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-1 @%THOD AND APPARATUS FOR DRI VING | NK JET RECORDI NG HEAD 0 S
BACKGROUND OF THE INVENTION 1. Field of the Invention The i ventlon
-relates to the art of driving an ink jet recording hea that ects an ink
droplet froma nozzle opening by displacing a resw§13n phdh@‘iorn1ng a
pressure chanber with a rod-1ike piezoelectric vibrdt |ng qlenent and
conpressing the pressure chanber by such displacenent.’ 2. Prior Art As

di scl osed in Japanese Patent Publicatianr No. Hei 2-24218, ink jet
recordi ng heads havi ng di sk-shaped piezo- electric vibrating substrates
secured to a resilient plate formng pressure chanberﬁNﬂWH@Eﬁmmﬂwmore been
used for recording apparatuses. In the ink jet record this
type, displacenent of each piezoelectric vibrating el enent d&is+*so snal |

that a large effective area nust be provided, mhich in turn ensures a

relatively |arge area T %ﬁ bﬁ_gs é’f such a
structure that the pres ‘% & fromthe nozzle
openi ngs and comruni cate rough flow paths. This
not only nalras the recor a but also entails
the conplicated operatlon bﬁWMances of the
respective ink flow pa onsi stent To overcone the above
probl ems, proposed in, fr\ﬁhﬂﬁ%ﬁﬁet"ﬁ)wé?ﬁcfif | cat [ on of U S Pat. No. 4,697, 193,
i's an ink jet recor dl'ﬂbe h‘é"&ﬂu%a‘?ag?‘ Ugge‘%“ﬁﬂjlﬁrrangl ng
rod-1i ke piezoel ect r fesording head, I@ﬁ%‘ﬁt@ dEﬂPlRt moZde ¢l enent s
agai nst the resilienopening by tdisplading nsmmhentpplats:simmng:mm to allow the
p‘zoel ectric vi brat chregnbelr svitind sod-like picboci¢otrio eibrathr dlpmeddiande t he

zoel ectric vibrat cmplehﬁﬁglﬁiﬁprecm bhamber(tys athsdisplacetentonf ront t he

nozzl e openings in thig ‘% | nk jet recording head, the flow paths for
connecting the pressure Q io t he E'OZZ mgem nggl .be dis-
pensed. with. In addi Ayl Oc nts can be

prepared in |aninati ARS8, mwre@stmmgng ﬁ@l( shaped pigZ4ecr easi ng t he
drive vol tage, but acmowbnmmbmrqsh&ecprqdnm dpeesilienhi platet o t he fact
that the ei genfrequefarming pressure chambers has herctofore 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 ensures a relatively large area. These ink jet recording

heads are of such a structure that the pressure chambers are

located distant from the nozzle 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 problems, proposed in, e.g., the
specification of U.S. Pat. No. 4,697,193, is an ink jet
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 clements
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 openings can be dis-
pensed with. In addition, the piezoelectric vibrating ele-
ments can be prepared in lamination form, which contributes
not only to decreasing the drive voltage, but also to improv-
mgthcpnntspwdowmgtothefac:thanheagcnﬁequency
of the piezoelectric vibrating element is comparatively large
and that this permits high-speed driving of the head.
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of the piezoelectric vibrating elenent is conparatively large and that
this permts high-speed driving of the head. ~ -2 0 The ink jet recording
-head utilizing vertical vibration is driven by a so-called ~
"pul | -and-stri ke" method, in which a drive voltage is applied to the

pi ezoel ectric vibrating ele- nents to contract them before form ng dots and
the drive voltage is then discharged to expand the piezoelectric vibrat-
ing elenents so that ink droplets are produced. Such pull-and-stri ke nethod
not only allows elastic energy prestofed in the piezoelectric vibrating

el ements and the vibrating plate to be utilized, but also ensures that ink
w Il be introduced to the pressure chanbers. On the other hand, if the
frequency of repeating : | e] lectric vibrating

el enents is incr eased&%&%&%@%ﬁ%?mé%g@%vﬁﬁ%s varies from
one position to anoth&ri CE tf’ n% an | P’ﬁéi: -20% R FEER R hus varying
the size and speed o Y’Ee A qﬂéaqg)fé%p &éﬁg‘gl’@w&ﬁl%ual ity

i nconsi stent To avoi dTERESE Bﬁe ‘,nt?;FB’Fl % g ke drivehi ch t he

pi ezoel ectric vi brat i YRJtA8EAHPRR dischargettoicng gezgelegric vibrat- smal | est
possi bl e val ue so as 8 olemenss 30 dhatrink deapjets gre producadce of the neni scus;
the piezoel ectric vi br sichgpelland-srikes netitod &iotl Gy CARWsAelR8c fOr 2
predeterm ned tine pecdw@ preSlordd ihhBe ' Eéﬁc"aﬂ:tr&ﬁﬂgsel ﬂrpﬁn@” gi nal
position and stays sihatviBfadhy pldis tb %&&%%Brénﬁuﬁmwg el enent s
are expanded by appliilNfe dnGRE 18 fre ! 8n thd Yfhet SCNNT QUE

contributes to ensuripghgai t i-% [ DOS 6o H new pr obl em
t@at the high-speed g&%(éfw g&%a Jgﬂl W%Pf@:_m enent
c®¥not be fully util : : ;€ PEEPYELRE i on has been
made in view of the (‘.X}’T‘“ P8¢ ROSISOR 9A0BWEECt of t he
invention is to pro tﬂ?ﬁ 1 etds formed. S vayigedhe sige andii ng head
utilizing the verticaiPe§d Bfatteok,froplath and smplsag the gpring pgality dri ve whil e
mai nt ai ni ng hi gh pri NOCYRRJWRLy  Anot her object of the invention is to

provi de an apparatus o avbidthedeproblaimdydiViag dRBMBuEH WAL dl© achi eve the
above objects, the inpieRjcletri¢ fibaRidlg kénéd contracting speed is st to a

smallest possible value so as to minimize the varying
distance of the meniscus; the piezoelectric vibrating ele-
ments are held as contracted for a predetermined time period
unti] the meniscus returns to the original position and stays
stationary; and the piezoelectric vibrating elements are
expanded by applying a second drive voltage.

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.

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 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.

To achieve the above objects, the invention is applied to
a method of drving an ink jet recording head in which
pressure chambers are formed by disposing a vibrating plate
SO as to communicate with nozzle openings and in which
ends of piezoelectric vibrating elements of a vertical vibra-
tion mode are fixed on the vibrating plate. The method
involves the steps of: retreating the vibrating plate from the
nozzle opening to a predetermined position at such a speed



a nethod of driving an ink jet recording head in which pressure chanbers
are formed by disposing a vibrating plate so as to communicate with nozzle -
-openings and in which ends of piezoelectric vibrating elenments of a
vertical vibra- tion node are fixed on the vibrating plate. The nethod
I nvol ves the steps of. retreating the vibrating plate fromthe nozzle
opening to a predeterm ned position at such a speed -3 i S as to allow a
meni scus at a nozzle opening to be je_ét ed from the nozzle opening by
applying a drive voltage to a piezo- &lectric vibrating el enent; holding
the vibrating plate at the position; and advancing the vibrating plate to
the nozzle opening ashealléwe menis&aE 46 2 Aofzle cfeninew tyjettéd from nmore of the
retreat distance. Thge Hsmsgpsmhgby%ﬁwgﬂﬁhﬁbﬁon@zdoapm ng as the
pi ezoel ectric vi br ateldre ngﬂ&,{nagmm'ghgc Wbru{pUsiatetiithgoor ari |y stops
retreating before ang i‘i."ifoheranﬁ v&&?@%@ﬁfbﬁtﬁ Mh&r@,tmggnment st ops
contracting, but at @gd’ﬁﬁ.ﬁégf%&%&& L%treamtoward
;ﬁ‘ ec | on Inertia

t he nozzl e openlng strea the ink is

swi tched and at imeni scus, has_returned to a position about s
of the original p05|t nmeﬂﬁ@“pm@élm%‘\?%a?m!e%% expands. As
a result, the inert igiezoclectrinibrasagcleaon eemract Thememsas - t he expansi on
of the piezoel ectri @ovarilyastopsgrettanng beforeeand) pftercthet piezaeleckmk adj acent to

t he nozzl e open- i ngibratihg\element swps chntracting) bxthatamexe fifistancent | y from t he
nozzl e opening. \Wabe hithisers fortisa sheantowatdxhe opezle bpatingmise than of the
original position. ahe Hivéctibnost ifériaPinRamns of tetink s switchedtaad at speed

d’ependently of th%&aﬁdetmerhaﬁsd;bmma Ay Yhaf the printed
s will have stabl:gcfdg{ Jne_the Nefeeht E DRAW NGS
FIG1 is a sectiona ¥ A N-Te N (1l = of an ink jet
recording head to eba); rweeg A 2To[ oK g ctional view
of the ink jet reco d A] : i agram show ng
an aaangenent of ® ,- ' % E)tcﬂ’énl nk jet

di head h 0 t f
L?ggge: Qgt r?? shov opemng. enthememscus returns toa%’mnon more motion o

4 of the original position, an ink droplet splashes oot at a
certain speed independently of the position of the meniscus,
ensuring that the printed dots will have stable form and <iza.

