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Abstract

This study describes the experimental evaluation 
multiple-jet printhead concept in which the dro
charging process is controlled by utilization of an int
channel crosstalk compensation method. The cross
is first measured in a noncompensated setup with e
pairs of jets and electrodes. From these data the c
pensation is computed and implemented, and then
effect on the crosstalk is measured. Although the rem
ing drop-charge error does not quite meet the requ
ments, it is concluded that with a few improvements 
should be possible.

Introduction

The development of relatively inexpensive power
personal computers and high-resolution color moni
increases the demand for high-quality color hardc
output. Continuous ink-jet technology contends succ
fully among the modern nonimpact printing techno
gies in terms of high-quality color output, but curre
implementations are ranked in the medium to low ra
in terms of print speed.

In the Hertz continuous ink-jet technology hig
speed continuous jets are on–off controlled by electr
signals, as shown in Figure 1. The ink jet issues from 
nozzle and breaks up into drops at its “point of drop 
mation,” which is situated close to the control electro
C. When a signal voltage different from the ink-jet p
tential is applied to the control electrode, the form
drops become electrically charged. The charged d
will be deflected by the electrical field generated betw
the deflection electrodes D and caught by the knife edg
K (off-state). Uncharged drops, which are generated
applying a signal voltage equal to the ink potentia
the control electrode, will pass unaffected through 
deflection field and reach the printing surfaceR
(on-state).
70—Recent Progress in Ink-Jet Technologies
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Figure 1. Electrode system for on-off modulation of conti
ous jets. The jet breaks up into drops near the charge e
trode C. Charged drops are deflected by the electrodes D
intercepted by the catcher K. Uncharged drops pass the cat
and deposit on the drum surface R.

With one jet/color (magenta, yellow, cyan, a
black) and jet speeds around 50 m/sec, a printer im
menting the above described method needs abou
min to print an A4 page. An increase of the jet spee
reduce the print time can give only a marginal impro
ment before it will lead to an unacceptable degrada
of the print quality. To increase the print speed subs
tially without degradation of the print quality, it is ne
essary to design a printhead with multiple jets/color
compact printhead with tight spacing between ink
channels raises the question of how to provide relia
control so that all the drops formed by the different j
are assigned correct drop charge.2,3 The solution to this
problem, used in the experiments presented in this st
is to use an open-face charge electrode structure
allows for interchannel crosstalk, combined with an e
tronic compensation circuit. This solution has been 
cussed theoretically in an earlier publication.4 Figure 2
shows the model used to compute the lookup table im
mented in the compensation circuit EX. The charge QX,
which is induced on the jet JX of the x-th channel, is equa
to the sum of the products between the potential Vi of
the charge electrode of the i-th channel and the capa
itance Ci between said charge electrode and the jet JX.
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Qx = Ci∑ Vi = CxVx + Ci
i≠ X
∑ Vi (1)

The charge induced on JX from neighboring chan
nels diminishes with the distance from channel X. This
makes it possible to truncate Eq. 1 without considera
changing its outcome. A truncation to five channels
shown in Figure 2, limits the computation of the co
pensation voltage VX(I) to the 32 states that the five b
nary inputs can generate.

Figure 2. System model used to compute the compens
table implemented in the circuits Ex

V(0) V(1) V(2) V(3)
V(4) V(5) V(6) V(7)
V(8) V(9) V(10) V(11)

Vx(I)= V (12) V(13) V(14) V(15)   (2)
V(16) V(17) V(18) V(19)
V(20) V(21) V(22) V(23)
V(24) V(25) V(26) V(27)
V(28) V(29) V(30) V(31)

The index I, which denotes the different states,
computed as

I = 24 ZX−2 + 23 ZX−1 + 22 ZX + 21 ZX+1 + 20 ZX+2 , (3)

where Zi has the value 1 if channel i  is in the off-state
and the value 0 if channel i  is in the on-state. An itera
tive method, implemented in a computer program, w
used to compute the compensation table Vx(I). Experi-
ments have shown that the compensation table ca
expressed as

VX(I) = A • ZX - 2-B • ZX - 1 +C • ZX-B • ZX + 1 +A • ZX + 2,
(4)

where A, B. and C are positive constants depending
the capacitances resulting from the geometry of and
distances between jets and charge electrodes. At 
glance one would expect that the nearest-neighbor te
(X ± 1) and the second-nearest-neighbor terms (X ± 2) in
Eq. 4 both had negative signs and not opposite si
The explanation of this could be found in that a tran
tion of the second-nearest neighbor from its on-stat
its off-state changes not only the voltage on the cha
electrode of channel X, but also the voltage on the char
ly
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electrode of the nearest neighbor, and because the 
age applied to the charge electrode of the nearest ne
bor is negative, the net result of the crosstalk from 
nearest neighbor and the second-nearest neighbor is 
pensated by a positive voltage on channel X.4

