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ABSTRACT

A new approach to characterize the roughness of paper
in contact with ink under compression in the printing nip is
proposed . The printing roughness is calculated from the
parameters of the ink coverage function contained in the ink
transfer equations . The approach assumes an identity between
the ink transfer coverage function and the pore shape-
function of the surface pores . Although the printing
roughness correlates well with standard roughness/porosity
tests, different regression lii.aes result from different
printing conditions . The printing roughness was found to
be inversely linearly related to the logarithm of the
printing pressure with the slope of the regression line
representing a measure of the compressibility of the paper
surface . The compressibility is independent of the printing
pressure but, for rough papers, is a function of the nip
dwell time .
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INTRODUCTION

During sheet compression in a printing nip, the thick-
ness of the ink film on the printing plate required to
contact and transfer to all of the exposed fiber surface
depends on the smoothness of the paper surface contour (1) .
Therefore, printing roughness is defined as the roughness of
paper in contact with ink, under compression in the printing
nip . Parker (2,3) developed the `Print-Surf' on the assump-
tion that air-leak roughness measured with a backing similar
to an offset press blanket was equivalent to some kind of
printing roughness .

Print density (4,5) and the surface area covered by a
drop of liquid ink (6) have also been used to define printing
"smoothness" . However, despite all these attempts, no method
has yet been found to characterize a paper roughness as seen
by the ink in a dynamic mode as it occurs in the printing
nip . In other words, no true evaluation of a dynamic paper
roughness in the printing nip has ever been established .

This paper proposes an approach to the characterization
of the topography of paper in the printing nip using ink
transfer data . The approach is similar to that of a previous
paper (7) dealing with the characterization of uncompressed
paper . From the analysis of ink transfer data, a pore shape
function as well as a single roughness value that may truly
be called 'printing roughness' are obtained.

EXPERIMENTAL

Paper Samples

An eastern Canadian newsprint containing 45%
thermomechanical pulp, 35% stone groundwood, and 2C}! low
yield sulfite was calendered to 4 smoothness levels in the
PAPRICAN laboratory calender . The calendering conditions,
basis weight, and bulk properties of the samples are listed
in Table 1 . Air-leak roughness and permeability, and the
mean pore size of the samples are listed in Table 2 .



Roll temperature :

	

50''C
P-11 Peripheral

	

rij -
Samples basis weight :

	

46 .7 g/m2

Table 1 . Calendering Conditions and Physical Properties .,,,

Printing

The 5 samples were printed at 4 printing pressures (1 . 8,
2 .9, 3 .6, and 4 .4 MPa), and 5 printing speeds (1, 2, 3, 4 and
5 m/s) with an IGT-AIC2 Printability Tester . Samples were
conditioned for 12 hours at 23*C and 50% relative humidity,
and printing was done in a conditioned atmosphere . The GFL
SCAN standard ink (a) was used . The amount of ink applied
to the printing plate was varied between 0 .5 and 12 g/m2, for
a total of 12 ink weights on the printing plate for each
printing condition. Ink transfer curves were fitted to the
data using a modified version of the Walker-Fetsko ink
transfer equation (9) .

THEORY

Our evaluation of printing roughness in a printing nip
from ink transfer data is based on the mathematical identity
between the expression of the ink transfer coverage function
and the pore shape function of paper surface pores obtained
from 3D profilometry data (7) . Furthermore, as will be shown
later, it is logical to assume some kind of analogy between

Sample Calendering
Level*

Nip Load
kN/m

Caliper
AM

Bulk
CM3/g

1-0 0 Uncalendered 112 2 .40
1-1 1 20 98 2 .09
1-2 2 20,40 90 .5 1 .95
1-3 3 20,40,60 87 1 .86
1-4 4 20,40,60,80 83 .5 1 .80
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the ink progressively covering and filling-in paper surface
pores and the 3D profilometry stylus sensing the inside
contours of the same paper surface pores .

Ink Transfer and Roughness Evaluation

Figure 1 shows the S-shaped curve characteristic of the
change in ink transfer, Y, as the amount of ink on the
printing plate, X, is increased . The fractional ink trans
fer, Y/X, is also shown . Many researchers have fitted the
S-shape ink transfer curve to equations having three or four
parameters . While the usefulness of these empirical ink
transfer equations has been questioned (9, 10), De GrAce and
Mangin (11, 12) used a mechanistic approach to show that ink
transfer curve shapes resulted from the interaction between

Figure 1 . Ink transfer curve for the newsprint calendered
at S10 = 4 .70 gm . Printing conditions are : GFL
ink, 3 .60 MPa printing pressure, and 4 m/s
printing speed . Fitting is performed on the
fractional ink transfer curve (8) .



press conditions, mainly printing speed, pressure, and ink
viscosity, and paper properties, mainly roughness and
porosity (11) . They also showed that the first part of the
ink transfer curve before the maximum in the fractional
transfer (see Figure 1) was most sensitive to paper roughness
(11), and to the rate of coverage of the paper surface by the
ink . This is expressed by the coverage parameter contained
in the ink transfer equations (9) .