BRIEF DESCRIPTION OF THE DRAWINGS

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

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

. FIG. 3 is a diagram showmg an arrangement of ink flow
paths and nozzle openings of the ink jet recording head
shown in FIG. 1;

FIG. 4 is a diagram showing motion of piezoelectric
vibrating elements in the ink jet recording bead shown in
FIG. 1;

FIGS. S(A) through 5(D) are diagrams illustrative of the
operation of the ink jet recording head shown in FIG. 1;

FIG. 6 is a circuit diagram showing an embodiment of a
circuit for driving the ink jet recording head shown in FIG.
1

FIGS. 7(A) through 7(D) arc 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;



vibrating elements in the ink jet recording head shown in FIG 1; FIGS.

5(A) through 5(D) are diagrans illustrative of the operation of the ink

-jet recording head shown in FIG 1; FIG 6 is a circuit diagram show ng an

enbodi nent of a circuit for driving the ink jet recording head shown in

FIG 1; FIGS. 7(A) through 7(D) are diagrans illustrative of a drive

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

pi ezoel ectric vibrating el enent, a ch_qlr_gi ng current, and notion of a

meniscus; -4 0 0 FIG 8 is a diagram showi ng a rel ati onship anmong the

contraction, the holding, and the expansion process of the piezoelectric

vibrating elenent; FIG 9 is a diagramillustrative of the contraction, the

hol di ng, and t he expansion process of a piezoelectric vibrat- ing el enent

t hat conawts by disc FIG .10,is.a diagr.am show ng an exanple of a

nodel used to simul Qﬁgggﬂg Q ”E)rShB\"“}gnR AHpRshiD ameag she e chanber by, a

drive method of theCqnFRekRmn Jhe W@CFW%@H mpedss of gheli agr as

chronol ogi cal | y srwmvéecmvwgmuqhmmt.t he meni scus when the

pi ezoel ectric vi br atFIGy %elseawidgrit illostdtivet sfithe batr@édordheONt r act ed;

FIGS. JL2(A) throughnididg) énd&h@eﬁba%ﬁi’bﬁ'ﬁo&@ieﬂé’ Ry vipto M N9 the

behavi or of the nenjngiemeriRactdd ﬁtrﬂit@b Qﬁ% . hratl ng eljegent S

contracted and | eft r SEC an en.expapde FI GS.

13(A) through 13(J) gﬁgié%gaa‘g 39‘% %’E CATIR %@ﬁf e behavi or of

t he rrenl scus when ti# i °é'° an r T®bntracted and

left 'as contraC|eda ! Y?@H"Expanded FIGS. 14(A) through 14(J)
di agr am chr onol ogi'IGSL ll;((A)s‘hmnghgl(tﬁearé)dhgmmﬂcmbndlbglcml scus when the

pe€zoel ectric Vi brshiowigg thedeavior of tiomesisaisavheante piefdelatrieont racted for 6

psec and then expanﬁbﬁunﬁ'cﬁ‘hcﬂti Snttdatoa it LA (ad)codiriadd; 0" ans

chronol ogi cal I 'y sho

c og1 gl
pi ezoel ectric vib fbe&vmof%mr ac?ﬁgpﬁpyd 8.?? c§c g’bntract ed for 8

© MmEfiscus when the piezoe
psec and then expang hng element is contracted and left as contracted for 2
psec and then expanded;

FIGS. 13(A) through 13(J) are diagrams chronologically
showing the behavior of the meniscus when the piezoelectric
vibrating element is contracted and left as contracted for 4
usec and then expanded;

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

FIGS. 15(A) through 15(J) are diagrams chronologically
. showing the behavior of the meniscus when the piezoelectric
vibrating element is contracted and left as contracted for 8

usec and then expanded;

FIGS. 16(A) through 16(J) are diagrams chronologically
showing the behavior of the meniscus when the piezoelectric
vibrating element is contracted and left as contracted for 10
psec and then expanded;

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

FIGS. 18(A) through 18(J) are diagrams chronologically
showing the behavior of the meniscus when the piezoelectric
vibrating clement is contracted and left as contracted for 14
usec and then expanded;

FIGS. 19(A) through 19(J) arc diagrams showing the

profile of an ink droplet at each of the above-mentioned
bolding times;




FIGS. 16(A) through 16M are di agrans chronol ogically -show ng the behavior
of the neniscus when the piezoelectric vibrating elenent is contracted and
-left as contracted for 10 psec and then expanded; FIGS. 17(A) through
17(J) are diagrans chronol ogically show ng the behavior of the neniscus
when the piezoelectric vibrating elenent is contracted and |left as
contracted for 12 psec and then expanded; FIGS. 18(A) through 18(J) are

di agram chronol ogi cal ly show ng the_behavior of the meniscus when the

pi ezoelectric vibrating elenment is contracted and |cft as contncted for 14
psec and then expanded; FIGS. 1WA) through | ND am di agrans show ng the
profile of an ink droplet at each of the above-nentioned holding tines; -5
0 0 FIG 20 is a diagramshowing a relationship anong the holding tineg,
the ink jetting speed, and the ink jetting anount; FIG 21 is a diagram
showi ng a rel ati onshi FlGe2feisn diagranmdstiowing laclationshipachongahe nk j et ting
amount FIG 22 is a hbldipgadme) el rmqetﬁgbagéjeg@smdo;mﬂm@@aﬁﬁ@e drive
frequency and the i nkmowiti i ng speed; "FIG 23 is a diagram showi ng a

rel ati onshi p between t I onstanpt and the.d d, yvjbration anplitude
of a drive voltage M\‘?@e?fréil\gfg' 38 W@fﬂw%@%ﬁnﬁsl S expanded,;
and FIG 24 is a circuh ] ﬁgﬁ. W&g’cmge‘fﬁ?ﬁﬂtwent of a ‘circuit for
driving a conventi onalFlii22jisa diagramshowingatlatimskipibevenstR PTI ON OF THE
PREFERRED EMBODI MENTfivth Ereqisaney tand thenixikd jehtingdspeed;i bed in detail wth

reference to enbodi meFIG: 2319 Wlidgrarh 3§ ﬁﬁmﬁﬁpwc FIGS .1 and 2
h ,

show an enbodi nent ofimatohsthng Ml the b {ibdde D A Wrive VEr ti cal

vilr ation node to whyg ALheLE thal . ‘g YNy Wl be -

agl i ed. Reference B*ﬁ%%@& ﬁs\;detg?gﬁ%% I&gmgi e %%@t@?@@ﬁWati ng el ement

that vibrates in the éﬁjt i'cal” vibration node. The piezoelectric vibrating
S

element is fornmed by dhpGcuit diagrasm shawisgan cmbegdimeniiof2oel ectri ¢
vi brating materi al wAFFHEE (o5 fsiving agonventional ink jet recording head.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

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

FIGS_. 1 and 2 show an embodiment of an ink jet recording
head utilizing a vertical vibration mode to which a drive
apparatus of the invention will be applied. Reference
numeral 1 designates a piczoelectric vibrating element that
vibrates in the vertical vibration mode. The piezoelectric
vibrating elcment is formed by sandwiching drive electrodes
and a piezoelectric vibrating 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 2 base 9 by an insulating adhesive 7 whose elastic
coeflicient is relatively large, whereas the other end thereof
carries a vibrating plate 8 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
$O as to provide a certain gap with respect to the vibrating
plate 8. A space formed between the vibrating piate 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 § that is a recessed portion arranged in the base 9. The
nozzle openings 4 are arranged in a plurality of rows so as



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 elenment 1 is fixed on a base 9 by an insulating adhesive 7 whose
elastic coefficient is relatively |arge, whereas the other end thereof
carries a vibrating plate 8 which is 1gade of a highly elastic plate and
which forns a pressure chanber 10 through a pressure transmtting nenber
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 vibrating plate 8 and the
nozzl e plate 3 provtcdesstaggeret Bsaus mbmﬁ@mohfgtsn Qlﬁ is supplied
froma not shown i nia FHRK3.tTHI® dethn@eindd? cnﬂﬁplpﬁnn EPS is a recessed
portion arranged i ndédse ab»ossible. The nozzl e openi n% are arranged in a
plurality of rows SO R o be ’Zlﬁ(agﬂere |n an, auxi |l ary scanni ng
direction as shown }? e E tRCPIGU/ting with dots
as dense as possi b ﬁl @éﬂepaemnau ng head, a
meni scus 15 i s posl. sf’om"tﬁea@h‘fia’@eﬂ@fmemdmm e opening 4
when no drive vol ta th@%%%h@'&&dﬂyc voltagaet i ng el enent 1
(FIG 5(A)). Wen ﬁPPléﬁd terthwmlmewh@wmm Iso thinehei ezoel ectric
vibrating el enent 1elem egeatavill ¢rotraet (Ene directioniihdicated by aefersnts a directi on
i ndi cated by ref er cthemcterfiat inI&. 4),alie vibrdting platy 8 thilds ik aii ng pl ate 8
.t is fixed on tthecrtof the picaeclpiteic vitratig dlemehtr Rireid ment 1 retreats
f the nozzle optbmnogzléopémhgmbwuﬁiﬂdanydﬂf&h%%faﬂ &y ve to the

a

nozzle plate 3. As the mezzlktplatt/® Q¢ asewhie B s and this
causes the ink to fexpgndsnamd qhik Scahisé@N the Mf@ J erence character "A
in FIG 5(B). Thlsmdlcatw'b?rﬁﬁb&%é RlpSGH Yt toward the

pi ezoel ec- tric Vi jatdg qh oew?nkflomsmto
the pressure chanb%c% @ 11 e ushered by
the stream of ink }D; W%mgFIG 5(B)).

