position 1/3 of the farthest retreat 

position. 

This means, in terqis of the ink jet recording head 

drive frequency, that the ink jetting amount and speed become 

constant between the'drive frequencies from 1 kHz to about 10 

kHz as indicated by the solid lines in Figures 21, 22. This 

further means not only that high quality printi~g can be 

maintained at high speeds, but also . that a certain print 

quality can be ensured for any dot forming mode, whether dots 

are formed contiguously, alternately, or every two dots. 

In contrast thereto, the conventional drive method ·c the 

dotted lines in Figures 21, 22) exhibits a decrease in the ink 

jetting amount around a drive frequency of 3 kHz and a sudden 

rise of the ink jetting speed, which, as a result, causes the 

print quality thereof to be negatively affected by the drive 

frequency. 

By the way, it is verified that when the vertical 

frequency mode is employed, the piezoelectric vibrating element 

is more difficult to be affected by components such as the 

vibrating plate and the ink compared with a piezoelectric 

vibrating element in the flexural vibration frequency mode and 

that the piezoelectric vibrating element vibrates only at the 

resonance frequency of the piezoelectric element alone. 

On the other hand, the resonance frequency of the 

pressure chamber is determined by the acoustic inertances 45, 

This Sheet Has Bee 
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S3, and the compliance SS. The resonance frequency fc of the 

pressure chamber is expressed as: 

Mn + Ms 

Cc x Mn ·x Ms 

where Mn is the acoustic inertance 45, Ms is the acoustic 

inertance 53·, and Cc is the compliance. 

It has been verified that when the pressure chamber is 

vibrated freely, the pressure chamber vibrates at the resonance 

frequency fc. 

During the expansion and contraction of the pressure 

chamber,' the residual vibration of the pressure chamber can be 

minimized after the expansion of the pressure chamber as well 

as the formation of the ink droplet by increasing the 

piezoelectric vibrating element displacing speed. 0.9 times the 

characteristic vibrational period of the pressure chamber, 

i.e. , by increasing the rising time and falling time of a 

voltage applied to contract and expand the piezoelectric 

vibrating element 0.9 times. or more the characteristic 

vibrational period of the pressure chamber. 

Also, to suppress the residual vibration of the 

piezoelectric vibrating element, the piezoelectric vibrating 

element displacing speed may be made equal to the 

characteristic vibrational period of the piezoelectric 

vibrating element. 

That is, .as shown in Figure 23, by setting the t:!me 

constant of the discharge waveform at the time the voltage is 
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being discharged to the range of from 90 to 120% of the 

characteristic vibrational period of the piezoelectric 

vibrating element itself, the residual vibration of the 

piezoelectric vibrating el~ent itself after the displacement 

thereof as well as the residual vibration of the vibrating 

plate coupled theret? can be suppressed within about 10% of the 

· amplitude at the time they are driven. 

As described above, the residual vibration of the 

pressure chamber as well as the residual -vibration of the 
~ 

piezoelectric vibrating element can be suppressed by 

setting the piezoelectric vibrating element displacing speed, 

i.e., the rising and/or falling time of a voltage to arbitrary 

values, the voltage being · applied to the piezoelectric 

vibrating element. However, it is apparent that timings 

matching other conditions such as· the dimension, material, etc. 

of the piezoelectric vibrating element or the pressure chamber 

fooning components must be selected. 

That is, the following settings are preferable from the 

relationship between the characteristic vibrational period Ta 

of the piezoelectric vibrating element and the characteristic 

vibrational period Tc (= l/fc) of the pressure chamber. 

1) If Ta < Tc, then Tl, T2 ~ 0.9 x Tc. 

2) If Ta ~ Tc, then 0.9 x Ta s Tl, T2 s 1.2 x Ta. 

By setting the rising time and/or falling time of the 

voltage to be applied to the piezoelectric vibrating ele~ent in 

the above manner, dots can be formed inuilediately without 
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providing a residual vibration attenuation wait time after the 

jetting of the ink which greatly affects particularly the 

frequency for repetitively driving the recording head, or the 

repetitive frequency, hence further improving the repetitive 

frequency. 

While the ca·se where the invention is applied to the 

ink jet recording head with the ink flow paths formed only on 

one side of each pressure chamber has been described in t~e 

above embodiment, it is apparent that the same effect can be 

obtained by applying the invention to an ink jet recording head 

having ink flow paths on both sides of each pressure chamber~ 

Also, the same effect can be obtained by applying the 

invention to a so-called face ejected ink jet recording head in 

which the vibrating plate is formed so as to confront the 

nozzle openings as well as to, ·e.g., a so-called edge ejected 

ink jet recording head in which an ink droplet is jetted 

parallelly to a vibrating element. 

As described on the foregoing pages, the invention is 

characterized as involving: the first step of retreating the 

vibrating plate to a predetermined position from the nozzle 

opening at such a speed as to allow the meniscus at the nozzle 

opening to be jetted from the nozzle opening while applying a 

drive voltage to the piezoelectric vibrating element; the 

second step of holding the vibrating plate at the position; and 

the third step of advancing the vibrating plate toward the 

nozzle opening when the meniscus has returned to a position 1/3 
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or more of the farthest retreat position the·reof. As a result, 

not only the ink stream that is produced adjacent to the nozzle 

opening when the piezoelectric vibrating element is contracted 

can be utilized positively;but also· the pressure chamber can 

be contracted in a zone in which the ink jetting speed does not 

depend on the position of the meniscus, thereby allowing the 

size and splashing speed of an in~ droplet to be maintained 

substantiall~ ~onstant in a wide range of drive frequencies. 

Thus, a high-seed recording apparatus can be achieved. 

Further, since the rising and falling time for the 

charging or discharging at the time of jetting an ink droplet 

are set so as to match the vibrational periods of the pre·ssure 

chamber and the piezoelectric vibrating element, the amplitude 

of the residual vibl;'a tion of the vibration system including the 

piezoelectric vibrating elements after the jetting of an ink 

droplet can be reduced, thereby contributing to improving the 

repetitive drive frequency. 

- 26 -
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1. A method of driving an ink jet recording head, 

including a nozzle plate forming nozzle openings therein, a 

vibrating plate which opposes to said nozzle plate to form a 

pressure chamber communica~ing with said nozzle openings in 

cooperation with said nozzle plate, piezoelectric vibrating 

elements each having one end which opposes to each of said 

nozzle openings and · is fixed to said vibrating plate, said 

piezoelectric vibrating elements vertically vibrating said 

method comprising the steps of: 

-retreating said vibrating plate from said nozzle opening 

to a predete:i::mined position at such a speed as to allow a 

meniscus of said nozzle opening to be jetted from said nozzle 

opening by applying a drive voltage to said piezoelectric 

vibrating element; 

holding said vibrating plate at said predetermined position; 

and 

advancing said vibrat.ing plate toward said nozzle opening when 

said meniscus has returned by 1/3 or more of the retreat 

distance. 

2. An apparatus for driving an ink jet recording head, 

comprising: 

a nozzle plate (3) forming nozzle openings (4) therein; 

a vibrating plate ( 8) which opposes to said nozzle plate 

(3) to form a pressure chamber (10) communicating with said 

nozzle openings (4) in cooperation with said nozzle 

plate(3); 
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piezoelectric vibrating elements (1) each having one end which 

opposes to each of said nozzle openings (4) and being fixed to 

said vibrating plate ( 8) , said piezoelectric vibrating 

elements (1) vertically vibrating; and 

means for driving said piezoelectric vibrating elements (1), 

said driving means generating a first voltage for contracting 

said piezoelectric vibrating elements ( 1} at such a speed as 

to allow a meniscus (15) to be ejected from said nozzle 

openings ( 4) , said meniscus ( 15) being formed at the nozzle 

opening (4); a second voltage for holding said 

piezoelectric vibrating elements (1) contracted; and a third 

voltage for expanding said piezoelectric vibrating elements 

( 1) , said driving means maintaining said second voltage so 

that T > Tin, where in T is a second voltage holding time and 

Tin is a time from said first drive voltage having reached a 

steady-state to said meniscus (15) having returned to 1/3 of 

the retreat distance from the farthest retreat position. 

3. An apparatus according to claim 2, wherein a time constant of 

said first and/or said third drive voltage is set to a value 

0.9 times a characteristic vibrational period of said pressure 

chamber (10). 

