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[57] ABSTRACT 

An ink drop printer for correcting drop-to-drop inter 
actions by controlling the charge applied to a drop 
being formed based on the position to which the drop 
is to be de?ected on the print medium, the charge 
placed on a selected number of previously formed 
drops and the charge to be placed on a selected num 
ber of drops to be formed. 

9 Claims, 8 Drawing Figures 
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1 
INK DROP CHARGE COMPENSATION METHOD 
AND APPARATUS FOR INK DROP PRINTER 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

“Non-sequential Ink Jet Printing” Ser. No. 325,494, 
?led Jan. 22, 1973, related to the matrix scanning order 
described in this application. 

BACKGROUND OF THE INVENTION 

This invention relates to an ink drop printing apara 
tus and more particularly to improved apparatus for 
producing'more accurate drop de?ection and place 
ment on a print medium. 

In the prior art it has been known to utilize selectively 
charged ink drops to print characters. One problem 
which arises in this type of printer is distortion in the 
printed characters due to interaction between drops. 
To correct this distortion there has been tried in the 
past the use of so-called “guard” drops in which at least 
one uncharged drop is placed between each- of the 

. charged drops. This techniqueriseffective to a'certain 
extent, but the technique has the disadvantage that the 
printing process is slowed due to the unavailability of 
the uncharged drops for printing operations. Another 
technique which has been used in the prior art is to 
compensate the charge applied to a drop being formed 
based on a determination that the previous drop has 
been charged. This technique has the advantage that all 
drops are available for printing. However, this tech 
nique does not completely eliminate the distortion 
problem due to drop-to-drop interactions, particularly 
at high printing rates encountered in a line printer 
operation. ' 

SUMMARY OF THE INVENTION 

It is therefore the principle object of this invention to 
provide a method and apparatus wherein all drops can 
be used for printing accurately formed characters at 
high printing rates. ‘ 

It is another object of this invention to provide an im 
proved method and apparatus wherein the charge volt 
age for each drop is compensated for both previously 
charged drops and the charge to be placed on drops to 
be formed. , 

Brie?y, according to the invention there is provided 
an ink drop printer in which ink drops are charged ac 
cording to an information signal and de?ected for 
proper placement on'the print medium to produce the 
designated character. The appropriate charge voltage 
for each drop is generated by algebraically combining 
a positional signal de?ning a particular drop placement 
position, a signal generated in response to the charge 
placed on a predetermined number of previously 
formed drops and a signal derived from the charge to 
be placed on a selected number of drops to be formed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagrammatic schematic" view of the ink 
jet printing apparatus embodying the invention;_ 

FIG. 2 is a schematic block diagram of the charge 
voltage generator with correction according to the in 
vention; . 

FIG. 3 is a diagram showing possible ink drop place 
ment according to one matrix scanning order; 
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FIG. 4 shows a series of graphs of matrix position vs. 
error voltage for induction error correction; 
FIG. 5 shows a series of graphs of matrixv positions vs. 

error voltage for correction of ?ight errors; 
FIG. 6 is ‘a schematic block diagram of a speci?c em— 

bodiment of the control means‘utilizing digital tech 
mques; ' 

FIG. 7 is a schematic block diagram of an alternate 
embodiment of the control means using analog tech 
niques; 
FIG. 8 is a schematic block diagram of a third em 

bodiment'of the control means utilizing analog tech 
mques. ' 

DESCRIPTION OF THE PREFERRED ' 
EMBODIMENTS 

Referring to FIG. 1, there is shown an ink drop print? 
ing apparatus in accordance with the invention. This 
apparatus has an ink pressure system 10 suitably con 
nected so that ink is driven through a plurality of noz 
zles 11 at high pressure to form a plurality of jets 12 
each of which is controllable to print character's in‘two 
adjacent print positions in the print line. An' electrome 
chanical transducer 14 is provided and signal source 15 
is utilized to energize transducer 14 to vibrate the jet 
systems so that the jets break up in synchronism with 
the impressed vibration to form a series of uniform 
spaced ink drops 16. As each ink ‘drop 16 is being 
formed, a charge electrode 18 in the vicinity of the jet 
stream can be used to induce a charge on that drop. 
When breakoff of the drop occurs, the charge is 
trapped so that the drop is subject to the action of a 
subsequent electrostatic ?eld. Charging of each dropjis 
accomplished by the instantaneous value of the voltage 
produced at the instant of drop breakoff by control 
means 20. After charging, the drop is deflected by a 
?xed electrostatic field produced by de?ection means 
22 when energized by a suitable high voltage source 24. 
The amount of de?ection produced by the electrostatic 
?eld is proportional to the amount of charge that has 
been induced by the charging electrode on the drop so 

