
AD A075 377 HEAD TECHNOLOGY LABS DAYTON OHIO F/G lie/S
COLOR INKJET DrHONSTRATIDN PROGR*M .(tj)
SEP 79 DAAK 7fl—7 8~ C—O2aQ

UNCLASSIFIED FR—79—k ETL—Ol% NLui~nsri 
_ _p. !flifl! :,.I ~3U __I

_ _

I

3~~~~~~• i :j _
_

L a- .



I .0 
~L

I . I L~L IIIII~
11111’ 

.25 UhII~ IIIlI~
M ~~~~~~~~ R~ St) 1U ON i SI CI IAH1

~..Y ~~~~ ~L~I~IA I I



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

• — ____w

(read 20
~ chrdc9JLobor~ctories

i

LE YE V
Color ink-jet demonstration
program

FR-79-4

L
- D D C

U 8 L

rD~Ia~ IrATEME!~r A
I fc public rel.aa.I

I Dimibufion

I ~~
10  22 027

_ _  _ _ _  _ _ _  _ _ _ _



- . --- —

ch~~~~~Lobo~ato~~~

FINAL TEST REPORT

COLOR INK-JET DEMONSTRATION PROGRAM

~ I

Contract DAAK7O—78-C-0229

I MTL Project 644 5

• Prepared for:

U. S. Army Engineer
Topographic Laboratories
Fort Belvoir, VA 22060

September 1979

1..
1:

Copy lof 8

El 

—- ~~~~~~~~~~~~~~ . - ~
. 

~~~~~~~~~~~~~~~~~~~~~~~ 
________________



UNC LASSIFIED
SECURITY CLASS IFICATION OF THIS PAGE (Who. D.ia ~nt•r.d) 

____________________________________

DED#~ T 
~~ UEI.I1A’V l~~

IJ bA~ E 
READ INSTRUCTION S

,~ 
,~~~~ u ~“j~.u I’ I ~~ I ~~~~ i~ ~~~ BEFORE COMPLETING FORM

1. NEPO~ T NuMEER 2. GOVT ACCESSION NO 3 RECIPIENT S CATALOG NUMBER

ETL-0196 / ____________________________
4. TITL E ( ,d &ibfl J.) S. TYPE ~.iF REPORT & PERIOD COVERED

Color Ink-Jet Demonstration Pry~ram

S PERFORMING ORG. REPORT NUMBER

7. AUTNOR(.) S CONTRACT OR GRANT NUMBEN (.)

DAAX7 O-78-C-0229 c?

S. PERFORMING ORGANIZATION NAM E AND ADDRESS • 10. PROGRAM ELEMENT. PROJECT , TASK
Mead Technology Laboratories / AREA S WORK UNITN U MSERS
3481 Dayton—Xenia Road 

~ I
• Dayton, Ohio 45432 ~

II. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

September 1979
• U.S. Army Engineer Topographic Laboratories is. NUMBER0F PAGES

Fort Belvoir , Virginia 22060 76
34. MONITORING AG ENCY NAME & ADORESS(IS dH1 ,unI tro., Controlling OtUc.) IS. SECURITY CLASS. (of (hi. r.porf)

Unclass if ted
twa . OECLASS IFICAT ION/DOWNORA DING

• . SCHEDULE

~~ ES. DISTRIBUTION STATEMENT (of Mi. Rsport)

Approved f or public release; distribution unlimited .

IT. OISTRIIUTION STATEMENT (.1 h. ab.traci wiarod In Block 2(1. it dUI.,.itt hoot R.~~ rt)

IS. $UPP%.EMEMTARY NOTES

a-

IS. KEY WORDS (Conflate, on r•,ot’.. .td. it n.c•aIoty o.d id.nttfy by block nuotb.r)

f Ink-jet, color copier, copier, reproduction

a- 
~ 

A TR*CT ~~~~~~~ — 
,
~~~~~~ 

,_a....a.., d IdU&ifr by Stock n. sb.r)

A demonatration program was conducted to evaluate the use of ink-
jet imaging technology for color map reproduction . A single-color
laboratory copier was modified for three-color operation by adding
two additional scan towers and ink-jet arrays. Extensive ink

r compatibility testing was performed to insure adequate operation

L with the system and the high wet strength map paper. The demon-
stration proved that the desired resolution and geometric fidelity

(over)E ~~ ~~~~~ ~Q3 £OIt%Ois OP IMOV S$ IS OSSOLETE 
UNCLASSIFIED

-. 

SEcumrv cL wF,cAvow or T~us pAGc (:DM. xnt.r.d)



SECURITY CLAUIFICATION OF THIS PAGI(WR~~ Data Xa,Mt.d) . 
.

Block $20

EN ! .. ) could be obtained . Samples with 300 line—per-inch resolution 1were produced . True color balance could not be achieved within -

the funding and schedule constraints of the program, however, -

due to the breadboard nature of the device and the need for
additional , individual channel controls and improved system
reliability.~~~~

.1

— T

7

SECURITY CLASSIFICATION OF THIS PAGE(WR.n Data ftnftrod~)

- — 

-‘

~~~~~~~

.

~~

-- —•.‘.

~~ 

.

~~
~—



INSTRUCTIONS FOR PREPARATION OF REPORT DOCUMENTATION PAGE

RESPONSIBILITy. The contr ol l ing  DoD office will be responsible for completion of the Report Documentation Page , DD Form 1473. In.‘I technical reports prepared by or for DoD organization..

.ASSIFIçAT1ç)N. Since this Report Documentation Page . Dl) Fotm 1473 , is used in preparing announcements, bibliographies, and databJnks, it should b~ unclassi fied if possible. If. classification is required , identify the classified items on the page by the appropriatesymbol.

• )UPLETION GUIDE

General. Make Blocks 1, 4. 5. 6. 7, II. 13. IS. and 16 agree with the corresponding information on the report cover . LeaveBlocks 2 and 3 blank.

Block 1. Report Number. Enter the unique alphanumeric report number shown on the cover.

Block 2. Government Accession No. Leave Blank. This apace is for use by the Defense Documentation Center.
Block 3. Recipient ’s Catalog Number. Leave blank. This sp.ce is for the use of the report recipient to assist in futureieval of the document.

Block 4. Title and Subtitle. Enter the title in all capital letters exactly as it appears on the publication. Titles should be
~tc lassif ied whenever possible. Write out the Entlish equivalent for Gveek letters and mathematical symbols in the title (see• batr actané Scientifi c and Technical Reports of Defenae.sponsored RDT/E. ‘ AD.667 000). If (he report has a subtitle, thIn subtitlei tuld follow the main title, be separated by a comma or semicolon if appropriate, and be initially capitalized. If a publication ha. ata..e in a foreign language, translate the title into English and follow the English translation with the title in the original language.Make every effort to simplify the title before publication.

Block 5 Type of Report and Period Covered. Indicate here whether report is interim, final. etc.. and , if applicable, Inclusived ,s of period covered, such as the life of a contract covered in a final contractor report.

Block 6. Performing Organization Report Number. Only numbers other than the official report number shown in Block 1, suchas ser ies numbers for in-house reports or a contractor/grantee number assigned by him, will be placed in thi. space. If no such numbersa used , leave this space blank.

Block 7. Author(s). Include corresponding information from the report cover. Give the name(s) of the author(s) in conventionalorder (for example, John R. Do. or , if author prefers, I. Robert Doe). In addition, list t~ e affiliation of an author if It differs from thatof the perfonnitig orgsnizstion.

Block 8. Contract or Grant Number(s.i. For a contractor or grantee report , enter the comp lete contract or grant number(s) under. ch the work reported was accomplished. Leave blank in ln.house reports.
Block 9. Performing Organization Name end Address. For In.house reports enter the name and address , including office symbol,o he performIng activity. For contractor or grante. reports enter the name and address of the contractor or grantee who prepared theft ,rt end identify the appropriate corporate division, schoo l , labora tory , etc. • of the author. List city, state, and ZIP Code.
Block 10. Program Element, Project , Task Area, and Woik Unit Numbers. Enter here the number code from the applicableDepartment of Defense form, such as the DD Fotm 1498, ‘ esearch and Technology Work Unit Summary” or the DD Form 1634 .e.earch and Development Planning Summary,” which ldei~tifies the program element, project , task area, and work unit or equivalent

~ ler which the work was authorized,

Block 11. Controlling Office Name and Address. Enter the full , official name and address, including office symbol, of thecontrolling office. (Equatea to ttmding/ aponaorin~ agency. For def in i t ion see Do.D Directi ve 5200.20, “Distrlb.ueaon Statementa on7 hntcal Documents, ”)

Block 12. Report Date. Enter here the day, month, and year or month and year as shown on the cover.
Block 13. Number of Pages . Enter the total number of pages.

Bioc4~14~ Monitoring Agency Name and Address (i f dif ferent from Controlling Office). For use when the controlling or fundingo cc does not dIrectly administer a projec t , con trac t , or gran t , bu t delegates the administrative responsibility to another organization.

Blocks is ~ iSa. Security Classification of the Report: Declassification/Downgrading Schedule of the Report. Enter In 15
th aighest classification of It, report. If appropriate, enter in iSa the declaasific.tion/downgrading schedule of the report , using the
ab .viationa for declassification/downgrading schedules listed in paragraph 4.207 of DoD 5200. l-R.

Block 16. Distribution Statement of the Report . Insert here the applicable distribution statement of the report from DoD
Directive 5200.20, “Distribution Statements on Technical Documents.”

Block 17. Distribu tion Statement (of the abstract entered In Block 20, i f different from the dis tribu t ion statement of the report).
Ir ~rt here the applicable distribution statement of the abstract from DoD Directive 5200.20, “Distribution Statements on Technical Doc-
uments.”

Block 18. Supplementary Notes. Enter information not included elsewhere but useful, such as: Prepared in cooperation with
Tr.nalation of (or by) . . , Presented at conference of . . . To be published in

Block 19, Key Words. Select terms or short phrase. that Identify the principal subjects covered in the report , and are
sufficiently spec ific and precise to be used as index entries for cataloging, conforming to standard terminology. The DoD Thesaurus
oc ‘.ngineering and Scientific Term s” (TEST). AD472 000, can be helpful.

Block 20 Abstract , The abstract should be a brief (not to exceed 200 words) factual summary of the most significant inform..
tioit contitned in ‘the ‘a-tort. If possible the abstract of a classified report should be unclassified and the abstract to an unelsasifted
r t should conaiat olpublicly. releaaab le information. If the report contains a significant bibliography or literature survey, mention
ib’~ere. For Information on preparing abstracts see “Abstracting Scientific and Technical Repo rts of Defense-Sponsored RDThE,”Al -667 000.

- 
• U.S. GPO I574—S4O .S47/SO5*  



~----,-~ 
- — - a

~~~~~~~~~~~
p

~~~~Tp0NSTRATIO~~~~~OGRAM ~~~~~

~ L_2i~.

Mead Technology Laboratories
Ii  3481 Dayton-Xenia Road

Dayton , Ohio 45432

~~]1~~~e~~U L  - 79

Hr !ina l ReP$t .

Approved for Public Release, Distribution Unlimited

.
~ 

$ 1~
Prepared for:

U.S.  Army Engineer Topographic Laboratories
Fort Belvoir , Virginia 22060 __________________

- Aoees’sjon?or
NTIS ~~~~~~
DDC TAB

- Un~~~ o~~ ced
J w~t1f  icat ion ___________

By___________ _________
1. ~~ stri 4~jon/

~~Avei1abi11ty Codes1, Avail and/or
• Dist, special 



r - --

~~~~~~~ ~~~~~~~

.

