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bstract. The results of digital printing trials using a Xeikon press
n uncoated and coated paper were analyzed using interferometric
rofilometry to characterize printed paper topography and toner film

hickness. Solid print areas were fused at various temperatures, in-
luding radiant fusing with and without heated rolls. The overall sur-
ace roughness of the prints is slightly higher on the coated than
ncoated paper, but is mainly dictated by transferred toner amount
nd fusing conditions. Increased toner coverage degree, or layer

hickness, gives reduced surface roughness, provided the applied
using power suffices. Increase in radiant fusing temperature yields

decrease in overall print roughness, however, this decrease is
ore pronounced on coated paper and higher toner amounts. Band-
ass analysis of print surface roughness shows that short-scale
oughness at or below the lateral length scales of toner particle di-
ensions always decreases with increasing radiant fusing tempera-

ure, whereas roughness contributions at wavelengths above 10 �m
an increase, with this transition value being shorter on coated pa-
er and at lower toner amounts. Print gloss after radiant fusing is
trongly correlated to print roughness on wavelengths up to this
ransition length scale, and the correlation can extend to order
00 �m if complemented by heated roll fusing. © 2006 Society for
maging Science and Technology.
DOI: 10.2352/J.ImagingSci.Technol.�2006�50:2�202��

NTRODUCTION
he final step in electrophotographic printing processes is

he permanent fixation of the applied toner image on the
aper by the fusing subsystem.1 In general, fusing involves

he physical-chemical mechanisms of melting of the thermo-
lastic base polymer(s) of the toner, followed by particle
intering or coalescence, spreading on the paper surface and
enetration into its pores, prior to resolidification.2,3 Fusing
an be performed with heated rolls, as in most modern of-
ce printers, in which the toner is bonded to the paper by

he heat and pressure pulse applied in the nip between two
olls. Alternatively, fusing can be performed without applied
ressure using infrared (IR) radiation, e.g., in digital web
rinting. Although the principal purpose of the fusing pro-
ess is to create sufficient toner adhesion for subsequent pro-
essing and end use, the process also influences the optical
rint quality. In particular, fusing is essential in providing a
igh print gloss level. It also has a strong bearing on print
ensity, as well as sharpness of edges, lines, and text quality.
hus the challenge is to provide a satisfactory compromise
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etween these quality parameters with the given toner sys-
em, within the operational window of temperature, dwell
ime, and pressure of the fusing system, and for a sufficiently
road range of papers including uncoated and coated
rades. To aid in satisfying these often conflicting require-
ents on process and product performance, a combination

f radiant and heated roll fusing is provided on some digital
resses. One example is the Xeikon press used in the current
tudy, for which the hot nip is used as finishing roller after
R fixing.

As in all printing processes, a key quality issue for elec-
rophotography is uniformity of the printed image. Un-
anted local variations in gloss and optical density, and

oner film coverage and thickness, over solid and half-tone
rinted areas can arise from a number of effects. The paper

tself possesses lateral variations in topography (roughness),
urface chemistry, and dielectric properties, over a spectrum
f length scales. These factors, as well as other sources of
ariation in the toner transfer system, can lead to uncovered
hite specks in solid areas. Any failure of the fusing system

o remove these white specks, or indeed any tendency for it
o create them, can lead to serious losses and variations in
ptical density and gloss. Even in the case of speck-free solid
reas, the surface roughness and thickness variations of the
aper cause a locally varying contact pressure between fusing
ip and paper, leading to peaks with high fusing degree and
loss (nip calendering) and valleys with lower fusing and
loss.4,5 Owing to the relatively large dimensions of the toner
articles (approximately 10 �m), electrophotography is also
usceptible to the undesirable print features of differential
loss and three-dimensional surface relief.6 In particular, in
alf-tone images a transition from low to high toner cover-
ge can produce large variations in gloss, from paper-
urface-controlled gloss below the midtones to fusing-
ontrolled gloss above the midtones.7 This collection of
ossible defects occur in both uncoated and coated papers,
ith the general perception that the consistently higher

oughness of uncoated papers results in a lower, but robust,
rint quality, with coated papers exhibiting a higher quality
ut also a greater sensitivity.4,5

The above findings have been obtained using a range of
ifferent printer and toner systems, often with a separate

ailor-made fusing unit in order to independently examine
he effects of different fusing units and their various opera-

ional parameters. Aside from the normal quality measure-
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ents of optical density and gloss, a number of standard
nd novel techniques have been applied to probe the fusing
rocess and fused state. Toner adhesion and mechanical re-
istance properties are assessed using rubbing and
cratching,3 creasing and tape peeling, and IGT picking,8

ith the corresponding fusing quality measure found to de-
end on a combination of fusing pressure, dwell time, and

ocal temperature (the latter enters via the toner’s viscosity
ependence). Microscopy or scanning, followed by image
nalysis, provides further information on defects within
rint areas and measures of the sharpness of print edges and

ines, the spreading of points, and quality of text. A collec-
ion of spectroscopic techniques, including different Fourier-
ransform(IR) and Raman instruments, have been used to
robe the toner layer structure, its chemistry and interac-
ions with the paper substrate giving rise to its adhesion.9

