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The Flow Structure Inside a Microfabricated
Inkjet Printhead

Carl D. Meinhart and Hongsheng Zhang

Abstract—A micrometer resolution particle image velocimetry ~A. Inkjet Background
system has been adapted to measure instantaneous velocity fields
in an inkjet printhead. The technique uses 700-nm-diameter fluo- . ) . . .
rescent flow tracing particles, a pulsed Nd : YAG laser, an epi-fluo-  Inkjet technology has become increasingly important during
rescent microscope, and a cooled interline transfer charge-coupled the past ten years, particularly because of its use in low-cost
device camera to record images of flow tracing particles at two computer printers. The first commercial inkjet printers were
known instances in time. Instantaneous velocity vector fields are introduced in the mid-1970’s. These printers were expensive

obtained with spatial resolutions of 5-10;:m and temporal reso- d ol d with reliability i due to inkiet cl ) A
lutions of 2-5 us. The relationship between instantaneous velocity 219 Plagued with reliabiiity 1Issues due 1o inkjet clogging.

fields is compared to instantaneous shapes of the meniscus. TheéMajor turning point in the industry occurred in 1984, when the
flow in the nozzle is highly unsteady and characterized by a max- Hewlett-Packard Company, Santa Rosa, CA, introduced the
imum velocity of 8 ms~*, Reynolds numbers ofRe = 500, and  Thinkjetprinter. The Thinkjet printer was the first product that
accelerations of up to 70000 times gravity (i.e., 70000 ). Since the e hatch fabricated processes to produce low-cost disposable
flow field is periodic for each ejection cycle, the instantaneous mea- . . S . .
surements can be phased averaged to determine the evolution of theprlntheads, which a”OV‘{ed, |.nkj.et printers tq be more pracucal
average flow field. The ejection cycle period is 50f@s, and consists because of reduced reliability issues [1]. Since the mid-1980's
of four primary phases: infusion, inversion, ejection andrelaxation.  inkjet printers have been continually improved in quality and
During infusion, the actuator plate is deflected downward creating  reliability, while being reduced in price. According to Kamisuki

a low pressure that draws fluid into the inkjet cavity through the L ; 0 :
orifice and pulls the meniscus into the cavity through the nozzle. ;;Létz]’ inkjet printers occupy 65% of the consumer printer

The meniscus grows, begins to decrease in size, and then deform )
in shape, becoming inverted for approximately 6us. The meniscus A recent market study published by the Network of Excel-
exits the cavity through the nozzle during droplet ejection. During lence in Multifunctional Microsystems (NEXUS) reported that

relaxation, the flow undergoes viscously-damped oscillations, and the 1996 worldwide inkjet printer head market was 100 million
reaches equilibrium before the next ejection cycle begins. [453] units, with total sales of $4.4 billion. They projected that the
Index Terms—inkjet, microfluidics, particle image velocimetry, 2002 worldwide inkjet printer head market would be 500 mil-

PIV. lion units, with total sales of $10.0 billion [3].
The trend in inkjet printer technology is to increase printing
I. INTRODUCTION quality and speed by: 1) reducing droplet size; 2) increasing the

] ] __number of channels per head; 3) increasing ejection rates; and
T HE purpose of this paper is to extend the analysis of inkig§ reducing problems such as crosstalk between channels and
printheads by using an epi-fluorescent microscope to Megye|jite droplets [3], [4]. The quality of the ejection droplets is
sure the evolution of the meniscus inside the inkjet, and use gjpsely related to printing quality. In most situations, it is de-
crometer resolution particle image velocimetry (PIV) to meagyap|e to reduce droplet size, improve droplet consistency, and
sure detailed flow fields inside a SEAJet (static electricity actigiminate satellite droplets. Novel design concepts such as the
ator InkJET) nozzle, which is manufactured by the Seiko EpsQfttyal chamber neck can significantly improve droplet quality
Corporation, Matsumoto, Japan. The results of these measyeliminating satellite droplets [5].
ments show the e_:volution _of the flow field and its coupling to" | 1994, the state-of-the-art for inkjet technology was about
the meniscus during the ejection process. 50—128 channels per head, with repetition rates of 3—6 kHz, and
a resolution of 300-600 dpi [1]. This has been substantially im-
Manuscript received June 4, 1999; revised October 29, 1999. An earlier vproved in the past several years. Tlexmark 7000nkjet printer