In Figure 2, the paper surface is represented by the
Equivalent Surface Pore (7) obtained by the rotation of the
pore shape function of paper . As shown in Figure 2, during
ink transfer to paper, the ink contacts exposed paper
surfaces and starts to fill-in the surface pores . As the

Figure 2 . Schematic of ink filling-in of the paper surface
represented by the Equivalent Surface Pore (ESP)
(7) .

	

. When

	

the

	

an,ount of

	

ink on

	

the plate

	

is
increased, the ESP is filled by ink and the
contact between the conical sides of the pore and
the ink increases accordingly .



ink weight (X) on the printing plate is increased, more and
more of the paper surface is contacted, and more and more
pores are filled- in with ink . Complete coverage of the paper
surface by ink occurs close to the maximum in fractional ink
transfer ( .11) .

We assume that the coverage and filling-in of the
surface pore by the ink is analogous to the action of a 3D
profilometer stylus probing the paper surface . If an
absolute paper roughness value could be defined, the value
would be independent of the measuring technique, whether a
stylus (profilometry method), air (air leak method), light
(optical method), or ink (proposed method) was used to sense
the paper surface . Therefore, differences in the roughness
values from different methods are related to the testing
conditions, compressed (static or dynamic) and/or uncom- -
pressed state of the paper surface, and whether a portion of
the surface porosity is included or not in the evaluation
(13, 14) .

For instance, paper surface is not compressed during 3D
profilometric evaluation . Profilometric roughness is limited
by the pore size that can be sensed according to the stylus
diameter . On the other hand, paper surface is compressed in
a printing nip . Furthermore, ink does not have the same size
limitations as the diameter stylus and can probe deeper
pores .

Ink Transfer Coverage and Paper Surface Pore Shape Functions

The most common ink transfer equation is that derived
by Walker and Fetsko (15) :

Y = A(X) [bB(X) + f(X - bB(X))]

	

(1)



A(X) and B(X) are the ink coverage and the immobilization
functions defined as follows :

A(X)

	

I

	

e-kX

	

(2)

B(X)

	

1

	

e-X/b

	

(3)

where

	

X - ink weight on the printing plate before printing,
Y - ink weight transferred to the paper during print-

ing,
f - splitting parameter,
b - immobilization or 'absorbency' parameter, and
k == coverage or 'smoothness' parameter .

Karttunen et al . (16) proposed the introduction of a
"flattened fraction" F., i .e . the fraction of the paper
surface in contact with an uninked plate . Mangin et al . (9)
introduced a compression parameter -1 . Both modifications
were intended to correct deficiencies in the original Walker-
Fetsko (WF) coverage function A(X) . Combining these
modifications, the coverage factor of the WF equation
becomes :

A(X) = I - (1 - FO )e- (kx ) y

	

(4)

As

	

seen

	

in

	

Table

	

3,

	

major

	

modifications

	

of

	

the

	

WF
equation are derived from the above general equation by
fixing different values of both the correction parameter If
and the flattened fraction F. . In the general form proposed
here to correct the coverage function of the WF equation, the
parameters F. and 'Y are functions of both the experimental
printing conditions and paper properties .

It is readily apparent that the ink coverage equation
(4) uses the same mathematical expression as the asymptotic
regression law proposed (.Z) to represent the pore shape
function F1(z) of paper :
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F1(z)

	

1 - (1 - F.) e- (kjz)

	

(5)

with

	

k, = k~

	

(6)

and

	

z = xY

	

(7)

The pore shape function F2(z) was derived from 3D
profilometry evaluation assuming no paper compression and
quasi-static conditions, while A(X) (equation 4) is obtained
from the ink transfer equation under dynamic printing
conditions .

Just as the pore shape function F1(z) is used to
calculate the paper roughness from 3D profilometry, the ink
coverage function A(X) obtained from the ink transfer
experiments can be used to calculate the printing roughness .