4. An apparatus according to claim 2, wherein a time constant of 

said third drive voltage is set to a value 0.9 to 1.2 times a 

characteristic vibrational period of said pressure chamber 

(10). 

-28-
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ABSTRACT 

A method is described for driving an 

comprising the steps of: retreating a 
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ink jet recording head 

vibrating plate to a 

predetermined position from a n?zzle opening at such a speed as to 

allow a meniscus at the nozzle opening to be jetted from the 

nozzle opening while applying a drive voltage to a piezoelectric 

vibrating element; holding the vibrating plate at the , position; 
-

and advancing. the vibrating plate toward the nozzle ·opening when 

the meniscus has returned to a position 1/3 or more of the 

farthest retreat position thereof. As a result, a pressure 

chamber is contracted to thereby apply pressure to ink when an 

inertial stream of the ink becomes stable and it heads toward the 

nozzle opening, producing an ink droplet to be jetted at a 

predetermined speed irrespective of the position of the men~scus. 

Furthermore, an appartus for driving an ink jet recording head 

comprising a nozzle plate ( 3) , a vibrating plate ( 8) , 

piezoelectric vibrating ·elements { 1) and means for driving said 

piezoelectric vibrating elements (1) is described. 
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METHOD AND APPARATUS FOR DRIVING INK JET 

RECORDING HEAD 

ABSTRACT 

REPLACEMENT SHEET 

04DEC1996 

A ·method is described for driving an ink jet recording head 

comprising the steps of: retreating a vibrating plate to a 

predetermined position from a n?zzle opening at such a speed as to 

allow a meniscus at the nozzle opening to be jetted from the 

nozzle opening while applying a drive voltage to a piezoelectric 

vibrating element; holding the vibrating plate at the position; 

and advancing the vibrating plate toward the nozzle opening when 

the meniscus has returned to a position 1/3 or more of the 

farthest retreat position thereof. As a result, a pressure 

chamber is contracted to thereby apply pressure to ink when an 

inertial stream of the ink becomes stable and it heads toward the 
.. 

nozzle opening, .. producing an ink droplet to be jetted at a 

predetermined speed irrespective of the position of the meniscus. 

Furthermore, an appartus for driving an ink jet recording head 

comprising a nozzle plate ( 3), a vibrating plate ( 8) , 

piezoelectric vibrating elements ( l) and means for driving said 

piezoelectric vibrating.elements (1) is described. 

(Figure 1) 
(Figure~. 5 (I) -5 (IV)) 
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RECORDING HEAD 

ABSTRACT 

A method is described for driving an ink jet recording head 

comprising the steps of: retreating a vibrating plate to a 

predetermined posit.ion from a n?zzle opening at such a speed as to 

allow a meniscus at the nozzle opening to be jetted from the 

nozzle opening while applying a drive voltage to a piezoelectric 

vibrating element; holding the vibrating plate at the position; 

and advancing the vibrating plate toward the nozzle opening when 

the meniscus has returned to a position 1/3 or more of the 

farthest retreat position thereof. As a result, a pressure 

chamber is contracted to t:tiereby apply pressure to ink when an 

inertial stream of the ink becomes stable and it heads .toward the 
.. 

nozzle opening, ._ producing an ink droplet to be jetted at a 

predete:cmined speed irrespective of the position of the meniscus. 

Furthermore, an appartus for driving an ink jet recording head 

comprising a nozzle plate (3), a vibrating plate (8), 

piezoelectric vibrating elements ( 1) and means for driving said 

piezoelectric vibrating elements (1) is described. 

Figure 1 
Figure~. 5 I -5 IV 
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METHOD AND APPARATUS FOR DRIVING 
INK JET RECORDING BEAD 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The invention relates to the art of driving an ink jet 

recording head that ejects an ink droplet from a nozzle 
opening by displacing a n:silicnt plate forming a prcssuie 
chamber with a rod-like piezoelectric vibrating element and 
compressing the pressure chamber by such displacement. 

2. Prior Art 
As disclosed in Japanese Patent Publication No. Hei 

2-24218, ink jet recording heads having disk-shaped piezo­
electric vibrating substrates secured to a resilient plate 
forming pressure cbamben has hen:tofmc been used for 
MCOl'ding apparatuses. In the inkjet r:ecotding heam of this 
~displacement of each piezoelectric 'VlDrating element is 
so small that a Imgc cffccti:vc m:a most be pro~ which 
in tum ensures a relatively lmge area. These ink jet recording 
heads are of such a stmcture that the pressure chambers are 
located distant from the nozzle openings and communiar.c 
with the nozzle· openings tbmugh flow paths. This not only 
makes the recording heads large in structure,· but also entails 
the complicated operation of adjusting the ftuid rcaistanccs 
of the respective ink flow paths so as to be consistenL 

To overcome the abov:e problems. proposed in, e.g.. the 
specification of U.S. Pat No. 4.697,193. is an ink jet 
recording head that pmduces ink dmplets by manging 
rod-like piczoclcctric vibrating c:lc:mcnrs and abutting these 
elements against the resmem plate that fonns tbe pressure 
cbambe:rs to allow the piezoelectric 'Vibrating elements to 
vibrate vc:rtically. Since the piezoelectric vibmting dc:mcnts 
can be disposed so as to confront the nozzle openings in this 
type of int jet recording head. the ftow paths for c:mmecdng 
the pECSSurc cbambcrs to the nozzle openings can be ctis­
pensed. with. In addition. the piezoelectric vibmdng ele­
ments can be prepared in lamination fmm, which conmbut.es 
not only to decn:asing the driw YOltagc. but also to improv­
ing the print speed owing to the fact that the eigenfmquency 
of the piemelectric Yibradng elemmt is comparalively large 
and that this permits high-speed driving of the head. 

I . 
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The ink jet recording bead utilizing vertical vibration is 

driven by a so-called ''pull-and-strike" method, in which a 
drive voltage is applied to the piezoelectric vibrating ele­
ments tD contract them before fmming dots and the drive 
wltagc is then discbmgcd to expand the picmelecttic vibrat­
ing elements so that ink droplets are produced. 

Such pull-and-strike method not only allows elastic 
em:gy pres1'.0red in the piezoelectric vibrating elements and 
the vibrating plate tD be utilized, but also ensures that ink 
will be introduced to the pn:ssurc chambers.· On the other 
band, if the frequency of mpeating the operation of the 
piemelectric vibrating elements is increased to improve the 
pdnt speed, the meniscus varies from one position to another 
each time an ink droplet is formed, thus varying the size and 
speed of the iD1c droplets and making the print qualit¥ · 
inccmsiatcnt. 

To avoid these problems, a driving technique in which the 
piczoclcctric vibnting element contracting speed is set to a 
smaJJest pos11'ble value so as to minimim the vmying 
distance of the meniscus; the piezoelectric vibrating ele­
ments are held as contracted for a pn:detcrmincd time period 
until the meniscus =turns to the original position and stays 
stationary; and the piezoelectric vibrating elements me 
c:qianded by applying a second drlw: voltage. 
~drive technique contributes to ensuring a stable print 

quality, but imposes a new problem that the high-speed 
response of each piezoelectric vibrating element cannot be 
fully utilized. 

SUMMARY OF THE INVENTION 

The invention has been made in view of the above 
circumstances. Accordingly, an object of the invention is to 
provide a method of driving an ink jet recoaling head 
utilizing the vertical vibration mode that allows high-speed 
drive while maintaining high print quality. · 

Another object of the invention is to provide an apparatus 
on which to achieve the above method. 

To achieve the above objects, the invention is applied to · 
a method of driving an ink jet rccolding head in w~h 
pressure chambers are formed by disposing.a vibmting plate 
so as to communicate with nozzle openings and in which 
ends of piezoclccttic vi"brating clements of a venica1 vibm­
tion mode axe fixed on the vibrating plate. The method 
involves the steps of: retreating the vibrating plate f.mm the 
nozzle opening to a pm:lc:tcrmim:d position at such a speed 
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as to allow a meniscus at a nozzle openin& to be jetted from 
the nozzle opening -by applying a ddve voltage to a piem­
clcctric vibra1iag elemcm; holding the vilmldng plate at the 
position; and advancing the vibrating plate to the nozzle 
opening when. the meniscus bas returned by Y3 or more of the 
a:trc:at distance. 