T i  
_________ 

_ _ _ _

TABLE OF CONTENTS

Page No.

PREFACE iv

H 1.0 SUMMARY 1

2.0 AIMS & OBJECTIVES 2

2.1 Modification of DRC 2

2,2 Input/Output Products 2

3.0 APPROACH 3

3.]. Original DRC 3

3.2 Modification of DRC 3

3.3 Ink System 4

3.4 Scan Array 5

3.5 Amplification & Drive Electronics 5 ‘

3.6 Input/Output Mounting 6

4.0 INVESTIGATION & DISCUSSION 7
(WHAT WAS ACCOMPLISHED)

4.1 Design Modification 7

4.1.1 Resolution 7

4,1.2 Binary Printing System 8

4.2 Timing Considerations 9

• 
4.2.1 Stimulation Frequency 9

4.2.2 Resolution (Pixels) 10

- 

- 
1.. 4.2.3 Gear Ratios 11

r 4.2.4 Ink Drop Rate 12

4.2.5 Scan/Print Arrays 13

4.3 Implementation 15

4.3.1 Mead Corporation Ink-Jet 15
Printing Technology

LI
- 

S..--



Page No.

4 . 3 . 2  Ink-Jet Phenomena 15

System Design 18

4.4.1 Full—Color Printing 18
(3 Process Colors)

4 . 4 . 2  Drum Size 18

4 . 4 3  Jet Heads 19

4 .4 . 4  Scan Towers 20

4.4.5 Photodiode Sensor 21

4 .4 .6  Optical System 21

4.4.7 Scan/Print Data Channel 22

4 .4 .8  Ink System 29

4.4.9 Machine Control System 30

4.4.9.1 Interlock Logic Circuitry 33

4.4.9.2 Machine Sequence Control Circuit 33

5.0 RESULTS 34

5.1 Test Goals & Objectives 34

5.1.1 Inks 34

5.1.2 Test Plan 35

5.2 Characterization of Demonstration 37
Copies

6.0 CONCLUSIONS 38

7.0 RECOMMENDATION 39

References 40

Appendix A A-i

Appendix B B-i

Appendix C C ’l

Appendix D D-1

Appendix E E ’i

Appendix F F.-l

- iii ii

____  ~~~~~~~~~~~~~~~~~~~~~~~~~~ 

•



--

Ta
• ILLUSTRATION S

Page No.

Figure 1 Gear Trains 12

Figure 2 Color Copier Interlace Pattern 14

Figure 3 Ink-Jet Copier Color Channel 24
Logic

Figure 4 Scan/Print Data Channel 26
Electronics

Figure 5 Ink System Schematic 31

Figure 6 Copier Control System 32

Figure C-i Optical Path Schematic C~-l

Figure D-l Copier Optical Path Dr].

Table E-]. System Transfer Function

_ _ _ _  ~-•1~ - - •



‘a

PREFACE

. 
This project was authorized by the U. S. Army Engineer Topographic

~ !. Laboratories , under Project No. R3203GG26, Direct Printing

Equipment.
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1.0 SUMMARY

Mead Technology Laboratories (NTL) has conducted a Color Ink-Jet

Demonstration Program for the U.S. Army Engineering Topographic

Laboratories under Contract DAAK7O-78-C-0229. This program

addressed the feasibility of applying Mead ’s present high—speed ,

ink-jet technology to the Army ’s requirements for a high-quality,

quick response, multi-color copier. Since Mead had successfully

demonstrated the ability to copy to the required specifications

in black and white with the Drum Robot Copier (DRC), it was pro-

posed to modify this laboratory development system to image a

three-color copy, in order to show feasibility of full color map

reproduction. Although four-color reproduction is desired in the

end product, it was felt that the drum size and placement of the

DRC would not allow the mounting of four ink-jet heads, but that

three-color printing would satisfy the feasibility demonstration .

The DRC is a breadboard (or “brass-board”) model , originally built

by engineers for laboratory experimentation that can determine

whether ink-jet reproduction is feasible and relatively inexpensive.

No attempt was made to provide accuracy , reliability, or ease of

adjusting the pertinent parameters.

The problems encountered with the basic breadboard and difficulties

in obtaining reliable orifice plates, made it impossible to meet

the Army ’s requirements; however, Mead plans to produce another

set of orifice plates and complete color balancing so that a good

three-color copy of a map can be produced.

- 
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2.0 AIMS & OBJECTIVES

The Mead Technology Laboratories has modified the Mead Drum Robot

Copier (DRC) laboratory breadboard model for three-color operation

to demonstrate the feasibility of multi-color, ink—jet copying as

a fall out from the present technology Mead used for its commercial

Ink-Jet Printing business. 1t must be realized , of course, that

both the engineering laboratory model and the basic ink-jet heads

being used bear very little resemblance to the machines being pro-

duced at this time. However , any future prototype machine developed

from this breadboard will incorporate the advances Mead Digit has

made in designs since 1976.

• 2.1 Modification of DRC

The project being reported involved adding two scan/print arrays

around the existing drum and their associated ink supply systems,

reorganizing the existing electronics into three groups of 5

channels, adding certain adjustment and alignment electronics, and

providing the capability for simultaneous three-color copying using

the standard process colors (magenta, cyan and yellow) as expressed

in Mead ’s present “Bikini” inks.

2.2 Input/Output Products

Mead utilized actual map and chart products provided by the Army

as originals to demonstrate the feasibility of high— quali ty , ink-

- 
I jet copying. Although the term “high-quality” could not be applied

to the copies provided at the termination of this project ’s funds,

-2-
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I Mead still plans to continue the work until a “high-quality” copy

will demonstrate the following:

1 1. simultaneous three—color scan and print copy ing

I 2. 1:1 rat io of orig ina l to copy

3. 150 line pairs (300 times) resolution

1 4. ability to reproduce an image area up to

8 by 10 inches.

I 5. output on high wet—strength map paper

3.0 APPROACH

I 3.1 Ori g inal  DRC

The original DRC machine accomplished scanning of the orig inal

I 
material with an array of PIN photodiodes which were f ixed in a

one—to--one relationship with the ink—jet orifices in the imaging

I head. The scan array and pr in t  head were mechanically and

electronically linked together. The original material and copy

1 paper were each mounted on the drum with drafting tape. Once the

I 
drum reached the proper speed, the scan and imaging arrays moved

across the original and copy sheets , scanning and printing simul-

I taneously . The DRC , as orig inally con figured , was a black and

white system with one scan array of 23 diodes mounted in a single

I P.C. board, one image array with 23 jets alternating in two rows

and a single black ink supply system.

3.2 Modification of DRC

• To demonstrate a multi—color imaging system, it was necessary to

—3—
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place three photodiode towers around the drum in the space

available on the translating table where the single array was

[ mounted. The ink-jet array mounting was also modified to hold

three modified prototype heads which were obtained from the Mead

Advanced Systems Development Laboratory . It was necessary to

change the original design, which contained two opposing catchers

on either side of the double row of jets (23 total), to a single

catcher to catch only five jets in order to size the heads to fit

around the drum. It was also necessary to redesign the catcher,

charge plate, and deflection plate adjustment micrometers to make

them fit into the reduced space available.

3.3 Ink System

The original ink system was not a recirculating system for simplici ty

in the laboratory breadboard. The ink which is not directed to the

paper is collected by the catcher and directed by vacuum into a large

beaker, which is periodically manually emptied into the waste. Three

ink reservoir systems were built as copies of the original , the

waste pan was modified to catch ink from all three heads in the

standby position, and the three catchers were t—eed into the vacuum

line leading to the large beaker so that the ink systems are handled

exactly the same as the original. During the testing , it was found

desirable to move the final 3—micron f i l t e r  from the base area to

as close to the head as possible . Newer head designs include the

f inal  f i l ter  integral to the head manifold .

1-i
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- J 3.4 Scan Array

The scan arrays are fitted with a color filter which matches their

respective colored ink so that a color separation takes place in

the driving of the three process color ink jets. It was also

found to be necessary to correct for I.R. with filters in the yellow

and magenta channels. The yellow tower and image head was con—

sidered as the base , and mechanical adjustments were provided to

move the magenta and cyan towers circumferentially around the drum

F and the magenta and cyan image heads axially across the drum in

H order to align corresponding colored dots or pixels in small tn-

angles of color, similar to those occurring on a colored TV screen.

In testing it was found to be very difficult to adjust the photo-

diode mechanically with very high precision . Therefore, it was

decided to add an electronic delay in the m tgenta and cyan channels

to bring the alignment in for the last few dot rows. This is also

desirable because when the heads are removed for cleaning, the

circumferential adjustment is disturbed and an easy readjustment is

needed .

3.5 Amplification and Drive Electronics

The basic amplification and drive electronics was not changed

except to divide them functionally into the three different color

channels and cable differently on both input and output. It does

appear to be desirable to divide the peripheral controls for gray

level, contrast, and threshold into three different channels with

three sets of controls since the inks appear to have slightly

- l



di f ferent  hues and intensities on the Army-supplied map paper , as

opposed to their balance on the Mead paper for which they were

originally designed . This requires adding two sets of circuitry

and controls on a printed circuit board which will fit in the rack

beside the electronic delay card .

3.6 ~~~~it/Output Mounting

The original and copy-paper-mounting methods for the single-color

DRC were very crude and funding for this project would not allow

changes. The additional complexity of triple heads and photo

towers have very seriously deteriorated the already crude method

of reloading the drum to the point where it is very difficult and

time consuming.

The original approach, to meet the very limited budget and short

time frame, was to make only changes which were absolutely necessary

to demonstrate three-color printing, probably on a one-shot basis.

However, during the design period , it was decided to propose

another project which would demonstrate ink-jet imaging from a

computer or radio communications interface. When personnel more

experienced in ink-jet technology were consulted , it became evident

that extended operation of the machine would be required, with the

- 1 attendant need for many orifice and charge plates. Where original ly

it was planned to use the old style nickel-plated orifice plate with

closed cavity holes on .020” centers, it was decided that this

project should remain compatible with the new standard plates

being generated by Mead Advanced Systems Research and Development.

-6-

L 



This would be necessary in order to expeditiously obtain parts,

to be assured that the operators would be familiar with our

work, and to be capable of profiting from their advances and in-

vestigations of problems. This meant that our system had to be

redesigned to use a gold—plated orifice plate with open cavity

holes on .015” centers. This, in turn , should mean that the plates

will be more resistant to wear—out, will be easier to clean (Mead ’s

major reason for the change), and will provide higher resolution .