When the piezoel ectpl eu\é §Ey e o asmméypgeffﬁcc

character “B” (FIG. 5(B)).

When the piezoelectric vibrating clcment 1 is maintained
as contracted, streams C of the ink toward the nozzle
opening are produced in the pressure chamber 10 by inertia
(FIG. 5(C), so that the meniscus 15 starts advancmg toward
the nozzle opening 4. When a drive voltage is applied to the
piezoelectric vibrating element 1 so that the element 1 will
cxpand (in a direction indicated by refereace character “b”

o in FIG. 4) while the meniscus is advancing, the vibrating
plate 8 is biased against the piezoelectric vibrating element
L to be clastically deformed toward the nozzle opening to
thereby contract the pressure chamber 10. A pressure D
thereby produced is added to the inertial streams C (FIG.
S(HD)) that has 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 (FIG. 5(D)). While
the pressure produced by the expansion of the piezoelectric
vibrating element 1 produces a stweam E toward the ink
supply flow path § from the pressure chamber 10, such
pressure is checked by the inertial stream B produced in the
pre\nous process to some degree, This contributes to reduc-
ing pressure drop in the pressure chamber 10 to some degree
(FIG. 5(D).

FIG. 6 shows an embodiment of an apparatus for driving
the above-mentioned ink jet recording head. A first switch-



as contracted, streanms C of the ink toward the nozzle opening are produced
In the pressure chanber 10 by inertia (FIG 5(C), so that the neniscus 15
-starts advancing toward the nozzle opening 4. Wien a drive voltage is
applied to the piezoelectric vibrating elenent 1 so that the elenent 1

will expand (in a direction indicated by reference character "b" in FIG
4) while the neniscus is advancing, the vibrating plate 8 is biased
~agai nst the piezoelectric vibrating enent 1. to be elastically deforned

toward the nozzle opening to thereby contract the pressure chanber 10. A

s

sone degree (FIG 5%
driving the above-

pressure D thereby produced is added to the inertial streanms C (FIG
5(M) that has been produced in the previous process to thereby splash out
the ink in the pressuyre.c an_in et.16 fromthe nozzle
opening 4 (FIG 5(D) 8 p‘ﬁ%qﬁﬂég a%ﬁ? s.? 05%1?1@‘?&' ape, pansi on of the
pi ezoel ectric vi braft ig° FZk?r : gg&’g 04t} 1R, the ink
supply flow path 5 f 3 a Prg e %mﬁ. re i s checked
by the inertial stredfi’B® i?c%ﬂ%ﬂ’l“ﬁ’@m AR\ §h9‘?éﬂ‘, some degr ee.
This contributes to ?‘b{'&i”g- % ¢4 swgnﬁ cpp rW8@gR dS chanber 10 to
edt the igputitermunal 4. firapaciton 29 @ BBDar at us for
Faaﬁéiﬂﬂhb é@?@%@F n'Q qbarged by #iPOMErswitch -7 i ng

circuit 20 includes SURPAR VOIage V4] Sprough a msistors 30 when, s e when a
Hlevel voltage i s apBitcHEg (Greuly 20 5umst e and ischarges Abegbng swi t chi ng
circuit 25 includes fesiski3d;when the secppd gwitching cirswin 28 turas 08 Ahe i nput
terminal 24 through ewrenipufeed2 mrludes transistoryd3,cM4 andi uppBes arns on when a
L‘evel vol tage is ¥pipageqaopastioral 10 Hieuermisahvoliage ofithe £apagiati t or 29 forns
a®i me constant cir&%ite therpiezoelegie vibsatingoelemerthlhr ged by a power supply
vol tage VH through a rasths tious dafigined dideeitf whed an iput sighalguehr cuit 20 turns
on and di schar ges t hapsh@vrein FIGST@)ds agbliediethetifyut e mdied 24 uhd chi ng circuit
25 turns on. A CU”%EnWéi%ﬁa.l%&ci Iow, Whte fradsistes2 B heisSofB whigd and suppl i es
a vol tage proporti ofiffuri @aise&a deiveivoRhge/ VP tagige &f the volgg¥E.t or 29 to the
pi ezoel ectric vibrat Sﬁﬁc&h@&ﬁjﬁiﬂ&fﬂ@nﬂ%@ &dpuﬁ;&cmf, g WeBtasCthecui t, when an
i nput signal such agykRWRer3Tbdanediblhdreo 6k b MillbOintdaParbaIPUL t er mi nal
24 and when the siggal woRdsSmh 8F'thelddfvel volagé P04 ggdng&!@sm@ff which in
turn causes a drive ¥Rbh08bnEng SlefeC] 8hié9& LdightMhe with -

a certain 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 high, the capacitor 29 dis-

charges 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 time 1 of the drive voltage V> and

a falling time 72 thereof arc determined by the capacitor 29

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

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

of the resistor 30 is R1, the resistance of the resistor 32 is R2,

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

Vbe2, then <1 and 2 are expressed as

<1=CxRIXVH/VBEI

Q=CxRoxVH/VBE2



Since the transistor 22 and the capacitor 29, as well as the current
buffer 32 connected thereto forma MIller integrator, the waveform of the
-drive voltage VP applied to the piezo- electric vibrating element 1 depicts
arising straight line with a certain gradient as shown in FIG 7(B). Wen
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 | evel for a predetermned tinme thereafter. Wen the input signal goes

hi gh, the capacitor 29 dis- charges tht®ugh the resistor 31, so that the
drive voltage VP of the piezoelectric vibrating elenent 1 depicts a
falling line that is substantially symetrical with respect to the rising
portion of the waveformthereof. By the way, a rising tine tl of the drive
voltage Vp and a falling tinme r2 thereof are determ ned by the capacitor
29 and the resistors 30, 31, which constitute a circuit. Assum ng that
the capacitance of the capacitor 29 is C, the resistance of the resistor
30 is RL, the resistaﬁs&m&u&f&mmﬂéw&?tﬁﬁ:\;}?meﬁ%Memuer

vol tages of the trandbratiog eledibnt 46sak as e2, then Tl and 12 are
expressed as ,tr=CCRLxVHMVElI rC. xR2cVHNBE2 -8 As a result, a current IP

fl owi ng through the pi eZBekecCox¥HANI brating elenent 1 is expressed as IP =
Cp X VHhl Cp x VBEII(C xRl)} tfkwaddecXriyHh2 = CpxVBE21(CxR2) As is
apparent fromthe currepp LP, Cﬁi‘%i‘ai S a constant current circuit designed

to cause a certain current to fi%(ﬁhkﬁugh t he piezoelectric vibrating
elenment 1. In contrast there‘f"o, £$%6®s a conventional constant vol t age

cgcuit that is often used as a circuit for driving a piezoelectric
cW¥nent  such as showfSii% 3nparend frony the quyrenty IR thisois| 2 copstante| ement  wit h
this constant volta L girguit designed terpausera ceftaini qugrent by dogh t he
pi ezoel ectric el eme the piezoelgerivrvibragipg iebament d. tInecommagoel ectric
el ement vary with t theeeto;there iss conyeutional constanh oltageccifonstithitance of a
resistor 102 is R ' isoften wsed asasiisuitfoedriving arpicioelettricldlemis R2' . t he
current IP and thesuchvas shoge MAFIGI2d. T dtie6 29fiezdelectric element

with this constant voltage circuit, a current IP' flowing

th:ough the piezoelectric clement and a voltage VP* applied

to the piezoelectric element vary with time. That is, assum- °

mg_thattheresistanceofaruistorlﬂ!iskl'andmg

resistance of a resistor 103 is R2', the current IP" and the

voltage VP’ are expressed as

IP=(1)=VEH/R1'exp {—t/ (CpxR1)}
VP=(s}=VHx{1-exp {~t/ (CpxR1%}]

