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Introduction capable of sustaining a certain amount of pressure
with no flow occurring.

Electro-rheological fluids (ERF) that respond to direct 2. If this applied voltage is zero, the ERF ink flows
application of an electric field were first described by through the ink chamber because of decreased vis-
W. M. Winslow in 1947. The resistance to flow of this cosity. Then the ink is ejected from the nozzle.
fluid can be increased extremely by applied electric
fields. This means that a flow of ERF ink can be con-
trolled by electric fields, so the jets expelled through a
nozzle forced by an ink pressure can be generated at any
time electrically. This type of drop on demand inkjet
system was first described by Uezima in 1980. A print
head structure of this type inkjet system is so very simple
that a multinozzle print head can be manufactured eas- i
ily. Moreover the composition of this fluid is similar to  S=yg#>:
that of paint or lithographic printing ink, as ER fluid is
composed of substantial particles, oily liquid and some

active agents. Therefore, an ink jet system using high Figure 1. Schematic diagram of the print head
qguality ink will be expected, so that this inkjet system
will be applied to paintings on building walls or mark- Conditions and assumptions in the model are as fol-

ing any characters on the card board boxes, because lofvs:
using ink with color pigments and having relatively large  a. The fluid is incompressible.

nozzle diameter. b.A material of the print head is rigid, so the vol-
This paper shows theoretically that the ink volume ume in the print head does not change.

ejected from the nozzle is varied linearly according to  c.Since Reynold’s number is small, a flow in the

the off time of the voltage applied between the electrodes. print head is always laminar flow.

This characteristic is capable of reflection density modu-  d.Viscosity and specific gravity of the ERF ink do

lation by this inkjet system. not change for ejecting jet process, and equal spa

tially in the print head.
Theoretical Model of the Ink Flow
Effect of the Shearing Stress Change

Figure | shows the schematic diagram of the print head. Figure 2 shows an example of the measured sharing
The plane figure of the print head is similar to that ofstresses as a function of the share rates when the various
Kyser type print head. The printing nozzle is connectedtatic electric fields are applied to electrodes. When the
to the ink supply by a hollow passage, which consists o¢lectric field is not applied, the ERF has nature of ordi-

a channel of rectangular cross-section. A couple of elegiary Newtonian fluid and the slope of the tangent equals
trodes is placed to both upper and lower sides of the maio a static coefficient of viscosity. As the applied elec-

channel. tric field increases, the curve moves parallel upward.
The operation of the ERF ink jet breaks into two As a shear rate is slippage between adjacent layers
phases. in fluid, and shearing stress is force exerted between those

1. When a high voltage is applied between the eledayers, an effective pressure exerted on the fluidedses
trodes, the sharing stress increases so that the inkliy the increased shearing stress at the same share rate. A
force exerted on the fluid in the chanffieis

f.=2(ly +dy)l, 7(t) (1)
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DC b. After the timet,, the voltage is applied between

— 300F | T T T2 the electrodes again.
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8’ 100 _ Figure 4. The time constant measured by the experiments
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Figure 2. Shearing stress vs. shear rate for ERF with different
static electrical field

p(h

Time

Figure 4. Effective pressure exerted to ER fluid

Table I. Measured Time Constant of ERF

Electric fields [v/mm] 2.4 2.4

; Frequency [Hz] DC 50
hd ~=1, B Time constant raise  38.2  56.5
2 [ms] fall 38.2 47.1

Figure 3. Shape of ink channel and variables
Equation of Motion
To solve a motion equation for the flow in the ink An equation for relatingp(t) to force exerted in
chamberp(t) should be estimated. The pressure exerteghoving fluid toward the nozzle is
on the fluid is cancelled by the force due to the increased
shearing stress. Then the effective prespas given

12yl
p(t)A = pIpAd\(/j(tt) + I‘; Lyt A (5)
p(t) = po — 7(t) 2o+ %) 2) i
lod, where Ais a cross sectional area of the ink chamber, and

_ ) ) ) ) v is a spatial average of the fluid velocity in the cham-
In equation (2), if the right member is negative Weper, Density and viscosity of the ink gz@ndp respec-

let P(t) equal to zero. tively. The factors Ir and Im represent effective length
. of a channel having a cross sectional afedut pre-
Transaient Response of ERF senting the same inertial or viscous characteristics as the