' that a control exists as to where a droplet may be 
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placed on print medium 26. The electrostatic ?eld is 
operable to produce a one-dimensional line scan to 
form line sections of a character and the transverse mo 
tion of the print medium 26 produces another dimen 
sion so that repeated line scans can generate a total 
character. In printing, many areas do not receive ink 
drops and unwanted drops are de?ected by a suitable 
charge so that they enter into sump means 28 for recir 
culation within the ink system. - 
Thus, without correction the voltage V" applied to 

the charge electrode is determined by the position to 
which the drop is to be de?ected. However, in the pres 
ent invention the voltage V" is calculated as before, but 
before being applied to the charge electrode is modi 
?ed based on whether or not the surrounding drops 
have been charged. ‘ 
A general equation for drop de?ection correction 

can be written as follows: 

w 

a: n c'mBmn V V+§ (1) 

Where ' 

Vc=Required voltage to de?ect a drop to position X; 
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V" =Nominal voltage to de?ect to position X with no 
other drops de?ected; - ' > 

Cm = 0, l, to represent the logical condition of sur 
rounding drop de?ections; - 

B,,,,, = the Mth correction term for drop N. 
This equation would be used directly if one was imple 
menting a read only memory (ROM) correction 
scheme. In this case ‘the Cm would be made mutually 
exclusive (only one could exist) and the value Bum 
would be stored at location (n, Cm =1). This would be 
a total unreduced approach‘, i.e.,'while many of the B,,,,, 
might be equal, there is no, attempt to utilize this fact. 
.The economy of ROM’s is utilized in this case. 

In the [simplest implementation, signals proportional» 
to V,, and ?xed values can be added to orsubtracted 
from V,, to yield the charge voltage. This technique 
yields a corrected signal V, of the form: 

Vc = Vn + (C-1) (A-i Vn + 3-1) + (C-2) (14-: Vn + 
_, > (2) 

+’(C+2) (A+2 V" + B+2) 
Where ' ' v 

C, = 0, 1 digital value Bit X; 
' A, = the proportional correction; 
B, = the ?xed correction. 
‘The ?rst requirement for developing a speci?c cor 

rection is that a sequential matrix scanning order be de 
fined whichidenti?es for each clock period the posi 
tion to which a drop will go if de?ected. Table 1 gives 
this sequence both in position number (ascending. 
order from the sump) and the nominal charge elec 
trode voltage for a particular matrix scanning order 
chosen for purposes of example. 

TABLE 1 

Nominal 
Clock Period Matrix Position Charge Volts 

0 l 42 
1 I6 I32 
2 9 90 
3 24 I80 
4 2 48 
5 I7 I38 
6 I0 96 
7 25 186 
8 3 54 
9 I8 144 
l0 I1 102 
ll 26 I92 
12 4 6O 
l3 I9 I50 
I4 ' I2 I08 
15 ' 27 198 
I6 5 66 
I7 20 I56 
l8 I3 I14 
19 28 v204 
20 6 72 
21 21 I62 
22 I4 I20 
23 29 210 
24 7 78 
25 22 . I68 
26 I5 I26 
27 30 2l6 
28 8 84 
29 23 I74 

FIG. 3 shows the drop location on the paper of se 
quential drops according to the matrix scanning order 
of Table l. The matrix scanning order given for pur 
poses of example is described in greater detail and 
claimed in the above-identi?ed application Ser. No. 
325,494. In this matrix scanning order, the drops issu 

20 

25 

4 
'ing sequentially from nozzle 11 are never printed adja 
cent to one another. This placement maximizes the in 
flight distance between successive ink drops thereby 
reducing drop interaction. The total print coverage of 
the head shown in the speci?c embodiment is two char 
acter positions of 30 matrix position numbers as shown 
in FIG. 1. The slight misalignment in the'printing which 
results from the non-sequential printing can be. cor 
rected by displacing the de?ection plates 22 a suf?cient 
angle ()5 with respect to the print line. 