‘ 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 10, which is an interval in which the

drive voltage reaches a voltage VP'(t) that is 0.9 times th
- power supply voltage VH can be expressed as °

10=23xCpxR1'

assuming that the voltage that can ensure the deformation of
tpe ptezoelectric element is the voltage VP'(t) that is 0.9
times the power supply voltage. If R1' is set so that the
voltagg VP gt) rises within the time period t0 that is equal to
the rising time <1, the maximum of IF, that is IP'(0) is
expressed as

IP@ = VHRI
VH!2.3XCM1=2_3 x 1P




| F=(t)-MR1SC=p {-r/ (CpxR1)} VP(4 VHx(1-. zp {-d (CpxR1l')}] The tinme
required for the drive voltage VP to reach the power supply voltage VHis
-very long in this circuit. However, a tine period t0, which is an interval
in which the drive voltage reaches a voltage VP (t) that is 0.9 tines the
power supply voltage VH can be expressed as 2. 3xCpxR1l' assum ng that the
vol tage that can ensure the deformation of the piezoelectric elenent is
the voltage VP' (t) that is 0.9 tines the power supply voltage. If R' is
set so that the voltage VP (t) rises Wthin the time period tOthat is
equal to the rising time tt, the maximnumof IF, that is IP (0) is
expressed as IF(O = VIM1, = VHx23xCPi h1l=2.3xIP -9 0 O This indicates that
the constant voltage.¢ircuit requires the mnmaximumcurrent 2.3 tines that
of the constant cur ﬁ@!ﬁ_mdtﬁamdhat the constant voltagé eieciibfequtkd afge Wi thin the
same tinme period. THREIABEYcurnénto2.3pgies thdt Off the dodlsiahd fE. As descri bed
above, the use of tG¥CRibStoader wULise fie GOltApe! Withil R0 -h'HlSthi s enbodi nent
al l ows the maxi mum pemod:The fboveialsd éd%'ﬁ@é‘ﬁhthr: Prlﬁg‘lh 1o De reduced even
i f the charg- ing tinAsdesiribbeabves liddk BBthe il Sushiof Lened conpar ed
with the conventi onplopdédd/m i &ibh fudge e CHECRGUPEL circuit can be
fabricated with smagy lthe Bi0 QFOO'EF - eyrent A) t hr ough
7(D) are diagrans sﬁ@vﬁ!ﬂg P%r - Il o veB df theraharg-oned drive
circuit in wavefor myip QQ:PhP lﬁoggf“ﬁ‘%%ﬂa%meaedsmmn FIG 7(A
froma host machin Lﬁq %l ARys SHCwl Ay, aresudt, tthe dsiven as t he
si gnal goes | ow at t’% Eél Wik @@Ba&mmeﬁﬁ dndresogh the resistor
y‘&ﬂ:i es with a tine constant T1, and a voltage

3 This charging c
tai%lghg(nhg’pﬂiagmumhbhmﬂtzgtp@bect ric vibrating

t i ncreases at a.

element 1 by the MY4mepl the ahgvermentioned drive rcirchtChi Waveform. t he
pi ezoel ectric vi br 2¢POfyinpat efrenignal suht dsabhoemah FIGC (&) 8B gPeed, not only
causi ng the vi br athosymachine, thetfirsy switchiig aiboudt 2P RRhBh 25D tO thereby
expand the Press cliguabgoeslowhatitima Ti%o eRABE Bié ca itor 29 through
the resistor 30. This charging current varies with a time
constant 11, and a voltage that increases at a certain rate is
applied to the piezoelectric vibrating element 1 by the Miller
integrating function. Accordingly, the piczoelectric vibrating
e!emc.nt 1 contracts at a constant speed, not only causing the
v:branngplateStoreu'eatataconstaMspeedtothereby
expa_nd the pressure chamber 10, but also causing the
meniscus to retreat as time elapses (FIG. T(D)).
. When the terminal voltage VP of the piezoelectric vibrat-
ing clement 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 lp maintained as expanded for a predetermined
time (holqlng time T) and when the meniscus returns to a
pfedctermned position that will be described later, the input
sggna.l goes 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 2. Accordingly,
the terminal voltage VP of the piezoelectric vibrating ele-
ment 1 decreases at a certain rate, causing the piezoelectric
vibrating element 1 to expand at a constant speed which in
::tm causes the pressure chamber 10 to contract at a certain
e.



nmeniscus to retreat as tine el apses (FIG 7(D)). Wen the term nal voltage
VP of the piezoelectric vibrat- ing elenment 1 has reached the power supply

-voltage VH at tinme T2, the voltage stops rising, causing the expansion of

the pressure chanber 10 to stop as well. Wth the pressure chanber 10
mai nt ai ned as expanded for a predetermned tinme (holding tinme T) and when
the nmeniscus returns to a predeterm ned position that wll be-descri bed

| ater, the input signal goes high at tine 73. As a result, the second
switching circuit 25 turns on to cause-flhe capacitor 29 to discharge

t hrough the resistor 31 with a tinme constant T2. Accordingly, the term nal
vol tage VP of the pi %% tric vibrating ele- nment 1 decreases at a
certain rate, causifg &éigz‘aémiﬁnhecplezdehb&tdﬁ&aﬁhggﬁ to expand at a
constant speed whic P .%_wexlnndsbyaaua EF%& to contract at
a certain rate. - f55010ein this smbodimentyinigoés wiiRoltisadiag ks &¢ | ¢ Vi brating

el ement contracts?$ @?mmgbmgmlmm&hﬁhm g’iﬁw s been
described in this 8ed sxpands by i ey i AT

pi ezoel ectric vi br §2R he achievezhby Boferatidi 4 ARG, 2 %g%@gﬁ%tﬁ’-n i ng and expands
by charging i s useéime tanstinviis 31, mf@hb@ﬂ; 9 FESHE by generating a
drive vol tage whosélling tinfe codstiy G908 P’e Issﬁqg,xs Ad whos¢i ng falling tine
constant is t2 witmetrivdl lind®y Eﬁ Io"¥1 td gearsyorl |ine while
using a drive signadd tHagteokl f

FIG 9. By the way, g

signalithat Brst goeshighw as shown in

b %%gg '
. | i & O OVRdD HIG. O the drive method of the
invention will be ﬁ?r. e or %S/thglmk:lmthecm-ive mhéd@bg! S the drive
hod i nvol ves t h?,% g‘B € doscribedan tdenadl by ginil@fpe! ect i ¢

v ating el enent 1"By"aiifIGi¥egmethod involves i stepsVor: @GS0 the ink | et
recording head to ttﬁiétlap;he piegoekeatric Vibratinp eleaiss: { By ?xg he nozzle
opening from the dumtidie vdltdgaaonhe diejd@Redrks &Qﬁi fiigecpandi ng t he
pi ezoel ectric vi brzmtrtﬂlgtmimam'lsn":u:ﬂfoiﬂlf_‘m:c!ioii’Y‘.tﬂ'.prﬁfzzfeFdf,‘c"I e he rent Seus
starts advancing. Fafaceeol the OfozleS bBaiRY:; S by WRLCI (¥oording head
whose nozzl e openi pihzdﬂ_%@%%bﬂaﬁnﬁ&mﬂ P4 ﬁQ‘QSS in w7 fofiSucen ne nozzle
plate 3 and the Vimdn#¥chGdtsPhdvaticing. THE red) ocga suF;;ullaLiﬁ)r:l#'ge somis
oper at ed which a recording head whose nozzie opening diameter is 4L8

pm ax?d whose gap g between the nozzle plate 3 and the

vxl?ranng Pplate 8 in the stop condition is 80 Hm 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

acoustc concentrated constant circuit that models respective

sections of the ink jet head as concentrated constants. A

coucentrated 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

ca')ncepu'atcd constant circuit 41 includes the piezoelectric

v§brat3ng element 1 and the vibrating plate 8§ as single

vxbram'lg components, respectively, and connects a pressure

pmducmg source 48, a compliance 49, a resistance 50, and

an acoustic inertance 57 in series. A concentrated constant

circuit 42 representing the pressure chamber 10 connects a

resistance 52 and an acoustic imertance 53 in serjes. 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 9f the ink jet head comnects the concentrated constant

circuits 4.0. 41, 42, and 43 in parallel. By the way, the

acoustic inertance 45 and the resistance 46 at the time the

meniscus 15 fills up the nozzle opening 4 are greater than

those at the time the meniscus 15 is in ratreat. For this

reason, in this simulation, the pressure, the acoustic iner-

tance 45, and the resistance 46 coustituting the concentrated




usi ng an ink whose viscosity is 10 m Pas using an acoustic nodel shown in
FIG 10 wll be presented. This nodel is an acoustic concentrated constant
~circuit that nodels 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 neniscus 15 and an acoustic