sion of this paper appeared in the ASME Symposium on MicroFluidics, Intefyas introduced in 1998. It has 400 channels per head, with a rep-
national Mechanical Engineering Congress and Exposition. This work was s

up:, . .
ported by M. Hosokawa and M. Atobe, Seiko Epson Corporation, Matsumoéi,mon rate of 10 kHZ! and a resolution of 1200 dp|. [6] .
Japan. This work was supported in part by the Defense Advanced Researc\ long-term design goal would be to develop inkjet print-

Projects Agency under Grant F33615-98-1-2853. Subject Editor, W. N. Sharpgads with 2500 nozzles per color at a resolution of 300 dpi.
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B. Computational and Experimental Analysis of Inkjets C. Diagnostic Techniques for Microfluidics

Most of the analysis of fluid flow inside inkjet nozzles has During the past several years, a variety of techniques have
been limited to computational fluid dynamics (CFD) simulaemerged to measure flow fields in microfluidic devices. An
tions. The CFD packagd OW-3Ddeveloped by Flow Sciencesoverview of these techniques is given by Meinhetrtal. [9].

Inc., Los Alamos, NM, has been used for inkjet analysis by Ehese techniques include X-ray micro-imaging [10], optical
significant number companies. Lexmark International Inc., Ledoppler tomography (ODT) [11], caged fluorescent streak
ington, KY, used=LOW-3Dto aid in the design of the 1200-dpivelocimetry [12], particle streak velocimetry [13], and microm-
Lexmark 7000The CFD simulations provided information thatter resolution PIV [14],[15].

allowed engineers to determine what manufacturing tolerancessince the characteristic diameter of many inkjet nozzles are
were required to align printing dots to within 12,6n on a approximately 30-6@m and the duration of droplet ejections
printed page [6]. are approximately 10-2s, fully resolved measurements of the

Flow fields inside inkjet nozzles are difficult to simulate usinglow field inside an inkjet nozzle require spatial resolutions of
CFDbecause ofthe complexboundary conditions associated vt 0,.m and temporal resolutions of 245. Most of the above
the problem. Forinstance, itis difficultto properly modelthe inkjediagnostic techniques have spatial resolutions ranging between
forcing mechanism. For thermal inkjets, the rate of heating a@@-50 zm, with the exception of the micro PIV techniques,
cooling of the fluid is related directly to the expansion and cowhich have spatial resolutions ranging between 0.9#6199].
lapse of the evaporation bubble, which controls the displacement he only technique listed above that has a sufficient tem-
of the fluid within the cavity. In the Lexmark example, engineer@0ral resolution for measuring inkjet flows is the micro PIV
modeled the actuation of the evaporation bubble using an interfgghnique described by Meinhaet al. [15]. This technique
code to predict the pressure field as a function of time, which wHEES @ set of two pulsed Nd: YAG lasers, to illuminate flow
a forcing condition for the CFD simulation [6]. For nonthermaﬁraCIng fluorescent particles. The t|mejsequenc_ed pamcle
inkjets, such as the SEAJet, the motion of the actuator plate miagyes are recorded by a 1_030[300>< 12 bit cooled mterl_me

. . S : transfer CCD camera, which can record back-to-back images

be modeled accurately [2]. Since this motion is complicated and., - L
. o . within 500 ns. The limitation of the CCD camera to record two

notwellunderstood,|twouldbedn‘hculttoaccuraterS|muIateth(cgzonsecutive images, combined with the duration of the laser

flow in this type of device.

here h b . f . | techni ulses, determines the temporal resolution of the technique
There have been a variety of experimental techniques useitg 6 time required to obtain a velocity measurement). The
examine the performance of inkjets. Poon and Lee [7] use