4.0 INVESTIGATION & DISCUSSION (WHAT WAS ACCOMPLISHED)

4.1 Design Modification

4.1.1 Resolution

The original design was modified to achieve a resolution of 150

line pairs/inch (300 lines/inch), which means that each element

of the input and output copy must be addressed on a 0.0033 by

0.0033 inch (0.0838 by 0.0838mm) matrix. Hence, ink drops strike

the paper on 0.0033 inch (0.0838mm) centers. The dot size is

estimated at .08— .l2mm (3—5 x l0~~ inch) in diameter, depending

on ink—paper interaction and the number of drops per dot, which

in turn depends on stimulation frequency and drum speed . The

adjacent dots overlap so that solid coverage can be achieved .

The three colored inks (yellow, magenta, and cyan) are placed in

a triangular pattern with respect to each other, the radial dis-

tance between centers equal to half the raster distance (.00166

inches or 0.04216mm)

L.. ._ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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4 .1.2 Binary Printing System

A binary printing system is employed in which a spot is either

covered with ink of one of three colors or no ink is applied

leaving the spot white . There are not intermediate levels at the

spot size. Timing in the design is such that the number of drops

per dot can be adjusted by the contrast control over a range from

one to some number which is dependent on the ratio between the

stimulation frequency (145 , 000 H , 6.9 usec) and the drum speed

(4 5ORPM—86 ORPM being considered) , roughly 2 .7  to 5.2  drops per —

dot. A—l dots printed have the same density . If the separate

peripheral controls are added, the dot density can be set to a

different value for the different colors. There will , of course, -

-

be some variation or statistical averaging that will show up as

density gradients if the timing were set at a value equivalent to

partial drops, since the stimulated drops cannot be further divided

purposely . However, this binary system does result in much better

repeatability than can be achieved with an analog or multi-level

modulation scheme, and it does effectively generate a half tone

screen, permitting direct color separation imaging. The various

shades of gray for tonal printing are generated by binary-coded ,

area modulation techniques, where a particular gray level is

obtained by printing selected dots in an array . In the case of the

simple laboratory copier, the size of this matrix is a timing con-

sideration which can be adjusted by the gray-level control. With

a 4 x 4 matrix, more than 60 gray levels can be obtained. Both

larger and smaller dot arrays can be used depending on application

requirements. This particular application can be thought of as

—8— 

~~~~~~~- - -S--- ~~~~~~~~ S-..- -- - S - -~~ --- S--- ---~~-S- -~~ 



-~~ -~~~~~~~~~~~~~~~ ~~
:-- -

three, 5 x 5 matrices superimposed with a slight triangular

offset  and then interlaced with five more matrices generated on

five successive passes of the drum. With a particular matrix —

size adjustment , drum rotation speed and interlace pattern, the

copying of a particular screened image or map may show a moire

pattern on a single color copy due to a slight misregistration

between the screen dots on the original and the matrix/dot pattern -

being generated by the electronics and ink-jet/lead screw con-

figuration. This can generally be eliminated by adjusting the

matrix with the gray-level potentiometer and is not noticeable on

three-color copies since the matrix is generated on a ranaom time

basis with respect to the time at which the different  color dots

are printed around the drum. That is, the magenta matrix is

printed over the yellow matrix about 70° later in rotation of the

drum , and the cyan over yellow and magenta about 70 more degrees

later.

4.2 Timing Considerations

— 

4.2.1 Stimulation Frequency

The present drum of the three-color copier is 12.5 inches (32cm)

in circumference, and the ink-jet head is designed for a stimu—

lation frequency of 145 H (the jet stream breaks into 145,000

drops/second ).

It was originally planned to drive all three ink-jet heads at

the resonance point of the old style orifice plate , 137,000 II,

tuning each stimulation drive crystal to that frequency . At

—9—
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resonance , the power required to drive the plates is at a minimum,

and it was planned to drive them with a single signal generator

to hold down project costs. However, it was found that the heads

using the new open cavity orifice plates could not be tuned and

held close enough to the same resonant points. Therefore, it was

necessary to add a power amplifier to the system to drive off the -

resonant point at a higher frequency . Tests were run on the three

heads to find the most desirable drive frequency and 145,000 H was

chosen. It was found that the stimulation voltage must be raised

to 80 volts (2-4 volts drove the original head at resonance) in

order to get satellite-free stimulation (satellites are smaller

drops which break away from the normal size ink-jet drops when all

the parameters are not correct and cause electrical shorts and -

extraneous ink spots on the paper). It was also necessary to in-

crease the ink pressure at the heads to 30 psi , where the original

heads ran at 20 psi. This will , of course , improve perf ormance in

the form of higher speed and/or higher resolution (drops are slightly

smaller), but the requirement to make the change cost schedule time

and increased costs.

4.2.2 Resolution (Pixels)

To meet the three-color copier demonstration resolution require-

ments of 300 lines per inch (150 line pairs), the drum must exhibit

a total of 3,750 pixels in the vertical direction around the drum .

Since the required active area is 1.0 inches or 2.5cm (3 ,000 pixels) ,

this leaves 2.5 inches or 6.4cm blank for mounting the paper

( 750 blanks).

—10—
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4 .2 .3  Gear Ratios

A computer program was written to analyze the interlace problem

and determine the gear ratio necessary to drive the existing 24

turn—per-inch lead screw. In order to achieve a resolution of

150 line pairs (300 lines/inch), each element of the input and

output copy must be addressed on a 0.0033 by 0.0033 inch (0.0838mm)

matrix. Hence, ink drops strike the paper on at least 0.0033 inch

(0.0838cm) centers. It is assumed that the specification for 150

line pairs—per-inch means that the human eye must be able to

distinguish 150 dark lines which are separated by 150 white or

non-inked spaces between the, per inch. That is to say, in the

ideal situation , the dark line would be .0033 inches (0.0838cm)

wide , as would be the clear or white line. In the case of a dot

printer , and especially in a three-color matrix imager such as

the present case, where the individual printed segment is circular ,

the spots must overlap in order to provide a complete coverage of

an area. Since the dots formed by the present ink-jet heads are

approximately .003-.005 inches (0.07-.l3mrn) in diameter , the

choice of configurations is shown below in Figure 1 to guide the

choice of basic resolution .

-11-
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Figure 1

Two gear trains have been made so tha t the pr int  can be made at

300 lines—per-inch (LPI) and 600 LPI and the percent of overlap

of the color triangle can be adjusted at the head mountings.

Prints must be made to experimentally choose the optimum config—

4.2.4 Ink Drop Rate

Ink drop rate, drum surface speed , and translation of the arrays

are closely synchronized to achieve the required resolution. The

operating values for these parameters are: Drum Speed of 450 RPM

to 860 RPM, Droplet Rate of 145,000 drops/second , and Translation

Rate or Advance of .01666 inches/Rev — for resolution of 300 LPI

j —12—
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and .00833 - for 600 LPI. The computer printouts for these

analyses are shown as Figure 2 and give solutions to the equation

A = N
3
R, where A is Advance in inches/R evolu tion , N . is number of

total jets (5 for this case), R is Resolution Unit or 1/number of

lines per inch. With these conditions , 485 revolutions in the —

300 LPI case are required to cover the 8-inch scan/print dimension

using the five jet print array . This should take from one-half

to two minutes, depending on the resolution required and drum speed

used . There is also additional time required to move the heads

from the standby posi tion and beyond the print  area so tha t new

blank paper can be taped to the drum .

4.2.5 Scan/Print Arrays

The scan/print arrays are mounted on a carriage which transverses

the width of the format. Precision linear ball bearings and guide

rails are utilized to assure the parallelism and alignment of the

scan/print carriage and the drum surface . The addition of the

large photodiode tower mounting plate, which extends out over the

drum, also required the addition of another guide rail on the front

of the machine to support the translating mass forward of the front

ball bearings of the carriage. A servo motor with adjustable speed

- S 

control and position feedback is coupled to a precision ball screw

to attain the .0083 to .0166 inch traverse per drum revolution .

—13—
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4.3 Implementation

4.3.1 Mead Corporation Ink—Jet Printing Technology

The Mead Corporation ’s proprietary ink—jet printing techniques is

the keystone of imaging capability of the Mobile Color Copier.

The three basic imaging heads were originally supplied by and

technically maintained during our work by the Research and

Development group of the Mead Advanced System Division , who were

essentially our vendor.

4.3.2 Ink-Jet Phenomena

Two basic phenomena make the ink-jet practical as an imaging

element . First, if ink , or any liquid , is forced through an

or i f ice, the exiting stream wi l l  break up into individual droplets

at some distance from the jet. The droplet spacing , or droplet

ra te, will be a random distribution about some central value which -

is a function of pressure, orifice size and ink characteristics.

This effect was first described in 1876. If energy is added to

the system at a rate near the central droplet rate, the droplet

rate will become vory stable . The further from this central rate,

the more energy must be supplied . Under these conditions , one can

very precisely predict when a droplet will break away from the

jet filament (or intact part of stream) and where a droplet will

be in space at ~ny time. This process is referred to as stimu—

lation , and this energy is appli ed electr ical ly,  throuqh a pie~o

crystal vibra tion , which is in physical con tact with the or i f i ce

plate (through which the jet streams emerge from the image head)

—15—
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or with the top of the manifold through which the ink flows to

the orifices. This mechanical and fluidic coupling modifies the

electro-mechanical loading of the piezo-electric system and changes

the resonant frequency of the complex system in ways that have not

yet been fully modeled . Therefore, when changes are made to the

system at this time , Mead stimulates the complete system, scanning

the frequency spectrum in the range of the basic jet resonance

and recording the electrical loading. This was done for the new

head design with the .015 inch center open cavity orifices.

Since the three heads exhibited significantly dif ferent resonant

frequencies, it was decided to drive them of f resonance far enough

that sympathetic resonance frequencies would not be induced , yet

at a point where the three exhibited fairly equal loading. This

occurred at 145,000 H where experimental run s, viewing the stable

jets and filaments wi th a microscope, indicated that 80 volts of

L 

drive at tha t frequency were required to obtain the f i lament break

at the proper length for “charg ing ” with a minimum of satellites.

— This “charging ” is the second principle of physics which is

employed in the Mead Ink-Jet imaging system , in that selective

droplets are charged by electrical induction. If an electrode is

[ placed at the droplet breakoff point (from the fi lament) so that

I an electric field is established between the electrode and the -

conduct ing ink stream , the droplets will acquire an electrical

charge. The amount of charge is related to electrode voltage,

system geometry , and ink characteristics. If the voltage applied

to the charge electrode is pulsed in synchronism with the stim-

ulation signal , individual drops or short trains of drops can be

—16—
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selectively charged or not charge. The “charge-plate” used in this

