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ABSTRACT The methods presented in Part 1 were used in an exploratory
study of “orange peel,” a pattern of submillimeter gloss variations. In viewing
the uncalendered lightweight coated paper sample with transmitted light, we
noticed a small-scale grainy pattern which we attributed to the coating mass
distribution. This grainy pattern did not correspond well with the basesheet
look-through formation. Instead, when we added the two gloss images together
and compared this sum to the grainy pattern, we found quite good
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agreement. In comparing the gloss patterns of the two sides, we found better
agreement than we bad anticipated. Still, there were enough bigh-gloss areas
lying over places of low apparent coating weight and enough apparently
heavy areas where the gloss was low, that we feel the relationship between the
coating mass distribution and the gloss distribution is not a simple one.
Instead, we wonder whether there is a more fundamental relationship

between the surface coverage distribution and the gloss distribution.

In Part 1, we discussed the equipment
and techniques for obtaining highly
detailed gloss images of coated paper
(1). These digitized images provide
the basis for various approaches to
characterizing submillimeter gloss
variations. We introduced the regis-
tered image stack concept and the
feature correlation technique as a way
of facilitating the direct measurement
and spatial correlation of numerous
small features in paper. The tech-
niques can be used to indicate how
well the submillimeter features of
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different images match each other,
and even features such as individual
paper fibers can be followed through
several stages of manufacturing.
Here, in Part 2, we will look at a
problem of interest to manufacturers
of lightweight coated and other coated
grades. This problem is the appear-
ance of small-scale gloss patterns,
often called “orange peel” because it
resembles the skin of an orange.

The problem

The high-gloss areas in a paper with
orange peel are numerous and are
strong enough to give satisfactory

A gloss image of an orange skin.
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§ 1. Gloss images from one manufacturer's ranking system for orange peel
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average gloss. For this reason, paper
with orange peel can often meet gloss
specifications though there are still
problems with print quality. Orange
peel appears to varying degrees.
Although it seems more prevalent for
lightweight coated paper coated with
a short dwell coater, the fundamental
causes have not been elucidated.

One paper manufacturer has de-
vised a ranking standard to visually
rate the degree of orange peel in his
production. Figure 1 shows the print-
ed gloss images of these ranking
standards obtained with our gloss
imaging equipment.

To understand the orange peel
effect better, we examined samples of
commercial supercalendered paper
having prominent orange peel. We
noticed that this same paper in its
uncalendered state exhibited tiny
dark spots when viewed in transmit-
ted light, giving it a “grainy” appear-
ance. Besides wondering exactly what
caused this grainy appearance, we
wished to discover whether it had any
direct connection with the orange peel
gloss patterns observed in the super-
calendered paper.

Results of imaging and
feature comparisons

For the lightweight coated paper
used, the image measurements are
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based on techniques presented in Part
1, as well as visual comparisons
between images from various regis-
tered image stacks. These image
stacks allow us to compare a single
feature at a time among the various
images.

On the basis of the Kubelka-Munk
theory, we consider that the optical
density distribution of the small dark
spots seen with light transmitted
through the uncalendered sheet coat-
ed on both sides (Fig. 2, Frame D)
indicates the distribution pattern of
the combined coating mass. At sub-
millimeter dimensions, the basesheet
contributes little to the optical density
variations seen in the transmitted-
light image. This hypothesis may be
verified later using the image corre-
lation techniques presented in Part 1,
combined with new sensing tech-
niques still under development.

Transmitted light, soft X-ray, and
beta-ray images

These images (Fig. 2, Frames D, G,
and I) result from the combined effect
of two coatings and some contribution
from the basesheet. All images gener-
ally agree with one another except for
differences in character.

There are some places where there
is definite disagreement, perhaps as
a result of differences in scattering
and absorption between the three

methods. An example is the dark area
(indicating heavy coating) at the
upper right in the soft X-ray radio-
graph, which shows faintly dark in
the beta-ray radiograph and almost
not at all in transmitted light.