X i eqnporal resolution of this micro-PIV technique is limited to
phase Doppler particle analyzer (PDPA) to determine the effeéao ns, which is sufficient for analysis of most inkjets.
of crosstalk between adjacent nozzles, by measuring droplet size

and velocity 4 mm away from the nozzle. They also used an
optical vibrometer to measure the direction of motion of the Il. EXPERIMENTAL SETUP
meniscus inside the nozzle. The results showed that VariationZ%nSEAJet Nozzles
drop volume were directly related to oscillations of the menisc
caused by crosstalk. The printhead used in the current experiments is a SEAJet
Tsenget al.[5] used an LED, a microscope, and a charge-coprinthead [2]. The printhead is 10.9¢ 9.03 x 2.10 mm and
pled device (CCD) camera to record images of droplets with @axcomposed of three primary layers: a 10@-thick (100) sil-
approximate exposure time of 13 at a frequency of 1 kHz. icon substrate and two 1-mm-thick Pyrex glass cover plates (see
The system allowed them to measure approximate droplet sig@. 1). The glass cover plates are anodically bonded to the top
velocity, and number of droplets per ejection. They measuradd bottom of the silicon wafer. Inkjet components such as noz-
droplets ranging in size of 30—7@m with velocities of 4.4-12 zles, pressure plates, ink supply orifices, and ink cavities are
ms~L. Their technique is useful for analyzing the droplet chamicromachined directly into the silicon substrate using thermal
acteristics of many different types of inkjet nozzles. oxidation and wet etching. Forming the bottom of the ink cavity
Since bubble dynamics in thermal inkjets is closely assod$ the pressure plate, which is a A8-thick layer of silicon.
ated with droplet volume and velocity, it is important to undeffhe entrance of the cavity consists of an ink supply reservoir and
stand the evolution of the bubble during nucleation, growth, awdifices that restrict fluid motion through viscous resistance. A
collapse. Tsuchiet al.[8] measured the evolution of the bubbles-;:m-wide (on the top) and 45m-deep triangle-shaped nozzle
inside an inkjet cavity by measuring the acoustic emission (AE) etched at the cavity exit. An electrode is formed under the
wave generated by the vapor bubble. Their results showed thegssure plate by depositing a Qufr-thick ITO film. By ap-
for the first 0.5.s after the heater was activated, many smablying a voltage across the electrode and pressure plate, an elec-
bubbles began to nucleate. Aroungdd, the small bubbles begantrostatic force is generated, which deflects the pressure plate and
to combine into a single bubble. The single bubble continuéaduces fluid motion [2].
to grow for about 8:s before shrinking and finally collapsing Fig. 1 illustrates the working mechanism of the SEAJet print-
around 2Qus. The bubble reappeared and then quickly collapsidad. Fig. 1(a) shows the static condition of the printhead, when
again around 2&s. The AE measurements showed that as tlilee pressure plate is undeflected and there is no ink motion
bubble collapsed, it had a higher pressure than when it nuckgthin the nozzle or the cavity. A voltage is applied across the
ated. This high pressure could potentially damage the heatiglgctrode and pressure plate, producing an electrostatic force
element in the inkjet. that deflects the pressure plate [see Fig. 1(b)]. The deflecting
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Fig. 2. Experimental apparatus. A drive board circuit is used to drive the

SEAJet head. A counting circuit, pulse/delay generator and waveform generator

are used to synchronize the PIV system and the drop ejection process. A
. . . . dopbled pulsed Nd:YAG laser is used to illuminate pm-diameter flow

Fig. 1. Structure and working mechanism of the SEAJet printhead (adap{?éﬁing particles and the images are captured with a cooled interline transfer

from Kamisuki et al. [2]). (a) Equilibrium position of pressure plate. (b) ccp camera.