head design is a small glass ceramic printed circuit board with

small slots in one end , which are gold plated to form the charge —

tunnels through which the ink drops fall. These plated slots are

charged to approximately 100 volts by the charge plate driver

boards through ribbon cables connected to five of the runs on the -

charge plates. The charge plates are mounted on micrometer slide

tables below the orifice plates in such a posi tion tha t the end s

of the ink stream intact filaments are approxima tely in the middle

of the slots. This gives maximum probability that all drops in

all five streams are given their maximum charge.

If a second pair of electrodes is added downs tream , with a voltage

applied between them , the resultant transverse electric field will

cause the charged droplets to be deflected while the uncharged

droplets will continue relatively unaffected toward the drum and -

- paper. For a given electrode geometry and droplet rate, the amount 
-

of deflection is established by the mass of the droplet, the charge

of the droplet, and the strength of the deflection field. In this

system, the deflection voltage used is between 1,000 and 1,500

volts and is negative with respect to the frame ground , depending

on the atmospheric humidity. If a droplet is sufficiently deflected ,

it can be caught by the catcher and removed in the vacuum system

to the waste tank, whereas the other uncharged (or lesser charged)

droplets will escape to effect the image .

This imager uses a binary system in which a drop is either charged

adequately to be caught or it is uncharged and undeflected. Hence,

-17- 
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this system permits selected drops or trains of drops to be removed

from the stream in accordance with the input signal to the charge

electrode.

4 . 4  System Design

4.4.1 Full-Color Printing (3 Process Colors)

As a consequence of full-color printing , where three standard ;

primary colors, magenta,  cyan and yel low are required to reproduce

the full color spectrum , at least three different colored arrays

or heads are necessary . In addition , owing to prac tical limi-

tations of process inks , a four th color , b lack is used to enhance
F 

the readabili ty of copy and black lines , w h i l e prov id ing a deeper

black which is usually a dirty , dull , dark brown when threc—colored

inks are mixed at. high density . Individual and independent digital

control for each of the ink—jets in the print arrays is required

by the Mead Ink-act imaging concept, and a reasonable image output

rate dictates that all ink colors must be printed on a single pass.

This , in turn , requires four ink-jet arrays , each array containing

over 100 jets, in terlacing to match the required resolution de-

pending on the output rate required .

4.4.2 Drum Size

Since the small drum available on the breadboard cannot accommodate

four heads around the periphery due to the h’nqth of the micrometer

charge and catcher adjustment s on the present head design , a corn—

promise was made to go with only the three process colors, The

— 18—
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heads were slightly mod i f ied to place both micrometers on the

same side of the heads,  but the three heads arc still very crowded. -

4.4.3 Jet Heads

It was decided that speed was not important for the feasibility

demons tra tion , and the number of jets required to sa tisfy the

demonstration was lowered to five. This also lowered the amount

of ink used , the general power used , and the size of the stimu—

lation power amplifier , and makes the heads easier to make .

Analyses of the ink—jet stimulation and timing errors are shown

in Appendix A , which also includes the ink-jet drive circuit

schematic. The ink-jet arrays are “standard” Mead laboratory

• print components for which only five “pa ths ” arc finished . Hence,

those used in the Mobile Color Cop i er will  vary from the commerci al

Mead Business Forms uni ts primari ly in terms of the number of

orifice or jets in the arr ay and in the prototype moun ting hardware

holding them.

A resolution of 150 line pairs (300 L~PI) is accomplished with only

five jets by us ing  a unique interlace scheme which allows each

jet to print 552 lines across the 8-inch length of the copy.

Figure 2 is a computer printout showing the interlace structure

for a sample of 27 raster lines (approximately .087 inches). The

three ink-jet arrays are precisely located over the copy side of

the drum . As the drum rotates the arrays reverse direction and

travel over the copy in the opposite direction to complete tho

next copy . However , in the breadboard , the heads must be moved

—19—
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to the extreme right side in order to load paper , since there

is not enough space between the scan array and image arr ay

mounting plates to load the paper.

4 . 4 . 4  Scan Towers —

Three scan towers are used on the breadboard, each one aligned to

a different ink color head , to scan an ori ginal and obtain the

data to drive its associated ink-jet array charge plate. These

scan towers contain the photodiode sensors, optics, and illumination -

and are mounted to the same carriage that moves the ink-jet, arrays.

This technique insures that the scan towers retain the proper

relations to each other and to their respective ink-jet arrays - -

while the original is scanned and the copy imaged. One tower (and

one ink—jet head) is mounted so as to retain its position (yellow),

while the other two towers are mounted with slotted screws in the

drum circumferential direction (and the other two ink-jet heads

are constructed with micro-manipulators in the drum axial direction) .

These adjustments allow the printed dots to be moved in the x-y

directions until the associated images are aligned . The slotted

screws are used for the coarse adjustment and an electronic delay

circuit has been designed to provide the last 7 or 8 lines of fine

alignment, until corresponding yellow , magenta and cyan dots are

clustered in a small , tight triangle . A resolution grid of fine

graduated black lines is used as a target to make these final.

mechanical adjustments.
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4.4.5 Photodiode Sensor

The photodiode sensor arrays are configured on printed circuit

boards to match the ink-jet arrays 1 to 1 through the magnifi-

cation of the lens system. Each sensor array contains five

photodiodes which are focused .015 inches apart on the surface of

the original. These photodiodes are also interlaced and image

the entire original surface as they move across the document.

Because of the l to 1 correspondence , each ink-jet, at any given

time during the scan , is printing exactly what its respective

photodiode is sensing from the original , except , of course , for

a slight fixed amount of delay in each electronic channel and a

slight adjustment delay as described above. This technique does

not require much memory and greatly reduces the channel

electronics which must be mounted on the scan/image carriage with 
-

the scan towers and ink-jet image heads.

4.4.6 Optical System

The optical system is an integral part of each scan tower and

includes the line illumination source, the image-focusing lens

and the color separation and color correction filters. The

necessary illumination levels are obtained from tungsten—halogen

lamps which are mounted approximately 2 inches from the copy and

angled to avoid direct specular reflection . The three optical

towers are essentially modified and corrected versions of the

original scan array , which was used for thç experimental analysis

of the PIN photodiode optical response and the optical path
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described in Appendices B and C. Table 1 gives the experimental

values obtained from the original single color unit for design

of the three-color towers. Figure 3 shews the logic for color

separation and drive of the three ink-jet heads. The step wedge -

evaluation of gray scale for the Color Copier is given in the

logic for color separation and drive of the three ink-jet heads.

The step wedge evaluation of gray scale for the Color Copier is

given in Appendix D and the PIN diode detector preamp analysis is

given Appendix E. The lens system contains quality lenses which

support the resolution requirements (details in Appendix B) and

produce the proper image size for the photodiode arrays. It was

necessary to change from the original Nikon lens to a Computar

lens which gave a slightly shorter lens-to-object distance and

required slight modification of the i l lumination path , but gives

an improved object luminanace. The color correction filters are

mounted directly ahead of the photodiode array apertures (color -

separation) and directly behind the lens system (I.R. filters)

and will compensate for the higher “red” sensitivity of the -

photodiodes to provide a panchromatic spectral response in the

scanners. The color separation filters are standard Wratten

filters selected to produce the proper inputs (see Appendix B)

and drive the magenta, cyan , and yellow ink-jet, arrays to produce

a color-balanced copy.

4.4.7 Scan/Print Data Channel

The purpose of each scan/print data channel is to convert the

level of illumination falling on a photodiode to a corresponding

—22— 

- - ,- ,,,- - .• - - - -~ 



-~ -~~~~ -

Cyart Target Yellow Tarq~ t Magenta Target
(1) (2)

• No filter — 2.5V No F — .6V No F — 1.3V
Green F - .3V Green F - 0 Green F — .4V
Red F - 1.4V Red F - 0 Red F - 0
Blue F — 0 (2) Blue F — .05 Blue F — 0
White — 0 White 0 White — 0

Blue Target Green Target Red Target

No F - 1.8V No F - .6V No F - 1.OV
Green F - .2V Green F - 0 Green F - .25
Red F - 1.4V Red F - .3V Red F - 0 -
Blue F - 0 Blue F - .05 Blue F — .05
White - 0 White - 0

Black Target Orange Target

No F - 2.3 No F — l.3V
Blue F - .2 Green F - .3V
Green F - .3 Red F - .2V

F 1 Red F — 1.0 Blue F — .02
White — 0 White — 0

Channel t 3. 2 5 6 9 10

IR Filter Only -

Cyan Target — .7 .7 .7 2.0 2.5 1.2

Yellow Target — .2 .2 .2 .4 .6 .3

Magenta Target — .4 .4 .4 1.2 1.3 .7

Notes:

(1) No filter means IR Filter only (Kodak p301)
Removing this filter increases all voltages about 180%.

(2) 0 Voltage is equivalent to + in color chart for Ink Jet Copier
and voltage values equivalent to -. 

-

Table 1
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Ia
INK JET COPIER COLOR CHANNEL LOGIC

47B Blue Filtered 29 Red Filtered 61 Green Filtered 
-

diode 380—490 nm diode 610—900+n m diode 480—600
(also 730+) 

M 

~~~~~~ 730+)

Yellow dye Cyan dye Magenta dye

Activating the blue filtered diode

inhibits the yellow dye , etc.

I I
t I I

blue yellow red cyan green magenta
Color diode dye I diode dye ‘ diode dye
_ _ _ _ _  — I I

White + - + - + —

I I
Black — (.2) + —(1.0) + — ( . 3 )  +

Cyan + - -(1.4) + I + —

Magenta + - + - I ~~~~~~~~~~~~~~ +

Yellow — (.05) + 
I + - I +

- 
Blue + — —(1.4) + I — ( . 2 )

Red —(.05) + I + — I — (.25) .

~

-

Green —(.05) + I —(3.) + I + —

Note: Voltage values in () are readings at 1~~ inputs for
Channel 9 of Processor Board *3 of Ink Jet Robot Copier 

-

Figure 3 

~~~~~~~~~~~~~~
, 

~~~~~~~



ink-jet control pulse. When an element of the original document

is scanned by a photodiode , the corresponding ink-jets image or

do not image the appropriate colors on the copy paper. Thus, a

particular color density scanned on the document will be repro-

duced on the copy paper by an area combination (see Appendix ~ or

Reference A) of colored ink droplets. The ink-jet will deliver

no droplets when the document area is white , will  deliver all

droplets when the document is black , and will deliver an inter—

mediate and proportional number of droplets when the document is

gray or in gray-level density . The circuitry to accomplish this

consists of six major subcircuits as illustrated in Figure 4

which operates as follows:

Photodiode Buffer

This circuit is essentially a dynamic resistor which converts the

photodiode current into a proportional voltage. This stage also

has controls to compensate for variations in photodiode dark

current and photodiode gain caused by variations in diodes and

filter combinations used. However, in the breadboard , no at tempt

has been made to correct for temperature change, which is another

problem in the present machine operation .

Analog Signal Processor

The signal processor takes the buffer output and corrects the

voltage level to account for gray scale compression toward the

darker densities caused by the ink-jet drop over~ap on the copy .

This correction allows the ink-jet arrays to faithfully reproduce

the correct color densities on the original.