In conjunction with the data stream, Table l de?nes 
the charge electrode voltage for each period for the 
case when an isolated drop is de?ected. When the data 
stream is a “zero” for the subject period, the charge 
electrode voltage is zero volts. When the data stream 
is a l for the‘ subject period, the charge electrode volt 
age assumes the voltage in the table (204 volts for pe 
riod 19, for example). Without correction, the data 
stream and the‘ matrix scanning order is. all that is 
needed to de?ne the charge electrode voltage. 
However, when this is done, signi?cant errors in drop 

position are encountered. These errors come from two 
primary sources. The ?rst and generally largest source 
of erroris chargeinduction. When a dropis generated 
in the presence of other charged drops, its charge is a 
function of the charge electrode voltage and the charge 

. on adjacent previously formed drops‘. The magnitude of 
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this effect is determined by several factors such as the 
charge electrode spacing, wave length-to-jet diameter 
ratio, centering in the charge electrode, etc. and FIG. 
4 represents the magnitude for the matrix scanning 
order shown in FIG. 3. The number of drops consid 
ered for the correction is determined by the print pa— 
rameters and the residual allowable error. Plotted in 
FIG. 4 is the required correction voltage to achieve the 
corrected charge on the drop versus the matrix position 
number for the drop for a'number of drops chosen to 
meet assumed error speci?cations. These correction 
voltages can be determined experimentally or by calcu 
lations from theoretical models of drop charging and 
?ight interaction. These corrections are needed 
whether or not the drop is de?ected and are linear with 
the affecting drops charge. The correction for the first 
lead (previously formed) drop and second lead drop 
are shown. For this matrix scanning order, the third 
lead drop was considered to be below the error thresh 
old so no correction is included for this drop. The er 
tors are designated as Lel El and Le2 E1. The E1 iden 
ti?es the error source as charge induction and Lel and 
Le2 refer to the ?rst lead drop and second lead drop re 
spectively. 
The second error source is ?ight interaction. In flight 

two charged drops interact through their charges (elec 
trostatic repulsion) and through the lead drop wake 
(aerodynamic drag reduction). Both of these effects 
cause errors in the landing position of a drop. However, 
in a well-chosen matrix pattern and de?ection geome 
try, these errors can also .be corrected by charge elec 
trode voltage modi?cation. The correction values for 
these interactions are shown in FIG. 5 for the chosen 
matrix scanning order. These errors are designated Le4 
E2, Le2 E2, Lel E2, Lal E2 and U12 E2. The E2 desig~ 
nates ?ight errors and the pre?x refers to the relative 
drop sequence number as Le for lead drop (previously 
formed) and La for lag (to be formed) drop. The ?ight 
corrections are needed only when the subject drop is 
de?ected. For the matrix scanning order given in the 
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example (FIG. 3) and the speci?c drop parameters and 
?ight geometry, correction for four lead and two lag 
drops are required to meet the ‘assumed error speci?ca 
tions. 
A general block diagram of control means 20 accord 

ing to the invention is shown in FIG. 2. A control means 
32 is provided to supply signals to coordinate the trans 
fer of data in the charge signal generating means with 
other circuits and components of the printing system 
such as head phasing, control of paper, ink pressure 
etc. The data to be printed is supplied by data source 
means 34 and the data is supplied on‘ a serial basis to 
data stream means 36. Clock 'pulse generating means 
38 provides a series of pulses in synchronism with ink 
drop formation. Clock pulse generating means 38, data 
stream means 36 and control circuits 32 may be pro 
vided as hard wired circuits, as a special purpose com 
Puter, or by *1 prorzerlxgwsranlisisevgal.M2229 