The meniscus retreats from the nozzle opening as the 
piczoeJ.c:ctric vibrating c:lcmmt conttact. The meniscus tc:m­
pormily stops retreating before and after the piezoelectric 
'Yl"brating elemmt stops comracdng. but at a next instance, 
the meniscus Cmms a saeam towmd the nozzle opening. As 
the direction of iD:ttial suemm of the ink is switched and at 
the time the meniscm has retumecl to a posilioa about 'h of 
die origiDa1 position, the piezoelectric vibraring element. 
expands. As a teSUlt. the im:rtial stteaJDS and the pn:ssure 
produced by the expansion of the piezoelectric vibrating 
element are applied to the ink adjacent to the nozzle open­
ing, allowing the ink to splash out efiicieu.tly from the nozzle 
opening. When the meniscus retums to a position mme than 
Vs of the oliginal position. an iDk droplet splashes oat at a 
certain speed independently of the position of the meniscus. 
ensuring that the priDr.ed ~ will hav.e stable form and cizp._ 

BRIEF DESCRIPTION .OF nm DRAWINGS 

FIG.1 is a sectional perspective view showing an embodi­
ment of an ink jet rmxding head to which the invention is 
applied; 

FIG. 2 is a sectional view of the ink jet xecoafing head 
shown in FIG. 1; 

PIG. 3 is a diagram showing an acrangement of ink low 
parhs and nozzle openings of the ~ jet Ieemding head 
shown in FIG. 1; . 

FIG. 4 is a diagram showing motion of piezoelectric 
~"brating elemmns in the ink jc:t recording head shown in 
PIG. 1; 

FIGS. 5(A) tblOugh S(D) am diagrams illustrative of the 
operation of the ink jet recording head shown in PI~. 1; 

FIG. ' is a circuit diagram showing an embcxfiment of a 
circuit for driving the int jet recording head shown in PIG. 
1; 

FIGS. 7(A) through 7(0) an: diagrams illusttativc of a 
drive sip applied to the drive circuit. a voltage a1 the 
terminal of a piezoc:lec:ttic vibradng element, a cbatging 
cmrcnt, and motion of a meniscus; · 
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FIG. 8 is a diagram showing a relationship among the 
conlraetion, the holding. and the expansion process of the 
piezoelecaic vibrating element; 

FIG. ' is a diagram illustrative of the contraction. the 
holding. and the expansion process of a piezoelectric vibrat.: 
ing element thar. contracts by discharging; 

FIG. 10 is a diagram showing an example of a model used 
to simulate the behavior of int within a pressure chamber by 
a drive method of the invention; 

PIGS. ll(A) through ll(u) are diagrams chronologically 
showing the behavior of the meniscus when the piezoelectric 
vibrating clement is contracted and left as contracted; 

FIGS. 12(A) through 12(1) are diagrams chronologically 
showing the behavior of the meniscus when the piezoelectric 
vibrating element is contracted and left as contracted for 2 
J.ISCC and then expanded; 

FIGS. 13(A) through 13(J) are diagrams chronologically 
showing the behavior of the meMscus when the ~electric 
vibrating element is cont:ractcd and left aa conttacted for 4 
pscc and then expanded; 

FIGS. 14(A) through 14(J) are diagram chronologically 
showing the behavior of the meniscus when the piezoelectric 
vi1Jrating element is contracted and left as contracted for 6 
µsec and then expanded; 

FIGS. lS(A) through lS(J) are diagrams chronologically 
showing the behavior of the meubcus when the piezoelectric 
vibrating element is contracted and left as conttacted for 8 
psec and then expanded; 

FIGS. l'(A) through lCi(J) me diagrams chrunologically 
-showing the behavior of the meniscus when the piezoelectric 
vibrating element is conttacted and left as contracted for 10 
pscc and then expanded; 

FIGS. 17(A) through 17(J) ate diagrams chmnologically 
showing the behavior of the meniscus when the piezoelectric 
vibrating element is contracted and left as contracted for 12 
psec and then expanded; . . 

FIGS. U(A) through lB(J) me diagrams cbrooologically 
showing the behavior of the meliiscus when the piezoelectric 
Yibrating clement is mntractcd and left as contr:act.cd for 14 
µsec and ·then expanded; 

FIGS. U(A) through U(J) arc diagrams showing the 
profile of an ink droplet at each of the above-mentioned 
holding times; 
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PIO. 20 is a diagram showing a relationship among the 

holding time, the ink jetting speed, and the ink jetting 
amount; 

.FIG. 21 is a diagram showing a relationship between the 
drive frequency and the ink jetting amount; · . 

FlO. 22 is a diagram showing a relationship ·between the 
drive frequency and the ink jeuing speed; 

FIG. 23 is a diagram showbig a ielationship between the 
time constant and the damped vibration amplitude of a drive 
voltage when the piezoelectric vibradDg element is 
expanded; and · · 

. Pl~. 1A is a cin:uit diagram showing an embodiment of a 
CUCU:it for driving a conventional ink jet iecmdiog head. 

DETAR.ED DESCRIPTION OP TBB 
PREFERRED EMBODIMENTS 

The invcnlion will be described in detail with :mference to 
embodiments shown in the accompanying drawings. 

FIGS. 1 and 2 show an embodiment of an inkjet recmding 
head utilizing a vertical vibration mode to which a drive 

·apparatus of the ··invention will be applied. Reference 
numeral 1 designates a piezoelectric vibrating element that 
vibmcs in the vertical vibration mode. The piezoelectric 
vibrating element is fonned by sandwiching drive electrodes 
and a piezoelectric vibrating material while connecting the 
drive clcctrodcs that interpose the piczoclcctric vibrating 
material in panllel. The advantage of this stmcture is that all 
the piezoelectric vibtating layers can be driven by a single 
voltage; ink droplets can be formed at a drive voltage of 

. about 30 volts. 
One end of the piezoelectric vibrating element 1 is fixed 

on a base !J by an insulating adhesive 7 whose elastic 
coefficient is a:lativdy large, whereas the other end thereof 
car:rics a vibrating plate I which is made of a highly elastic 
plate and which forms a pressure chamber 10 through a 
pressure transmitting member 2. A nozzle plate 3 having 
nozzle openings 4 is fixed on the base 9 through spacers 11 
so as to provide a certain gap with respect to the vibrating 
plate 8. A space formed between the vi1xating plate 8 and the 
nozzle plate 3 provides the pressure chamber 10, so that ink 
is supplied from a not shown ink tank through an ink supply 
path 5 that is a recessed portion mranged in the base 9. 'lbc 
nozzle openings 4 are manged in a plurali~ of rows so as .. . . .... . . 
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to be staggered in an auxumy scanning direction as snown 
in FIG. 3. This amm.gcmcnt permits printing with dots as 
dense as possible. 

Jn the thus structured ink jet recording head, a meniscus 
15_ is positioned almost on the surface of the nozzle opening 
4 when no drive voltage is applied to the piezoelectric 
vibrating element 1 (FIG. S(A)). When a first drive voltage 
is applied to the pie-zoelectric vibrating element 1 so that the 
element 1 will conttact fm a direction indicated by reference 
character "a" in FIG. 4), the: 'Yl"bmting plate 8 that is fixed on 
the end of the piezoelec:tdc vibrating element 1 n:treats from 
the naale opening 4 while elastically defoxmed relative to 
the nozzle plate 3. As a result, .the pn:ssurc chamber 10 
expands and this causes the ink to .flow in a direction 
indicated by reference character "A" in FIG. S(B). This in 
tum causes the meniscus 15 to n:trcat toward the piezoelec­
tric nbrating element 1. At the same time, the ink ftows into 
the pressure chamber 10 from • ink supply :flow path S 
while ushered by the stream of ink as indicated by tefetence 
cbaiacter .'B .. (FIG. S{B)). 
- When the pieiDClectric vibtating clement 1 is maintained 
as contracted, streams C of the ink toward the nozzle 
opening are produced in the pressure chamber 10 by inettia 
(FIG. 5(C), so that the meniscus 1S starts advandng toward 
the nozzle opening 4. When a drive voltage is applied to the 
piezoelectric vibrating element 1 so that the element 1 will 
expand fm a dirccdon indicated by rcfcxcncc chaiact.cr "b" 
in FIG. 4) while the meniscus is advancing, the vibmting 
plate 8 is biased against the piezoelectric vibrating element 
1 to be elastically deformed toward the nozzle opening to 
thereby contract the pressme chamber 10. A pressure D 
thereby produced is added to the inertial streams C (FIG. 
S(DI)) that has been produced in the previous process to 
thereby splash out the ink in the pressure chamber 10 as an 
int droplet 1' froni the nozzle opening 4 (FIG. S(D)). While 
the prcssme p.mducec:l by the expansion of the piemclectric 
vibrating element 1 produces a stteam B toward the ink 
1apply flow path S from the pressure chamber 10, such 
pressure is chcclccd by die im:rtial -stream B produced in the 
previous process to some degree. This contnbutes to reduc­
ing pressure drop in the~ chamber lOto some degxec 
(PIO. S(D). 