—2 5—
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Voltage to Frequency,, Conver ter

This circuit performs the analog-to-dig ital frequency transform

needed to produce gray scale and colors in the tone mode of

operation. The more dense the scene on the orig inal , the higher

the frequency generated. This allows more drops of ink to reach

the copy producing a given shade on the copy . As the frequency

varies, the shade of the copy varies in the same proportions

(i.e., the higher the frequency , the darker the shade ; the lower

the frequency , the lighter the shade).

Thresho ld Comparator

The threshold comparator is used in the line mode operation to set

the trip level above which all drops of ink hit the paper. The

trip level corresponds to a given density on the original. As

• the original is scanned, all densities above the trip point

density are printed with 100% of the drops while densities below

- - the trip point receive no drops.

Level Generators

— These generators produce the threshold level trip voltage and the

contrast level , respectively, for line mode and tone mode gener-

ation. A reference signal obtained from a reference area on the -

drum is used to set both levels in conjunction with the color

control for each ink color, and the contrast potentiometer for

lighter , normal or darker prints. In addition , any variation in

lamp intensity is corrected by detecting changes in the reference

signal.

1:
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Charge Drivers

The charge driver is a high-voltage transistor array which

controls the hi gh voltage applied to each ink—jet charge electrode.

If the driver is turned on by a positive pulse, it effectively

shorts the charging electrode to ground . This prevents the ink

droplets from being charged and subsequently deflected to the

catcher.

The electronics described above combine to form the system scan/

print electronics of the Color Copier which are physically equiv-

alent to each channe l as it exi sted in the original black only

copier. The delay circuits described in the last section have been - .

inserted in the magenta and cyan channels between the Print Mode

Select block and before the Ink Drop Charge Driver block shown on

Figure 4. The photodiode buffer , analog signal processor , voltage-

to-frequency converter , threshold comparator , one line of the delay ,

and the ink drop charge driver have direct correspondence with one

channel required for each ink-jet. The level generators are

common to all channels controlling a specific color ink-jet array , 
-

so only three circuits would be required .

The data channel ’s relationship to the remainder of the machine is

shown schematically in Figure 4. The timing of the entire control

system is based on the frequency of a single—crystal controlled

clock. This frequency is synchronously divided to produce the

control signals for the print drum drive motor. The carriage is

driven strai ght from the drum through clu tches controlled by the

drum speed detector and the print command switch on the control

panel. This synchronizes the drum and the scanner/imager carriage

— 28—
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and insures that the print timing is respons ive to any minor

variations in drum speed .

4.4.8 Ink System

2he ink system is interconnected to the copier itself with fluid ,

air , and electrical lines. Four liquids are required : Flush

Fluid - used in star tup and shutdown procedures , and the three

inks which are either deposited on the paper or in appropriate

waste containers. Air over the liquid is the medium used to

pressurize the system. Controlled house air pressure is utilized

to f i ll tanks , transfer between tanks , or to empty tanks. A

vacuum pump is utilized to supply the vacuum required to collect

charged droplets of ink and to direct liquids , under atmospheric

pressure only , to appropriate collection tanks. The fluid system

for one ink and the flush liquid is shown in the diagram in

Figure 5. Prefiltered ink is added to the system through quick

disconnect couplings (QDC) into the ink supply tank (B). Pre-

filtered flush fluid is added at the QDC into the flush tank (C).

— During printer startup, air is introduced into the ink chamber

of the printer to pressurize the system through the star t air

valve (E) and the start pneumatic valve (G). After a preset time,

the airflow is switched by the ink flush valve (F) to introduce

the flush fluid into the printer through (C). Thus, the printer

ink chamber fills with fluid from left to right . After a preset

time, the exhaust valve (H) is opened , and the start air valve is

CE) is closed . Air trapped in the ink chamber bleeds off. Flush

— 29—
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f luid now flows through orifices and exhaust valve. When the

f lu sh f luid runs straight (no crooked j ets), the ink flush valve
— 

(F) is switched to stop the flush f lu id and allows ink into the

system. All solution (mixture of ink and flush fluid) flows into a

tray and then into the waste tank . After a preset time, ink only

is flowing through printer and into the tray. Tray to Waste is

kept open to eliminate ink build-up while in Stand-by Mode.

Electronic Controls are activated to stimulate the jets, charging

is activated and then deflection is turned on and all jets are

then caught , reducing the flow to the Waste Sump (D) and Tray to

Waste (J) can be closed . Ink could now be recirculated , but in

thi s breadboard model the catchers are also returned to waste

through another large beaker which must periodically be emptied

into the Was te. The prin t heads can now be moved away f r om the

waste tray or pan when the Start Print allows the image bar to

begin printing.

Testing was performed on Mead Technology Laboratory inks to assure

their satisfactory operation in the system. See Refer ence #1 for

description of inks .

4.4.9 Machine Control System

The Machine Con trol System is comprised of four major functional

blocks as shown in Figure 6. These are, Operator Control Panel —

including sequence indicator lamps and switches; Service Panel;

Interlock Logic; and Machine Sequence Control. The Operator

Control Panel provides the main point of interface between the

— 30—
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operator and the machine . This panel is configured to guide the

operator through the sequence of machine operation with some

indicators that flag those failures which are correctable by the

operator . The Service Panel (scattered over the breadboard model)

contains switches and potentiometers to permit manual control of

individual machine function, including color balance, contrast,

air pressure, vacuum level, etc.

4.4.9.1 Interlock Logic Circuitry

The interlock logic circuitry assures that machine status variables

are acceptable before permitting a copy to be started. Additional

interlocks are provided for the document illumination so that

cooling airflow must exist if lamp power is to be applied. If a

short circuit occurs in the high voltage deflection plate circuits,

the voltage degrades and ink drops are not caught, which is readily

apparent to the operator who shuts the system down, thus protecting

[ the circuits.

4.4.9.2 Machine Sequence Control Circuit

The Machine Sequence Control Circuit, working from the control

panel , the interlock logic, and the machine itself , generates at

its outputs signals to properly time and control the sequence of

events which produce a copy. All vents are interlocked in such a

way that all functions which must occur prior to a given event

have, in fact, occurred before the sequence can continue. In the

event that the sequence is interrupted by the failure of some

function to take place, the entire operating sequence is aborted

- 
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and the failing function is flagged by an indicator lamp on the

operator control panel.

5.0 RESULTS

5.1 Test Goals & Objectives

5.1.1 Inks

The f i r s t  set of tests performed were basically to determine if

the inks available to us would perform to the feasibility speci-

fications , at least long enough to provide a set of prints and

allow measurement of density reproduction and resolution. A three-

color print was produced by inserting each of the colored inks in

the single-ink system one at a time, washing the system out

thoroughly between runs, inserting di f fe rent f i l ters for each run ,

and keeping the copy material in place on the drum. The test was

run on the Army ’s high wet strength paper to insure the ink/paper

compatibility . The individual dots of ink measured between

.003-.005 inches, about the same size as the small screened dots

used as color topographical coding on the maps we have been given

for copying tests. While the machine was set up for these tests,

we also performed response measurements on the photodiode/filter

spectral design, the results of which are shown on Table 1. The

inks were also subjected to chemical/physical tests to measure

their suitability for use in the planned ink-jet system design.

The results of thcse tests showed that the inks could be used and

an ink development program would not be necessary .
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5.1.2 Test Plan

When the machine was rebuilt, the following test plan was

initiated to realign the system and switch over from the old

style orifice and charge plates to the new Mead standard :

I. Align all heads with comparator then mount each

to machine , manually check integration with drum

and carriage framing , roughly align heads with

each other and scan towers .

II. Individually bring up the ink—jet heads to fu l l

operations.

(A) Obtain all straight jets

(B) Insure Catch Pan ali gnmen t

(C) Turn on Stimulation Generator and adjust
frequency , also checking loading by all
three heads and effect on jets.

(D) Apply high voltage and check for action on
uncharged jets.

(E) Turn on charge voltage and set head in all
catch , set deflection plate and catcher
final positions.

(F) Connect head charge cable into One-Shot Test
Fixture , one head at a time starting with
yellow and align the heads hori~onta1ly(direction of drum axis) with respect to
each other and check squareness with drum
axis.

III. Replace the old 20 mil between center orifice plate

and charge plates with the new 15 mu equipment and

quickly recheck step II.
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IV. Test modified Drum Drive and check the new timing

(proper interlace).

V. Individually bring up the three photodiode Scan Towers

(A) Check all circuits for correct outputs.

(B) Scribe a thin piece of reflective brass with
five 15 mu marks and a horizontal line,
wrap onto drum and align the optics so that
the reflection from the 15 mu marks are seen
to coincide with the photodiode after
horizontal alignment; and then the masks.

(C) Balance all amplifier outputs , compensating
each channel for its individual color filter,
(If the yellow channel - blue filter — will
not provide enough output, replace the diode
board with new design - with two stages of
preamp - using a large black tape block on the
white drum. Check with colored blocks.

VI. Check that the yellow Scan Tower properly drives the

yellow ink-jet head in copying large black block.

VII. Check that magenta Scan Tower properly drives the

magenta ink-jet head with large black block and make

rough vertical (around the drum) alignment (magenta

dots with yellow).

VIII. Check that cyan Scan Tower properly drives the cyan

ink-jet head with large black block and make rough

vertical alignment of cyan head (cyan dots with

magenta and yellow) .

IX. Replace large black block on the drum with a very

fine line (less than 5 mil) on white paper and make

the fine vertical alignment of the magenta and cyan

ink-jet heads.
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X. Copy the set of color blocks to determine color

clarity and range .

XI. Copy black tonal picture with individual color

jets, then with all three colors.

XII .  Copy of a color tonal picture with individual

color jets , then wi th  all three colors .

XIII .  Copy an Army map with individual color jets, then

with all three colors .

XIV . Do in-house demonstration .

XV. Do customer demonstration.

5.2 Characterization of Demonstration Copies

Final characterization must be delayed until copies can be pro-

duced with sufficient quality for reasonable measurement; however ,

an extrapolation can be made from the unbalanced color pr in ts  wi th

a subjective risk of about 10%.

• Resolution - there does not seem to be any doubt that

the resolution will  be better than 300 lines-per-inch

since the machine is presently resolving the smallest

object on the maps , the half-tone shading dots.

• Precision of Printing — the printing precision is closely

tied to the ability to align individual ink-jets to the

individual photodiode locations. This •is of course

limited by the breadboard nature of the present machine

in the microscope or individual dot case. In the macro
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I.
sense where the position of lines etc, are determined

by an integration of dots from more than one jet, the

precision is determined by the lead screw and is very

good. See Appendix A for an analysis of positional

errors.

• Subjective Color Fidelity - i t  is no t  possible  to m a k e

a subjective judgement yet , until the colors can be

balanced.

• Subjective Geometric Fidelity - it seams that the drum ,

lead screw one-to-one construction and precision

stated above would lead to perfect geometric fidelity

- ~- and indeed it appears so in the samples we have made.