The soft X-ray radiograph reveals
distinct spots in the calendered paper
that are difficult to detect in the beta-
ray radiograph image and are not
even present in the calendered or
uncalendered transmitted light im-
age. These can be seen as the tiny 75
to 100 um-diameter black spots in Fig.
2G. Because of its higher resolution
and greater sensitivity to coating
pigment, we wonder if the soft X-ray
radiograph is better able to detect
small places where the coating pig-
ment has penetrated deeply into the
basesheet—perhaps even thin coating
“bleed-through” points. Microscopy of
cross sections taken from the refer-
ence area might confirm that the tiny
dark spots are indeed places of high
coating pigment penetration.

Compared to the beta-ray radio-
graph image, the soft X-ray radio-
graph image seems more similar to the
uncalendered transmitted light im-
age, again possibly because of the
differences in absorption, scattering,
and resolution. More work with our
direct comparison methods, together
with microscopy, would be useful in
distinguishing the subtle differences



2. Registered image stack of commercial LWC having coated graininess and orange peel. (A) Transmitted light image, after calendering,
of the paper coated on both sides. (B) Felt-side gloss image with high-gloss areas marked. (C) Transmitted light image of typical coating
basestock for this paper (not from the reference area). (D) Transmitted light image of uncalendered paper coated on both sides, showing
grainy spots. (E) Felt-side gloss gray image. (F) Wire-side gloss gray image. (G) Soft X-ray mass image (dark = heavy). (H) Feature-extracted
binary image of felt-side gloss image {the high-gloss areas of Image E). (l) Beta-ray mass image of reference area (dark = heavy).
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between the various mass-sensing
methods [including the electron beam
technique discussed by Tomimasu (2)].

Transmitted light, coating
graininess, and low-angle incident
light images
The grainy appearance of the uncal-
endered transmitted light image
almost disappears after laboratory
calendering as a result of the increase
in internal light scattering (Figs. 2A
and D). However, individual translu-
cent paper fibers now appear that
were not obviously present before
calendering. (The calendered image
in Fig. 2A can be used to help locate
these fibers nearly hidden in the
uncalendered image in Fig. 2D.)
When viewing the calendered sur-
face of a blade-coated lightweight
coated paper in low-angle incident
light, a coating directionality is read-
ily apparent: the upstream sides of
fibers and high areas are more filled
in with coating pigment than the
downstream sides (Fig. 3). A localized
variation in fiber coverage is also
evident, giving many smooth-
textured spots in the coated surface
(Fig. 4, Frame A). These spots are
separated by rough-textured inter-
connections where uncovered fiber
forms remain.2 We were unable to
isolate these smooth spots with the
image analyzer without first staining
the paper with Croda ink (Frame B).
This difficulty is due to the low light
level in low-angle incident light im-
ages, to the chaotic topography creat-
ed by film-coated fiber forms, and
finally to the subtle textural differ-
ence (not necessarily the gray level)
that somehow must be discriminated.
After staining the paper, we found
that the white areas in the stain
coincided well with these smooth spots
(pointed out with the white arrow),
while the rough-textured areas gener-
ally coincided with the dark red areas.
From these and other observations,
we wonder if the Croda ink stain on
a lightweight coated paper coating is

*We use the word “form” to denote a three-
dimensional object at the surface of the coated
paper. A paper fiber can be covered by a thin
layer of coating pigment or a binder film, but
it may still present a three-dimensional shape
having dimensions very large compared to the
wavelength of light. A fiber flattened into the
coating pigment—even though it is at the
surface-does not have form, and fibers are said
to be covered when their forms are no longer
recognizable.
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3. Coating directionality in the machine direction in a supercalendered lightweight coated
paper. The small coating spot (arrow) fills in the upstream side of the CD-oriented fiber bundie:
top and bottom are from the same paper cut in half and turned 180°. Perception of greater
roughness comes from light being reflected upwards from the poorly-covered downstream
sides of fibers still raised out of the coated surface even after supercalendering.

Smooth spot

“— Low angle light

affected more by coating coverage
variations than merely the coating
mass variations or local binder con-
tent patterns (3, 4).

Gloss and Croda image correlation

In addition to the good correlation of
the smooth spots with the white areas
in the Croda stain, our gloss imaging
equipment showed that these same
spots had a nearly perfect match with
the high-gloss areas in the gloss image
(Fig. 4, Frames B vs. F, for example).
(The Croda stain was performed after
acquiring the gloss images.) Although
the felt-side Croda image had many
fewer white areas than the wire side,
virtually every one of them coincided
with high gloss in the gloss image.
(There were many red areas, however,
that also had high gloss.)

