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Abstract ejecting small droplets from fre ink surfae without
nozdes and orifices so the clogging does not become a
grawe problen and if it does occur, is easily solved.
Therefore, thisnk jet printing technologys suitble for the
line head fahicaion with thousands of ejectos.
Additiondly, size of a genetad dropet can besmaller in
propotion to the frequency ofltrasonic waves andso high
resolution printing can be achieved.

Elrod et al”* repoted an expeimertal andtheorgical
invegigation of droplet ejection using foeed ultrasonic
beams and examined the applicationlihe heal printing.
Their printing headstructure had arrayed pas of a taducer

d al ens, ando ejecting at a fine pitcwith one head was
ifficult, because lenses with much larger diaméten a
roget size were requiretb focus ultrasonic waves Thus
several line heads were deployed fbe high resolution

Novd ultrasonic ink jet piinting technologies promising
high reslution, high qulity and high speed pinting have
been propsed andinvegigated. The printing heh is
capable of ejecting small droplets froméfrkquid surface
without nozies, and therefore, is favorabe for the
fabrication of a line head covering a full-width of the paper.
Notable beam focsing andscanring technologies have
been preented. Ultasonic beams genetiag dropgets have
been formed by dectronicdly focusng with redanguar
transducer arrays ah a one-dmensional Fresnel lens.
Further, the beam positions can be scanned electrically at
fine pitch correponding to that ofransducer arrag. Only d
one line hea could acheve a high reolution piinting in
line, which was not possible using the convi&mal heads -
with arrayel pars of a tansducer and d ens. The heads’ prlnt\llsg. h q di ioated d b
plana multilayer structure makes possible production off ve a:j/e propse ?1” Iln\_/estlg%at uiagov' . E%m
pradical line head for very high m®lution using ocusng andscannng technologies for onic ink jet

: oo - ; inting, that are capébk of achieing high reolution, high
microfabrication technologies such as photolithography. pnn : e X X

We report reults obtaned experimetally for dropet ﬂuahty anld high Spﬁ.?d rpntlngt W'tth a Ilne.tr;elai. ;rhe head

ejection ard scanmng baed on our concep, using pmting as a planar muiiayer stucture —suitale for  mass

heads composed of 50 MHz transducer arrays at the pitch ﬁfoductlon, maling it possible to manufacture ptémal line
85 pm. ead for very hig resolution using microfabication

technologiessuch as photolithographyWe report rsults
. obtaned experimetally for drodet ejectilm and scaning
Introduction based on our concegs, using pimting heads comped of 50
MHz transducer arrays at the pitch of|8%.
Ink jet printing technologies have recently been greatly
improved, especially in gard to the qality of Principle of Ultrasonic Line Heads
photographic images and the rinreliability of
waterfatness, lightfastness andleleding. However the
printing speed of color images remains a serious problem.
A log size head covering a fulligth of the paper
would makeit possible tespeel up printing remarkalbe, and
therefore mary researchex have investigated this approac
using various technologies. Becawse widely ®d
technologies, such as thermal ijek (bubbé jet) and piezo
impulse irk jet, require nozzles, lie head is subject tthe
grawe problems of low reliability due to clogging and high
manufactuimg costs;prold ems which worsen in the cg of
high resolution printing.
The basic technology for ink jet pilinting using
ultrasonic beamswas propcsed in the edy 1970s. The
notable charactestic of this technology $ its capabiliy of

Electronic Focusing

The phased arrayechnologies wdely used in the raa
field, for example, for radar, nabe applied to focusng
huItrasonic beams for ink droplet ejectiofrigure 1 shows
the schematic diagram of electronic focgsinwith
transducer arrag. Rectanguar trarsducers arrayedn line at
even pitch are employed and placed in ink liquid. RF
signab with time-delays, which are assigned to each
transducer element so that ultrasonic veaxediatel into ink
liquid can be in phase at the focal point, have been applied.
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Figure 2 shows the schematic diagram aoflinear
Ink Surface electronic scanning of ultrasonic bear@sanniig the group
X e of transducer elements for focusing a ultrasonicnmbéa
e arrays have changed the positidndoopletejectian on the
- ink surface. Using unifon ultrasonc beams droplet
Waves . position on ink surfa@ can be moved at the same fine pitch
. T as a transducer elements.