6 
stored in a Read Only Storage device 62. The correc 
tion provided by Read OnlyStorage device 62 corre 
sponds to the error voltage shown in FIG. 4 for induc 
tion errors and in FIG. 5 for ?ight errors for thespeci 
tied matrix position. A partial Read Only Store map is. 
‘provided in Table II to indicate the correction stored in 
Read Only Store 62 for the matrix scanning order 
shown in FIG. 3 and the correction voltages shown in 

. FIGS. 4 and 5. The primary de?ection signal and the 
combined correction signals are combined in adder 64 
to produce a digital signal indicative of the charge to be ' 
placed on the charge electrode 18 for the drop being 
formed. This signal is converted to an equivalent ana 
log signal in digital-to-analog converter 66 and this sig 
nal at terminal 68 is coupled to charge electrode 18 to 
produce the proper charge on the drop being formed 
to produce the drop de?ection for the characterspeci 
?ed by'the input data. 

TABLE 2 

PARTIAL ROS MAP 

Data Correction‘ Matrix Position 
Stream Invoked l 8 l5 . I6 30 

2 l 0—l—2—4 

0 0 0 0 0 0 None 0 0 O 0 0 
0 0 0 0 0 l None 0 0 0 O 0 
000100 >LelEl 24 29 23 5 l7 
0 0 l 0 0 l Le4E2 0 2 4 2 7 
0 01 I00 LelELEZ ' l 32 26 5 l5 ' 
0 0 l l l l LelEl,LelE2.Le2El 6 42 40 ll 30 

Le2E2,Le4E2 " 
l l 0 0 0 0 None 0 0 0 0 0 
l l l 0 0 0 LalE2,La2E2 0 3 4 2 0 

l l l l l i All 6 45 44 13 30 
Memory Contents for 
DS Matrix Position _ 

computer. A primary de?ection signal generating 
means 40. is provided to generate the primary de?ec 
tion signal substantially as shown in Table I for the se 
lected matrix scanning order. A ?rst correction signal 
generating means 44 is provided to generate an induc 
tion correction signal on line 46 and a second correc 
tion signal generating means 42 is provided to generate 
?ight correction‘signals online 48. Adder means 50 is 
provided to produce an algebraic sum of the primary 
de?ection signal on line 52, the ?ight correction signal 
on line 48 and the induction correction signal on line 
46. The output of adder means at terminal 54 is cou 
pled to the charge electrode 18 to produce the properv 
charge on the drop being formed so that the drop is de-' 
?ected for accurate placement on print medium 26 to 
produce the character speci?ed by the input data. 
An implementation of the charge signal generating 

means which utilizes digital circuits is shown in FIG. 6. 
The clock signal generating means comprises a ?ve-bit 
clock counter 56. The data stream means comprises a 
seven-bit register 58. In the embodiment shown register 
58 is a serial-in, parallel-out shiftregister which has 
data at all times for the last four drops formed (—1 to 
—4), the drop being formed (0) and the next two drops 
to be formed (+1, +2). The primary de?ection signal 
generator 60 produces a digital output corresponding 
to the de?ection signal speci?ed in Table I for the 30 
counts provided by the clock counter 56 to represent 
the matrix positions. In this embodiment the ?ight cor 
rection signal generator and the induction correction 
signal .gsnsratm are .wmbinsd and, thisiaformatiqnis 
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In FIG. 6 the primary de?ection signal generator 60 
comprises logic circuits which transform the clock 
count to a binary weighted code which corresponds to 
the voltage values required for the primary de?ection 
voltage. All the correction is generated by accessing 
the correction ROS 62. The memory address register 
66 for ROS 62 utilizes address data from two sources, 
six bits from the data stream and the ?ve bits from 
clock counter 56. At each address in ROS 62 is the cor 
rection demanded by the bit pattern from the data 
stream and the clock count. Based on the magnitudes 
of the voltages in the speci?c example disclosed, six 
bits are required to cover the total correction range and 
be directly scaled with the primary de?ection. Table 2 
shows the partial contents of ROS 62. The left hand 
column shows the data stream values and the second 
column indicates the correction segments (from FIGS. 
4 and 5) that each pattern invokes. Representative ma~ 
trix position values are shown which designate the cor 
rection value stored at the address designated by the 
clock count and the data stream. When addressed by 
the clock count and the data stream, the output of ROS 
62 assumes a primary weighted code equal to the con 
tents of that‘ address. The primary de?ection voltage in 
binary code and the correction voltage from ROS 62 
are algebraically added in adder 64 to produce a binary 
code corresponding to the corrected voltage for charge 
electrode 18. These signals are applied to DAC 66 to 
produce an analog signal which is proportional to the 
required charge voltage, and this signal is applied di- . 
rectly to the charge electrode ampli?er. 
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The'capacity of ROS 62 for the embodiment de 
scribed above is 2,048 six-bit words. One simple varia 
tion in this control circuit is to extend the capacity of 
ROS 62 to 8 bits which permits the storage of both the 
primary de?ection code and the correction code 
thereby eliminating the de?ection code generator 60 
and adder 64. A second variation of this control em 
bodiment is to break up the correction into indepen 
dent parts (segments which can be linearly summed) by 
adding a register to the adder and multiple access to the 
ROS. The corrected voltage code could be generated 
by summing the component corrections. In this case, 
the number of addressbits for the ROS would be re 
duced from II to 8 bits (5 clock count, 3 pattern), but 