6.0 CONCLUSIONS

The properly color-balanced and completely aligned copies of

sample maps provided by the Army could not be demonstrated within

the allotted schedule owing to difficulties in initiating the new

style ink—jet heads operation and the laboratory Q.C. of one set

of new orifice plates .

However , Mead Technology Laboratories plans to continue the

development as components become available and manpower can be used .

The color—balancing circuits have been added and partially debugged.

Samples of the development work were provided to the Army repre-

sentative on his last visit, and copies of the present output are

included for camparison , although there are not many in existence

and there is no reasonable way to copy them . Examples of the

[I 
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final quality output will be provided as an amendment to this

report as soon as they become available.

In conclusion , we feel that we have proven that the three—color

copying can be accomplished , and we have a machine which is now

capable of color balancing and can be run to provide the required

testing. It appears evident from testing already done , that any

single-color print can be made to the required resolution . It

remains to be proven that the “three-color triangle ” can be laid

down and coordinated within the requirement of 300 lines/inch so

as to provide a print which subjectively “looks good” and objectively

has the accuracy needed .

7.0 RECOMMENDATION

We recommend that the work be continued until these prints can be

made and demonstrated even though the formal project is finished .

L
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Appendix A

Ink Jet Physics

The calculated jet velocity of the color copier bar is dependent on:

the measured mass flow rate of the bar jets is 0.005483 gm/sec./jet ,

the density of the ink is about 1.00, giving a volume flow of about

0.99543 ml/sec./jet. With a jet diameter of about 2.16 x 10 -i cm,

and a cross sectional area of 3.66 x icr6 cm2 , the jet velocity will

be about 1.48 x ~~~ cm/sec. The assumption of jet diameter equal

to orifice diameter will introduce some error in this equation . This

velocity is equal to 583 inches/sec . With this velocity the stimulation 
—

frequency would be optimum at a frequency of 152.4 kc. The above ignores

the discharge coefficient.

The following measurements have been made:

1. Drop separation. This measurement was made by observing
the separation of ten ink drops immediately below the
filament breakoff point. The reticule was calibrated to
a scale factor of 2:1 and a reading of .067” for the ten

- ‘  
- drop spaces was obtained. This yields an average drop
spacing of .00335” .

2. The stimulation frequency at this time was measured to
be 121.23 Icc. - 

- 
-

3. The above yields a jet/drop velocity of 406 in./sec.
(1032 cm./sec.)

4. The design jet velocity was about 480 in./sec.

5. The measured mass flow was 104.5 gm/sec./jet.

6. The mass flow per jet then is .00505 gm/sec./jet .

7. The volumetric flow then is .00500 ml/sec ./jet .
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8. Since the jet velocity is known the jet diameter may be

solved for (as opposed to the orifice diameter) . The
jet diameter was found to be .00248 cm . (0.978 mils).
The orifice diameter for this plate was known to be

— about 0.80 + .05 mils.

From the above , the Raleigh critical frequency should be V)/4.5D)

which is about 92.3 kc. If the velocity were increased to the design

value , however , the stimulation frequency would be 109 kc. It is

interesting to note that the calculated jet diameter is about 20% —

greater then the orifice diameter.

A-2
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Appendix B

Timing Error Ana~ysis For Drum Copier

Print errors in an ink jet printer (i.e. errors in positional place—

ment of ink on the copy substrate) may be caused by several sources. -

In the Drum Copier , significant errors may arise from errors in

timing throughout the electronics as well as in the control of the

jet themselves.

The drum copier has been designed to operate with as little as a

single drop of ink used to print each dot on the paper. The cri—

ten on for design of the ink jets is to provide a specific “ink

coverage” on the printed page. For Mead inks, this coverage fig-

ure usually is about 0. 014 mi/in2 .

B-]. 



B.1 Basic Jet Desian

The je t  radius may be found from the formula 

(1)

R~ =~~
‘
~~~~~~ D~~~ 

R~ = jet radius

Q = ink coverage (.014 mi/in 2)

= 8.5 x i0~~ inches

N = number of drops per dot

= linear jet (printed dot) density

= 600 dots/inch

For the drum the jet radius is found to be 4.37 x i0~~ inches and

the jet diameter is .875 mils . It should be noted that the jet

diameter is computed and not the orifice diameter .

The stimulation frequency may be determined then from the equation: 

(2)
f =  J

9 R j f0 = stimulation frequency

V j = je t velocity

Using a jet velocity of 480 inches/sec., the stimulation frequency

will be 121.8KHz.

The velocity of the web (i.e. drum surface) will then be found from:

.338 V . f
~~~ _ _ _ _ _  

= ° (3)

~%2QD. N D~

For the drum copier, this figure is 203 in./sec. = 1015 ft./min.

[
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B .2 Basic Jet Limi ta t ions

With the system design above , the drum wil l  move one dot position

in the time required to generate each drop of ink . The drum rotation ,

however , is not synchronized with the drop generation , and because of

the randomness of the stimulation/drop growth on the jet, the data is

only quasi-synchronized with the drop generation. Apparently , when a

drop breaks from the jet filament it will either have a charge or

will not (excluding the case of partial charged drops which cause

additional errors). This binary quality of drop control places an

error of at least 1 breakoff time which corresponds to + dot place—

m~at. Each dot placement position is of course 1/600 1.66 mils.

B.) Electronic System Timing Errors

- t Working backwards from the jet, timing errors may occur due to rise

time of the charging driver electronics. While the rise time itself

primarily causes partial charging of drops which is the source of

other types of errors (i .e. drop placement errors), there is also

time delay associated with the rise time . Variations in the rise

time from jet driver to jet driver may cause charging of an earlier

drop or later drop thereby causing a position error of + one dot

position. This typo of timing error appc~irs to be minimal in the

present system .

The data output of the scanner electronics is “clocked” into the

driver electronics using the stimulation frequency . This means

that a potential error exists because of the asynchronism between the
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scanner electronics and the clock frequency of plus or minus one dot

position, i.e. 1.66 mi].s. Errors also exist in the variation of

threshold between the level detectors in the line mode. The extent

of this error depends on the exact point at which the level detector

is set and the slope of the input signal to the level detector . It

is generally desirable to set the level detector threshold to a point

which is near the middle of the signal maximum and minimum to utilize

the maximum transition slope of the input signal. It has been found

that the errors caused by improper setting of this level may be sev-

eral clock times (as many as 4 to 5 clock times) which can cause

errors of 8.3 mils. This is obviously a serious source of positional

error.

There is also a timing error introduced because of rise time in the

photodiode circuits. Variations on rise time from circuit to circuit

may cause timing errors at the threshold detectors thereby causing

errors in printing.

It should be noted that these errors will cause limitations to resolu-

tion and print quality, however , they are not the only limi tations to

either.

B.4 Conclusion

The errors caused by the inherent drop breakoff time uncertainty is

+ 1.66 rnils , the error caused by synchronizing (i.e. clocking) of the

data into the driver electronics will also be + 1.66 mils. Theoret.-

ically , the errors caused by the level detector threshold can be made

L 
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negligible although at present it is potentially very large. Also,

- ( rise time errors in the photodiode circuits and in the charge d cc—

— trode drivers may be made negligible although at present they are
-

- trode drivers may be made negligible although at present they are

presently under investigation in the drum copier and will soon be

known. When these errors are minimized , there still remains the basic

synchronization errors related to the data system and jet breakoff 
-

- 

mechanism , which can amount to + four position error , or about 6.66 
-

mils on the edge of each line (as opposed to line pair). The Quasi

randomness of this mechanism should cause a “fuzziness ” of the line

edges throughout the 6 mu region of line edge. The exact effect

of this “fuzziness” must be measured to be evaluated but may be es-

timated that lines much less than this width dimension will not be

resolved . Under this condition, the resolution of the system can be

about 100 line pairs per inch or less. The esthetic effects may be

less.

B-5 
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Appendix C

Drum Copier - Optical Path

The optical path for the drum copier consists of the illumina tion

and imaging system up to the photo devices for converting the light

intensity to electrical intensity .

j~cTo~

I / P#or~ ~~~~ -
K

- -

Lrws

Figure C—i — Optical Path Schematic

The irradiance required on the copy will be determined by the sen-

sitivity of the photosensitive devices and the characteristics of

the optical path. Specific information concerning the lamp intensity

depends on many factors; however, an approximation of the lamp and / —

associated optical elements (i.e., reflectors or condensers) may be

evaluated as follows. The irradiance of a black body source may be 
- 

-

obtained by considering the color temperature of the source (the EJL

lamp used in the drum copier operates at a color temperature of

3400°K). The irradiance is given by:

—-S.. -- - ——-— --—-~.-~~~—..— -
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H0 = 5. 67 x l0 12 T04 (watts/cm 2 ) — ( 1)  -

H0 = irradiance of source

T0 = temperature (°K)

The filament will be imaged onto the copy by the reflector or con-

denser to yield an irradiance on the copy of:

= Tc l lNo sin2 9 COS’~ ~ (watts/cm 2) (2)

the terms in equation (2 )  are :