All previous microscopy of this
paper had revealed a somewhat
thinner but more uniform felt-side
coating. Consequently, for this coating
side, the white part of the felt-side
Croda stain may be revealing only the
relatively few heavy coating areas
and/or places of high binder content.
This result may arise because, unlike
the wire-side coating, the uniform
felt-side coating had few fissures to
allow the Croda ink vehicle to pene-
trate into the basesheet.

Despite what we knew to be a
relatively uniform felt-side coating
layer, our equipment showed a large

variation in gloss for both coatings
(Fig. 2, E and F). Furthermore, when
we compared the gloss images, we
were impressed by how well the two
sides correlated at submillimeter
dimensions (white areas in Fig. 5).
This finding suggests that a uniform
coating thickness does not necessarily
ensure uniform gloss and that a
commonality exists between the two
coatings at very small dimensions.

Although the visual appearance of
the sizes, shapes, and orientations of
the gloss patterns relate well to the
grainy patterns seen looking through
the uncalendered coated paper, they
do not relate well to our impression
of the basesheet “look-through” for-
mation (Fig. 2C). Therefore, we ques-
tion whether a very good link exists
between what we commonly view (and
even measure) as basesheet formation
and the coating graininess and gloss
patterns.

Gloss correlation with the
transmitted light image

When the gloss image of each side is
individually compared to the uncalen-
dered transmitted light image of the
coated paper, there is greater than
random correlation between the high-
gloss areas and the dark areas in
transmitted light. (These separate
images are not shown.) The agree-
ment improves even more when the
gloss images from both sides are



4. A registered image stack for a supercalendered, commercial, lightweight coated paper having orange peel finish (wire side)._ In egch'image,
the white arrow marks the same smooth coating spot. (A) Low-angle incident light. (B) Low-angle incident Ilghtf overhead |I|um|na‘t|on: (&3]
Low-angle incident light+ overhead illumination+ partial gloss illumination. (D) Transition point: low-angle incident light+ overhead itlumination+

more partial gioss illumination. (E) Partial gloss illumination only at transition point. (F) Full gloss.

White bar=1 mm

. Image comparing high-gloss features on the
wire and felt sides (White = high-gloss features
in common; area = 11.4%. Gray = high-gloss
features nat in common; area = 255%. Black
= areas of low or no gloss; area = 63.1%:)

added together and this combined
image is compared to the graininess
seen in the transmitted light image
(genoted by the white areas in Fig. 6).

This correlation implies a fairly
strong association between the mass
distribution of the combined coatings
and the gloss variation. This finding
is consistent with the belief that
higher gloss develops during calen-
dering in places where the coating is
heavier.

However, this belief does not ex-
plain why there are still so many high-
gloss areas that do not match those on
the opposite side (denoted by the light
gray areas in Fig. 5). It also does not
explain why so many dark areas in the
transmitted light image lack gloss on
one or both sides (denoted by the light
and dark gray areas in Fig. 6). Much
of the gloss variation is undoubtedly
caused by the localized pressure
distribution resulting from the super-
position of both coating mass distri-
butions. However, our observations
about the unexplained gloss raise the
intriguing possibility that, during the
calendering operation, the resulting

gloss variation for each of the coatings
may also be influenced by the fiber
coverage in that coating. These
thoughts are explained more fully
elsewhere (7).

Gloss response to varying
illumination
Many observations using the gloss
imaging equipment convince us that
the way the paper surface responds to
varied forms of illumination could be
an important distinguishing charac-
teristic. If this is so, the equipment
offers the potential for quantifying
this characteristic, which is not feas-
ible by other means to our knowledge.
To help demonstrate this, Fig. 4 shows
a registered image stack for the wire
side of a commercial supercalendered
lightweight coated paper having
pronounced orange peel (No. 5 from
Fig. 1).