FIG. 6 shows an embodiment of an apparablS for driving 
the abovc-mcmioned ink jet rccolding head. A first switch-

I -
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ing circuit 20 includes three ttansistors 21. 22. 23 and rums 
on when a H-level voltage is applied to an input terminal 24 . 
. A second switching circuit 25 includes transistors 26. 'Z1 and 
is connected to the input terminal 24 through an invctter 28 
so that the circuit 25 turns on when a L-level voltage is 
applied to the input terminal 24. A capacitor 29 forms a time 
constant circuit. This capacitor 29 is charged by a power 
supply voltage VH through a :resistor 30 when the first 
switching circuit 20 tums on and discharges through a 
resistor 31 when the second switching circuit 25 turns on. A 

· curtcnt buffer 32 includes transistors 337 34 and supplies a 
voltage proportional to the tcrmiDal voltage of the capacitor 
29 to the piezoelecttic vibrating element 1. 

In the thus configured ~ when an input signal such 
. as shown in FIG. 7(A) is applied to the input terminal 24 and 
when the signal goes low, the transistor 22 turns o:tf, which 
in tum causes a drive voltage VP to rise to the voltage VH. 
Since the transistor 22 and the capacitor 2t, as well as the 
current bu1fer 32 connected thereto form a Miller inte~ 
tbe wavefo.an of the drive voltage VP applied to the piezo­
elcc:tric vibmting element 1 depicts arising straight line with 
a cettain gradient as shown in FIG. 7(B). When the drive 
voltage VP equals the power supply voltage VH, the voltage 
stops rising and the drive voltage VP is held at the power 
supply voltage VH level for a predetermined time thereafter. 

When the input signal goes hi~ the capacitor 2' · dis· 
cbmgcs through the resistor 31. so that the drive voltage VP 
of the piezoelectric nDrating element 1 depicts a falling line 
that is substantially symmetrical with respect to the rising 
portion of the wa'YCform thereof. . 
· By the way, a rising time -rl of~ drive voltage ~,. and 

a falling time 't2 theicof are d~ by _the ~acitOr.29 
and tbe resistms 30, 31. which constitute a cirCUit. Assmmng 
that the capacitance of the capacitor 29 is c. ~ ~ce 
of the resistor 30 is Rl, the n:sistancc of the rcsistOr 32 is R2, 
tm: base-emitter voltage& of the ttansistms 20, 2li are Vbel. 
Vbe2, then -tl and 12 me expressed as 
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As a result. a current IP flowing through the piezoelectric 
vibrating elemeut 1 is expressed as 

IP = Cp x VWtl 

• Cpx VB£l/(CxR1) 

IP = C, x VHh'2 
• Cp x VBB2/(C x R2) 

As is appamnt from the cment IP. this is a constant 
curm1t circuit designed to cause a. certain cum:nt to low 
through the piezoelecaic vibrating eiemem L ID conttast 
ttu:=o. then: is ·a conventional constant voltage circuit that 
is often used as a cin:uit for driving a piezoe1c:ctric elc~ 
such as shown in FIG. 24. To drive a piezoeledric element 
with this constant voltage circuit. a current IP' flowing 
through the piezoelectric element and a voltage VP' applied. 
to ·me piezoelecttic element vary with time. 'lbat is. assum- · 
ing that the temtaoce of a tesistor 102 is' Rl1 and thf 
msistance of a icsistor 103 is .R2', the: cum:at IP' and the 
vollage VP' are expressed as 

IP=(t)=VHIRl'>asp {-d (CpxRl')} 

VP'=(t)=Vl6c(l-axp {-d (CpxRl')}] 

1be time required for tbe drive voltage VP to reach the 
power supply voltage VH is very long in this circuit. 
However, a time period tO, which is an interval in which tlie 
drive voltage reaches a voltage VP'(t) that is 0.9 times the 

· power supply voltage VH can be expressed as 

I0=2.3xQ»cRr 

assuming that the voltage that can ensure the deformation of 
the piezoelectric element is the voltage VP'(t) that is 0.9 
times the power supply voltage. If Rt' is set so that the 
voltage VP(t) rises within the time period tO that is equal to 
the rising time 'tl, the maximnm of IP, that is IP(O) is 
expressed as · 

11'(0) = VH/Rl' 

= VB x 2.3 x Cpltl = 2.3 >dP 
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This indicates that the constant voltage ciicuit requires the 
maximum cuaelit 2.3 times that of the constant cuaeat 
circuit in order to rise the VjJltage within the same· time 
period. The above also applies to the falling time. 

As described above, the uae of the constant cum:nt ciicuit 
proposed in this embodhnent allows the maximum current 
flowing through the circuit to be reduced even if the charg­
ing time and the discbaqpng time me shortened compan:d 
with the conventional drive circuit. As a n:su1ts the drive 
circuit can be fabricated with small components and eco­
nomically. 

FIGS. 7(A) through 7(D) are diagrams showing the opera- . 
tion of the above-menticmed drive circuit in waveform. 
Upon input of a signal such as shown in FIG. 7(A) from a 
host machine, the first switching cin:uit 20 tums on as the 
signal goes low at time n to charge the capacitor29 through 
the resistor 30. This chmging cum:nt vari.es with a time 
constant -rl, and a voltage that ina:eases at a c:eitain mte is 
applied to the piemelectric vibrating element 1 by the Miller 
integmting f.Unction. Accmdingly, the piezoelectric vibrating 
element 1 contracts at a constant speed, not only causing the 
vibrating plate 8 to retreat at a constant speed to tbeieby 
expand the pessme chamber 10, but also causing the 
meniscus to retreat as time elapses (FIG. 7(D)). 

When the terminal voltage VP of the piezoeledric 'Vibrat­
ing c1cmcnt 1 has icachcd the power supply voltage VH at 
time T2, the voltage stops rising, causing the expansion of 
the pressure chamber 10 to stop as well. With the pressure 
chamber 10 maintained as expanded far a predetermined 
time (holding time T) and when the meniscus returns to a 
predetemrined position that will be-described later, the input 
signal goes high at time T3. As a teaUlt, the second awill:hing 
cin:uit 25 turns on to cause the capacitor 29 to discharge 
through the resistor 31 with a time constant 't2. Accordingly, 
the tmmiDal voltage VP of the piczoelecttic vibmting ele­
ment 1 deaeases at a certain rate, amsing the piezoelectric 
vilnting element 1 to expand at a constant speed which in 
tum causes the pressure chamber 11 to conmct at a certain 
rate. 
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The example in which the piezoelectric vibrating element 
~ 1?J ~ IJ!d expands by discharging has been 
described m this embodiment. It aoes without saying that if 
~piezoelectric vibrating element that contracts by discharg­
mg and expands by charging is used, the similar operation 
~ be achieved by generating a drive voltage whose rising 
time constant is -rl, whose holding time is T, and whose 
falling time cons1ant .is 't2 with the 0-volt level as a sym­
metrical line while using a drive sianal that fiISt goes high · 
and then goes low as shown in FIG. 9. 