I nertance 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 vibratinglkonponents. respectively, and
connects a pressure producing source 48, a conpliance 49, a resistance 50,
and an acoustic inertance 57 in series. A concentrated constant «circuit
42 representing the pressure chanber 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 chanber 10 is
expressed by a conpliance 55. A concentrated constant circuit for the
entire part of the ink jet head connects the concentrated constant
circuits 40, 41, onstapsinegiti4d fosrthe inekzle Bpctidmeareatysatddnss aacousti c

i nertance 45 and nomlincesici¢mentethd changdseint acgorddnee Wthi @gus 15 fills up
the nozzl e openi ngmeuntraf rgtrem ot the taemiscus/1Ss b this sim@latibAEthkhe meni scus 15 is
in retreat. For tpressure phne8 remfovedilte bkl fidieRe Jelliyggsure. the
acoustic iner- tawm&ﬁp:ﬁsddﬁedmmﬂﬁn%m (sl trl-.'édlﬂg t he

concentrated -11 Yolamiesvaloditi€d UnliUc, 48 dfOthe litde Lion are treated
as a nonlinear eiRHBAS Vaif cﬂfa fonk Qtﬁlred 1e anount of
Qoeat of the ma&ﬁﬁga ﬁ@s u&é&h ‘gtal ressure plate 8

r ves the |nk ‘E%Qf% fe produci ng source
48 is driven. QL#HES f the ink at the
respective sect i ons e ‘E‘E‘dh"é?'l‘n I gan be obtained.

FIGS. 11 through ugﬂa&g.ﬁcagahb: ofdiandr opl et s whil e
gi ving the cal cul of t he nozzl e section as a

boundary condi tion rm gmrbmnmsvstemenclndingahé culus that is
capabl e of han- oncpngxqmﬁos thef complianed 55 s tefthed ei genf r equency of
t he vi brating sys&se#rmm@@llm ofothe \pressurei nthembances 45, 53 and the
conpliance 55 is teFi@Y 1144) shroughy Al showe g fzr denavior héllm essure chanber
FIGS. 11(A) througlenistiuadjatemiso thefmoezie bptring whemthet first drive
voltage changing at a certain gradient is applied to the
piezoelectric vibrating element for 10 psec and held there-
after. The meniscus continues to retreat from the time at
which the drive voltage has been applied (FIG. 11(A)) to the
time that is 10 usec thereafter (FIG. 11(D)). Then, the
meniscus is directed toward the nozzle opening. Upon
elapse of 22 usec from the application of the drive voltage
® (FIG. 11(L), the ink droplet projects from the nozzle opening
4, so that the ink droplet can be developed into such a liquid
column as to define a final form thereof (FIG. 11(u).
FIGS. 12 through 18 respectively show, in a sum, the flow
of the ink adjacent to the nozzle opening in the case where
the meniscus in various positions conmtract the pressure
chamber by the application of the second drive voltage. The
selected time constants for the process of both contracting
and expanding the piezoelectric vibrating element 1 are 10
psec, respectively. The various positions of the meniscus are




meni scus adj acent to the nozzle opening when the first drive voltage
changing at a certain gradient is applied to the piezoelectric vibrating
-element for 10 sec and held there- after. The neniscus continues to retreat
fromthe tinme at which the drive voltage has been applied (FIG U(A)) to
the time that is 10 sec thereafter (FL{3_ 11(D)). Then, the nmeniscus is
directed toward the nozzl e opening. Upon elapse of 22 sec fromthe
application of the drive voltage (FIG 11(L), the ink droplet projects
fromthe nozzle opening 4, so that the ink droplet can be devel oped into
such a liquid colum as to define a final formthereof (FIG 11(u). FIGS
12 through 18 respectFI! 19 SHWY viribu® profiles bf'Sn i@ Wroghls fifo Nk adj acent to
the nozzl e opening igrhphb® b§aSBgHIRBLE ¢ HERISBHS of the! S positions
contract the pressugg, .@ﬂﬁnﬁ%‘ﬁl&yoé p 'ﬁﬁ{ | Odbe egond drive
vol tage. The sel echg&L ' A8 gtg & fﬂ th l_g OC s?g X h contracting
and expandi ng the p{h%zrg%gg% C Vi egﬂ.lé & 6 e é"bi Bsec,
respectively. The vari pus Lsat'fi REc-BIe0t >, ) € RAOP-9 0 FIG 19
shows various pr ofiF‘@?R%?“%n TROYFPE fens ofs jriing serlerfyom hi gh- speed
canera in function g:“%‘ermmns 'hep; the first dgve veltageewasoapplied i nk dr opl et
wer e phot ogr aphed d@r“’Fﬁé‘#@? & 15%.ca5 Suqhsa speediae to alowdi ng head whi ch
is the nodel of th#n iRkodmplesre isplasidinscolwmnat foom fFom theabezlegr aphs wer e
taken by the steps epeninghelped byrthe inertialsiean if thermeniseusiaagl € openi ng when
the first drive vollefigs itwvaas,aphat dik piézoelettricteibrating efenseit Wakn rate, i.e.,
at such a speed as c¢ontattedvar @centailf rdtep phé tiedving e plezbdlestgt Unmar form from
t’ nozzl e openi ngvibeitingceléntents dofehdted Forsdn' ey ti ni scus was |eft
aWit was, so that iftes; MdIEAYiapaldriveWdiagé tHa Qtta%ncontract ed at a
certain rate; and wadagdﬂgc_pgoe&%eah@ﬁg, Clectic 2 n§nt as
contracted for an aghd thifricthd "R N6 ? am%?rth gbq ﬁ@ﬁﬁ‘g a drive vol tage
that changes at a ofjikig rﬁt{lé f 0. 718
2 éff‘? :
8 tbe nozaleddich that the

vi brating el enent a
the holding tine b . O
front end 019 an in '@tmfoegf Whereas the profilesomith ri cted into a
spherical form whePg ing d4s¢q ariessyHIGH dOAD- §9N)mee bei ng 4 psec or
| ess (FIGS.19(n), 1Ahsolugnar. 51| col urmar .,
: 1e amount of ink jetted from the nozzle opening every
holding time and the ink jetting speed are as shown in FIG.
20. The amount of ink jetted (the solid line in FIG. 20)
f:xhibits a slight increase with increasing holding time. The
ink jetting speed drops drastically with increasing hoiding
time up to 6 usec, or a time at which the meniscus returns:
to a position about 4 of the farthest retreat position, while
maintaining a constant value of about 12.5 m/sec with a
‘ . holding time longer than 6 psec. By the way, it is known that
when the 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 2 jetted ink droplet is
spherical, the dot formed on a recording sheet is substan-
tally circular. It has been verified from the above that an
ideal dot, i.e., a circular dot can be printed with the ahgve.-
mentioned model if the pressure chamber is contracted after
the holding time of 6 pscc, i.c., after the meniscus has
returned to a position ¥ of the farthest retreat position.
The above fact has been further checked by observing
various behaviors of the meniscus while changing param-
eters such as nozzle opening size, ink viscosity, and the g
between the nozzle plate and the vibrating plate. As a result,
it is verified that the front end of an ink droplet splashing

fezoelectric

| SEC
mone, (F1C - A9UIY are SUCh of i | es with




The amount of ink jetted fromthe nozzle opening every holding tine and
the ink jetting speed are as shown in FIG 20. The anount of ink jetted
.(the solid Iine in FIG 20) exhibits a slight increase with increasing
holding time. The ink jetting speed drops drastically with increasing
holding tinme up to 6 sec, or a tinme at which the nmeniscus returns to a
position about '"A of the farthest retreat position, while maintaining a