Method
A nozzle fabricated by silicon micromachining met

ods5 was used in the experiments. Figure 3 shows
nozzle geometry seen from the jet exit side. The no
contains eight orifices, each with a diameter of 12 µm,
aligned with a 500-µm spacing. A fluid consisting of 80%
water and 20% glycerine was forced through the orifi
at a pressure of about 10 MPa, resulting in a jet velo
of about 25 m/sec. Figure 4 shows a photograph of
eight jets.

The charge electrodes are screen printed with a 
ductive paint onto an electrically isolated flat structu
to create strips 200 m wide and with a spacing of 5
µm (see Figure 5). A via connects the charge electr
to a contact pad on the opposite side.

To ensure correct compensation for channels a
ther end of the array without having to calculate spe
compensation tables for these channels, two dum
charge electrodes with active compensation are ad
to each side of the array (see Figure 6). These dum
channels do not have any jets, and their digital inp
are set to zero.

Figure 3. Simplified sketch giving the geometry of the silic
micromachined inkjet nozzle. Details of the conical shape
the jet outlets5 are not shown.

The electronics implementing the compensat
table are designed to provide for easy replacemen
one compensation table by another, and also to a
for noncompensated tests. The compensation weigh
B, and C (see Eq. 4) are realized by resistors, as se
Figure 7. A summing amplifier then adds the weig
from the five digital inputs into the compensated sig
that after amplification is applied to the charge electro

The nozzle is mounted onto a fixture that gives f
degrees of freedom (translation in three dimensions;
tation in two planes) to facilitate correct alignment 
the jets relative to the charge electrodes.

A fine wire mounted onto a micropositioner allow
the selection of a single jet hitting the wire (see Fig
8). This wire is coupled to an electrometer, whose ot
Chapter 2—Continuous Ink Jet —71
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lead is in electrical contact with the ink. Charged dr
hitting the wire will cause the electrometer to registe
current IX, which can be transformed into drop char
by division with the drop frequency fd.

QX= IX/fd (5)

The crosstalk compensation experiment can be
vided into three operations:
  1. alignment of jets and charge  electrodes,  and  m

surement of the noncompensated drop charge,
  2. calculation and implementation of the compensa

table, and
  3. measurement of the compensated drop charge.

Figure 4. Photograph of the eight jets emerging from the s
con nozzle (to the left, not shown). The jet velocity is 35
sec, the drop frequency is 325 kHz, and the distance bet
the jets is 500 µm.

Figure 5. The charge electrode structure is screen printed w
a conductive paint onto an electrically isolating material. T
charge electrodes at the top are connected to contact pa
the bottom.

Operation
The electronics are set to the uncompensated m

which makes it possible to set a single electrode 
potential different from zero while keeping all other ele
trodes at zero. This way the charge contribution fro
single electrode to any of the jets can be measured
acceptable alignment is reached when the charge co
butions from the nearest charge electrodes on either
of a jet are equal, and when the charge contributions f
neighboring charge electrodes measured at one sid
72—Recent Progress in Ink-Jet Technologies
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the array are equal to what can be measured at the 
end of the array. When an acceptable alignmen
reached, the charge contributions Qi from the five near-
est electrodes to a jet are recorded with the elec
meter. Because the input to the dummy charge electr
is hardwired to zero, the contribution from these ch
nels cannot be measured.

Figure 6. To enable the use of identical compensation ta
for all channels, two dummy channels without correspond
jets and with their inputs set to zero are added at each en
the array.

Figure 7. Circuit implementing the compensation table. O
amp 1 sums the contributions from the surrounding chann
and Op-amp 2 adjusts the offset.

Figure 8. The drop charge for a specific jet is measured
positioning the wire (W) so that it is hit by the jet, there
creating a closed current path through the electrometer (A



Table I. Standardized Capacitances Computed From Current Data Measured in Noncompensated Mode*

        Current (nA) Standardized capacitances

X – 2 X – 1   X X + 1  X + 2 CX – 2 CX – 1   CX CX + 1  CX + 2

Jet X = 1   —   — 1.87  0.60   0.03   —    — 1.000 0.321  0.016
Jet X = 2   —  0.57 1.77  0.57   0.06   —  0.322 1.000 0.322  0.034
Jet X = 3  0.06  0.57 1.91  0.62   0.04 0.031  0.298 1.000 0.325  0.021
Jet X = 4  0.05  0.58 2.05  0.56   0.06 0.024  0.283 1.000 0.273  0.029
Jet X = 5  0.06  0.65 1.94  0.63   0.04 0.031  0.335 1.000 0.325  0.021
Jet X = 6  0.07  0.58 1.94  0.55   0.07 0.036  0.299 1.000 0.284  0.036
Jet X = 7  0.08  0.64 1.87  0.68     — 0.043  0.342 1.000 0.364     —
Jet X = 8  0.06  0.50 1.94    —     — 0.031  0.258 1.000    —     —