Deflected position of pressure plate when a 38-V potential is applied between

the pressure plate and the electrode. (c) Equilibrium position of pressure plate

as a drop is ejected through the nozzle, after the voltage across the platg ig L L. .
reduced to zero. (d) Top view of the SEAJet. The 208 x 175 um box ﬁ]ﬁ = 0.6, 40x objectlve lens was posmoned d'reCtly below

shows the size and position of the measurement domain. the inkjet nozzle. A long working distance objective lens was
required to image through the 1-mm-thick cover glass into the
inkjet. The adjustable collar on the objective lens was required

plate pulls ink into the cavity from the reservoir through the ory compensate for optical aberrations between the glass/water

fice and pulls the meniscus into the cavity through the nOZle%terface. The object plane (i.e., the measurement plane) was

When the voltage is reduced to zero, the pressure plate is r?écisely positioned relative to the inkjet by moving the objec-

leased from the electrode and begins to vibrate about its et{fu- . . - )
ive lens vertically in thez-direction and by moving the stage

librium position inducing complex fluid motion. Fig. 1(c) shows_ . : L
. Y - ; orizontally in thex- andy-directions.
the pressure plate at its equilibrium position while a droplet is . . .
In PIV, velocity measurements are estimated by measuring

being ejected from the nozzle. . s
. . e local displacement of particle images recorded at two known
For the current experiments, the SEAJet was electrlcaﬁs( - N -
driven by a train of 2-kHz 38-V square wave bulses that wa stances in time. As shown in Fig. 2, light from a set of pulsed
y 4 P d:YAG lasers is expanded and introduced into an epi-fluores-

applied across the pressure plate and electrode. Each P&t attachment of an inverted microscope. The light is reflected

had a duration of 3:s and a period of 50@s. The square . = I
wave pulses from the driving board were sent to the inkj?y a prism and relayed throughfaA = 0.6, 40x objective

. . 2 . : ens into the inkjet cavity. Fluorescently dyed 700-nm-diam-
printhead and to a counting circuit, which triggered awaveforg}er flow-tracing polystyrene particles absorb the green=(
generator and a pulse generator that fired the Nd:YAG las g Polysty P 9

el ; ; o F ; )
and sequenced the CCD camera (see Fig. 2). 53 nm) laser light and emit red\(~ 560 nm) light. The fluo

rescent light is imaged by the objective lens and passed through

Even though flow transients due to inkjet startup 0CCUhe epi-fluorescent filter cube, where green light from back-

du_nng normal printing opergtmn_s, the experiments rgpqrted g']rr]ound reflections is removed. The red light is focused by a relay
this paper were reference (i.e., timhe- 0) from the beginning

of the 25th square wave pulse. This provided a more consistlenr{S onto a cooled 1030 1300x 12 bit interline transfer CCD
qual pulse. P . . Camera. A cooled CCD camera is required to record the low
flow for analysis by eliminating flow transients resultlngIi

L o ght levels emitted by the fluorescent particles. The interline
from inkjet startup, and produced flow conditions that Welkansfer feature allows back-to-back recording of two images
repeatable from cycle to cycle. . : . .

with a time delay of 500 ns [15]. The duration of a single laser
_ ) light pulse combined with the decay time of the fluorescent dye
B. Flow Diagnostic System was on the order of 5-10 ns, thereby freezing the motion of the
Fig. 2 is a schematic of the PIV measurement system usegurticles. The time delagx¢t between two successive exposures
this study. The printhead is mounted on a movabig stage on was chosen to be 2 and.s, depending upon the characteristic
an epi-fluorescent inverted microscope. A numerical apertuselocity.

1220 um 480 um

10007

1 75um Measurement domain
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Deionized water seeded with 700-nm-diameter fluoresce 0 m
polystyrene particles was introduced into the inkjet printhe:
reservoir through a Plexiglass manifold. The inkjet was fille!®*!
by using high pressure to force fluid into the inkjet and remo\
the air bubbles. The printhead was mounted upside down, sot
the inkjet cavity could be imaged through its upper glass pls
by the inverted microscope (see Fig. 2).