'_lﬂ
O

.
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constant val ue of about 12.5 msec with a holding tinme |onger than 6 sec.
By the way, it is known that when tFR&1nk jetting speed is high, the ink
droplet jetted from the nozzle becones columar, whereas that when the ink
jetting speed is low, the ink droplet becones 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 has been
verified fromthe abovachidvat byrchangiegithetitne betveeen the end o kaditratot can be
printed with the aboveiom®i thenest ofskphnsidn dfthe pic2deleteiccbRbAE |
contracted after the diehéadel tfeeatiive tnétfiioted hoRling @feer the menl scus has
returned to a position H@, 9 skdws AW bhelink emaeae ;RQs%hI-é aﬂm Epe above fact
has been further chec&ggmgﬁugg§@5dﬁ se%@qg QKéQ lioh'af Meni scus
whi | e changi ng param ﬁrﬁ v@t& i p&glmdl c bgf(’ scosi ty, and
the gap between the w&.ﬁwo g 'E@ % result, it
is verified that the fE Nt n | é “ ﬁ% SE¥S 0 0 achi eved
by changing the tine 8 S @‘Start of
expansi on of the piezqge t % L é gesulty
a‘ve menti oned hol di U ﬁ‘ LE+ °@P@‘?‘Fﬂ<%%n t he
pW¥ssure chanber is & LQR& ﬁ&ﬁ@éﬁ ot g-tbe middle t he application
of the first drive vol F¥g e13$h°évs ﬂtwr Pﬁthmét wBenjihepressure dhambgr 2  psec. The
pressure chanber is cdwponimctad upontelapserofii4 psec fromdhe appication bhg and start
s an initial phase of thelfisnasivereltage aie.ewithithe doldihg eitnd yeinged i nerti al
stream As a result, tisec.iTHis issplfiosheftheLink iwhenothe vilstatih@pite iis €., W th the
diameter at the end Ipeitial sutbiketie abtale hb&nﬁgrﬁdeﬁlﬁs tﬁzainsﬁiscﬁ@e m ddl .
FIG 13 shows flow of nidkes iaiindlihiivahéiCtoWafts tid! o228 Hegin tracted upon
el apse of 14 psec froppddae [ e d age, i.e.,
with the holding ti momﬁgﬁi@%ﬁﬁﬁ%% g\tjlvE g? dhéem?!n when the
vibrating plate is FIG. 14 shows flow of the ink when the pressure chamber
is contracted upon elapse of 16 usec from the application of
the first drive voltage, i.e., with the holding time being 6
psec. 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 thercof and returms to a position about %4 of the
. farthest retreat position. Since 2 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 formed dot can be formed on a recording sheet.
FIGS. 15 through 18 respectively show flows of the ink
when the time elapsing from the apphmnon of the second
voltage is set to 18 psec (the holding time is 8 psec), 20 psec
(the holding time is 10 psec), 22 psec (the holding time is 12
psec), and 24 psec (the holding time is 14 usec). 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.



pushed out into the nozzle opening side as the neniscus nakes a snall
advance toward the nozzle opening after the retreat phase thereof. The ink
-jetted out of the nozzle opening simlarly beconmes columar. FIG 14 shows
fl ow of the ink when the pressure chanber 1is contracted upon el apse of 16
psec fromthe application of the first drive voltage, i.e., with the

hol ding tinme being 6 sec. This is a flow of the ink when the piezoelectric
vibrating elenment is expanded as the neniscus makes a snall advance toward
the nozzl e opening after the retreat _jghase 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 transforned into a spherical formin the course of
splashing, an ideally fornmed dot can be fornmed on a recording sheet. FIGS.
15 through 18 respectively show flows of the ink when the tinme el apsing

fromthe application of the second voltage is set topelcg sgc (the hol di ng
time is 8 sec), 20 fmm the nogzle,spEYRE) DEFQRES PO Eec (the hol ding
time is 12 *sec), paramelersjagdeng 35 e PREISEC g 8rd. It has been
verified that the dime when the meniseusdiAsde o2 PAHUQY, GAl: nozzl e

openi ng becones splferthesnlremtasnpasitiom akthonghe the Hme {7 yhick Be el enent i s
expanded at the respericuseetimse®m. suchposirion: i6noft the fABbESt &ER8ENI ng becones
spherical irrespectgositionfvarigar aneters as long as the pressure chaffer is
contracted at a ti nThehghdveh@eaiy it uhehink depletneat splash gosition 1/3 of
the farthest retr aphemQsitbin® iraipbftoveobt theeposidor ofitheimeniscubie  neni scus
rgurns to such pos*ﬁgﬂ)ge%&ﬁef sthdden pPoduled as tind vibpdtingpslatetis on varies. The
of the position of

am®ve neans that t R4S h saf cinfhbefat sueh @'higttdpeb®r m i rrespecti ve
! . \ fo ﬁ?&fmé'%n;E& et B beefkd Font the€aoxAe oduced as the
vibrating plate is _retre dég g@r@s c 5 80:&9@ efftegt such a high
speed as to all ow&%@“qgn% d e | g, gl'ir o agzl e opening
and when the pressuf® TFEHYS §°%‘5‘?ﬁ%r SELRRES € neni scus has

returned to a posi tTCBRAIAPSHIO%: he farthest, . retreat. pasiti.on. This nmeans, in
terns of the i Ircl)k j et Thivmeansdn (Eas @&W!ﬁéﬂ%ﬁgpv%e ink jetting
anount and speed beffequency, that the ink jetting amount and 8 become

constant between the drive frequencies from 1 kHz to about

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

further means not only that high quality printing 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 contiguocusly, alternately, or every two dots.

In contrast thereto, the conventional drive method (the
dotted lines in FIGS. 21, 22) exhibits a decrease in the ink
jetting amount around a drive frequency of 3 kbz 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 piczoelectric vibrating clement vibrates only at
the resonance frequency of the piezoelectric element alone.

On the other hand, the resonance frequency of the pres-
sure chamber is determined by the acoustic inertances 45,
53, and the compliance 55. The resonance frequency fc of
the pressure chamber is expressed as:

f=__1__ Mn + Ms
ix Cex Mn X Ms




constant between the drive frequencies from1l kHz to about 10 kHz as
I ndi cated by the solid lines in FIGS. 21, 22. This further neans not only
+that high quality printing can be nmaintained at high speeds, but also that
a certain print quality can be ensured for any dot form ng node, whether
dots are forned contiguously, alternately, or every two dots. In contrast
thereto, the conventional drive nethod (the dotted lines in FIGS. 21, 22)
exhibits a decrease in the ink jetting anount around a drive frequency of
3 kHz and a sudden rise of the ink jet#Png 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
node is enployed, the piezoelectric vibrating elenent is nore difficult to
be affected by conponents such as the vibrating plate and the ink conpared
with a piezoel ectri owhere Mmid the 22b@dtRMNineitindel5, NS IR aclidiicat | on frequency
nmode and that the [iherz@es 88} 4idoC¥idita! dopshiahdreNt Vvibrates only at the
resonance frequency oft kdiehdnORRiich thir wheh A Hesflr Warnfdl fsh Ot her hand,
the resonance frequeitiited frdel\ ?ﬁe‘ss&'érc%f;ﬁaﬂéf'gggbf n’ned by the
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chanber is vibrat e@%@ th expapsian of hepessuneishamber aat t he reso-
nance frequency fc. r?’n'&etfﬁMQS‘a?%ﬁbGrmhr@ﬁ%by wmartasingothet he pressure
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pressure chanber, iviag ! i
a voltage applied t,}ﬁé}%n r%lehi%fﬁ{& ?@r&%&%}ﬁ -Pf SUEVIBTR-  vi brati ng
element 0.9 times or RRLE § e characteld ra&o%rgfme piezoelec-
tric vib;ating element, the piezoelectric vibrating element
dfsplaf:mg speed may be made equal to the characteristic
vxbrano_nal period of the piezoelectric vibrating element.
That is, as shown in FIG. 23, by setting the time constant
of the discharge waveform at the time the voltage is being
dxs.ch.arged to the range of from 90 to 120% of the charac-
teristic vibrational period of the piezoelectric vibrating ele-
ment itself, the residual vibration of the piezoclectric vibrat-
ing elqment itself after the displacement thereof as well as
the residual vibration of the vibrating plate coupled thereto
. can be suppressed within about 10% of the amplitude at the
tm:: tgey ar:e driven.
s described above, the residual vibration of the
c!xaml?cr as well as the residual vibration of the piczgcrlecs:gz
-_v!btanng clement are can be suppressed by setting the
p'le.zoelectr.ic vibrating element displacing speed, i.c., the
nising and/or falling time of 2 voltage to arbitrary values, the
voltage bei.ng applied to the piezoelectric vibrating element,
I:[owever, it is apparent that timings matching other condi-
tioos such as the dimension, material, etc. of the piezoelec-
tnc vibrating element or the pressure chamber forming
components must be selected.
Tt.zat is, the following settings are preferable from the
relationship between the characteristic vibrational pertod Ta
of the. piezoelectric vibrating element and the characteristic
vibrational period Tc (=1/fc) of the pressure chamber,




tional period of the pressure chanber. Also, to suppress the residual
vi bration of the piezoelec- tric vibrating elenent, the piezoelectric
-vibrating el ement displacing speed nay be made equal to the characteristic
vi brational period of the piezoelectric vibrating element. That is, as
shown in FIG 23, by setting the time genstant of the discharge waveform
at the tinme the voltage is being discharged to the range of from90 to
120% of the charac- teristic vibrational period of the piezoelectric
vibrating ele- nent itself, the residual vibration of the piezoelectric
vibrat- ing elenent itself after the displacenent thereof as well as the
residual vibration of the vibrating plate coupled thereto can be
suppressed wi thin about 13@%%at dher pBslidude at the time they are driven.
As descri bed above, the residual vibration of the pressure chanber as well
as the residual vibrati ChEds2ThBen0R7ER1, @10 Vi brating el enent are can
be suppressed by setting the piezoelectric vibrating el enment displacing
speed, i.e., the risByhgening the fisingi imet amPorofalBng U@ GE he arbitrary
val ues, the voltagvoltagerg bemapplieditd thetpiezoRieREReliBkan| Glephdyrat i ng el ement.
However, it is appaincthe tbate meninegSdottcali b fothed i i ons such as
the di nensi on, mat ewithout prbvidingfa fedRiugl nefnfaio ng el enent or
the pressure Chanbelfttfr%é%?bdﬁihgspﬁew %H%p Scts hat is, the
&y fobP képelifi nd 6