As the gloss illumination lamp is
swung from the diffuse lighting
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6. Image showing high-gloss areas in common with dark transmitted-
light features (White = combined wire-side and felt-side high-gloss

features that are common to dark transmitted light features; area =
19.6%. Light gray = wire-side and felt-side high-gloss features added
together and not in common with transmitted light; area = 36.9%. Dark
gray = dark transmitted light features not in common with either gloss;
area = 13.7%. Black = areas of low or no gloss; area = 29.8%.)

position into the partial gloss position
(see Part 1, Fig. 1 for definitions), the
first places to begin reflecting are the
tiny facets of film-coated fiber sides
and tops in the rough interconnections
between coating smooth spots (Fig.
4C). Even over a large range of
lighting or viewing angles, the paper
with bad orange peel always has some
facets in these interconnections that
produce specular reflection. As the
gloss lamp is moved, the reflections
from these facets die away, and new
ones take their place. The spots that
lack gloss at this time are actually the
smooth coating spots because they
face outside the specular angle. These
spots can also be observed as the white
Croda regions in Fig. 4C.

As the lamp is moved nearer the
specular position, there is a point
where the gloss in the smooth areas
rapidly increases and then approxi-
mately equals that in the rough areas.
At this transition point, the gloss
image variation is lowest, and the
paper exhibits almost no orange peel
pattern (Figs. 4D and E). As the lamp
continues past the transition point to
the full specular position, the gloss in
the smooth areas suddenly increases
to its maximum, while the gloss in the
rough areas remains relatively un-
changed. The orange peel pattern is
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7. Printed vs. unprinted gloss images (laboratory solid test prints of
commercially manufactured lightweight coated paper)

Unprinted

. Printed

(No. 5)

therefore strongest when the lamp is
at or near the full specular position
(Fig. 4F). The large difference in gloss
response between the smooth spots
and their surrounding interconnec-
tions, just hundreds of microns apart,
is responsible for the flashing or
glaring effect seen when looking at
paper with an orange peel finish.
Compared to a smooth paper, the
rough interconnections in the paper
with bad orange peel probably cannot
be covered by normal ink film thick-
nesses (Fig. 7, Frame B). Although
the varnished fiber forms in these
areas are individually reflective, they
form a facet assembly that has less
total reflection at the specular view-
ing angle but has more specular
reflection at almost all other viewing
angles. These random reflections give
the print a “grayish” cast over a wide
range of viewing conditions, thus
degrading the color saturation in the
print (5). The printer may attempt to
alleviate this gray look by covering the
surface with heavy ink films, but even
if this facet assembly could be com-
pletely covered by varnish, the sub-
surface roughness would still produce
scattered reflections (6). In any case,
heavy ink films are not a viable cure
for an optically rough surface because
heavy ink can lead to trapping prob-

lems, loss of color balance, and other
printing problems.

For a smooth paper (such as the No.
1 orange peel in Fig. 1), the gloss
develops as numerous tiny points of
light dispersed uniformly throughout
the image. Although these points
grow in size, they do not merge into
strong patterns as the gloss illumina-
tion lamp is moved to the full specular
position. When a smooth surface like
this is printed, the average gloss
improves greatly (Fig. 7, Frame A)
because normal ink films are thick
enough to cover the tiny surface
imperfections with a more optically
flat varnish film.

Our thoughts on the causes of
“orange peel”

We have developed a generalized
visualization of the commercial blade
coating process for lightweight coated
paper that is consistent with the
observations reported here.

The attributes and causes of orange
peel are complex, and the example
detailed here deals with paper from
only one commercial paper machine.
We found that most of the gloss
patterns in this lightweight coated
paper seemed to be strongly associat-
ed with submillimeter coating cover-



8. Commercial lightweight coated uncalendered vs. laboratory-calendered coated paper in low-angle incident light, showing the basesheet
after the breaker stack, the coated sheet after the finishing stack, and the same sheet after lab calendering
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Uncalendered
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Uncalendered Coated
Sheet

age and mass variations from causes
that are still unclear. These variations
can then lead to large localized differ-
ences in both the gloss leve] and the
response to varying lighting condi-
tions, especially in the dark solid tones
of a print (5). Our work also confirms
the importance and difficulty of
achieving good fiber coverage when
the coating thickness has dimensions
similar to, or even much smaller than,
the imperfections in the basesheet (8).