From the general equation of topography ( .Z)

1

	

1/3
G331 "2

	

1

	

z3 dF,W]

	

(8)

and relation (5) representing the pore shape function, the
paper roughness can be calculated as

When second order terms are neglected, derivation and
calculation of above expression provides a paper roughness
value (7) expressed as

6(1 - Fa) 1/3
G3,1

	

[

	

3

	

]

	

(10)
k



where k and F., the parameters describing the pore shape
function of paper without compression, are obtained from 3D
profilometry data .

By analogy, from the general ink coverage function (4),
considering the changes of parameters in equations (6) and
(7), and above relation (10) expressing the paper roughness,
the printing roughness Rg is given by :

6(l - F0)-1/3

g

	

k3 'f

	

i

	

-
where k and F., and 7, the parameters describing the pore
shape function of paper in the printing nip, are obtained
from ink transfer data, and equations (1), (3) and (4) . '

It should however be noted that the asymptotic regres-
sion law F1 ( z) is used as an approximation to the Gauss ian
distribution of paper surface pores (Z) . Similarly, a
Gaussian distribution of surface pores was implied by
Ichikawa et al . (19) . They proposed a model based on the WF
equation where both the coverage A(X) and the immobilization
B(X) functions were represented by cumulative normal dis-
tribution functions . However, due to its complexity and
large number of parameters (6), the Ichikawa ink transfer
model was never properly used or recognized . For all
practical applications, it has been shown ( .Z) that the
asymptotic regression law could be used with an equivalent
degree of success .

RESULTS AND DISCUSSION

The ink transfer data and the printing roughness of the
samples examined under different printing conditions are
shown in Appendix . The printing roughness has been calcu
lated from equation (11), with F0 = 0 . For some ink transfer
curves (8 out of 100), convergence on a set of 4 parameters
(k, b, f, and 'Y) could not be obtained and the parameter
had to be given a fixed value of 1 .
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Correlations

Correlations between the proposed printing roughness and
conventional air-leak roughness, air permeability, and
porosity (measured by mercury intrusion) are shown in Table
4 . All the grand mean determination coefficients from
correlations between the printing roughness R. and other
common roughness and porosity values are above 0 .90 . It
should however be noted that the uncalendered samples are not
included in the regression analysis .

According to the pore shape function, surface pores of
an uncalendered paper are very large (7), more open to the
paper surface than pores of a calendered paper .

	

Progressive
calendering of the paper gradually closes the surface pores,
i .e . it reduces the pore size . The closing of surface pores
in the first calender nip (calendering level 1) is more
important than in later nips . This "closing" effect is
supported by the significantly bigger difference, 1 .70 um,
in air-leak roughness between the uncalendered sample and the
first nip calendered sample compared to subsequent roughness
reductions, only 0 .40 Am in average, in the second to fourth
calendering nips (Table 2) . Similarly, when an uncalender-
ed paper is printed, the closing of the surface pores due to
the printing pressure is more important than for calendered
papers . This is shown in Figure 3 where the printing
roughness obtained at 4 different printing pressures is
plotted as a function of the S20 Parker Print-Surf roughness .
The experimental uncalendered sample roughness is lower than
the one calculated from the regression lines .

The good correlation obtained between the Parker Print-
Surf and the printing roughness shows that the Parker Print-
Surf can be used as an indicator of printing roughness when
the printing pressure is fixed . However, different regres-
sion lines correspond to different printing pressures
meaning, as expected from the definition of printing rough-
ness, that printing roughness is a function of printing
pressure .
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X, SD are the mean and standard deviation of regressions cor-
responding to the 5 printing speeds, uncalendered sample
not included .

air permeability Parker Print-Surf .
measured by mercury intrusion .

Table 4 .

	

Determination Coefficient R2 of Correlation Between
Printing Roughness and Common Roughness/Porosity
Indices .

Test 1 .79

Printing

2 .86

Pressure,

3 .60

MPa

4 .40 Grand Mean

S5 K 0 .9482 0 .9055 0 .8571 0 .8942 0 .9012
SD 0 .0462 0 .0884 0 .1306 0 .1151 0 .1054

S10 R 0 .9720 0 .9095 0 .8512 0 .89.82 0 .9114
SD 0 .0182 0 .0770 0 .0615 0 .0584 0 .0709

S20 R 0 .9608 0 .9397 0 .8580 0 .9001 0 .9146
SD 0 .0362 0 .0542 0 .0593 0.0764 0 .070-3

Bendsten R 0 .9421 0 .9233 0 .8889 0 .8865 0 .9102
SD 0 .0575 0 .0722 0 .0795 0 .1174 0 .0870

Sheffield X 0.9372 " 0 .9482 0 .8555 0 .8782 0 .9047
SD 0 .0574 0 .0461 0 .1095 0 .1107 0 .0945

P20* 'R 0 .9444 0.7922 0 .7964 0 .8943 0 .8568
SD 0 .4444 0.1292 0 .1326 0 .0536 0.1183

Mean Pore Y 0.8949 0 .7045 0 .7386 0 .8514 0 .7973
Size** SD 0 .0700 0 .1462 0 .1719 0 .0789 0 .1471
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Figure 3 . The printing roughness as a function of the S20
Parker Print-Surf roughness for 4 printing
pressures . Points shown are the average of
printing roughness measured at the 5 printing
speeds (1, 2, 3, 4 and 5 m/s) .