LA .--‘-"_ e - il S
I'4 & I ,«"f}‘?\ - {E{x\ ) \\.\ ' Design of Ultrasonic Line Heads

: :' H o w 'IY‘V PV?\" O] ' ' '
\ Simplification of Drive Circuits
fg?fgygw The electronic focusing using quadratic functional
Delay @

distribution of time-delays, as shown in Figu, requires
Lines complex drive circuits. In particular, atetimigh frequency
and short focal length applied for ink jet printing heads,
minute controls of delay timeserequired Therefore we
propose a simpler focusing method lzhsa the theoly of
Fresnel zone plate. Figure 2 showssbhematidiagran of
electronic Fresnel focusing.

RF Signal

Figure 1. Schematic diagram of electronic focusing with
transducer arrays.

The delay timer; of ani transducer element is given as

7= _d =N _1§ - @ - N_J’lg% (i=1,2,—N) (1)
2vF 2 2 = Fresnel Lens
I.l-l-d-l-‘l
wher d is the pith of transduce elementsv is the sound e .

velocity in ink liquid, F is the focal length andl is the i ’T' ’TF
=

number of transducer elements.
Delay times for each elementrcde controlled by ‘ ‘

focusing the ultrasonic beam atyapoint on ink surface. RFSQ”a'@ @RFSQ”&"
; . - L (Phase 0 (Phase

For ink jet printing head, however, symmettitiane-delay

assignmentsn transducer arrays as shown in Figure 1 are

desirable, because non-symmetrical timegdalssignments Figure 3. Schematic diagram of a cross-sectional Fresnel lens

may make the droplet ejecting directinot perpendicular, and assignment of RF signal phased arrays to transducer

which reduce the addressabilityof spots on a paper. The elements.

electronic focusing method makes possible adjustroént

the focal point and bea conditiors as occasim demands This focusing method imitatesnaelectronc Fresnel

without device remodeling. lens, that is, only two kinds signalphasegor delay times)
have been used. The upper drawing in Figure 3eignbss

Electronic Scanning section of a planar Fresnel lens, having grooves on the

The ultrasonc beam formed by electronic focusing radiation surface. The widths and positions of grooves have
using plural transducearrays can be scanned electronicallybeen designel accordir to the theory of Fresnel zone plate,
in a fine pitch along arrays. waves radiated from grooved regions havimgopposite
phase to that from ungrooved regions.
Ink Surface The assignment of RF signals has been determined by
the position of transducer elements for the Fredaes
pattern; elements facing an ungrooved region are assigned

Ultrasonic the standard phagealled phase § and elements facing a
e s RARAN grooved region are assigned opposite phase to the standard
4 / \\\ one (callel phaser). It is of no consequence which signal
A AN phaseis standad and that the difference of phases is given
-‘/f/ f/ \\\_ \\ \\ b .
PRIy \\ \\ . y time-delays.

“, %% ', Transducer i

LS LR N At a focal length of 2.5 mm and a focusing gratfi 16
Lad o’ A

i fooooooasoadans s elements arrayed at the pitch of @5 with 25um gapsthe

Elemen GroUpfor Focusng Scannng signal phase array assigned for electronic Fresnel focusing
is shown in Table 1.

Figure 2. Schematic diagram of electronic scanning along
transducer arrays.
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regionsinterfere reciprocally at a focal point, which can be

Table 1. Assignment example of signal phases at a focal given by
length of 2.5 mm and a focusing group of 16 elements
arrayed at the pitch of & pm with 25 pm gaps 2(h-DA 2>n-DA
e PR 2D oy
"1 s H (=12
No. of elemen|1|2]|3[4|5|6[7|8]|9]1011]1213]141516

Signal phase| 1 0| 11 0| r7{ 71 0| O] O| Of 7] 771 O] 171 O 1|

where n is the number of the edge, F igflocal lengh and

Figure 5 shows simulated ultrasonic beam profites A is the acoustic wavelength in an ink liquid. The depof
the azimuth plane at a focal lehgtf 2.5 mm using the ~ grooves has been determined that wavesradiatel from
electront Fresnel focusing with signal assignment as pethe grooved regions have a phase opposite to that from the
Table 1, compared with the conventional electronicungrooved regions, which can be given by
focusing Both main center beams and grating side lobes at