There is considerable commonality
between the gloss images of the two
sides, which we think may be due to
small heavy areas of inelastic coating
that could lead to high localized
pressures during calendering. It is not
known how much of the commonality
is caused by coating bleed-through, by
coating filling in both sides of a thin
spot in the basesheet, or by the local-
ized pressure distribution from super-
imposing one coating mass distribu-
tion over another during the calend-
ering operation. We can offer one
explanation to account for the gloss
not common to both sides—that of
differences in coating coverage (7)—
but we do not know exactly how these
coverage differences arise. Our coat-
ing coverage hypothesis implies that
high gloss develops more easily in
places where the fiber is well covered,

even though the local coating mass
and the local calendering pressure
need not be high.

What about the characteristics of
the orange peel gloss images we have
observed in numerous supercalen-
dered lightweight coated papers? The
high-gloss areas are often slightly
elongated in the cross-machine direc-
tion, are typically 1 mm or less in size
(Figs. 1 and 2F), and are surrounded
by rough interconnections having
lower gloss. Neither the orange peel
gloss patterns nor the grainy coating
patterns seen in transmitted light
bear much resemblance to the base-
sheet formation as perceived by tra-
ditional look-through. Instead, the
patterns seem more compatible with
the basesheet microtopography as
revealed in low-angle light (Fig. 8).
Although our gloss imaging equip-
ment gives extremely fine detail, it
has yet to reveal a periodicity to the
gloss patterns as might result from a
wire mark pattern in the coating
distribution—even for base papers
known to have a strong wire mark (9).
More work is needed to understand
the exact reasons for this.

All our results suggest that, rather
than pursuing higher formation rat-
ings, it may be more productive to
develop methods of submillimeter

imaging of certain basesheet proper-
ties [such as localized topography,
compressibility, “destructuring” (10)]
which might be helping to determine
the coating distribution patterns. In
this work, the dynamie aspects of the
blade coating process must also be
considered.

Summary

The creative use of image analysis is
a potentially powerful tool for helping
to understand problems that occur in
the submillimeter dimension. Al-
though we made an effort to develop
objective techniques in this work, our
subjective evaluations of registered
image-pairs made us appreciate that
there are aspects of the human per-
ception that cannot be quantified. We
have come away with the feeling that
one of the most potent uses of image
analysis for us lies not so much in
producing numbers but in permitting
these exceedingly complex human
evaluations to be made more easily.
Even though the techniques pre-
sented here have certain limitations,
our explorations into the causes of
“orange peel” in commercial light-
weight coated paper were encourag-
ing. Here, we could demonstrate for
one lightweight coated paper that
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much of the grainy coating pattern
seen when looking through the uneal-
endered paper was transformed dur-
ing calendering to the gloss patterns
known as “orange peel.” We could also
show by direct comparison that the
grainy coating patterns have a strong
correlation with the coating coverage
patterns seen on the calendered paper
surface in low-angle incident light.
Furthermore, we could show a
certain degree of match between the
gloss patterns on both sides of the
paper. We suspect that the high-gloss
areas could correspond to the thin or
low areas in the basesheet where a
high total coating mass and local
pressure exists during calendering.
(Additional microscopy work can
confirm this.) However, we also
showed that much gloss is not common
to the two sides or to the dark spots
in transmitted light. This finding led
us to hypothesize a distinction be-
tween coating mass and coverage
which may account for this. (Well-

covered places also develop high gloss
even though the coating mass and
pressure may not be high.)

Finally, we could demonstrate that
the ultimate result of coating coverage
and mass variations is a large varia-
tion in local gloss level and in response
to varying lighting conditions. These
easily visible gloss patterns occur at
dimensions that coincide with print
components to produce a noticeable
disruption in the print quality. Be-
sides creating poor gloss uniformity,
uncontrolled specular reflections
from a poorly covered paper surface
also impart a grayish cast to the print,
taking away print depth and robbing
colors of their saturation.

Although we did not yet discover
the origin of the coating coverage and
mass variations, we think future
studies should cover not only the
basesheet submillimeter topography
but also its compression response, its
destructuring tendency, and the pos-
sible dynamie interactions of coating
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with the basesheet. In these studies,
we hope that some of our methods will
be helpful.Od
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