*The left part of the table shows the current measured in the setup shown in Figure 8, with the electronics set in noncompensation
mode so that the potential Vref, (30 V) can be applied to a single charge electrode at a time. To the right the standardized capaci-
tances computed from these current measurements are shown.
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Operation 2
The compensation table is calculated by a compu

program that takes the standardized capacitance va
as input. These values are defined as

Çi = Ci/CX (X - 2 ≤ i ≤ X + 2) (6)

The charge contributions Qi from the five electrodes
surrounding a jet, measured in Operation 1 above, 
be expressed as CiVref (see Eq. 1), where Vref is the con-
stant potential applied to the charge electrodes in 
eration 1. This makes it possible to compute the st
dardized capacitances Çi as

Çi = Ci/CX = CiVref/CXVref = Qi/QX

(X - 2 ≤ i ≤ X + 2) (7)

from the data Qi registered by the electrometer in O
eration 1.

The compensation table is realized with the circ
shown in Figure 7. The output Vx

" of Op-amp 1 can be ex
pressed as

 Vx
"  =  – RF(UX–2/R1 +Ux

'
–1/R2 + UX/R3

    + Ux
'

+1/R2 + UX + 2/R1)  (8)

where the input voltages Ui are binary and can attai
either the value 0 or the value U. By rewriting Ui by the
following rules

Ui = U • Zi; Zi = [0,1]; Z' = 1 - Z, (9)

Eq. 8 can be stated as

Vx
"  =   –RF • U(ZX - 2/R1- ZX - 1/R2 + ZX/R3

    –ZX+1/R2 + ZX + 2/R1 + 2/R2). (10)

Identification between Eqs. 4 and 10 gives

A = -RF • U/R1,
B = -RF • U/R2,
C = -RF • U/R3.

Equation 4 evaluated for the indices 1, 2, and 4 gives

VX(l) = A,
VX(2) = -B,
VX(4) = C.
er
es

n

p-
n-

t

With R3 set to a given value, R1 and R2 can be solved
from the equations above.

R1 = VX(4)/VX(1) • R3 (11)

R2 = VX(4)/VX(2) • R3 (12)

By taking the values for VX(I) from the computer
program output and applying to Op-amp 2 an offset v
age Voffs that balances out the constant term in Eq. 
the output of the circuit in Figure 7 can, after amplific
tion, represent the compensation table and be applie
a charge electrode.

Operation 3
When the resistors representing the compensa

table are installed in the electronics it is possible to m
sure the effectiveness of the interchannel cross
compensation. This is done by measuring the drop ch
for each jet while going through the 32 input states  t
the five binary input signals of the channel can attai

Results

The left part of Table I shows the current measured w
the electrometer when a signal was applied to one 
time of the five charge electrodes nearest to each
after alignment of charge electrodes and jets. The v
ages applied to the charge electrodes were either 
(same as ink potential) or 30 V, the distance betw
jets and their corresponding charge electrodes was
µm the ink pressure was 12 atm, and the signal app
to the piezo crystal controlling the drop formation ha
frequency of 325 kHz. The data in the left part of Ta
I were used to calculate the standardized capacita
shown in the right part. From these data the stand
ized capacitances used as input to the computer prog
that calculates the compensation were derived

[ÇX-2, ÇX-1, ÇX, ÇX+1, ÇX+2]
= [0.031, 0.310, 1.000, 0.310, 0.031]. (1

Table II is the compensation table resulting from t
input. The resistors needed to implement this comp
sation table were derived by setting R3 = 10 kΩ, and by
using Eqs. 11 and 12 to calculate R2 = 31 kΩ, and R1 =
Chapter 2—Continuous Ink Jet —73
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146 kΩ. Because the resistor values of R1 and R2 were
not available, the values installed in the electronics w

[R1, R2, R3, R2, R1]
= [130kΩ, 30kΩ, 10kΩ, 30kΩ, 130kΩ]. (14)

Table III shows the current measured with the el
trometer in the 32 different states for the jets 3, 4, 5, 
6 of the array (1-8).