Figure 3 also shows that the change in printing rough-
ness with air leak roughness becomes much less as printing
pressure goes up . For instance, at 1 .79 MPa and for the 5
printing speeds, the printing roughness decreases from 8 .5
Jim (uncalendered) to 4 .35 4m (calendering level 4), while at
4 .40 MPa, it only varies from 3 .95 Jim to 2 Further-
more, Figure 3 shows that Parker Print-Surf S20 values of
2 .25, 2 .55, 2 .85 and 3 .25 Am will all result in the same
printing roughness (R. = 4 .0 gm) when printed at 1 .79, 2 .86,
3 .6 and 4 .4 MPa, respectively .

	

The levelling off of printing
roughness with increased printing pressure explains the
printers common practice of increasing printing pressure
when printing rough papers .

	

These results also explain why
paper roughness was found not be an important quality
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parameter in offset printing (20, 21) . These conclusions
would be similar with the Bendtsen and Sheffield air-leak
roughness .

Effect of Printing Speed on the Printing Roughness

For all calendering levels and printing pressures, the
printing speed, within the range and the samples studied, was
found to have virtually no influence on the printing rough
ness .

	

This implies that the flow velocity of the ink within
the surface pores should be independent of the printing
speed . Furthermore, it verifies former conclusions that
changes in ink transfer with printing speed are mainly due
to modifications in the ink film splitting behavior (12) .

Effect of Printing Pressure on the Printing Roughness

Figure 4 shows that the printing roughness decreases
with the printing pressure . As expected, the paper appears
smoother to an ink film when the printing pressure is
increased. When an ink film is brought into contact with a
paper surface under increasing printing pressure two effects
occur as far as the paper surface is concerned . First, as
seen before, paper pores close, resulting in a reduction of
the printing roughness . Second, ink penetration in the
porous paper increases, resulting in an increase in printing
roughness . However, it can be verified from the Hagen-
Poiseuille law that the ink flow velocity in a porous medium
varies as a function of the printing pressure and the square
of the surface pore size (derivation is presented elsewhere
(22)) . Therefore, when pressure is increased, surface pore
size will decrease more rapidly than the ink flow velocity,
resulting in a decreased pore penetration by ink, and so a
lower printing roughness .



Figure 4 . The printing roughness as a function of the
printing pressure . Points shown are the average
of printing roughness measured at the 5 printing
speeds (1, 2, 3, 4 and 5 m/s) .

Surface Compressibility of Paper in a Printing Nip

The variation of printing roughness with printing
pressure can be used to evaluate the compressibility of paper
in a printing nip . The reduction K in roughness R as a
function of the pressure P is used to define the paper
surface compressibility ( 23 , 24 , 25 ) :

K = - dR/dP

	

(12)

Figure 4 shows that the printing roughness does not vary
linearly as a function of the printing pressure . Therefore,
the compressibility parameter K is a function of the printing
pressure itself . However, Table 5 shows that the printing
roughness Rg is linearly related to log P with an average
determination coefficient R2 of 0 .9553 as



Rg = R1 + K' log P

	

(13)

R1 is the printing roughness corresponding to P = 1 MPa
(log P = 0) .

Sample Determination Compressibility

* mean of 5 printing speeds

Table 5 . Determination Coefficients of Correlation
Between the Printing Roughness and the
Printing Pressure Logarithm .

It then becomes possible, as proposed by Bristow ( 25 ),
to define a compressibility parameter K' independent of the
pressure applied as

K' = -dR/d(log P)

	

(14)

According to equations (13) and (14), the compres-
sibility parameter K' is not a function of the printing
pressure . However, although paper compressibility is
expected to be a function of the nip dwell time ( 24 , 26 ), the
relationship between the compressibility parameter and nip
dwell time is not readily apparent . Regression analysis
shows the compressibility parameter K' to be independent of
the printing speed, except for the uncalendered paper where
K' decreased with increasing speed .