The resulting fluorescent images were used to determine
structure of the flow field inside the inkjet by measuring instar
taneous positions of the meniscus and instantaneous velo
fields. Since the measurements were repeatable from cycle
cycle, the instantaneous measurements could be phase aver
to determine the evolution of the flow structure throughout tt
ejection cycle.

The velocity measurements were obtained in a two—dime
sional (2-D) plane centered;/m inside the cavity with a mea-
surement depth of approximately 8—Lfh. The measurement
depth was estimated as twice the distance from the object pl:
in which a particle becomes sufficiently unfocused so that itr
longer contributes to the correlation function. The measureme
depth depends on several factors, and is related to the deptl
field of the objective lens [16].

C. Flow Tracing Particles

Since the velocity of the fluid is estimated by measuring tt
velocity of flow tracing particles, the accuracy of the measur
ments is ultimately limited by the fidelity in which the particles
follow the flow. Assuming Stokes’ drag, the difference betwee
the particle and fluid velocities can be estimated by

v
v = 2ol o
18pv
wherev is the particle velocityu is the velocity of the fluidg
represents the total time derivative of the particle velocity, and

p andv are the density and kinematic viscosity of the fluid, reFig- 3. An example of one pair of imagea{ = 2 1.s). Image (a) was taken
tt = 5 us, and image (b) at = 7 us. Particles within the three boxes

. . . al
Sfpec’[lvely' The SUbSC”mrepresems the p“?peft'es Of_ th_e P&lgemonstrate that the flow is toward the cavity. At each time, three velocities
ticle [17]. The largest measured acceleration in the inkjet waspositions A1, A2, and A3, and B1, B2, and B3 are measured and averaged.

7.0 E +5 ms 2. Using polystyrene particles in water, whichrhese average velocities are plotted against time for one ejection cycle in Fig. 4.
have a specific gravity of,/p = 1.055, and assuming a kine-

matic viscosity ot = 1.006 E — 6 m*s™*, a 700-nm-diameter  geven hundred nanometer diameter particles were chosen be-
particle will slip a maximum of 0.02 mrs. With a full scale V€- cause they were large enough to emit a sufficient amount of flu-
locity of, say, 2 ms*, the maximum full-scale error due t0 slipgrescent light so that they could be imaged using the optical
is approximately 1% FS. The slip velocity is, of course, mucdystem shown in Fig. 2. Smaller particles would be more desir-
lower throughout most of the nozzle where the local flow fieldple, because the 700-nm-diameter particles were about 1/85th

acceleration is much lower. _ the size of the characteristic nozzle widt60 xm). Further
_ Following Santiaget al. [14], the error due to Brownian mo- jncreases in particle size beyond 700-nm diameter would intro-
tion can be written as duce errors resulting from particle/wall interactions. Generally,
<32>1/2 1 2D velocity measurements within approximately 2-5 particle diam-
8= Ar T uV Ar (2) eters pf the wall may be inaccurate because of particle/wall in-
teractions.

wheres? is the random mean square particle displacement as-
sociated with Brownian motion]) is the Brownian diffusion
coefficient, andv is the characteristic velocity. Using a char-
acteristic velocity ofu = 1 ms™* and a characteristic time A typical pair of PIV images taken at timg¢s= 5 s and
delay of At = 2 ps, the error due to Brownian motion of at = 7 us is shown in Fig. 3. The particle concentration must
700-nm-diameter patrticle is less than 0.1%. This indicates thm chosen judiciously so that there is a sufficient number of par-
significantly smaller particles could be used without increasirtigle images for reliable signal in the PIV measurements without
error due to Brownian motion beyond acceptable levels. providing too much background noise. The three boxes in Fig. 3

Ill. RESULTS
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Fig. 4. The phased averaged axigldomponent) velocity profiles for spatial , . e P . .
positions A and B. At each instance in time, the velocities at positionsAandtB_ ?8 ps. Att = 65 ps, liquid OFCUP'eS position B and
are averaged over three measurement points A1, A2, and A3, and B1, B2, ¥&JOoCity measurements can be obtained. The flow at B decel-