The transient response of the shearing stress of thg,;7|e, the tapered section and parallel channel com-
ERF should be measured to obtain the funq@pfrom  pined. The first and the second term in equation (1) rep-

the equation (2). We already reported the measuring sygesent a Newton’s force of inertia and the viscous drag,
tem and experimental results of the transient respongggpecitively.

of the ERF. From those results, a time response caused

by a step change of the electric field can be approxXietfective Length

mates by an exp_onennal function. If we let an applled Since the thickness of the ink chanhgis consid-
pressure to the ink, equal to the maximum shearing graply smaller than the channel width of the parallel part

stressp(t) is given by following two equations: d,, the viscous forces on the both vertical side walls of
a. Time interval to when the voltage between thepe channel are negligible. Then, the flow through the

electrodes is zero. channel whose cross sectional area is rectangular is able
to treat as flow through two parallel plane plates. In the

p(t) :po%—eXPE-i[E 0<t<t) (3) actual print head, the ink channel has the tap(_ered and

B T, % narrow parts, those parts are converted to the viscous or
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inertial effective length, developed by Beadlefa par- (t<t)

ticular parallel ink channel that gives the same viscous

resistance to fluid flow as does the tapered or narrow _ () D
width part. Q,)=1d, 3p— ETle exp(—

: . . . T a-1g°0 Td D
The viscous effective length of the ink channel is

p

_E{l—exp(—a(t _tl)}é

1 0
_16 I, d,, Ld, . d, + =, () 1-exp(-a(t - 1))}
1 = + In—2+1, a H
g 3 E - %L’tanh md, d, d,-d, d, (11)
3 P d, 21,

(6)  Experimental and Calculated Results

The DOD inkjet system for measuring the droplet

In the tapered or narrow section, inertial force increasegolume is shown in Figure 5. The ink in the reservoir is
by Pascal'principle. Furthermore, velocity and accelera-pressurized by the pressure regulated compressed air. DC
tion inaease too. Then inertial effective length is and AC voltages are generated by the high voltage switch-

ing circuit, driving signal is generated with the controller

using v25 micro-controller code compatible to Intel 8086

L =1,+d, In i s (7)  CPU. The switching intervals and pulse width of the driv-

Bz_i —d d, IH ing signal can be set arbitrary from the ten-key board.

Droplet volume is measured from a high speed motion

Volume Expelled from the Nozzle picture, which is taken with the camera made in our labo-
We obtain the ink velocity by solving equation (5) ratory. One frame of the motion picture is digitized with
by substituting equaiton (3) and (4) respectively: the scanner, and calculates the volume with the personal

computer. As the motion picture represents only two di-
mensional images, the assumption is made that the drop-

(0<t<t) lets have a circular cross section. The experimental and
p, O1 calculated results are shown in Figure 6.

v, () === Ho—r{l— exp(-at)} Calculated results agree fairly with the experimen-
Pl tal one after the ink is ejected entirely and forms the

r
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By integrating equation (8) and (9) with respect to

t, the volume ejected from the nozzle is

(0<st<t)

Ldp, 01, 1
Q@)=L —t-—1-exp(-at) .
pl, a { } Droplet Volume Modulation

Figure 5. Experimental setup for measuring droplet volumes

LT El—{l exp (- at) -T %1 eXpD L% A dr(_)plet volume ejected from nozzle is calcu_lated ac-
T.a-1m EFT, cording to the equation (8) and (9) as a function of the
applied voltage off time. Figure 7 shows numerical re-
(10)  sults for several nozzle areas. Since the droplet volume
is proportional to the applied voltage off time, ejected
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volume can be easily controlled. Therefore reflection den- Conclusion

sity modulation night be realized in this inkjet system.
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Figure 6. Ejected droplet volume vs. electric field off time with

different nozzle aperture

288—Recent Progress in Ink-Jet Technologies

Ejected volume of the ERF inkjet system is calculated
using the model for a flow through the ink chamber. The
results show that ejected drop volume is proportional to
the electric field off time. Since it will be suitable for
industrial applications that are required high printing
guality and high UV lightfastness.
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