Topography and surface roughness of the unprinted and
rinted papers can be quantified by a multitude of different

nstruments, giving direct or indirect height information
ver their particular measurement areas and subject to their
articular limitations on resolution. Comparisons of these
ifferent methods are provided in Refs. 10 and 11. In the
ontext of electrophotography, the relatively recently intro-
uced technique of interferometric profilometry offers a
umber of advantages. Specifically, its lateral resolution is on

he order of 1 �m, and with in principle no limit in vertical
esolution, over image areas up to several millimeters in
idelength. This allows the noncontact imaging of all fea-
ures from the finest scale of individual toner particles to

acroscopic variations in paper (e.g., flocs) and print qual-
ty, and quantification of the surface roughness contribu-
ions from these various length scales by bandpass Fourier
nalysis. The surface roughness information can thus pro-
ide direct measures of toner sintering and spreading, the
esulting local degree of fusing, the toner thickness, and
hree-dimensional print relief characteristics, and explain the
rigins of print gloss and its variations.

The current study applies this interferometric profilom-
try technique to analyze solid print areas produced by a
eikon press with varying radiant and heated roll fusing
onditions, on both uncoated and coated papers, and inves-
igate the corresponding correlations to measured print
loss.

XPERIMENT
rinting Trials
olls of two different papers for digital printing from Metsä
erla (now M-real) were used in the printing trials, namely
ne glossy coated paper (Galilei Art Gloss, 150 g/m2) and
ne uncoated paper (Galilei Opal, 160 g/m2). These papers
ad a caliper of 112 and 176 �m, respectively, with the
oated paper having PPS value of 0.5 �m, while the un-
oated paper had a Bendtsen roughness of 90 and
10 ml/min on the top (printing) and bottom sides, respec-
ively. The topside of the printing form contained a photo-
raphic test image together with solid print (full tone) band
elds (running in the cross direction) of 100% cyan �C�,

agenta �M�, yellow �Y�, and black �K�, 200% blue �CM� o

. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
nd red �MY�, 300% black �CMY�, and 400% black
CMYK�. The backside consisted of solid print band fields
running in the print direction) of no print, K, CM, CMY,
nd CMYK,with these fields occupying exactly the same area
n the backside as the topside fields, providing a checker-
oard matrix of topside-backside combinations.

Printing was performed using a Xeikon DCP 320 D
ress with the Xeikon toner system V2. These polyester
ased toner particles are produced by milling and have ir-
egular morphologies, with a mean particle size of 8.8 �m.
his Xeikon press has two types of fusing units, one radiant

ource (IR) followed by two pairs of heated rolls. The press
as controlled so that the four process colors achieved their
eikon standard print density values for normal printing
nd fusing conditions. These standard fusing conditions
ere 125 and 145 °C in the radiant unit and 100 and
10 °C in the heated rolls, for the coated and uncoated pa-
ers, respectively. The fusing was varied, without compensa-
ion in transferred toner amount, by using only the radiant
ource, only the heated nips, or the former followed by the
atter. For the case of radiant fusing only, the temperature
as varied in 5 °C steps over the ranges 105–145 °C and
20–150 °C for the coated and uncoated paper, respectively.
or radiant fusing followed by the heated nips, the corre-
ponding temperature intervals investigated were
20–130 °C (IR) and 95–105 °C (heated rolls), for coated
aper, and 140–150 °C (IR) and 105–115 °C (heated
olls), for uncoated paper, i.e., as a 3�3 matrix of 5 °C
ncrease or decrease from the standard fusing settings. In
ddition, unfused samples have been produced by pressing
he emergency stop during press running and cutting out
amples from the section of the paper web having not
eached the fusing units.

rint Characterization
ll topographical measurements of the printed and un-
rinted papers were performed using a white-light interfero-
etric profilometer, NewView 5010, Zygo Corporation

USA).12 The technique13 is based on reflection of white
ight from the sample surface, which then interferes with the
ight reflected from an internal reference surface in the ob-
ective. Images over the sample are collected with a charge
oupled device camera on scanning the objective in the
eight (z) direction. The resulting images are analyzed in the

requency domain giving a high-resolution three-
imensional image (height map) of the substrate topogra-
hy. The vertical resolution is independent of the optics and

s in principle unlimited, i.e., of the order of 0.1 nm over a
ange of 100 �m, whereas the lateral resolution depends on
he objective used. All images in this study were taken with a
0� lens, and zoom value of 2, giving an image rectangle of
75�130 �m with 0.88 �m lateral resolution and a maxi-
um resolvable surface slope of 29.5°. Stitching together a
�2 matrix of such adjoining rectangles, with 25% overlap,
rovided a larger rectangle of 311�233 �m, while main-

aining the same resolution as the single rectangles. In all
ases a least-squares fitted plane was removed from the

riginal data in order to minimize the influence of macros-

203
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ale orientational deviations due to sample tilt caused by
rrors in mounting or presence of backside print.