‘ the complexity of the circuit would be increased and 
the time to generate the corrected voltage would be in 
creased as well. The embodiment shown in FIG. 6 is at 
tractive since the correction hardware can be multi 
plexed between many heads with an all-digital inter 
face. On' the input side the data stream for each head 
is multiplexed to the data stream input and in this case 
the data would be entered into register 58 in parallel 
instead of serially. This arrangement would also require 
a register assigned to each head to latch up the output 
of the adder by latch 65 (FIG. 6) and supply the input 
to its DAC 67'. 
The embodiment of the charge signal generating 

means shown in FIG. 7 hasthe same inputs to shift reg 
ister 58 and the primary'de?ection code generator 60 
is identical. The addressing is also accomplished by 
clock counter 56. The primary de?ection code is gen 
erated by generator 60 and coupled directly to DAC 70 
to produce the primary de?ection signal on line 761. 
The primary de?ection signal is also coupled to the 
inputof lead I register 72.,The lead I register 72 and 
lead 2'register 74 are parallel-in and parallel-out regis 
ters and these registers are clocked synchronously with 
the data stream and clock counter 56. The output of 
lead I register 72 is coupled to a second DAC 76 and 
to the inputs of the lead 2 register 74. The lead 2 regis 
ter outputs are coupled to a third DAC 78. The con 
tents of the lead I register and the lead 2 register are 
they de?ection code for drops n-1 and n-2 respec 
tively, With the appropriate gain settings on DACs 76 
and 78, the DAC outputs generate the LelEl term on 
line»79 and the Le2El term on line 80. In this embodi 
ment, the E2 terms are generated by logically decoding 
each segment in FIG. 5 and gating an analog signal 
which approximates that segment. _A segment refers to 
a correction which can be implemented by a term AV 
which is approximately equal to A+BV,,, or in other 
words, the correction voltage equals a constant and a 
term proportional to the nominal voltage. The logical 
AND circuits 80 combine the present bit DS(O) and the 
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interferring conditions DS(?) to identify the data de- 5 
pendent correction terms needed. The clock is de-' 
coded into groups of matrix positions which corre 
spond to the correction segments. These two sets of in 
puts are combined in AND circuits 82 to produce the 
correction logic gates. Each AND gate corresponds to 
one of the correction segments and is the gating signal 
to one of the analog gates 84. The analog gates have as 
their input the primary de?ection term on line 71 and 
a DC level with the appropriate impedances toproduce 
the required A+l?tV,l term when the gate is open. To 
produce the correct charge voltage, the primary de?ec 
tion term, the two E1 terms and the 8 E2 terms are 
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8 
summed by summing ampli?er 86 to produce the 
proper charge voltage at terminal 88. ‘ ' 
The embodiment shown in FIG. 8 is similar to the 