B3, respectively (see Fig. 3). The velocity at each pointis measured at aknogitates at-2.1 E + 5 ms—2 from a maximum of 5.25 mst
time during many ejection cycles and phased-averaged to estimate the velogity, . x 1 -

profile. For reference, the electronic drive pulse is repeated every:50and 5% = 62 _/“LS to a minimum Qf 2.75 ms at_t - 1_00 HS.
has a duration of 32s. (a) Velocity profile showing the entire ejection cycle The magnitude of the flow field decays as it oscillates four

from ti_met = 0-500 ps. (b) Velocity prqfile showing details of thefusion  more times with periods ranging between 75-1@0 Images
inversion andejectionprocesses during timés= 0-150 y:s. of the meniscus were taken at;- intervals during the first
62 us of the ejection cycle. The duration of each exposure

depict recognizable groups of particles. From visual inspectisras approximately 5-10 ns, which accounts for the 5-ns
of the boxes, one can deduce that there is motion of the fluid irdaration of the Nd : YAG laser pulse and the decay time of the
the cavity during the 2¢+s delay between Fig. 3(a) and (b). Influorescence. Cycle-to-cycle repeatability of the experiment
order to characterize the bulk movement of the flow, two chawas tested by comparing images that were recorded at the
acteristic velocities are estimated by averaging the velocity same phase from two different cycles. The images appeared to
points Al, A2, and A3 (denoted as position A), and at pointse nearly identical, indicating that the experiment was highly
B1, B2, and B3 (denoted as position B). Position A was chosegpeatable between cycles.
as a characteristic position because that position is occupied byt every 2 s, the location of the meniscus was determined
liquid throughout the entire ejection cycle, allowing velocitypy carefully tracing the liquid/air interface. These traces were
measurements to be obtained at all times during the cycle. Fleen superposed on each other to show the evolution of the
sition B was chosen because it is closer to the nozzle entrameeniscus. Fig. 5 shows the meniscus at tithes 10-32 us.
and provides velocity measurements throughout the cycle, &he meniscus grows as fluid is drawn into the cavity during
cept between time20 < t < 65 usS. In general, the profiles of timest = 0-28 s, which corresponds to the negative velocity
A and B are roughly similar with B having a larger amplitudeshown in Fig. 4. During this period, the meniscus is roughly el-
Since the flow is periodic between ejection cycles, the instantagtically shaped, with significant curvature at the center of the
neous velocity fields can be phase averaged to form an estimadezle. Front = 28-32 us, the meniscus remains roughly con-
of the temporal evolution of the flow. The temporal evolutiostant, corresponding to the large acceleration and near zero ve-
of velocities at positions A and B are shown in Fig. 4. Fig. 4(ddcity exhibited in the velocity profile (see Figs. 4 and 5).
shows the entire 500s ejection cycle. Fig. 4(b) shows the ve- During timet = 34-62 us, the meniscus displays com-
locity profiles during the actual ejectiof & ¢ < 150 us). plicated motion before it is pushed out of the inkjet cavity

During the first 27us of the cycle, the velocity starts at zeradhrough the nozzle [see Fig. 6(a)—(d)]. From its maximum
and becomes increasingly negative, reaching a minimum valugsition, the meniscus retraces itself and decreases in size
of —2 ms™L. This corresponds to the pressure plate deflectimtyringt = 34—40 us, corresponding to a local maximum in
downward drawing in fluid from the nozzle and reservoithe velocity profile. Due to the complicated flow dynamics,
The fluid then accelerates from2 ms™! to approximately spatial variations in the flow field, and a nonuniform pressure
+0.75 ms! over a period of-4 ps. This corresponds to andistribution, the center of the meniscus shape becomes inverted
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Fig. 6. Micrographs showing the complex motion of the meniscus as it decreases from a maximum size and is ejected through the nozzle. The mensgscus posit
are shown at 2¢s intervals. (a) Meniscus positions from times: 3462 p s. (b) Meniscus positions as it is decaying from times 34—44 yus. (c) Meniscus
positions during times = 44-52 ps. (d) Meniscus positions just before being ejected through the nozzle duringttimé2—62 ps.