By the way, the behavior of the ink in the drive method 
·of the invention will be descrlbed in detail by simulation. 
That is. the drive method involves the steps of first con­
tracting the piezoelectric vibrating element 1 by applying the 
first drive voltage to the ink jet reconling head to thereby 
retreat the nieniscus fonncd on the nozzle opening from the 
surface of the nozzle opening; and then expanding the 
piezoelectric vibrating element 1 at a proper timing when the 
meniscus stam advancing. The result of a simulation in 
which a recording head whose nozzle opening diameter is 40 
JIJD and whose gap g between the nozzle plate 3 and the 
vibrating plate 8 in the stop condition is 80 µm is operated 
using an ink whose viscosity is 10 m Pas using an acoustic 
model shown in FIG. 10 will be presented. This model is an 
acoustic conccnttated constant circuit that models respective 
sections of the ink jet bead as concentrated constants. A 
· concentrat.ed constant circuit 40 for the nozzle section 
connects a pressure 44 of the meniscus 15 and an acoustic · 
inertance 45 and a resistance 4' of a nozzle in series. A 
concentrated constant ciicuit 41 includes the piezoelectric 
'Vibrating element 1 and the vibrating plate 8 as single 
vibrating components. respectively. and connects a pressure 
poducing soun:e 48, a compliam:e 49, a resistance SO, and 
an acoustic inertance ST in series. A concenttall:d constant 
circuit 42 representing the pressure chamber 10 conneets a 
iesistance 52 and an acoustic iDertance 53 in series. A 
concentrated constant circuit 43 representing deformation of 
the entire part of the pressure chamber 10 is expressed by a 
compliance 55. A concentrated constant ciicuit far the entire 
part of the ink jet head oonnects the concenttated constant 
cin:uits 40, 41, 42, and 43 in parallel. By the way, the 
acoustic inertancc 45 and the rcsisbmec 4' at the time the 
meniscus 15 ftlls up the nozzle opening 4 are greater than 
those at the time the meniscus l5 is in retreat. For this 
reason, in this simulation, the pressure, the acoustic iner­
umce 45, and the reaistanc:e 46 constituting the concentrated 
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constant circnit 40 for tbe nozzle section are treated as a 
nonlinear clement that changes iii accordance with the 
amount of retreat of the meniscus IS. In this simulation, the 
pressure plate I a:moves the iDk at a volume velocity Uv 
when the pte1surc producing source 48ia driven. As a-rcsul~ 
volume velocities Un, Uc, Us of the ink at the respective 
sections varying in a nomteady-state manner can be 
obmmcd. FIGS. 11 through 18 show a simulation of splash­
ing ink droplets while giving the calculared volume velocity 
Un of the nozzle section as a boundary condition for a 
general-purpose dift"c:rential calculus that is capable of han­
dling the behavior of a fiee surface. 

The eigenfrequency of the vibrating system including the 
acoustic incrtances 45, 53 and the annpliancc SS is termed 
as a te1ooance ~ency of the pre.ume r.hambe?: 

FIGS. ll(A) through ll(u) shows a free tJc:Davior of the 
meniscus adjacent to the nozzle opening when the first drive 
voltage changing at a certain gradient is applied to the 
piemelectrlc vibrating element for 10 µsec and hdd them­
aftcr. The meniscus continues to retreat from the lime at 
which the drive voltage has been applied (FIG. ll(A)) tO the 
time that is 10 µsec thmeafter (FIG. ll(D)). Then, the 
meniscus is dirccu:d toward the nozzle opening. Upon· 
elapse of 22 µsec from the application of the drive voltage 
(FIG. 11.(L), the ink droplet projects from the nozzle opening 
4~ so tbat the ink droplet can be developed iDro such a liquid 
column as to define a final fonn thereof (FIG. ll(u). 

FIGS. 12through18 :respectively show, in a sum, the ftow 
of the int adjacent to the nozzle opening in the case where 
the meniscus in various positions conttact the pressure 
chamber by the application of the second drive vollagc. The 
selected time mnstanrs for the process of both comracting 
and expanding the piezoelectric vibrating element 1 me 10 
psec. respectively. The vadaus positions of the mmisc:us are 



-12-

REPLACEMENT SHEET 

I 2 4 JAN 1998 ] 

·-·-···--·----

achieved by changing the time between the end of contrac­
tion .and the start of expansion of the piezoelectric vibrating 
element, i.e., the above-mentioned holding time. 

FlG. 12 shows ftow of the ink when the pressure chamber 
is contracted upon elapse of 12 µsec from the application of 
the fiist drive voltage, i.e., with the holding time being 2 
µsec. The pressme chamber is compressed as the meniscus 
stops n:treating and starts an initial phase of advance there­
after while helped by the inertial stream. As a result, the ink 
splashes out in columnar form. i.e., with the diameter at the 
end being sub&tantially the same as that at the middle. 

FIG. J3 shows t1ow of the ink when the pressure chamber 
is contracted upon elapse of 14 µsec from the application of 
the first drive voltage, i.e~ with the holding time being 4 
psec. This is a ftow of the ink when the vibmting plate is 
pushed out into the nozzle opening side as the meniscus 
makes a small advance toward the nozzle opening after the 
retreat phase thereof. The ink jetted out of the nozzle 
opening similarly becomes colwimar. 

· FIG. 14 shows flow of the ink when the pressure chambci· 
is contracted upon elapse of 16 µsec from the application of 
the first drive voltage, i.e., with the holding time being 6 
psec. This is a fiow of the ink whCi the piczoclccmc 
vibnting element is expanded as the meniscus makes a 
small advance toward the nazzle opening after the retteat 
phase tbcrcof and :n:tums to a position about Y.t of the · 
farthest xetteat position. Since a pan of the front end of an 
ink droplet jetted out of the nozzle opeizing is constricted and 
transformed into a spherical form in the= course of splashing. 
an ideally formed dot can be formed on a recoiding sheet. 

FIGS. 1S thmugh 18 respectively show ilows of the ink 
when the time elapsing fmm the application of the second 
voltage is set to 18 µsec (the boldiog time is 8 µsec). 20 µsec 
(the holding time is 10 µsec), 22 µsec (the holding time is 12 
psec), and 24 µsec (the holding time is 14 µsec). It has been 
verified that the end of the ink droplet jetted out from the 
nozzle opening becomes spherical when the piezoelectric 
vibrating clcm.cnt is expanded at the n:spective times. 
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FIG. 19 shows -various profiles of an ink droplet pttoto­
graphed by a bigh-sPeed camera in function of the holding 
time. The profiles of the ink droplet were photographed 
under the following steps using the a:cotding head which is 
the model of the above-mentioned simulation. The photo­
graphs were taken by the steps of: jetting an ink droplet from 
the nozzle opening when the first drive voltage was applied 
for 10 µsec at a certain me, i.e., at such a speed as to allow 
an ink droplet to splash in columnar form from the nozzle 
opening helped by the inertial stream if the meniscus was 
left as it was, so that the piezoelectric vi"brating element was 
contracted at a c:ett.ain rate; and leaving the piezoelectric 
Yibradng element as contracted for an atbittmy time there­
after, and applying a drive voltage that changes at a certain 
nue for 10 µsec. so that the piezoelectric YI"bruing clement 
was contracted. It is verified that the profiles with the 
holding time being 6 µsec or more {FIG. U(DI)) are such 
that the front end of an ink droplet jetted from the nozzle is 
constricted into a sphedcal form. whereas the profiles with 

· the holding time being 4 psec or less (PIGS. 19(Il), 19(1)) are 
all columnar, 

The amount of ink jetted from· tbe nozzle opening every 
holding time and the ink jetting speed are as shown in FIG. 
20. 1be amount of int jetted (the solid line in FIG. 20) 
exhibits a slight increase with in~g holding time. The 
ink jetting speed drops drastically with inc=asing holding 
time up to 6 J.llec, or a time at which the meniscus returns· 
to a position about ~ of the farthest tetreat position, while 
maintaining a CCJD$.Dt value of aboat 12.S m/scc with a 

_ holding time longer than 6 µseC. By the way. it ismown that 
when the in.le jetting speed is high. the ink droplet jetted from 
the nozzle becomes columnar, whereas that when the ink 
jetting speed is low, the int droplet becomes spherical. It is 
also known that when the front end of a jetted ink droplet is 
spherical, the dot formed on a recording sheet is substan­
tially circular. It bas been verified from the above that an 
ideal dot, i.e., a circular dot can be printed with the above­
mentioned model if the pressure chamber is contracted after 
the holding time of 6 p.scc, i.e., after the meniscus has 
rcrurned to a position ~ of the farthest ietreat position. 

The above· fact bas been further cbecked by observing 
various behaviors of the meniscus while chmging param­
etcts such as uozzle opening size, ink viscosi~, and the gap 
between the nozzle plate and the vibrating plate. As a result, 
it is verified that the front end of an ink droplet splashing 

I . 
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where Mn is tbe acoustic im:rtance 45, Ms is the acoustic: 
inertance 53, and Cc is the compliance. 