0.9 mm distane from the cente are similar to those of the d= (2m-1) (n=1,2,--) 3)
conventional electronic focusing. The grating side ladres T 01 10 e
generated inevitably when the element pitstarge than 2%‘7%

i 1

wavelength of ultrasonic waves. dhprofile with the

electronic Fresnel focusing has higher side lobes drthen

main beam becaus denying mutuality of waves may be where m is a natural number and, is the acoustic
insufficieng as a resultof using only two kinds of wave Wwavelength in lens materials.

phases. Nevertheless, their levels are consideraher The one-dimensional Fresnel lensncke combined
than a main beam and grating side lobes. with the function of an acoustic matching layer, because of

its planar structure. The acoustic matchliayer is usal for

1 transmitting efficiently ultrasonic waves frotmansducesto

ink liquid. It is desirable for thspecifc acoustidmpedance
Z_of an acoustic matching layer to be closéhtopgeometric
mean between that of piezoelectric material amdliouid
as follows,

Z, =1'mei 4)

08 —

Conventional Electronic Electronic Fresnel
Focusing cusipg

°
~

Normalized Amplitude
o
[o)]

0.2 wher Z is the acoustic impedance of a piezoelectric
material andz is the acoustic impedance ofkidiquid.
0 Further, it is desirable for the thicknegsof an acoustic
matching layer to be close to the values given by
Position (mm) { =2n”1, (n=1,2,--) )
Figure 4. Simulated ultrasonic beam profilesthe azimuth " 4 " o
plane at a focal length of 2.5 mm using electronic focusing
with 16 elements. wher n is a natural number and, is the acoustic

wavelengh in an acoustic matching layer. The ultrasonic
The electronic Fresnel focusing with onlyatkindsof =~ waves are not reflected at interéeaf the layer havirg the
RF signals whose phases are oppositath othe hasbeen  thickness given by Equation (5).
found to form ultrasonic beams similar to those formed by In choosing the material for an acoustic lens, it is
conventionalelectrone focusing with quadratic functional important to ensure that the specific acoustic impeslanc
time-dely distribution The construction of drive circuits close to the values given by Equation (4) areltbfickness
has been simplified exceedingly. of each grooved regions and ungrooved regisassfies
Equation (5) as an acoustic matching layer.
One-dimensional Fresnel Lens
An acousticlens based on the theory of Fresnel zonePrinting Head Structure
plate has been used for focusing in a rectamgiifaction Figure 5showsthe geometric drawing of a prototype
with transducer arrays. An conventional acoustic Fresngirinting head structure designed on our line head principles,
lens is composed of a number of concerdriaula grooves  in which ink chamber is omitted.
with designatd depth} For combination with electronic The printing head has a multilayer struetuwwn a
focusing by transducer arrays, we propose the onesubstrate Transduce arrays composed of piezoelectric
dimensional Fresnel lens with a striped structure. materials sandwiched by electrodes have been attached to
The cross section of an acoustic Fredapsis shown the substrate The bottom electrodes are arrayed at a fine
in Figure 3. The radius, of each zone has been determinedpitch. The one-dimensional Fresnel lens combiwétl the
so that waves radiated from the groovedl amgrooved acousticmatchirg layer has been attached to the top of

Recent Progressin Ink Jet Technologies |l 277 Chapter 5, Alternative Ink Jet



Recent Progressin Ink Jet Technologies|| Copyright 1999, IS&T

transducer arrays. The structure is simple and plamat and 45um respectively, which satisfy Equation .(J)he

thus the printing head is highly suitabler fanass lens layer was polished mechanically up te tthicknes of
production. The head for very high resolatiprinting can 45 um ard the grooved regions were formed mechanically
be product using microfabrication technologissd as  with blades at the positions according to Equation (2).
photolithography. The glass substrate was mountedaoprinted circuit
board (PCB) connected with drive circuits. In the
experiment of droplet ejection, the open pool & liguid

was attached to lens. A water-based ink liquid asilica-
coated ink jet paper were used and the paper was positioned
approximately 3 mm above the ink surface.