duringt = 4248 us, which can be observed as a dip in th8ow field reversal can be observed in Fig. 7(c} at 85 us. At
velocity profile. The meniscus inversion disappears completelyis instant in time, flow in the middle of the nozzle is moving
by ¢t = 50 ups. The meniscus becomes pointed a4 and out of the cavity, while the flow near the edges of the nozzle is
is then flattened and pushed out of the cavity during timesoving into the cavity. This variation in the flow through the
58-62 us, corresponding to the maximum in the velocitynozzle may contribute to the formation of nonuniform droplets.
profile. The droplet ejection occurs when after meniscus exBy timet = 90 us, the flow has completely reversed [Fig. 7(d)].
the nozzle at = 62 us and before the velocity becomes
negative at = 88 us.

Instantaneous velocity vector fields resulting from the PIV IV. DISCUSSION
measurements are shown in Fig. 7(a)—(d) for times75, 80,
85, and90 iis. The spatial resolution of the measurements, basedsince the measurement plane is centered inside the inkjet
upon the size of the first interrogation window when projectechvity at approximately Zm from the planar coverslip, the flow
back into the flow, was 8.16m x 22 .:m, in thez- andy-direc- at the measurement plane is nearly 2-D and does not exhibit a
tions, respectively. By overlapping the interrogation windowsignificant amount of out-of-plane motion. At positions farther
by 50%, the velocity vector spacing wag#h x 11 m, in the away from the wall, one would expect the flow field to have a
«- andy-directions, respectively. similar behavior to the current measurements, but with signifi-

The vector field in Fig. 7(a), at time = 75 us, shows the cantly more out-of-plane motion and perhaps larger variations
flow moving out of the nozzle during droplet ejection. The flown velocity.
velocity is a maximum near the center of the nozzle and de-The velocity profiles shown in Fig. 4 are highly transient,
creases close to zero away from the center line. The velocitywith velocity values changing significantly over time periods
the fluid in the nozzle reaches a maximum velocity of 8 s as short as a few microseconds and with accelerations on the
corresponding to a Reynolds number based on nozzle widthasfler of 70 000 g. Due to this highly transient behavior, the small
Re = 500. At time ¢t = 80 us, the flow field is still directed scale deviations in the velocity profiles, shown in Fig. 4(b), most
out of the cavity, but is lower in magnitude [see Fig. 7(b)]. Thikely result from random variations in the experiment.
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Fig. 7. Velocity vector fields showing the flow structure near the nozzle during and immediately following fluid ejection. The velocity fieldasurethasing
micron resolution PIV. The spatial resolution (defined by the size of the first interrogation window) ig 2622 .m in thez- andy-directions, respectively.
(a) Velocity field at timet = 75 ps shows fluid being ejected through the nozzle. (b) Velocity field at tirre80 1 s shows the flow rate decreasing. (c) Velocity
field at timet = 85 s shows the initial stages of flow reversal. (d) Velocity field at time 90 ©s shows complete flow reversal after fluid ejection.

Following the observations resulting from Figs. 4—7, four disguick reversal. If a clean break does not occur between the
tinct regimes of the ejection cycle can be identifigdfusion primary droplet and the fluid in the nozzle, satellite droplets
inversion ejection andrelaxation The first regimejnfusion occur. Fig. 7(c) shows that the flow near the edges of the nozzle
occurs from timeg = 0-28 us. During infusion, the pressureis reversed, the flow near the center of the nozzle is still moving
plate is deflected, pulling fluid into the cavity through the orificeut of the cavity. This spatial variation of the flow in the nozzle
and pulling the meniscus into the cavity. The meniscus size is@antributes to the formation of nonuniform droplets.
maximum at the end of thiafusionregime. The meniscus de- The flow exhibits several decaying oscillations duringre
creases in size, and then becomes inverted duringptieesion laxation regime. These oscillations are caused by the residual
regime, at timeg = 4248 ;s. During this regime, the pressuremotion of the pressure plate, coupled with the inertia of the fluid
plate is released from the electrode and begins moving backitothe cavity, and the resistance of the flow through the orifice
wards equilibrium. The inflow from the orifice impacts on thend the meniscus. In principle, the duration of the oscillations
center of the meniscus, creating the inversion. Surface tensiogat be reduced by increasing the viscosity of the fluid in the
the interface tries to minimize the surface area of the meniscuayity.
removing the inversion by = 50 us. The trend for inkjet technology is to increase the repetition