foll owi ng settings the ween the
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oot Cana the br&b%ve%ﬁ)w 'ragéglgo a %é z&%ﬁ%ﬁ’w;ﬁ:?rg} ! tn%e

el enent and the chagac
ssure chanber. - 1@ e acTec. then rl .. r230. 9@1} |, 2), If Ta3Tc, then
0W¥xTasd, 1291. 2t Ga E% I f AN y@ °ﬁ"§4‘wg ABPRed tobeiifly tine of the
voltage to be appl iJ8u EHF I oy fogged o in the above
manner, dots can be™ S . Sspre (chambgrihas, beendascribrdig the r esi dual
vibration attenuat i¥9VGampodiment, ipisapparcaichatehe sarge effect ban bewk whi ch great |y
af fects particul ar |SPRipedby applying: thef ipventiopatoi an inki jpt tecomdimgy t he recor di ng
head, or the repetbeas havingegk diow paths oo dothsitdeeof mby messnge t he repet i -
tive frequency. Wichambee case where the invention is applied to the ink
) Also, the same effect can be obtained by applying the
fnvention to a so-called face ejected ink jet recording head
in which the vibrating plate is formed so as to confront the
pozz.le 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 in the foregoing pages, the invention is
charactenzed as involving: the first step of retreating the
vxbrafmg plate to a predetermined position from the nozzle
. opening at such a speed as to allow the meniscus at the
nozzl? opening to be jetted from the nozzle opening while
applying a drive voltage to the piezoelectric vibrating ele-
ment; 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

0 a position !4 or more of the farthest retreat position
thgreof. As a result, not only the ink stream that is produced
adjacent to the nozzlc opening when the piezoelectric vibrat-
Ing element i3 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 ink draplet to be maintained substantially constant in a
wide range of drive frequencies. Thus, a high-seed recording
apparatus can be achicved. '




jet recording head wwth the ink flow paths forned only on one side of each
pressure chanber has been described in the above enbodinent, it is
-apparent that the sanme effect can be obtained by applying the invention to
an ink jet recording head having ink flow paths on both sides of each
pressure chaner: Al so, the sane 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 paralielly to a vibrating el enent.

As described in the

foregoi ng pages, the invention is characterized as involving: the first
step of retreating the vibrating plate to a predeterm ned position from
the nozzle opening at such a speed as to allow the neniscus at the nozzle
opening to be jetted fromthe nozzle opening while applying a drive

vol tage to the piezog IRV %{nrggmﬁlfgmnme fdrlife SieEgifg step of
hol di ng the vi brat '&Qix '8 [ qimep%LJ itid an @R Ardgl& &bidtdost ep of
advanci ng t he V|br Rghoien the neni scus
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can be utilized posP‘F?%‘F‘iF‘c gﬁﬂ?
contracted in a zondroplet\Gan b8 "e’El‘I‘Fé"dv mE“

an be

'é?ﬁgeﬁ’ ’&%@V‘HSt depend on the

position of the nﬁ#ﬂﬂp@ﬂnvﬁm"émepgw ng the size and spl ashing speed of

g.'lnk droplet to be nmintai ned substantially constant

in a wde range of .

ve frequencies. Thus, a high-seed recording apparatus can be achieved.
-17 Further, since the rising and falling time for the charging or
di scharging at the tine of jetting an ink droplet are set so as to match
the vibrational periods of the pressure chanber and the piezoelectric
vi brating element, the anplitude of the residual vibration of the
vi bration systemincluding the piezoelectric vibrating elenents after the
jetting of an ink droplet can be reduced, thereby contributing to

inmproving the repetitive drive frequency. 0 0O



-18 0 0 What is clained is: 1. A nethod of driving an ink jet recording
head, said ink jet recording head including a nozzle plate having one or
-nore nozzl e openings therein, a vibrating plate which opposes said nozzle
plate to forma pressure chanber therebetween, said vibrating plate
comruni cating with said nozzle openings in cooperation with said nozzle
pl ate, one or nore piezoelectri-c vibrating elenents, each of said piezo-
electric vibrating el ements having one;gnd which opposes at |east one of
sai d nozzl e openings wherein said end is fixed to said vibrating plate,
each of said piezoelectric vibrating elenments vertically vibrates
according to an applied voltage; said nethod conprising the steps of:
retreating said vibrating plate away fromat |east one of said nozzle
openings to a predeterm ned position at such a speed as to allow a
meni scus to retreat fWhatSecBimed is:east one of said nozzl e openings by a
retreat distance by gpRindtRed of driving adrink fet verotding heai, sdidlimast one of said
piezoel ectric vibrainge RéAl freludiy armeiienglaaiaVimg ond east one of said
pi ezoel ectric vibra Jols| rgpgﬁnlggl fhleRdin,Sai dibydtagaplabd) wiieti e at said

g

predeterm ned positi y Pliorzd Ofdimal t SHadh said at | east
one of said pi ezoegg?srét%sjgﬁ 3iB ?a:.;é% tcgmﬁm?&%ﬁéi% l:'E'pd at | east
one of said piezoel ?"'!i’c VI Or g? ; Iw?r.hasﬁ*d foteT] ﬁ%'e ne and advanci ng
vibahita s
P

sai d vibrating pl at SOFHRAPTEE; ° 0 cachfdaid e openi ngs when
sai d meni scus has r OF JROTE giezge/c vﬁ'ﬁ% . %e' S r%a'fu | stance, by
applying a third detsEYH elements Javiis o 35{‘.&3’ ooPP %ﬁs&?pi ezoel ectric
v‘r ating el ements fleast eneah&udqozze B3 yiergp saigrendds O5ed,i o, ol ect ri ¢
v ating el enents. to said vibpainginlates eachqef said piezaelectric; b ordi ng head,
conmprising' a nozzl elehents vemically)vibsates accopting inyan anpbied valtags: vi brat i ng
pl at e whi ch opposes saii siethod doenprising-theostepsr9fi a pressure chanber
t her ebet ween, sai d vi Pét?éa'uﬂ sﬁida%mdi@wi Myi fFom\dtt1Bast onél ofiozzl e openi ngs
I n cooper a- ti on wth S?dig '&dﬁ@éseio Ei[ﬂméd f,oﬁ'ﬁbﬁ;ﬁi ng el enents.
each of said piezoelec. gcp a speed as to allow a meniscus to retreat from said
at least one of said nozzie openings by aretreat distance
by applying a first drive voltage to at least one of said
piezoelectric vibrating elements for contracting said at
least one of said piezoelectric vibrating elements;
holding said vibrating plate at said predetermined position
by applying a second drive voltage to said at least one
of said piezoelectric vibrating elements for holding said
at least one of said piezoelectric vibrating elements as
contracted; and
advancing said vibrating plate toward said at least one of
‘ said nozzle openings when said meniscus has returned
by % or more of the retreat distance, by applying a third
drive voltage to said at least one of said piezoelectric
vibrating elements for expanding said at least one of
said piezoclectric vibrating clements.

2 An apparatus for driving an ink jet recording head,

comprising:

a nozzle plate having nozzle openings therein:

a vibrating plate which opposes said nozzle plate to form
a pressure chamber therebetween, said vibrating plate
communicating with said nozzle openings in coopera-
tion with said nozzle plate;

piezpelqctric vibrating elements, each of said piezoelec-
tric vibrating elements having one end which opposes
at least one of said nozzle openings wherein said end is
fixed to said vibrating plate, said piezoelectric vibrating
elements vertically vibrates according to an applied
voltage; and



tric vibrating el enments having one end which opposes at |east one
nozzl e openings wherein said end is fixed to said vibrating plate.
-pi ezoelectric vibrating elenments vertically vibrates according to
applied voltage; and -19 0 O neans for driving said piezoelectric
vibrating elenents, said driving nmeans generating a first voltage
tracting said piezoelectric vibrating elenents at such a speed as

of said
sai d
an

for con-
to all ow

a meniscus to retreat fromsaid nozzle ,openings by a retreat distance, and
to thereafter be ejected fromsaid nofﬁ e openings; a second vol tage for
hol di ng sai d piezoelectric vibrating elenents as contracted; and a third
vol tage for expanding said piezoelectric vibrating elenents,. said driving

means mai ntai ning said second voltage so that T!Tin, where T is a

second

voltage holding ti andt.Ti is a tc'kma fromsaid first drive voltage
havi ng reached a stgi'b?-‘.' t 'fg"mgasaf Riczeslectric vibrating-elements, havi ng r et ur ned