	

The relationship between

Coefficient R2
Mean* SD

Coefficient K'
Mean* SD

1-0 0 .9382 0 .0534 10 .90 1 .2
1-1 0 .9824 0 .0156 10 .95 1 .6
1-2 0 .9402 0 .0430 7 .95 1 .4
1-3 0 .9388 0 .0382 5 .45 1 .1
1-4 0 .9762 0 .0279 3 .45 0 .4

Grand Mean 0 .9553 0 .0427 - -
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the nip dwell time (0 .8 to 4 ms) at each printing speed (1
to 5 m/s) and the compressibility of calendered newsprints
in a printing nip becomes apparent in Figure 5 where the
printing roughness is plotted as a function of the S10
roughness of the paper . The slope of the regression lines
is a function of the printing speeds . This shows that some
relationship between nip dwell time and compressibility
should only be expected for rough and compressible papers .

Figure 5 . The printing compressibility parameter K' as a
function of the S10 roughness of the newsprint
samples .

Furthermore, as expected from the common understanding
that rougher paper is more compressible, the compressibility
parameter K' is shown in Figure 5 to increase linearly with
increasing paper roughness . Therefore, the compressibility
parameter K' is a function of the paper and compression
times (i .e . printing speed) in the printing nip .



CONCLUSIONS

A novel evaluation of printing roughness - the rough-
ness of paper under actual printing conditions - is proposed .
The printing roughness is calculated from ink transfer curves
by identification of the ink coverage function with the pore
shape-function of the Equivalent Surface Pore .

Although the printing roughness correlates well with
standard roughness/porosity tests, different regression lines
result from different printing conditions .

The printing roughness was found to be linearly related
to the logarithm of the printing pressure . The slope of the
regression line yields a compressibility parameter K' , which
is independent of printing pressure, but is a function of the
paper structure and of the nip dwell times .
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APPENDIX

INK TRANSFER PROPERTIES AND PRINTING ROUGHNESS

Sample Printing
Speed
M/S

Printing
Pressure
MPa

k x. ..

g/ .,

Y.. . R,

Am

1-0 1 .0 1 .79 0 .2006 1 .000* 0 .7675 15 .61 11 .98 9,058
1-0 2 .0 1 .79 0 .2065 1 .000* 0 .6943 10 .76 7 .473 8 .801
1-0 3 .0 1,79 0 .2151 1 .0305 0 .6583 10 .75 7 .076 8 .853
1-0 4 .0 1 .79 0.2161 0 .9551 0 .6352 11 .49 7 .031 7 .849
1-0 5 .0 1 .79 0.1833 0.8679 0 .6202 10 .71 6,640 7 .922

1-0 1 .0 2 .86 0.2736 0 .9582 0 .8149 11 .20 9 .129 6 .291
1-0 2 .0 2 .86 0.2934 0 .9714 0 .7552 10 .63 8 .027 5 .981
1-0 3 .0 2,86 0.3300 0 .9356 0 .7016 9 .040 6 .343 5 .128
1-0 4 .0 2 .86 0.2908 0.9200 0 .6728 8 .735 5 .877 5 .660
1-0 5 .0 2 .86 0.2707 0 .8311 0 .6532 8 .476 5 .536 5 .384

1-0 1 .0 3 .60 -
-

- -
1-0 2 .0 3 .60 0 .3594 0 .8331 0 .7833 10 .16 7 .954 4 .263
1-0 3 .0 3 .60 0 .3091 1 .000* 0 .7486 8 .056 6 .030 5 .879
1-0 4 .0 3 .60 0 .3418 0 .9544 0 .7096 7 .453 5 .288 5 .062
1-0 5 .0 3 .60 0 .4037 1 .0322 0 .6785 7.136 4,842 4.635

1-0 1 .0 4 .40 0 .4413 0 .8941, 0 .8535 11 .59 9 .893 3.776
1-0 2 .0 4 .40 0 .3946 0 .7499 0.8007 9 .067 7,259 3 .649
1-0 3 .0 4 .40 0 .4245 0 .9437 0 .7522 7 .436 5 .594 4 .079
1-0 4 .0 4 .40 0 .4285 0 .8690 0.7237 6 .725 4.867 3 .795
1-0 5 .0 4 .40 0,4589 1 .1904 0.7001 5 .885 4.120 4 .593

1 .0 1 .79 0 .2390 1 .000* 0.6917 9 .241 6 .392 7,602
2 .0 1 .79 0 .2292 1 .000* 0.6397 8 .338 5 .334 7 .930