It has been verified that when the pressure chamber is 
Yl"btared freely, the pressure chamber vibmtcs at the n:so­
mmce frequency fc. 

During the expansion and contraction of the pn:ssme 
chamber, the n:sidual vibraliml of tbe pressmc chamber can 
be minimized after the expansjon of the piessure chamber as 
well as the formation of the ink droplet by incrcasini the 

piezoelectric vibrating element displacing speed 0.9 times 
the characteristic vibrational period of the pressure chamber, 
i.e., by inca:asing the rising time aDd falling time of a 
voltage applied to conttact and expand the- piezoelectric 
vibr:ating element 0.9 times or more the characteristic vibra­
tional period of the pressure chamb~ 

Also. co suppress the residual Vibration of the piezoelec­
tric vibrating elemeni the piezoelectric vibrating element 
displacing speed may be made equal to the cbaractcristie 
vibrational period of the piezoelectric vibrating element. 

That is, as shown in FIG. ;J, by setting the time constant 
of the discharge waveform at the time the voltage is being 
discharged to the range of from 90 to 1209' of the charac­
teristic vibrational period of the piezoelectric vibrating eJe. 
mcnt itself, the residual vibration of the pi.cmclcctric 'Vibrat­
ing element itself after the displacement thereof as well as 
the residual vibration of the vibmting plate coupled thereto 
can be suppressed within about 109' of the amplitude at the. 
time they are driven. 

As described-above, the residual vibradon of the pxessure 
chamber as well as the residual vibration of the piezoelectric 
-yibmting c:lemeJ!t are can be suppressed by setting the 
piezoelecttic vibrating element displacing speed, i.e.. the 
rising and/or felling time of a. voltage to arbitmy values, the 
voltage being applied to the pi.cmcledrlc Vibrating element. 
However, it is appaamt tbat timings matcmng other coildi­
tions such as the dimension. ma=ial, etc. of the piezoelec­
tric vibrating eleme11I: or the pressme chamber forming 
components must be selected. 
.. That is. the following setdDp am preferable from the 
telationsbip between the cbaract.c:dstic vibiational period Ta 
of the piezoelec;ric viblatiDi element and the characteristic 
vibrational period 1\: (:...life) of the pressme chamber. 
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By setting the rising dme and/or falling time of the 
voltage to be applied to the pi&:zoelectrlc vibrating element 
in the above mmmer, dots can be formed immMiately 
without providing a midltal vibtation atrenuation wait time 
after the jetting of the ink which greatly ai'ects particularly 
the tieqwmcy for repetitively driving the recording head, or 
the a:petitive frequency, hence fmtber impro'Ving the xepeti-
tive ftequency. · 

While the case where the invention is applied to 1hc iDlc 
jet rccordiDg head with the ink flow paths formed only on 
one side of each pressm8 chamber has been described in the 
above embodiment. it is apparent that the same e1fcct can be 
obtained by applying the invention to an ink jet recording 
head having mt flow paths on both sides of each piessure 
chamber. 

Also, the same effect can be obtained by applying the 
invention to a so-called face ejected inkjet :mcording head 
in which the vibrating plate is formed so as to confront the 
nozzle openings as well as 10, e.g •• a so-called edge ejected 
ink jet m:ording head in which an ink droplet is jetted 
parallelly to a Yibrating c:1emcnt. 

.As described in the foregoing pages11 the invention is 
characteri7.ed as involving: the :first step ~f retteating the 
'Yl"brating plate to a prcdc1mniDcd position from the oozz1e 
opening at such a speed as to allow the meniscus at the 
nozzle opening to be jetted from the nozzle opening while 
applying a dti'vc voltage to the picmclcctric vibrating cle­
ment; the second step of holding ·the vibrating plate at the 
position; and the third step of advancing the vibrating plate 
towaal the nozzle opening when the meniscus has rc:tumcd 

to a position Vi or more or the farthest retreat position 
thereof. As a result, not only the· ink stream that is produced 
adjacent to the nozzle opening when the piezoelectric vibrat­
ing element is contracted can be udli7.ed positively, but also 
the pressure chamber can be contracted in a zone in which 
the ink jetting speed does not depend on the position of the 
meniscus. thereby allowing the size and splashing speed of 
an ink droplet to be maintained substantially constant in a 
wide range of drive frequencies. Thus. a high-seed recording 
apparmus can be Khicvcd. 



-17-. 

REPLACEMENT SHEET 

I 2 4 JAN 1998 ] 

Further. since the rising and falling time for the cbmging 
or discharging at the time of jetting an ink droplet are set so 
u to maleh the vibrational periods of the pressure chamber 
and the piezoelectric vibrating element, the amplitude of the 
residual vibmtion of the vibration system including the 
piezoelectric vibrating elc~ts after the jetting of an ink 
droplet can be reduced. thereby contributing to improving 
the repetitive drive frequency. 
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1. A method of driving an inkjet recording head. said ink 
jet recording head including a nozzle plate having one or 
more nozzle openings ~ a vibrating plate which 
opposes said nozzle plate to form a pressure chamber 
tberebetween. said vibrating plate commnnicating with said 
nozzle openings in cooperation with said nozzle plate, one 
or more piezoelectric vibrating elements. each of said piezo­
electric vibrating elements having one end which 0pposes at 
least one of said nozzle openings wherein said end is fixed 

· to said vi"brating plate, each of said piezoelectric vibrating 
-elements vertically vibrates according to an applied voltage; 
said method comprising the steps of: 

=treating said vibrating plate away from at least one of 
said nozzle openings to a predetermined position at 
such a speed as to allow a meniscus to retteat from said 
at least one of said nozzle openings by a retreat distance 
by applying a first drive voltage to at least one of said 
piemelectric vi"brating elements for contracting said at 
least one of said piezoelectric vibrating elemems; 

holding said vibrating plate at said pa:detemdned position 
by applying a second drive voltage to said at least one 
of said piezoelectric Yibrating e1cmcnts for holding said 
at least one of said piezoelectric vibrating elements as 
conttacted; and 

advancing said vibrating plate toward said at least one of 
said nozzle openings when said meniscus has returned 
by Y.s or more of the tcircat distance, by applying a third 
drive voltage to said at least one of said piezoelectric 
vibrating elements for expanding sahi at least one of 
said piezoelectric vibrating clemc:ots. 

2. ~apparatus for driving an int jet recording head. 
compns1ng: 

a nozzle plan: having nozzle openings therein; 
a vibrating plate which opposes said nozzle plate to form 

a press~ ~~~between. said Ylbmting plate 
~~mcatmg with said nozzle openings in coopera­
tion with said nozzle plate; 

~ez~~ vt"brating elements, each of said piemelec­
tric vibrating elements having one end which opposes 
at least on~ °1: said. nozzle openings wherein said end is 
fixed to said vtbrating plate, said piezoelectric vibratin 
elements vertically vibrates acconfing to an appuJ 
voltage; and 
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means for driving said piezoelectric vibrating elements, 

said driving mcaos gencradng a fiISt voltage for con­
tncting said piezoelectric vtlmlling elements at such a 
speed as to.allow a meniscus to retreat from said nozzle 

· openings by a retreat distance. and to thereafter be 
ejected from said nozzle openings; 

a second voltage for holding said piezoelectric vibrating 
elements as contracted; and 

a third voltage for expanding said piezoelectric vibrating 
elements •. said driving means maintaining said second 
voltage so that TS:Tm, where T is a second voltage 
holding time and Tm is a ~me from said first drive 
voltage having reached a steady-state to a time from 
said meniscus having retnmed ~ or more of the retreat 
distance. 

3. An apparatus according to claim 2, wherein ·a time 
constant of a least one of said first drive voltage and said 
third drive voltage is set to a value 0.9 times a chatactcristic 
vibrational period· of said pressme chamber. 