previous embodiments in the generation of ‘the primary 
de?ection signal. The ‘primary de?ection signal is cou 
pled to DAC 90 and this signal is gated by analog gate 
92 to produce the primary de?ection voltage. In this 
manner, the nominal de?ection voltage is available for 
use in generating the E1 correction terms- Five more. 
terms are required for the E1 terms and the AND gates‘ 
94 are not conditioned by DS(O). Generation of all the 
correction terms is now the same as the generation of 
the_E2 terms in the previous embodiment. The primary 
de?ection voltage and the 13 correction terms are 
summed in summing ampli?er 96 to produce the cor 
rected charge electrode voltage. . 
While the invention has been particularly shown and 

described with reference to preferred embodiments 
thereof, it will be understood by those skilled in the art 
that various changes in the form and details may be 
made therein without departing from the spirit and 
scope of the invention. 
What is claimed is: 
1. The method of printing in an ink drop character 

printer of the type wherein a stream of individual ink 
drops are each selectively charged responsive to char 
acter information signals for selective placement on a 
record member according to a predetermined scanning 
order, the method comprising the steps of: 
generating a primary de?ection signal responsive to 

said character information signals and the position 
within the scanning order of the dropv being 
formed; . - 

generating a ?rst correction signal based on the rela 
tive position in said scanning order and the infor 
mation signals relative to a ?rst predetermined 
number of previously formed ink drops to compen 
sate for charge induction errors; - ' ' ' 

generating a second correction signal based on the 
relative position in said scanning order and the in 
formation signals relative to a second predeter 
mined number of previously formed drops and a 
third predetermined number of drops next to be 
formed to compensate for ?ight errors; and 

combining the primary de?ection signal, the ?rst cor~ 
rection signal and the second correction signal to 
apply to the charging electrode so that said drop 
being formed can be de?ected in a constant elec 
trostatic ?eld to the place on the record member to 
produce‘ characters designated by said character 
information signals. 

2. In an ink drop character printer \of the type 
wherein a stream of individual ink drops are each selec 
tively charged responsive to character information sig 
nals for selective placement on a record member ac 
cording to a predetermined scanning order, the im 
provement comprising: 
means for generating a primary de?ection signal re 
sponsive to said character information Signals and 
the position within the scanning order of the drop 
being formed; 

means for generating a ?rst correction signal based 
on the relative position in said scanning order and 
the information signals relative to a ?rst predeter 
mined number of previously formed ink drops to 
compensate for charge induction errors; 



9 
means for generating a second correction signal 
based on the relative position in said scanning 
order and the information signals relative to a sec 
ond predetermined number of previously formed 
drops and a third predetermined number of drops 
next to be formed to compensate for flight errors; 
and 

means for combining the primary de?ection signal, 
the ?rst correction signal and the second correc 
tion signal to apply to a charging electrode so that 
said drop being formed can be de?ected in a con 
stant electrostatic field to the place on the record 
member to produce characters designated by said 
character information signals. 

3. The apparatus according to claim 2 comprising 
control means for producing signals to coordinate the 
generation of said de?ection signal and the other com— 
ponents of said printer. 

4. The apparatus according to claim 3 wherein said 
control means comprises: 
means for producing a stream of data signals repre 

sentative of the data to be printed, and 
means for producing a series of clock pulses in syn 
chronism with the formation of said ink drops. 

5. The apparatus according to claim 4 wherein said 
?rst correction signal and said second correction signal 

5 

15 

25 

35 

45 

55 

65 

3,828,354 
10 

are computed and placed in a storage means, and 
means for selectively accessing said previously stored 
correction signals responsive to said clock pulses 
and said stream of data signals. 

6. The apparatus according to claim 4 wherein said 
induction error correction signals comprise a predeter 
mined proportion of said prior primary de?ection sig 
nal, and ' 

means for selectively gating predetermined ?ight 
error correction signals responsive to said clock 
pulses and said stream of data signals. 

7. The apparatus according to claim 4 comprising 
means for generating a plurality of induction error cor 
rection signals and a plurality of ?ight error correction 
signals, and 
means for selectively gating said correction signals 
responsive to said clock pulses and said stream of 
data signals. 

8. The apparatus according to claim 4 wherein said 
means for producing a stream of data signals represen 
tative of the data to be printed comprises a shift regis 
ter. ' 

9. The apparatus according to claim 5 wherein said 
means for accessing said correction signals is shared by 
a plurality of printing heads. 

* * * * * 