1-1 3 .0 1 .79 0 .3241 1 .3825 0.5982 7 .076 4.232 8 .626
1-1 4 .0 1 .79 0 .3399 1 .3720 0.5748 6 .928 3 .982 7 .987
1-1 5 .0 1 .79 0 .3368 1 .4644 - - - 8 .943

1-1 1 .0 2 .86 0 .3218 1 .000* 0.7336 8 .724 6 .400 5 .646
1-1 2 .0 2 .86 0 .3066 1 .000* 0,6887 7 .404 5 .099 5 .926
1-1 3 .0 2 .86 0 .4105 1 .2673 0.6394 6 .330 4 .047 5 .616
1-1 4 .0 2 .86 0 .3647 1 .1819 0.6228 6 .252 3 .894 5 .987
1-1 5 .0 2 .86 0 .4177 1 .4033 0.6013 5 .663 3 .406 6 .187



Sample Printing
Speed
M/S

Printing
Pressure
MPa

k .Y y/xmax Xmax

g/m
2

Ymax

g/m2

Rg

Am

1-1 1 .0 3 .60 0 .4043 1 .1409 0 .7552 8 .584 6 .482 5 .106
1-1 2 .0 3 .60 0 .3825 0 .9354 0 .7086 7 .124 5 .048 4 .465
1-1 3 .0 3 .60 0 .4145 1 .0552 0 .6775 6 .160 4.174 4 .603
1-1 4 .0 3 .60 0 .3787 1 .0027 0 .6481 6 .110 3 .960 4 .811
1-1 5 .0 3 .60 0 .3670 0.8385 0 .6254 6 .028 3 .770 4 .211

1-1 1 .0 4 .40 0 .4862 1 .1077 0 .7652 8 .425 6 .447 4 .040
1-1 2 .0 4 .40 0 .3912 0 .8437 0 .7238 7 .049 5 .102 4 .012
1-1 3 .0 4 .40 0 .4216 0.8108 0 .6920 6 .257 4 .329 3 .660
1-1 4 .0 4.40 0 .3838 0 .8967 0 .6605 6 .211 4 .102 4 .289
1-1 5 .0 4.40 0 .3572 0 .8277 0 .6443 6 .139 3 .955 4 .260

1-2 1 .0 1 .79 0 .3305 1 .0213 0 .6723 7 .914 5 .321 5 .629
1-2 2 .0 1 .79 0 .3342 1 .2530 0 .6264 6 .821 4 .273 7 .174
1-2 3 .0 1 .ï9 0 .3555 1 .3054 0 .5983 5 .888 3 .523 7 .011
1-2 4 .0 1 .79 0 .3272 1 .1257 0 .5803 6 .068 3 .521 6 .390
1-2 5 .0 1 .79 0 .3375 1 .2250 0 .5668 5 .893 3 .340 6 .875

1-2 1 .0 2 .86 0 .3755 0 .7925 0 .7255 7 .828 5 .679 3 .950
1-2 2 .0 2 .86 0 .4063 0 .9038 0 .6726 6 .423 4.320 4 .101
1-2 3 .0 2 .86 0 .4565 1 .1706 0 .6401 5 .369 3 .437 4 .550
1-2 4 .0 2 .86 0 .3683 0 .9063 0.6159 5 .842 3 .598 4 .493
1-2 5 .0 2 .86 0 .3825 1 .0626 0 .5965 5 .660 3 .376 5 .046

1-2 1 .0 3 .60 0 .4528 0 .9322 0 .7446 7 .109 5 .293 3 .803
1-2 2 .0 3 .60 0 .3948 0 .6553 0 .6966 6 .942 4 .835 3 .341
1-2 3 .0 3 .60 0 .4584 1 .1012 0 .6645 5 .332 3 .543 4 .289
1-2 4 .0 3 .60 0 .3676 0 .7644 0 .6326 6 .034 3 .817 3 .905
1-2 5 .0 3 .60 0 .4167 0 .9336 0 .6206 5 .329 3 .308 4 .115

1-2 1 .0 4 .40 0 .4958 0 .9041 0 .7602 7 .047 5 .358 3 .427
1-2 2 .0 4 .40 0 .5089 1 .0206 0 .7107 5 .609 3 .986 3 .620
1-2 3 .0 4 .40 0 .4887 0 .9639 0 .6867 5 .252 3 .607 3 .623
1-2 4 .0 4 .40 0 .4530 0.8636 0 .6632 5 .281 3 .502 3 .600
1-2 5 .0 4 .40 0 .4304 0.8471 0 .6344 5 .246 3 .328 3 .711