Table II. Compensation Table Resulting from the Computer
Calculations Using the Capacitance Values in Eq. 13 a
Input*

0.000 0.088 -0.412 -0.324
1.281 1.369 0.869 0.957

-0.412 - 0.324 - 0.823 - 0.736
VX= 0.869 0.957 0.458 0.545

0.088 0.176 -0.324 -0.236
1.369 1.457 0.957 1.045

- 0.324 - 0.236 - 0.736 - 0.648
0.957 1.045 0.545 0.633

*The format of the table is defined in Eqs. 2 and 3.

Discussion

In an ideal system the drop charge should be either 
for undeflected “print” drops, or at a sufficiently hig
value to deflect drops properly. A charge different fro
zero on “print” drops will lead to a misplacement of t
drop on the receiving medium or to the drop being 
flected enough to be caught by the knife edge. In a s
dard printhead configuration the maximum accepta
drop misplacement on the receiving medium gives a
quirement on drop charge for “print” drops less than±
2.5% of the charge on properly deflected drops.4 Table
IV shows the average and maximum charge error of
16 “print” states from the data in Table III, expressed
a percentage of the minimum charge among the 16
flected states.

One reason for the charge error not being able
meet the requirement of + 2.5% for all states is the varia
tion on the standardized capacitances for the diffe
channels, as shown in Table I, which are all represe
by the values shown in Eq. 14. This variation is due
facts like geometrical irregularities in the charge el
trode structure, imperfection in the alignment of jets a
charge electrodes, and offset and amplification variati
in the amplifiers of the different channels.

Another reason for not meeting the requiremen
the selection of resistor values for the compensation t
implementation, which had available resistor values fr
only one (1%) resistor value series. Table V shows
standardized drop charge QX that would result from an
implementation with the resistor values in Eq. 14 in
ideal system having the standardized capacitance 
ues in Eq. 13. The average error on “print” drops is 1.0
and the maximum error is 2.5%, expressed as a perce
age of the minimum charge among the 16 deflected state

Several of the reasons given above to explain w
the requirements on drop charge were not met in the
74—Recent Progress in Ink-Jet Technologies
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periments can be overcome. The design of a comp
prototype printhead where the problems discussed ab
will be corrected is currently under way.6

Table III. Current Measured with the Compensation Table
Installed*

0.04 0.09 -0.05 - 0.02
1.63 1.64 1.52 1.54

-0.01 0.04 -0.11 -0.08
I3 = 1.59 1.60 1.51 1.53

0.03 0.10 -0.02 -0.00
1.62 1.65 1.52 1.55
0.01 0.05 -0.09  -0.06
1.56 1.61 1.52 1.56

0.10 0.11 0.07 0.06
1.69 1.64 1.63 1.62
0.11 0.11 0.07 -0.07

I4 = 1.69 1.65 1.67 1.67
0.07 0.09 0.06 0.06
1.62 1.62 1.60 1.60
0.09 0.09 0.06 0.06
1.67 1.64 1.67 1.67

0.07 0.13 -0.04 -0.01
1.80 1.79 1.67 1.67

-0.01 0.04 -0.13 -0.09
I5 = 1.71 1.73 1.60 1.64

0.09 0.14 -0.01 0.02
1.78 1.82 1.66 1.69
0.00 0.05 -0.11 -0.07
1.72 1.74 1.62 1.68

0.05 0.06 0.02 0.01
1.58 1.55 1.57 1.55

-0.02 -0.01 -0.04 -0.05
I6 = 1.53 1.52 1.56 1.57

0.05 0.04 0.05 0.04
1.61 1.54 1.57 1.56

-0.01 0.00 -0.03 -0.04
1.54 1.50 1.58 1.58

*The four tables show in nanoamperes the current in the
different states for each of the jets 3, 4, 5, and 6.

Table IV. Average and Maximum Charge Error of the 16
“Print” States from the Data in Table III, Expressed as a Per-
centage of the Minimum Charge among the 16 Deflected
States

Channel
X = 3 X = 4 X = 5 X = 6

Avg error (%) 3.5 5.0 4.3 2.4
Max error (%) 7.3 6.9 8.7 4.0
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Table V. Standardized Drop Charge °x that Would Result
from an Implementation with the Resistor Values in Eq.
14 in an Ideal System Having the Standardized Capaci
tance Values in Eq. 13

0.000 0.006 -0.012 -0.007
1.015 1.020 1.002 1.008

-0.012 -0.007 -0.025 -0.019
1.002 1.008 0.990 0.995

QX =  0.006 0.012 -0.007 -0.001
1.020 1.026 1.008 1.014

-0.007 -0.001 -0.019 -0.013
1.008 1.014 0.995 1.001
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