4. An appamtus accmding to claim 2, wherein a time 
constant of said tbhd drive voltage is set to a value 0.9 to 1.2 
times a cbaracteristic viblatioual period of said pressure 
chamhm: 

5. A method of driYing an inkjet recording head, ·said iDk 
jet recmding bead including a nozzle plate having one or 
more nozzle openings therein, a vibrating plate which 
opposes said nozzle plate to form. a pressure chamber 
therebetween, saKi vibrating plate communicating with said 
nozzle openings in cooperation with said nozzle plate, one 
or mote piezoelectric Vl"brating clements, each of said piezo-

-electric vibrating elements having one end which opposes at 
last one of said nozzle openings wherein said encl is fixed 
to said V11xatiug pla!I:, each of said ~ vibr.tting 
elements vettically vibmtes according to an applied voltage; 
said method comprising the steps of: 

mreating said vibmting plate away ftom. at least one of 
said QOZZle openings to a predetermined position at 
such a spcc:cl as to allow a maUscus to ri:m:at from said 
at least one of said nozzle openings by an:treat distance 
by applying a &st drive voltage to said at least one of 
said pic:zoek:ctric: vibrating elrmcats for cmll'aCting 
said at least one of said pezoelectric 'Vibrating ele­
ments; 
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holding said vibrating plate at said ptedetermined position 
by applying a second drive voltage to said at least one 
of said~ viDrating cirmcnts for holding said 
at leas~ one of said piezoelectric 'V!lmlling eJements as 
contracted; and 

adVaficmg said vibrating plate toward at least one of said 
nozzle openings when said meniscus has returned by~ 
or mmc of the retreat distance irrespective of a position 
of the meniscus in relation to a position of the meniscus 
in a previous step of advancing said v.ibrating plate, by 
applying a third drive vokagc to said at least one of said 
piemelectric vibrating elements for expanding said at 
least one of said piezoelectric vibrating elements. 

'·A.method according to claim 5, wherein a time coDStaDt 
of at least one of said fiist drive voltage and said third drive 
voltage is set ta a value 0.9 times a characteristic vibrational 
period of said prcssuic chambcc. 

7. An method to claim 5, wherein a time constant of said 
third drive voltage is set to a value 0.9 to 1.2 times a 
c:haractmisti.c vibrational period of said piessure chamber. 

I. An appamus for driving an ink jet recording head. 
comprising: 

a nozzle plate having nozzle openings therein; 
a vibrating plate which opposes said nozzle plate 'to fonn 

a piessure chamber tbcrebetween, said vilmning plate 
commmicating with said nozzle openings in coopem­
tion with said nozzle plate; 

piezoel'.Cctric 'Vl°braliDg elements. each of said piezoelec­
tric vibrating elements having one end which opposes 
at least om: of said nozzle: opc:njngs wherein said end is 
fixed to said vibnlDll pl~ said piemelectric vibrating 
elements vertically vibrates according to ·an applied 
voltage; and 

means for driving said piezoelectric vibrating elements, 
said drinng means generating a fiISt voltage for con­
uacting said piezoelectric vibrating elements at such a 

·speed as to allow a meniscus to retreat fmm said nozzle 
openings· by a ietteat distaocc, and to thereafter be 
ejected from said nozzle openings; 

a sc:cond voltage for holding said piezoelc:ctric vibrati.ag 
elements as contracted; and 

a third voltage for expanding said picmelccuic YlDrati.ag 
elements, said driving mr-ans maintaining said second 
voltage so that Ti:.Tm, where T is a second voltage 
holding time and Tm is a time from said first drive 

I . 
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voltagci having n:acbcd a steady-state to a time from · 
said meniscus having returned ~ or more of the retreat 
disrm:e, im:spective of the position of the meniscus in 
relation to a position of a. previously fotmCd meniscus. 

9. An apparatus according to claim 8. wherein a time 
constant of at least one of said first drive voltage and said 
third drive voltage is set ta a value 0.9 times a cbaracterlstic 
vibrational period of said pn:ssme chamber. 

10. An apparatus acconting to claim S. wherein a time 
constant of said third drive voltage is set to a value 0.9 to 1.2 . 
times a chmacteristic vihrational period of said pressure 
chamber. 

11. All method according to claim l, wherein a time 
constant of at least one of said fixst drive voltage and said 
third ddve voltage is set to a value 0.9 times a characteristic 
vibrational period of said pn:ssme c:hambec. 

12. An method to claim 1, wberein a time constant of said 
tlUrd drive voltage is set to a value 0.9 to 1.2 times a 
characterlstic vi"brational period of said pressure chamber. 



' REPLACEMENT SHEET 

-1-
l 2 4 JAN 1998 J 

F/6 1 
1 4 4 

F/6 2 



s 

11 8 

5 

9 1 

-2-

Fifi 3 
4 

Fifi 4 
4 4 3 

REPLACEMENT SHEET 

[ 2 4 JAN 1998 ] 

11 

5 



F/6. SfAJ 
1e 4 1s 10 3 

FIG. 5(CJ 
10 ~5 3 

~;z.~( ~ B~· .:;-·.·.~~-· .. ~: ... . . =.:: ::. :·/.r-.::-:::·?-;c · • .-: ... :·.:.:.\:: 

··11~:::R. 
• • I • • • • •• 

2 . ~~ 1 

THIS SHEET HAS BEEN 
REPLACED 

-3-

REPLACEMENT SHEET 

I 2" JAN 1998 I 

F/6. 5(8). 

FIG. 5(0 J 



24 

-4-

FIG. 6 
VH >-----...----+r_-_-_--_-_-----"'r.-,32 

I 

.- 30 .., 
I 
I 

1-----. ' I 

21 

·22 

I 
I 
I 

h-20 

I 
I 

..J 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

' . I 
I 
f 

I 
I 
I 

' I I 
I 
f 
I 
I 
I 

~34 I 
I 

9 I L--- __ _J 

REPLACEMENT SHEET 

2 4 JAN 1998 

VP 

IP 



REPLACEMENT SHEET 

I 2 4JAN 1998 ] 
I THIS SHEET HAS BEEN~ 
I REPLACED 

-5-

FIG. -7(AJ ...-----H 

------·----'---------- L 

FIG. 7(8) 
T2 T3 

I ----------VH (V) -
I I 

t-'-T--., 

------

0 
T3 T4 

T1 T2 

---- -IP 

FIG. 7(0) 



FIG. 8 

FIG. 9 

FIG. 10 

-6-

ov---
T 

REPLACEMENT s·HEET 

I 2 ~ JAN1998 ] 

CHARGE TIME CONSTANT: -c1 DISCHARGE TIME CONSTANT: d 

VH---

ov------- ---"-----~ 

T 

CHARGE Tit€ CONSTANT: 't-1 DISCHARGE Tltf: CONSTANT: i:2 



~ 
=~· 
==~ iiiiiiiii g = .... 
iiiiiiiii ia= -rn =~ =g -= 

.a 
-~ !!!!!!! ("I 

2. 

RG.11/AJ FIG.11(8} FIJ.11(C} F/G.11(0} RG.11(£) ffi11(F) FIG.11(6 J FIG.11(H) 

r:=::::::: ·--........... . ........ _. ...... -...-..... . ...... ___ ... . 
---···---·· ·----·· ·----· 
Op.sec 

................... --... -...... ···---·-· ···----· ----· ·-·=··-· 
2J.&sec 

ON­

•ll••--1 ... _ ..... _, 
···----.... -· 
4J.&SIC 

,_....,_ ...... ......... -. ........... 
6p.sec 

·-.. ·=··-
Sp.sec 10p.sec 

,,..._ .. _. 
-··--·· ...... ~ ...... -. ··-·· ........ 

··----­............... 
.......... - .... 11 . .... _._ .... . 

12µsec 14p.sec 

FIG.11(1 J 

L.t..1 
r~:::!=::· ---·-" -·-·····-··· -···-H•h•I _._ .. __ ... . 
.............. _ ... . 
--·-···· ........ -·-·-· 

16µsec 

F/G.11(J) FXi.11f K) .. 

w ........... -. .. 
::::::::.;:::: ™ ~~:::;::::::. ···-···· ... ···· ___ .......... . 
---....... , 1··-··-·-..... ··-·-·-·"· ··-··-··· .... _ ...... _.... ···-····· .. ··· . ... ---··· ···-·····-··· --.. ••1-•l•IJ !•••-••••••tu 

.18µsec 20µsec 

F/6.11(L} Flitt{M) FIG.t1(NJ F/6.11(0} FKi11(P) Ffilt{O) F/6.tt(R} F6.11(S) R6.11(T} FIG.11(U) 

·--··--.. · ........ _ .. ·--.---· ·-.. --·, ·-· ·--·-·--

~ ............... , --· -· , . ...-....... .... .................. -· -· ,....-...... --· "_....... .... ·-· ............... ·-----·· 
·-· ............... ·-· --­............... 

................... ................... .................. ................ ................ 
._ ............ ---...... -.... ..... . ............... . 