1-3 1 .0 1 .79 0 .3055 0 .8158 0 .6802 7 .514 5 .111 4 .781
1-3 2 .0 1 .79 0 .3750 1 .0599 0 .6279 5 .880 3 .692 5 .139
1-3 3 .0 1 .79 0 .3630 1 .0526 0 .5962 5 .694 3 .395 5 .280
1-3 4 .0 1 .79 0 .3219 0 .8855 0 .5765 5 .872 3 .385 4 .957
1-3 5 .0 1 .79 0 .3846 1 .2795 0 .5711 5 .236 2 .990 6 .171





PRINTING ROUGHNESS AND
COMPRESSIBILITY : A NOVEL

APPROACH BASED ON INK TRANSFER

ERRATA
Table 2, page 954, 7th . column (Bristow Roughness) should read
17 .5, 15 .5, 15 .5, 9 .5 and 8 .5 (i .e . values are divided by 10) .

Dr . I .K . Kartovaara Finnish Pulp and Paper Institute

A few years back I was confronted with exactly the same problem
as you . How to describe mathematically the cumulative roughness
curve obtained with a profilometric instrument . After trying
several curves, including the normal distribution, on a large
number of samples I ended up with exactly the same result as you,
that the logistics curve gave by far the best fit to all the very
different samples .

Dr. P .J . Mangin

P . J . Mangin and P . Geoffroy

Thankyou for your comment, I have to add something here . When I
was working on ink transfer analysis some years ago we analysed
the ink transfer equation proposed by Ichikawa et al ., They used
a log-normal function to describe the ink transfer curves . At the
time we thought that the log-normal equation was too complex, but
in hindsight, perhaps it was the correct one . Unfortunately trying
to calculate and find the solutions to this type of equation can
be quite complex that is why there is always an approximation
used .

Dr .H .L . Baumgarten PTS Munich

I have just one short question, do you have any idea how you may
relate your results to the printability in gravure printing?

Dr . P.J. Mangin

I am afraid not .

Transcription of Discussion



Dr .J.R . Parker

Having discussed this work with Dr . Mangin, I believe that we are
in agreement that some caution must be exercised in applying this
interesting approach . Whilst seeming to be critical I must point
out that probing the paper surface with ink is the only method
available to us for finding out with some degree of reality how
the paper surface is seen by the ink in the nip of a printing
press . By careful use of this approach it should be possible to
get estimates not only of the effective roughness but also the
shape of the paper surface with which the ink makes contact during
impression . The results from ink transfer studies are critically
dependent on the assumptions made about the ink transfer process .
These offect the values obtained both for the ink coverage and for
the corresponding depth of the ink penetration . Unfortunately, few
attempts have been made to verify such results by, for example,
measuring ink coverage by direct observation .

In the present paper I must, for three different reasons, question
the validity of equation (11) from which the roughness, Hg, has
been calculated . The influence ofX is the opposite of what might
be expected, its dimensions do not balance, and the physical basis
of the underlying assumptions are not clear .

The Xquantity is used in the ink transfer equation to modify the
shape of the exponential curve of the ink coverage function to
obtain an improved fit to experimental data. It is not
unreasonable to assume that observed variations in 6 correspond
to variations in the relative proportions of deep and shallow
surface pores . When similar exponential expressions are used to
represent pore depth distributions, there can be no doubt that
has this meaning . Fig 'A' below shows the effect of 6 on the
shape of the depth distribution curve, the range of ~6 chosen being
rather less than that for the current results . It is important
to note that as 4~ increases, the proportion of shallow pores
decreases .



Fig . A

Examples of cumulative pore depth distributions calculated from

the modified exponential formula.



Suppose that a print is made by pressing paper against a smooth
metal plate covered with a thin film of viscous ink of thickness
x . The appearance of the resulting print seen under a microscope
often strongly suggests that the ink has piled up to some
increased depth z around each of the high spots in the paper
surface, having been squeezed out of the contact areas . See
Figure ' B' .

	

The proportion of the paper surface wetted by the ink
will depend this final depth z, so the relationship between A(x)
and z, rather than x, gives the pore .depth distribution F(z) .

The relationship between z and x will depend on the extent to
which the displaced ink redistributes itself within the non-
contact areas of the printing plate . Hsu (1) assumed that all the
displaced ink was immediately and uniformly redistributed
throughout the non-contact areas . In contrast, it is implicit in
the Walker-Fetsko equation that the depth of the ink in the non-
contact areas is unaffected when a print is made . This is
illustrated in Fig 'B' . For each assumption it is possible to
calculate the relationship of z to x from the shape of the ink
coverage function, thus obtaining a pore depth distribution . In
his paper, Dr Mangin seems to assume the z is equal to x, without
explaining the fate of the displaced ink . The resulting depth
distribution function is of course strongly affected by the
assumption made .