N0 = filament radiance

= optical transmission of reflector

lens

9 = half angie exit pupil to image

= :::~:cr i:::: :.~~
t
~~~~

.J’ç

The irradiance of the image produced at the photo-sensitive device plane

then may be found from:

= ~~~~~~ sin2 
~2

where H~ = irradiance of final image at photodiodes

T~ = optical transmission of imaging lens and filters, etc.

= radiance of copy and illumination

= reflectance of paper of the copy

half angle of exit pupil of imaging lens to image

- . 
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~ t We may combine equations (2) and (3) to obtain:

= TpTcRjHosin 2Ol sin 2O2 cos4Ø (4 )

where all terms are as defined above .

Evalua-:ion of 0
~

, 
~ 2 and 0 are as follows. The distance for focus is

given in the manufacturers catalog for the reflector used with the EJL

lamp as 1.25” . The diameter of the reflector is found to be about 1.6” .

Using these figures directly to find the approximation , 01 is found to

be about 33° and sin2O1 is then about 0.3. The angles for 0 is found

to be about 45° and cos4Ø is then 0.25. The distance from the back

focal plane to the image for the imaging lens is found from the lens

makers formula to be 6f (six times the focal length of the lens) and

the clear aperture is the f/F(#), which equals 50 mm/2.8. This provides

an ang le of 1.7 ° for 
~2 and sin292 is then equal to 8.85 x io-~ . With

the lamp operating at the rated 3400°K, the irradiance of the source

will be from 1:

H0 = 5.67 x io 12 x (3 .4  x

= 7.57 x 102 (watt s/cm2 )

If the “transmission” of the reflector is taken as 0.8 and the ref icc-

tance of the paper is taken as 0.8 , the irradiance of the f inal  image

is found from equation (4):

H~~= T~~x3.2 x 1 c r
2 (5)

where H~ is the irradiance of the final  image with one lamp used to

illuminate the copy .

T in the above entails an evaluation of the spectral response of the

color filters, the I.R. filter and the color compensation filter as

well as the color response of the lamp and the spectral response of

C-3 
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the photodiode . If the color temperature of the lamp is held constant

a “normalized” gross attenuation of the electrical signal out of the

photo sensor may be measured as each filter is successively added to

the optical path. These attenuations are of limited use, as the re—

suits of measured total attenuations are not subject to superposition,

(i.e. the attenuations of various combinations of filters cannot be

summed). The results of measured gross attenuations are useful in

evaluating the systems where spectral distributions are held constant. 
-

The measured gross attenuations of the filters are (with the I .R. filters

in place) from 0.066 to 0.015 when using the Wratten #58 and #47B re—

spectively . The attenuation for the Wratten *29 falls between these at 
-

0.039.

Considering the I .R .  fi l ter independently , we realize that all but

about 15% of the radiant energy lies beyond 750 nm and would expect a

similar attenuation of the output signal except for the fact that the

inherent spectral response of the phototransistor already rejects the

energy beyond about 1100 nm which represents about 50% of the total

radiated energy. The measured attenuation then would be about .151.50

or 0.3. Since the sensitivity rating of the photodevice includes the

spectral response characteristic, this measured attenuation should be

used in the computation . The total effective transmission T1, would

then be expected to be about .02 for color work with the #58 filter

and about .0045 for the #47B filter.

Using these values in equation (5) we obtain an “equivalent” irradiance

at the photodetectors of about:

= from 6.4 x 1O~~ watts/cm
2 to 1.4 x 10~~ watts/cm

2
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One additional factor which should be included is the fact that the

source irradiance was computed on the basis of a “black body radiator”

while the tungsten filament is actually a “grey body” which reduces

the output to about .35 at the temperature considered . The equivalent

irradiance will then be:

= from 2.2 x ~~~~ to .5 x io~~ watts/cm2

Estimated Phototransistor Output

The Fairchild FPA 700 phototransistor array has a specified minimum

sensitivity of 200 Uamp/5mW/cm2 which equals 0.04 amps/watt/cm2.

Typical sensitivities for this device are .15A/watt/cm 2. The ef—

fective photosensitive area is given as 0.8 mm 2. With a mask aper-

ture of .025” diameter ( .635 mm) , the area of the mask aper ture is

.32 mm2. This will reduce the incident light by a factor of 0.4.

Using the value above for H~ (minimum ) a photo current of 3 Damps

is predicted . With a feedback resistor of one megohm in the trans—

conductance amplifier an output voltage of 3 volts would be expected .

If the feedback resistor is reduced to lOOK ohms, this value is re-

duced to .3 volts.

Critique

Several sources of error exist in this analysis and it is useful to

compare the predicted values with actual values obtained in the

operating system . The measured value of output voltage for the case

given above of minimum input irradiance and a 30K ohm feedback re-

sistor was .22 volts. The calculated output for this feedback re-

sistance is .09 volts or an error of greater than two to one. The

analysis gives a conservative value under the conditions of operation .
C-s
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The dominant sources of error are anticipated to be in the evaluation

of the light illumination on the copy and in the variation of color

temperature, both of which tend to increase the measured value under

conditions of present operation.

Resolution Target Spatial Frequency

The small resolution target (i.e. the 4” x 5” variable frequency bar

target) has been used in measuring the MTF of the optical system!

photo—transistors and was then scanned on the comparitor to verify

the calibration. The following results were obtained .

A B C D E

1 8 16 32 66 128

2 9 18 36 72

3 10 20 40 80

4 11 23 44 88

5 12 25 50 100

6 14 28 57 112

4” x 5” Resolution Target Spatial Frequency (Cycles/Inch)

The values through D—l were measured as they were the targets used

in the evaluation. The values of spatial frequency higher than D-l

were obtained by simply doubling the value in the preceeding column.

C-6 
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Appendix D

Drum Copier - Pin Photodiode Optical Analysis

The use of photo—transistors for the optical sensors has the undesirable

characteristic that the response time is a function of the incident .

light intensity . Since the response time is marginal in the present

system, the use of PIN photodiodes is suggested. The analysis of the

optical system is valide for this analysis except for the changes in

the mask aperature (which is required to achieve the scanning resolution)

and the sensitivity of the photo-device.

The optical system is depicted in Figure D-l. The present system us’-s

a “projected” mask aperture of .005” diameter which provides a cut off at

- - 100 lp/inch. It is expected that if this aperture is halved and cut off

of 200 lp/inch is achieved , the performance will be acceptable. A “pro-

jected” aperture of .0025” (at 5:1 magnification) will yield a real

aperture of .0125” diameter.

p 1~L~
c Tji II

J c Z J L  
)c~~~ ~~~~~~~~~~~~~~~~~~ 

_____10 
~~~~~~~~~~~~ 3 
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COP98/~. ).

q-i~
Figure D—1 Copier Optical Path

The diameter of the 5082-4205 diode is .060” and consequently the

reduction of input will be (.0 125/ .060) 2 , or 0 .0434 .  Taking the

minimum value from the “Drum Copier - Optical Path” analysis of

: 1  
-~~~~~~- - - - -—-.- -- -- - - - - -~~~~ ---- _ _ _

— .- — .- —---— _ -- —~~~~~~~~~~~~~~~ - ~ — S —



the signal-to—noise ratio inherent in the signal is 1 x 1cr8! 6 x 10—li  =

170. This is the inherent signal to noise ratio and assumes that devices

with low enough noise inputs will be available to make only the light

signal be of consequence. The noise density input of the PIN diode for

example is speced at 1.4 x and should contribute no appreciable

increase in S/N. Other sources of noise will be considered in the pre—

amplifier analysis (photodiode transconductance amplifier).

One serious source of error which should be considered here is the error

due to thermal leakage of the diode. This current is speced at .15 NAmps

at 250C. Allowing a 25°C rise above this , the leakage current will

rise to about 1.5 NAmps . This represents a signal error of 1.5 x io-~ /
i x io 8 or 15%. Without compensation , this er ror will definitely be

too high . If the temperature rise above ambient can be held to 10°C —

however , the error can be held to about 3%. Such an error would be

marginally acceptable .

Design alternatives include the following:

1) Use increased intensity lamps, e.g. the G.E. ESC lamp offers
a modest increase in intensity with reduced life expectancy . -

2) Increase the diameter of the mask aperture to allow in-
put power at the expense of reduced resolution.

3) Abandon the color filtering work for the present machine
and concentrate on obtaining the highest possible resolu-
in a black and white copy. Without the color filters, the
light intensity will be adequate for the dynamic range and
response necessary for a practical working machine.

4) Consider stabilizing the drift in the photodiode circuits
or measuring the drift and compensating for it.

5) Operating at slower speed when working with color to re-
duce the noise bandwidth.

D-2
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0.5 x io-~ watts/cm
2 and the sensitivity of the PIN diode of

.5 Ua/Uwatt, an output current of:

= 0.5 x io~~ x 8 x io~~ x .5 = .02 DamEs

This value proved to be low by a factor of two in the previous anal-

ysis , however , it may not be in error by that amount in the present

case because of the method used in specifying the sensitivity of the

photodevices.

Because of this uncertainty , the actual photodiode current was mea-

sured using the breadboard transconductance amplifier mounted into

the scanner. To allow better resolution of the filter attenuations,

no aperture mask was used.

I
The results are tabulated below:

1) With only the I.R. filter in the optical path , the photocurrent
was measured as 5.6 Damps.

2) With I .R .  f i l ter and color comp f i l te r  and the Wratten #47B
filters in place, the photodiode current was .21 Damps.

NOTE: The angular sensitivity of the 5082-4205 was of considerable
consequence in obtaining maximum readings.

The reading of .21 Damps obtained must be multiplied by the factor of

.0434 obtained on the preceding page for the mask aperture which should

provide an output current of .009 Damps. This value is about half of

the current predicted above.

This low value of current presented a signal to noise problem . The

inherent shot noise will be on the order of 1 x io .13 x~/~~x l0~ =

2 x lo~~ amps (rms). Allowing a factor of 4 for peak to peak variations,
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Alternative No. 5 was , of course , chosen for this project because 
I

of limited funding, however other alternatives are available and

would be chosen for any new development .
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Appendix E

Step Wedge Evaluation of Grey Scale For The Color Copier

Density is defined as 1og10(10/I) where 10 is the maximum intensity

of reflected light and I is the intensity under observation . The use

of a logarithmic function is desirable because the eye responds with

a logarithmic sensitivity and therefore quantities are directly

meaningful.

In evaluating the response of the electro-optical system, it is neces—

sary to know the relative intensities of the scanned light at the input to

the scanner (i.e. the relative intensities reflected from the calibrated

step wedge). It is important to note that these intensities are only

relative. They indicate the percentage of light returned from the wedee.

Once this scale is established, we may then plot the actual printed

densities on the copy as a function of the relative input intensity .

The relative input intensity is established by scanning the calibrated

step wedge used as the original with the same densitometer used to scan

the printed copies. The relative intensities are found by solving the

density equation for :

I 1/1og 1(Density) = 1/lo g ~~iDensity)
10

For the calibrated step wedge used , the value shown in Table E-l
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Table E-l

System Transfer Function

Calibrated Measured
Density Density Relative
Of Original Of Original Intensity

0.0 0.08 0.83
0.1 0.17 0.68
0.2 0.28 0.52
0.3 0.38 0.42
0.5 0.61 0.25 -

0.7 0.79 0.162
1.0 1.07 0.085
1.3 1.39 0.041
1.6 1.66 0.022
1.9 1.96 0.011

We may now use the relative intensity as the independent variable to

plot the printed density against a graph of the system transfer function

fu

The attached graphs illustrates the results for several dif f erent

input lamp intensities. Note that with the present electronic system

the output printed density is a linear function of the scanned inten-

sity. This has nothing to do with the logarithmic function of the

denfinition above as noted by plotting the measured density of the

calibrated wedge on the same curve. The linear transfer function is

due to the system design which does indeed employ a linear algorithm

to generate the density scale. A hypothetical plot of the proposed

1/I grey scale generator is given in Graph D-2 with the gain adjusted

to match the calibrated wedge.
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In evaluating the reproduction of a grey scale step wedge on the drum

copier, an unexpected result was noted . The output copy from what

was designed to be a linear system displayed an intrinsic exponen-

tial function. Since a linear system had been presumed in a pro-

posed design to improve the grey scale fidelity , this phenomenon de-

manded further investigation.

Since the density reading provided by the densitometer is defined by

the equation :

D = 1og10(10/1) (1)

the straight line implied an exponential function within the pro—

cessing and printing of the copy information .

The data points for the two straight line density plots were f i tted

to a least squares criterion and the following results obtained : -

1. @ 20 volt lamp intensity

= .903 — 1.18 I/Is (2)

D~ printed density

2. @ 24 volts lamp intensity

= .890 — 1.89 1/1
0 

(3)

1/10 relative intensity of
input light from step
wedge

The terms of .903 and .890 in the euuations are obviously the derived

values for the maximum density obtainable with the ink used .