Acoustic
Fresnel Lens

Experimental Results

Figure 6showsa photograph of a droplet ejecting from free
ink surface by an ultrasonic beam focused with 16
Somman Asr.r ayef;'zg"ddes transducer elements.
piezdblectric (Signal Eleatodes) A .droplet size is appro_ximately 30m as e>_<pected,
Transducer Substate which is equal to the acoustic wavelength ik liquid. The
droplet is a sphere without tails, whigs characteristicof
ink jet printing using focused ultrasonic waves. The results
demonstraté tha the ultrasonic beam formed complexly by
electronic Fresnel focusing and the one-dimensional Fresnel

. lens can eject droplets similar to those ejected lsingle
Experimental Procedure lens. : P J o

Figure 5. Structure of printing head with transducer arrays.

A prototype printing head designed in accordancé e
principles shown in Figure 5 has been fabricats the
frequency of ultrasonic waves capable of ejertinoplets
with diameter of approximately 30m, 50 MHz has been
used according to preliminary experimdmtasuls for the
single ejector with a concave transducer.

Lead titanate ceramics (PbT)Ohave been used for
piezoelectric transducer radiating ultragowiaves PbTiO;
ceramics have anisotropic charactersstin oscillation
modes and a high electromechanical coupling constant of
over 50 %, which signifies a conversion efficiency between
electrical and acoustic fields, and is suitafir usag of
relative high frequency of ovel0IMHz. PbTiO; ceramics
were polished mechanically up to the thickness oft#5 a
value determine by the required frequency of 50 MHz and
the frequency constant particular toaterials. On the
bottom of piezoelectric transducers, gold electsodith a
titanium adhesion layers (Au/Ti) were deposited and etched
into arrays. The electrodes were evaporatdudh vacuum
ard patterned using photolithographic technologies. The
thickness of Au and Ti layers is 300 nm and 30 nm,

*

I.'»-i'-,

Figure 6. Photograph of droplet ejecting from free ink
surface. The diameter of a droplet is approximatelys30

respectively. A pitch of the arrays 8 um and a width of E i

the elements is 6Am. A comma Au/Ti electrode whose

thickness is the same as that of the adtalectrodeswas Figure 7. Photograph of a spot on silica-coated paper.
deposited on the top of piezoelectiiansducersThe width The diameter of a spot is approximately 6.

of common electrode is 1.4 mm, same as the aperture width

of an acoustic Fresnel lens. Both electrodeseesl on the Figure 7 shows the photograph of atspo asilica-
glass substrate and connected to drive circuits. coated ink jet paper. The diametef @ spd is

Filled epoxy resin was used forettacoustt Fresnel approximately 60um and is applicable to high resolution
lens material, whose sound velocity is approximately 300Qprinting of over 600 dots per inch (dpi). The droplet struck
m/s. The groowe depth of Fresnel lens was required to be 3@he paper and spread to fill an area wi#hdiameter
um, according to Equation (4} the ultrasonc frequeng of ~ approximatey} twice that of the droplet diameter. The spot
50 MHz and the sound velocity in ink liquid @500 m/s.  has a very round shape with no satelrd yields high
The thickness of grooved and ungrooved regisrkb um quality printing.
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Figure 8 shows the photograph of 32 spots on a silicgrinting heads composed of 50 MHz transducer arrays, have
coated ink jet paper when ultrasonic beams were scanneg@monstrated experimentally the validity of our concepts.
electronically consecutively. The positions of spots werélhe heads have a planar multilayer structure suitable for
moved in the same pitch as that of transducer elements. Thess production and microfabrication, and very simple
addressability of spots is within 0.8 times in the spofdrive circuits have been designed. The results show the
diameter. The position errors may have been caused by tpessibility of producing practical line heads covering a full-
turbulence of an atmosphere. It is thought that positionvidth of the paper for high resolution printing.
errors would be reduced by putting the paper closer to the

ink surface. References
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achieved high resolution, high quality and high speed

printing with a line head. Droplet ejection from a free ink

surface without nozzles and scanning at a fine pitch, using

Conclusion
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