The difficulty with the dimensions centres on the smoothness
parameter k which occurs in the ink coverage function :

A(x) = 1 ' exp{- (kx) j

Ink thickness x must have the dimension length, so k must be
reciprocal length . Similarly, z is also a length, so that any k
associated with it is again reciprocal length . From the equation
of topography, (8), Rg must also be a length . Equation (11) can
be written :

R9 = (1/k)~

	

[ 6(1-FO)

so that, unless 4tr is one the dimensions are unbalanced .



Fig . B

A diagrammatic representation of a paper surface, above, in
contact with a printing plate, showing a possible effect of the
displaced ink on ink film thickness .



As a check, and also to indicate the effects of these errors on
the results presented in the paper, I calculated values of the
cube-root-mean-cube roughness Rg for comparison with values of Rg
given by equation (11, starting from the same assumptions as
Mangin :

z = x
FO = 0
F(z)

	

1
-
exp{ -(kz) }

Values for R3 were then obtained by numerical integration of the
equation of topography, as suggested in Fig 'C' . Thus :

zR33

	

-

	

O z
_

	

3

	

dF ( z

_

	

(1-F(x)) d(z3)
0

3 f-
z 2 .e-(kz)

	

.dz
0

Choosing a value for k of 0 .3, similar to the average for Mangin's
results, I obtained the value shown in the following table :

i
R9 R3

Equation (11) Numerical Integration

1 .2 7 .7! 4 .97

0 .8 4 .76 8 .50



Fig . C

Calculation of R3 from a pore depth distribution for the general
case, left and right for a surface with a modified exponential
depth distribution .



As I remarked previously, increases in

	

indicate a fall in the
proportion of deeper pores in the paper surface, so that R3 should
decrease as shown here as

	

increases . If this is so then the
errors I have pointed out will radically affect the results
presented in Figs 3-5 of Dr Mangin's paper .
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Dr . P .J . Mangin

The roughness equation proposed as equation (9) integrates as :

G 3

	

_(kz~)~3 6(1~o)- (1-Fo)e

	

P(Z-IS )
K~

_.~. ..

PART I

	

PART II

The actual 3D roughness, from which all calculations are made, is
Part I of the equation . The terms corresponding to Part II are
neglected . They are a function of the maximum depth at which ink
has penetrated the paper surface . Now, if you ever printed on
newsprint, you will realise that this simplification is valid as
ink penetration is usually of 20 pm or more . Therefore, P(z_,~) ,
which is a polynomial of the third order, times the exponential
is small compared to the roughness (Part I) . Roughness remains
the important term, and the polynomial is crossed out . So the
actual printing roughness is a useful approximation .

	

These points
were discussed in detail with Dr John Parker outside the meeting .

As far as the differences between the numerical (provided by John
Parker's contribution) and the literal values (given by equation
11 of the presentation) are concerned, I checked both John
Parker's calculations and my own, and both are mathematically
correct . So it seems that the two methods can provide very
different results . This should be further analysed and resolved .
However, I must add that I do not favour that too much emphasis
be put on the use of the exponent 2f The exponent is a fiddle
factor used to find solutions to ink transfer parameters . If it
could be avoided altogether, there would be no problem, and both



methods would give identical results . Actually, Dr Parker is
reading more into the physical significance of Y than I had myself
imagined . And I thank him for evoking this possibility because
there may be something into this . At present my data do not allow
me to put any true physical meaning (paper pore shape, for
instance, as proposed by Dr Parker) to 9 .

Furthermore, the printing roughness Rg is quite sensitive to this
exponent r . This is related to the fact that 6 is incorporated
as an exponential of an exponential function . Around values of
q, the variation of printing roughness related to e is rapid, and
the differences between the two methods obtained at 0 .8 and 1 .2
are clear .

Last but not least, when using the Marquardt's compromise to
oconverge on a solution for the ink transfer parameters, you find
that the parameters- k and K are not independent . In other words,
when K varies, k varies accordingly . This solves the dimension
problems because what is considered as the pore shape factor is
k . Mathematically, IS is always varying (let us say between 0 .8
and 1 . 2) but k has units of dunl .

You need to separate physics from pure mathematical problems
related to convergence on a solution . With this in mind, and
outside the extreme values of Zs, I forecast the John Parker's
calculations and mine should be in good agreement, ie printing
roughness values should correlate well . In conclusion, I would
like to thank John Parker very much for his contribution and for
pointing out this specific problem.