The raw images over these larger rectangles were fast
ourier transform filtered, either with a high (wavelength)-
ass filter with a lower cutoff wavelength14 of 5 �m or band-
ass filtered keeping the bands 2–5, 5–10, 10–20, 20–40, 40–
00, or �200, �m. From the high-pass and bandpass
ltered images the root-mean-square (rms) surface rough-
ess Sq was then calculated

Sq =� 1

mn
�
i=1

m

�
j=1

n

z�i, j�2, �1�

here m ,n are the numbers of pixels in x ,y, and z�i , j� the
ocal height of pixel �i , j� after removal of the least-squares
tted plane. All surface roughness values reported in this
tudy are the mean of four different image areas, each of size
11�233 �m.

To evaluate the toner film thickness, topographical im-
ges of the smaller single rectangles were taken so as to
nclude the edge of the printed area, i.e., transition from
oner film to unprinted paper. One such image is shown in
ig. 1 for the boundary between the CMY print layer and
he unprinted coated paper. A plane was least-squares fitted
o the region of only paper and then subtracted from the
ntire image to give the toner film thickness from the result-
ng difference image. The thickness values reported here are
he average of the height steps from five one-dimensional
ross sections from one image area �175�130 �m�.

In addition to the topographical characterization, gloss
as measured on the printed and unprinted samples with a
ehntner ZGM 1020, Zehntner GmbH (Switzerland) at 75°
ngle using the Tappi standard15 as guideline. Gloss was
easured on the topside (mean value of three measurement

oints, and oriented in the cross direction) within areas for
hich no print was present on the backside.

ESULTS AND DISCUSSION
nprinted and Unfused States
or the unprinted papers, the Sq (rms) surface roughness

igure 1. Topographical height map, of size 175�130 �m, at the
dge between printed toner �unfused CMY, on the left hand side� and
oated paper �right hand side�. The color bar units are microns.
alues from the Zygo profilometer using high-pass filtering w

04
bove 5 �m are 0.383 and 3.329 �m for coated and un-
oated paper, respectively, and the corresponding 75° gloss
alues are 72.6% and 9.0%. Figure 2 further shows the dis-
ribution of this surface roughness into the six wavelength
ands discussed above. The roughness of the coated paper is
bviously much lower across all bands. Normalization of
hese values to those for the maximum band �40–200 �m�
eveals that the coated paper is proportionally rougher at the
wo shortest wavelengths, due to contributions from coating
igment microparticles, while the uncoated paper is propor-
ionally higher over the next two bands (up to 40 �m), i.e.,
p to the length scale of the width of its individual fibers.

After transfer of the toner to these two paper substrates,
he toner layer thickness and surface roughness were deter-

ined to provide the initial condition for the following
nalysis of the fused prints. The thickness of the unfused
ayers (as shown in Fig. 1) of the eight different colors on
oth the coated and uncoated papers are provided in Fig. 3.
s expected, the values for the single color (100%) layers are
pproximately 15 �m, and twice, three times, and four times
his thickness (i.e., 30, 45, and 60 �m� for the 200%, 300%,
nd 400%, layers, respectively. In particular, the mass density
f the packing does not increase with the number of these

ayers. Note though that significant differences exist between
he four single colors, with a hierarchy of increasing thick-
ess from Y to C to M to K. Since all four toners have equal
ean particle size, this hierarchy directly reflects the corre-

ponding increase in degree of surface coverage of these par-
icles, as verified from the topographical images. The sub-
trate does not seem to affect significantly the unfused toner
hickness.

Figure 4 plots the surface roughness of the unfused
oner-transferred coated and uncoated papers as a function
f the corresponding layer thicknesses in Fig. 3. This plot

ncludes the surface roughness from high-pass filtration (all

igure 2. Surface roughness from interferometric profilometry on the
oated and uncoated papers, divided into contributions from the different
ateral wavelength bands.
avelengths above 5 �m) and two representative bandpass

J. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
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ltrations, 5–10 and 10–20 �m. For the two lowest wave-
ength bands, 2–5 (not shown here) and 5–10 �m, i.e., lat-
ral length scales up to single toner particle dimensions, the
oughness decreases with increasing toner layer thickness,
wing to the associated reduction in number of isolated and
xposed particles per unit substrate area. For the three
igher wavelength bands, 10–20, 20–40, 40–200 �m (latter

wo not shown), the roughness increases with toner layer
hickness up to a thickness of approximately 20 �m, i.e.,
quivalent to the highest 100% physical coverage, and then
ecreases at higher toner amounts. This reflects the increase

n occurrence of particle clusters (pairs, groups of 3, 4, etc.