1/3 or nore of the ret PASINVIRE MicARE genrranng 2 fipst valtage foc condi ng to

claim 2,

wherein a time const afBclfs $aid piegeeleeinic vilrrating elements at sihve vol t age and
said third drive vol t SRpedias ta;zllow @ menisgiugto rOtréat froresaidnghy act eri stic

vi brational period of ggifingd gysywm%' 4nd 1) eReFHeatgss according to
L

cl fi m (2) gwperii na ti ”Ejec&ﬁrﬁéﬁﬁ?i@éozi_ﬁidiac
value 0.9 to 1. i mes. a C c 'y

pressure chanber. 52 ’é‘? %%t%é:big#ﬁaé
ink jet recording heaf H RS e I _
openi ngs therein, a Vtbirdtvoliges forexpamding said piseaclectdey :
f gam a pressure chanbeelemeants; spidtdrving meansomaintaining sgidseeand communi

ati gnal. riod of said

p’i%?ﬁf%?c 9’@’% ng head, said

e plate havi n% one or nore nozzle
MLzl e plate to

kg;d drive voltage is set to a

cating

h said nozzle openivaljage sp thas Jcs Bimi avhersi THs sasegomd ¥eltagepl at e, one . or

mor e pi ezoel ectric vi bhalding) tisiecanshTin isea dimeofrognsaid firgzdrivee| ectri ¢

vi brating el ements havivaljagenbavingl reachetha sieady-stateato a ltiesfromne of said

nozzl e openi ngs wher ei saidanehisons hawing retemied Yoorsmbre ofithe retoeaty pl at e,

each of

sai d piezoel ectric vibdistdnes. el enents vertically vibrates according to an

applied vol tage; 3. An apparats according to claim 2, wherein 2 time
constant of at least one of said first drive voltage and said
third drive voltage is set to a value 0.9 times a characteristic
vibrational period of said pressure chamber.

4. An apparatms according to claim 2, wherein a time
constant of said third drive voltage is setto a value 0.9 to 1.2
times a characteristic vibrational period of said pressure
chamber.

5. A method of driving an ink jet recording head, said ink
jet recording head including a nozzle plate baving one or
more nozzle openings therein, a vibrating plate which

’ opposes said nozzle plate to form a pressure chamber
therebetween, said vibrating plate communicating 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 opposes at
least one of said nozzle apenings wherein said end is fixed
to said vibrating plate, each of said piezoelectric vibrating
elements vertically vibrates according to an applied voltage;
said method comprising the steps of:

retreating 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 retreat from said
at least one of said nozzle openings by a retreat distance
by applying a first drive voltage to said at least one of
said piczoclectric vibrating elements for contracting
said at least one of said piezoelectric vibrating ele-
ments; :



said nethod conprising the steps of retreating said vibrating plate away
fromat | east one of said nozzle openings to a predeterm ned position at
-such a speed as to allow a neniscus to retreat fromsaid at |east one of
sai d nozzl e openings by a retreat distance by applying a first drive
voltage to said at |east one of said pjezoelectric vibrating elenments for
contracting said at |east one of said Piezoelectric vibrating ele nents;
-20 holding said vibrating plate at said predeterm ned position by
applying a second drive voltage to said at | east one of said piezoelectric
vi brating elenments for, poldi.ng.said | east aqne_of said.piezoelectric
vi brat i ng el ement s a§°l‘g%??l§gfbé%m‘§g Wﬁg’"' '%%?&i ng plate
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returned by 1/3 or noPESAE PicRaeieds glements | ¥ e of a position
of the meniscus in rel 8t least ans of sgiskpiezaslectric vibsatingaleBeMs &% n a previ ous
step of advanci ng sai dcomtncted;agdpl at e, applying a third drive voltage
to said at |east one jiafahs saidiviradhgplatd wwardatdeas gnebbsaidt s f or
expandi ng sai d at Iea%zﬂggpegjngﬁ@sapgaﬁmhiscmhasmhmedtbyﬁ@ el ements. 6. A
nmet hod according to cl g Rore ofh@réticht distdne® ireespedtiveiof apbsition | east one of
said first drive vol tag, ﬂ?eriﬂc Q&Qiﬁt’é Mia\@siumlofm&tﬁsmet to a val ue
0.9 times a characteristic Vi &ﬂfaﬁlidvaﬂﬁhbeﬁd@bﬁﬁﬁ plafecbgur e chanber. 7.
An nmethod to claim§5, el N a. Ll %G8 ﬁéé’éatsaﬁfat%k clfsdid drive voltage

C

is set to a value 0.9 8P _ ; igtdronal period of
sai d pressure chanber. P&ZOK g‘p‘& éhg?‘ﬁ'&.%ﬂ ﬁfg aj et recording

£ 5%
d %ﬁ-ﬁ%
> ﬁaﬁog ﬁ‘”

d, conprising: a ndeastgnyo eni nas. . rein;, a :
vior at | ngngl ate ‘?"hi ctf. g’g’g 5 . Y¥hereind nf:%ﬁ Q‘Er essure chamber
t her ebet ween, sai d of atrleast oge of said fire <k G 34t s thurd nozzl e openings
in coopera- tion wi vbltageiissetoa 2ivalugi0:9 BmeppsRFaftErsts WoRkRRal i ng el enents,
each of said pi ezoeperod df said \préssartei chgmbesnent s havi ng one end whi ch
opposes at |east oney.gfn artbdwatiim SHpwnsreigsa timeconsia of gaidnd is fixed to
sai d vibrating pl at third dtide Niagelieaiet ito a/ivaiuat0.Hgto 1.2 times 2

characteristic vibrational period of said pressure chamber.
8. An apparatus for driving an ink jet recording head,
comprising:
a nozzle plate baving nozzle openings therein; \
a vibrating plate which opposes said nozzle plate to form
a pressure chamber therebetween, said vxbgatmg plate
communicating with said nozzle openings in coopera-
tion with said nozzle plate;

iezoelectric vibrating elements, each of said piezoelec-
" tric mvé elements having one ead which opposes
. at lcast one of said nozzlc Oper}ing;, whcrcm‘salgl enq is
fixed to said vibrating plate, said piezoelectric vibrating
clements vertically vibrates according to an applied
voltage; and
means for driving said piezoelectric vibrating elements,
said driving means generating a first voltage for con-
tracting said piezoelectric vibrating 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 nozzie openings;
a second voltage for holding said piezoelectric vibrating
elements as contracted; and
2 third voltage for expanding said piezoelectric vibrating
elements, said driving means maintaining said second
voltage so that T=Tin, where T is a second voltage
holding time and Tin is a time from said first drive

b




el ements vertically vibrates according to an applied voltage; and neans
for driving said piezoelectric vibrating elenents, said driving neans
-generating a first voltage for con- tracting said piezoelectric vibrating
el ements at such a speed as to allow a nmeniscus to retreat from said
nozzl e openings by a retreat distance, and to thereafter be ejected from
sai d nozzl e openings; a second voltage for holding said piezoelectric
vibrating elenents as contracted; and third voltage for expanding said
pi ezoel ectric vibrating elenents, saiaﬁh?iving means nmi ntai ning said
second voltage so that T=Tin, where T is a second voltage holding tine
and Tinis atine fromsaid first drive -21 0 voltage having reached a
steady-state to a time from said neniscus having returned Vior nore of the
retreat distance, irrespective of the position of the nmeniscus in
relation to a position of a previously fornmed nmeni scus. 9. An appar at us
according to claim8, wherein a tinme constant of at |east one of said

first drive voltage aluﬂmgéiuivingwgqq YRaKAthROS 4 fimfeChrofm® @ val ue 0.9

times a characteristic ' . ,, said pressure chanmber. 10. An
gppar at uist accor di ngt t ? :ﬁaiﬂﬁ%ﬁéiﬁ M:?E%‘;%@?{ or g%%rggsai '([j t hird
rive voltage is se . . L& ristic
vi brational period ofgSgl S 10,4 pasino &é\ ous ﬁ :Rﬁglmsw-accordi ng to
laim1, wherei i 11 4 , RWEr st dri
voltage and said t EpRES Bf L 1S o0F of yaid B3 driye yoliags st es
characteristic vi b{,i%Hru% lg gg;g;rs%ﬂ‘lﬁe Cﬁ?’ﬂ ?rd"ec BEc 12. An met hod
t laim1, wherein _a]q | . O ) drive voltage is set to
a.gl ue 0.9 to 1.2 L4 tofw%ﬁ%mtlageissettgiawu% tol.2gd of said

ressure chanmber. O,
P times a characteristic vibrational period of said pressure
chamber,

11. An method according to claim 1, wherein a time
constant of at least one of said first drive voltage and said
tl}n'd drive voltage is set to a value 0.9 times a characteristic
vibrational period of said pressure chamber.

.12. An method to claim 1, 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.