.:===::~', ... ...-.. .._ ....... ................ ..............,,,; ................... .. _._.........,.. .. . 
.--. .......... . _ .. _ _.. ... ""'' 

l•l 

. ...... --·-·· ..,,..., ___ , .......... __ , ... .__ ....... 

. .. ·-····-· 
····-····-·· ···-·--··· . .... --... . ......... _ ........ . 

22µ.sec 24µsec. 26µ.sec 28µ.sec 30fLsec 32µsec 34p.se~ ·36µsec 38µ.sec 40µ.sec 

I 
-.1 
I 

-I :c 
en 
en 

::0 :c 
mm 
;E !'.!:\ 
~ ::r: 
rM)> 
0 CJ) 

N 
..s=-

t.-
)> 
z -CD 

~ 

c::i m· 
m z 

::XJ m 
"'tll 

~ 
m 
:s: 
m 
2 
-I 

en 
:::c 
m 
!:!I 



_[ -- ~ ii CD 
~ 
t:i:: 

=~ 
- -o::i 

CD g 
-l;I 

=--;.g_ 
iiiiiiiiiill!!!~ 
=--CD 

p.. 

F/G.12(AJ F/G.12(8) F/G.12(C} F/Ci.12(0) FIG.12(£) FIG.12(F) F/G.1~(r;J FIG.12(HJ F/6.12( I J Fltl.12(J.) 

~ ~ 
·U . . ...,.._ ......... :.--..- .ti• ............ ................ . .._ ............. ................. ....... -.... -. ·- ·--............ -· ................. ·-- .... ---· 

12µsec 14p.sec 16µ.sec 
e:-·-... _ .. __, 
~ 

18p.sec 

............... 
~ ................. •' ,_..... ........ . 
.... ----_ ............ , ... ... ..._. ...... ...-.. ..... -.......... . ..... ....._.. 

·===·· 
20µsec 

,_ .......... .. ·-......... -.. .... ..___, . .. .._... ..... . . ............ _.. ................ 
'"'-=-+· 
22p.sec 

11t<1-.-.--• -· .. ---· 
24µsec 

111 ,. 
,. .. 

,_, ........ . , .. _._... ... . ·--··---· ·--·-· 
26µsec 

........ ..._"'' ........ _ ... , .. . ··---.... . ,._ ............ . 
::::r.:::::::: 
28µsec 

....... _r""" " .............. . ... _ ......... . ····-···--­···--........ ··---··-. ........ _ ....... .. . ... ___ , .. .. ... -........ ,_ ... _ .. _ ....... .. 

30p.sec 

en 

I 

~ 

en 
:D :c 
mm 
-o m 
.- -i 

~:c 
ml> 
Oen 

:J:J m ..,, 
N 

~ -&:!" 
m 

c- ~ > m z: z 
-I 

~ CJ) 
:i: m 
~ 



THIS SHEET HAS BEEN 
REPLACED 

-9-

......... u 
·i::.l!!ttt! ! ! l cu 
• "HHP ! H "' 

iUHti!,
1 

::l., . mmn. m 
·····• • •. N 

....... .---------~ll!!ITJmmlilliill} .~I 



~ -....;;:. 
;st 
~ a: 

THIS SHEET HAS BEEN 
REPLACED 

-10-

REPLACEMENT SHEET 

I 24 JAN 1998 I 

'=""' 

~I L _________________________ _. .. ~!.!.W 

111111111111 

~'l.fltillHI =c 
~' 11 l!t!f J-.......... 

311111111 l 



THIS SHEET HAS BEEN 
REPLACED 

-11-

~ r---------------------------...:..--
~ 
~ 
a: ..__ ____________________________ _:: 

~ r-----------------------------.... ~;;;-:~ 
"° ~ Lt: ______________________________ ....... ~!llil.llll 

REPLACEMENT SHEET 

l 2 ~ JA.N 1998_] 

~ 
~ ,----------a~-i,"!'r:'111;;;11i"r.";11rn1 



THIS SHEET HAS BEEN 
REPLACED 

-12-

.. ······ "" 

REPLACEMENT SHEET 

I 2 4 JAN 1998 I 

·~i" ·1111i CJ 
I •(ii llij 1

1 t 
I 1!\!!(l·o 

'!! !?.:!! N 



REPLACEMENT SHEET 
THIS SHEET HAS BEEN 

REPLACED 

-13-

--.. 
~ r-~-------------------------..--~m:~ -~ 
it: L-.------------------------------~ll.Ul!I 

a r:::: ,.-----------------------------~ 
0: --------------------~------

2 4 JAN 1998 



TH\S SHEET HAS BEEN 
REPLACED 

- ···=p ·1 11· ~ Jili!I • "' ~nup 1 :t. 
-.mid .! i -4' ...•.••• N 

REPLACEMENT SHEET 

I 2 4 JAN 1998 l 



. ·-

·. THIS SHEET HAS BEEN 
REPLACED 

HOLDING TIME -
(JJ.S ) 

-15-

F/6. 19 J8 20 

FIG. 19 I 1a 

Fifi 19 ff· - 16 

FIG. 19 G 14 

FIG. 19 F 12 

FIG. 19 E 10 

FIG. 19 D 8 

FIG. 19 c 6 

F/6. 19 B 4 

Fifi 19 A 2 

REPLACEMENT SHEET 

j 2 4 JAN1998 I 



(m/sl 
50 ...... --a_ 

',c 
\. 

\ 

40 \ 
c \ 

-16-

FIG. 20 

~ 1'-L......Jo,o--

~ 30 
~ 

~ 
~ 20 

10 

\ 

5 

\ 
\· 
\ 

\· 
\ 

\ 

' 0'-S--e-~El-D- -..g 

10 15 
HOLDING TIME 

REPLACEMENT SHEET 

(,ucc) 

0.30 

2 4 JAN 1998 

0.25 f­
z 
::> 
§!· 

0.20< 
t.::r z 
i== 

0.15 t:i -., 
:.:: z 

0.10-

0.05 

20 (JJ.S) 



(µ.cc) 
0.3 

(mis) 

15 

a 
~ 
t:J 10 
~ .... .... .,,.... ..... 
~ 5 ~ 

C---a ...... ..Q 
... 

. ' 

-17-

FIG. 21 

'&l... 
'b 

''CJ 

1 2 3 4 5 6 7 8 9 10 
DRIVE FREQUENCY (KHz) 

Fifi 22 
,J:J , 

;a' 
0 e e s'• 8 
0..--s--e---

e o 

1 2 3 4 s 6 1 a 9 m 
DRIVE FREQ~CY (KHzJ 

REPLACEMENT SHEET 

f 2 4 JAN 1998 J 
'····--·-----' 



z 
0 

~ 
::.> 1 
~ 
~ 

~ 
~ 
a: 
CD 

> 

i 
"' ~ 

-18-

FIG. 23 

~ 
;::; s 0.1 -----------I --- I 
LIJ I I I 
C:: ·I I I 

I I I 

0.9 1 1.2 
RELATIVE DRIVE TIME CONSTANT 

REPLACEMENT SHEET 

li~JAN ~98 J 
'--·-···· ······--·---1 

FIG. 24 PRIOR ARI' 

VH 



- 22 -
REPLACEMENT SHEET 

ABSTRACT 

METHOD ARD APPARATUS FOR DRIVING INK JET RECORDING BEAD 

A method of driving m ink jet tecci'ding head comprising 
the sa:ps of: =rcating a vibrating plate to a ~ 
position from a nozzlo opening at such a speed as to allow 
a mmivns a the nmzle opening to be jetted fmm the nozzle 
ope•i••g while applying a drive voltage to a piczoclcc:r:ric 
masing dm.:at; holding the vibraingplare at the: position; 
and advmr:iag the vbadng plate towaxd the umz1e opesring 
wh:a the meniscus has =mscd to a position ~ or more of 
tbe faahest 1eueac Pe>sit:ion thereof. M a iesult. a pn:&SUEe 
ch••sher coatt3ded ta thereby apply pn:.9Sl11'e to ink when 
ineajat sum of the ink become stable and heads towml the 
nozzle opening, producing an ink droplet to be jetred at a 

~ ·- ~ • . . of ..__ • • of the p:ewe1 • 1•1 s~ rrrespec:a:ve u;x; posmoa 
meni9C'1S 

Figure. 1 
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