During the ejectionregime, at times = 62-88 us, the rate of the inkjet. The current experiments were run at a repe-
velocity inside the nozzle reaches a maximum of 8- dn tition rate of 2 kHz (i.e., a period of 500s). From Fig. 4(a),
terms of droplet quality, this is a critical regime. Ideally, th¢he relaxation regime gradually decreases, but still has a finite
flow should have a sharp pulse of high velocity and then\alue at timet = 325 us. If the desired repetition rate is, say,
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5 kHz, then the ejection and relaxation regimes must be sig-
nificantly reduced. The relaxation regime should finish by time
t < 150 us, to avoid contamination of subsequent pulses. One
way to decrease the time scale of the ejection cycle is to reduc
the length scale of the inkjet. The period of the relaxation regime
can be decreased by increasing the thickness and/or decreasing
the lateral size of the pressure plate. [
One potential method for improving ejection quality is to
modify the nozzle shape. The current inkjet nozzle is fabricated,
by anisotropically etched (100) silicon [2]. Subsequently, there
is little control on nozzle shape with this fabrication process.
Fig. 7(c) shows that the flow does not reverse uniformly in
the nozzle. Potentially, flow reversal could be more distinct by
modifying the surface coating of the nozzle. This would alter [4]
the fluid boundary condition inside the nozzle, and may pro-
duce a more uniform flow reversal. The effectiveness of dif- [5]
ferent surface coatings can be evaluated using the micro PIV
technique. (6]
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(3]

V. CONCLUSIONS (8l

Micrometer resolution PIV has been used for the first time
to measure the instantaneous flow structure inside a comif]
mercially available inkjet printhead. The technique was used
to measure instantaneous velocity vector fields at approxi-
mately 1000 points inside the inkjet cavity and the instan{10]
taneous shape of the meniscus. The spatial resolution of the
PIV measurements, based upon the size of the first interroga-
tion window when projected back into the flow, was 8%  [11]
x 22 pm. By overlapping the interrogation windows by 50%,
the velocity vector spacing was 4m x 11 um. The thick-  [12]
ness of the measurement plane was estimated to be about
8-10 xm and centered about jm inside the inkjet cavity.

K . ) [13]
The time delay between the two image exposures (i.e., tem-
poral resolution) ranged betweeht = 2-5 us, depending [14]
upon the characteristic flow velocity.

The flow field and meniscus shapes in the nozzle were showp s
to be periodic from cycle to cycle. The flow near the nozzle is
characterized by large accelerations with a maximurn Bf++
5 ms~2 (i.e., 70000 g), which occurs immediately after the
meniscus reaches a maximum size at the time28 uis. The ve-
locity of the fluid in the nozzle reaches a maximum of 8 s
This corresponds to a Reynolds number based on nozzle width
of Re = 500.

Four distinct regions of the ejection cycle have been identi-
fied: infusion inversion ejection andrelaxation During infu-
sion, the inkjet pressure plate is deflected downward, drawi
the meniscus into the cavity during the first 28 of the ejection
cycle. The meniscus maintains a constant shape during tin
28-32us. The meniscus then retraces itself and decreases
size during times 34—-40s. Due to the complicated inkjet flow
dynamics, spatial variations in the flow field, and a nonunifort
pressure distribution, the center of the meniscus shape beco
inverted during times 42—-48s. The meniscus inversion disap-
pears completely by time 50s, and is pushed out of the cavity
during times 58—62:s, just before droplet ejection.

[16]

(17]
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