The constant multipliers for the I/Is terms are repre~entativc of the

overall system “gain ” or “sensitivity” and as would be expected , vary

-

~~ -. 
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along with the lamp intensity. Generally the output function is of

the f orm :

= K 2 - K1 (I/I a ) (4 )

Now it is known that the electro-optical system will to a good I 

-

approximation be a linear system and furthermore , that the system

used at present is designed to provide a frequency of drop printing

which is proportional to the scanned light intensity subtracted from

a constant value (the constant value approximates the maximum ink

drop frequency):

f~ = K3 - K4 ‘scanned (5)

= frequency of drop
printing

Apparently , the right hand side of equations (4) and (5) are of the 
-

same form , and we expect the printed density of copy is directly

p~oportiona1 to the frequency of placing drops on the copy which is,

of course , identified as the “ink coverage ” of the paper , Q:

D~ = K 5Q = log10 I~~ /I~, (6)

and:

iop/1p = eaQ (7)

where : a = 1<~,
/.4343

C = ink coverage

= attenuation of light
returned from the
printed copy .

The import of equation (7) is that the attenuation of light returned

from the copy is proportional exponentially to the quantity of ink

applied to a given area . If a high f idel i ty  copier is to be designed ,

this must be considered and dealt with.
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Appendix F

Drum Copier - Pin Photodiode Preamp

In the analysis of the PIN photodiode used with the drum copier optical

system, it was found that the light current at the blue end of the

color spectrum would be only about .01 Damps. This low value of in-

put current implies design parameters in the preamp which may be

difficult to meet. An analysis of the proposed circuit is given below.

F.1 Signal to Noise (4)

The intrinsic noise limitations of the PIN photodiode will appear as

a shot noise limitation which may be traced to the random photon arriv-

al at the semiconductor. Since the noise will be proportional to the

amplitude of the light and the actual current proportional to the 
-

quantum efficiency of the device (85% for the PIN diode), the normal

shot noise estimate must be divided by the efficiency and a device

“excess noise” factor included . If we allow a 20% excess noise fac-

tor, the intrinsic noise level of the signal will be:

= /2ei~ f_X 1.2 = RMS noise current (1)

0.85 e = electronic charge

= 1.6 x ~~~~~ coulomi~s

= photodiode current

f = noise bandwidth

= 8 x i0~~~,~’I~~I (lA )

Evaluating this equation for the .01 Damps estimated above, we get

a RMS noise current of 1.8 x 10~~~ amps. This gives an intrinsic

signal to noise of 1 x 10 8/1.8 x io~~ or 555. It is perhaps a

F-i
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better indicator of the expected performance to consider the peak to -

peak noise expected against the peak to peak signal. A factor of 4

will include 95% of the peaks and give a S/N of about 140. This

should be adequate for the application. —

F.2 Dark Current Noise

The -4205 is specified for a dark current. of 0.15 nA maximum at ambient

temperature. If we take the minumum acceptable temperature rise of

100 , the dark current will increase to about 0.3nA. The equivalent

dark current noise will be about 2 x io~~
2 Amps. This noise input will

only increase the signal nn~~~- by about 1% which is negligible. Even

at the lowest anticipated signal levels this should not be a contri—

buting factor to the practic~t 1 signal to noise.

F.3 Amplifier Noise In~~~

The input noise voltage of the Signetics 536 PET ampl if ier is specified

as 20 Uvolts in a 100 KHz bandwidth. Since the configuration is a cur—

- - rent to voltage converter, we should expect that this voltage would be

reflected directly to the output of the amplifier, however , since the

feedback resistor will be very large, it is apparent that the stray

input capacitance will form an independent differentiator input when

its reactance is less than the feedback impedance. This input will

cause the noise voltage in the portion of the spectrum above

f=l/2lrRf Ci to be amplified proportional to frequency. We evaluate

the input capacitance (total) to be on the order of 5 to 10 pf. At

50 KHz, this will represent a reactance of .5 Megohms which, with a

50 Megohm feedback resistor, would cause the noise voltage to be

amplified by 100. The total noise voltage at the output would be

F-2 



F
approximately 50 times the RMS input equivalent or about

20 x icr6 x 50 = 1 x 10~~ volts RMS. With the 50 Z4egohm feedback

resistor mentioned , the signal voltage would be 1 x l0 8 x 5 x iO~ = .5

volts for a signal to noise ratio of about 500. It is useful to con-

vert the output noise to an equivalent input noise current of

2 x io~~ Amps (RMS). This is approximately equal to the intrinsic

signal noise level.

F.4 Input Noise Current

The input noise current will be approximately equal to the shot noise

of the input leakage/bias current which is given as about 5 x lo~~ 2 .

The noise level associated with this current will obviously be unim—

portant.

p

F.5 Resistance Noise
The noise of the feedback resistor will of course show up at the out-

put as the voltage of the resistor:

E
~ = I4KTRf (2)

K boltzmans constant

= 1.38 x icr23

T = temperature 0K

R resistor value

f = noise bandwidth

For the 50 Megohm resistor mentioned above, the noise at the output

would be about 1 x 10-6 x~(5 x iO~ or .223 x i0~~ volts RMS. This

may also be referred to the input current by dividing by the feedback

resistance.

Irjn 5 X 1 O ~~
2
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P .6 Circuit Signal to Noise

The total noise may be found by summing the intrinsic noise current , 
-

the amplifier input equivalent noise voltage current and the feedback

resistor equivalent noise input current. The noise powers are added

to obtain:

‘nt = ((1.8 x 10 h1)2 + (2 x 10 ui. ) 2 + (.5 x

= 2.7 x 10_li Amps RMS

This should provide a signal to noise of about 1 x 10— 8/2 .7 x io~ -~- or

370; or , when considering the peak to peak noise , about 93. This pro- 
-

vides just less than two decades which should be close to an accept-

able value . It should be noted that if the feed back resistor is in-

creased , the signal to noise will not change radically as long as the

resistor value remains close to the value used in the approximation. -

-

F.7 Closed Loop Bandwidth Considerations

The low output current of the photodiode implies high feedback imped-

ance and low bandwidth . Evaluation of the signal bandwidth follows: 

- - -~~~ -~- - - - - - - ~
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VO = -AVE -(1)

VE = (i5—if)Z~ — (2)

lf = V0+VE

Zf

= VE(].+A) (4)

Zf

= —Vo(14) (5)

Af

From (1) & (2)

V0 = (if—is)AZi (6)

Substituting in (5)

V0 = -V0 (1 + ~ )— i  Z1A (7)

Zf

= v0(1 + ~~~~~
Z f

V0 = —i 5Z1A = ~~sZ f
1 + (l . + ~ Z jA Zf + 1 +

Zf Z~A

= —~5Zf (8)

(1 + Zf)+ 1
zi

F-S
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Zf = Rf Cf = R
f /SCf = Rf (9)

_ _ _ _  

i + R f s C f
sC

zi = (9A)
sci

V = R /sC R +lf 
(10)

i~ 1 + (1 + Rf/SCfRf+l)

“sci

= Rf

Rf SC f+]. + RfsCf+l + Rf
A A/sC~

= Rf
(b A)

Rf SC f+1 + R fsC f+l+R f 5C~

A

A = A0/i+sT0 (9C)

V = R
__________________________________ (11)

+ 1 + (Rf5Cf+RfSC~+l) (1+sT0
A

0

V0 = ~Rf (h A)
RfSCf + 1 + (RfsCf+RfsCi+l) (1+sT0) . —

A0

Rf Cf T~
RfC~ = Ti

T0 = Amplifier break point

= -R f (12)
~ S STf + 1 + (sTf+sT~+l) (sT0+l)
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—R f 

- — — - —

I 
STf + 1 + S2TfT0+STf + s2T1To+sT~ +sT0+i

H 
A0

I i

I 
= —R f

I STf + 1 + S2T0(Tf+T~) + s (T f +T~+T0)+ 1

A0
= -Rf

T0(Tf+Tj)s
2 + STf + (Tf+Tj+T0)S + 1 + 1/A0

A0 
- 

-R 
A0

= 
_____________________________________  (13)

— T0(Tf+T1) ~2 + Tf 5 + 1
A0

We may substitute the circuit parameters expected and solve for the

poles of the transfer function:

Rf = 100 Meghom

Cf= 0 . 5pf

Ci = amplifier input capacitance + photocliode capacitance

+ strays

6 p f + 3 p f + l p f = lo pf

I 
I

ii
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= amplifier break point time constant = .016 sec.

A0 = amplifier open-loop D.D. gain = io~
From these values the time constants are determined .

T~~= 1 x l O 3

I Tf = 5 x i c r5

the roots are given by:

s0 = 
A0Tf A~Tf - A0

2T0(Tf+Tj) 
V ~~T0(T~+Tf) 

) 

T0(Tf+T~)

which may be simplified :

= 
—A0 Cf ±i~ f - A0
2T0 Cf+C~ 

~fL 2
To Cf+Ci) 

T0Rf Cf+Ci

— If Rf is greater than:

Rf~~ 4 (Cf+C~ )T0
A0 Cf

2

The roots will be real.

‘ II

— ~

I L

- 

~ 1..
- 

I
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The root locus as a function of Rf is shown above. For the values of

circuit components above, the roots will be real if Rf is greater than 
-

about .25 x io8 Ohms. The actual roots of the transfer function for

the values given are:

s1 = 2]..5 x 103 and s2 = 29.l x l04 -:

These poles correspond to frequencies of 3.4 KHz and 46 KHz. Apparently,

the lower frequency pole is due to the natural break point of the feed— - -

back resistor and the stray capacitance across the feedback resistor

(about 0.5 pf). Now this pole may be compensated by placing a “zero”

in the transfer function which occurs at the same frequency. This may

be conveniently done by placing an integrating network before the 100

Megohxn feedback resistor as shown in the equation below:

1
2 T f 0 x lOOk 

•
_/ -

= .159
1o~ 

/
,
/•

= 470 pf

The small value of stray capacitance of the feedback resistor may cause

some instability of the compensation circuit since the 0.5 pf may allow

susceptance to variables such as proximity to technicians hands, etc.

While this variable can be stabilized by adding capacitance across Rf,

it will also have the undesirable effect of degrading the signal to

noise ratio. The circuit should be tested in the configuration shown

and modified if instability proves to be a problem.
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P.7 Dynamic Range

It is expected that the normal dynamic range required for acceptable

operation will be about 10:1 for any operating configuration (i.e.,

the grey scale range for any given copy when a given set of color

filters is installed). The system so far has been designed to pro—

vide an output voltage of 1.0 volts with the lowest signal expected

from a white surface when the color filters of highest attenuation are

used. Unfortunately, when the color separation filters are removed

completely, the increase in signal amplitude will be on the order of

20 times. This places this signal beyond the output voltage range

of the preamp. Apparently , the lens must be stopped down or a neutral

density f i lter must be used to bring the signal intensity back into

the acceptable limits.

F.8 Conclusion

Except for the special limitation mentioned above concerning the dynamic

range when the color filters are inserted and removed , the circuit de-

sign presented here appears to meet the system requirements set forth

for resolution and color work with a resonabie margin on signal to

noise ratio.
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