igure 4. Surface roughness of toner-transferred coated and uncoated
aper prior to fusing, also showing the contribution from the two wave-

ength bands 5–10 and 10–20 �m, as function of corresponding un-
used toner layer thickness.

igure 3. Mean layer thickness of unfused toner of the eight different
olor combinations on coated and uncoated paper, as determined by
nterferometric profilometry.
articles) with increasing coverage amount up to the onset f

. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
f formation of multilayers, leading to the roughness de-
rease due to filling-in and evening-out of these features.
ince the high-pass filtered roughness removes the finest
and, and is thus dominated by the longer wavelengths, its
verall dependence on layer thickness in Fig. 4 follows
oughly the form of these higher bands. Note that for all
nfused samples the roughness values over all five bands are
ery similar on the coated and uncoated papers; the devia-
ion between their total high-pass roughness curves in Fig.4
omes mainly from the highest wavelengths (above 200 �m)
or which the uncoated paper variations give relatively poor
tatistical significance.

using Effects on Print Thickness and Roughness
s mentioned above, the fusing of these toner particle layers
as performed in three ways, namely with only the IR unit,
r only the heated rolls, or the radiant heating followed by
he hot nips. The first situation of only radiant fusing is the

ain focus of this study, with some attention also given later
o radiant followed by hot roll fusing. Fusion using only the
eated rolls gave runnability and print quality problems,
ince the partially melted toner stacked on the rollers and
as thus transferred from its intended position to deposit on

ome other part of the sheet. This is due to the fact that the
dhesion between the toner and rollers exceeded both the
oner-paper adhesion and the cohesion within the toner
lm. The problem can be solved either by decreasing the

oner-roller adhesion energy or increasing the toner film co-
esion. The common way to implement the first solution is

o change the surface energy of the rollers or add fusing oil,
.g., silicone oil, with low surface tension. In this study no
uch remedy was used, and these poor quality prints have
ot been evaluated.

The effect of the radiant fusing alone on the thickness of
olid-print films is displayed in Fig. 5, showing the decrease

igure 5. Toner layer thickness for 100% �K� and 400% �CMYK� black
n coated paper, as function of radiant fusing temperature. The curves are
xponential fits to the fused toner data points �open symbols�, with their
xtrapolations to the toner softening temperature showing good agree-
ent with the measured unfused layer heights �filled symbols�.
or 100% and 400% black on coated paper over the IR tem-

205
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erature range 105–145 °C, and compared to the corre-
ponding unfused thickness values in Fig. 3. As expected, the
bsolute decrease over this range is much more substantial
or the thicker CMYK film (18 �m decrease) than for the K
lm (4 �m decrease). Note also that simple exponential
urves shown in Fig. 5 not only give an accurate fit to the
hickness evolution for both colors over this temperature
ange, but also on extrapolation to the toner softening tem-
erature �70 °C� give very good agreement with the mea-
ured values for the unfused films.

We begin our in-depth analysis of the surface roughness
f the printed toner films after fusing by mapping the gen-
ral trends in color type, temperature, and influence of the
ackside print on the topside roughness. For this purpose it
uffices to use to the overall Sq (rms) roughness measure
ontaining all wavelength contributions above the 5 �m
utoff. The effect of backside print is shown in Fig. 6, for
oated and uncoated paper, using IR followed by heated roll

igure 6. Total surface roughness, including all wavelengths above
�m, of topside solid prints �listed in legend� as function of the backside

rint �listed on horizontal axis�, for both coated paper �above, filled sym-
ols� and uncoated paper �below, open symbols�. Fusing was performed
ith IR and heated roll at the standard conditions for each paper.
using at the standard temperature settings for each paper. In l

06
articular, the roughness of the eight topside colors is given
s a function of the corresponding print on their backside
either 0%, 100%, 200%, 300%, or 400%). On the coated
aper the topside roughness clearly decreases from 100% to
00% to 300% to 400% topside print, this being true inde-
endent of the type of print on the backside. Furthermore,

he hierarchy in roughness of the 100% colors, with decreas-
ng roughness from Y to C to M and K, precisely matches
he trend of increasing unfused toner thickness in Fig. 3,
ndicating that this initial topside thickness (i.e., physical
overage) largely dictates its final roughness. Observe also
hat with increasing toner thickness up to 300% the increase
n number of backside layers has a progressively stronger
ffect on increasing the topside roughness. This influence
ecreases again though on further increase to 400% topside
rint.

For the uncoated paper in Fig. 6 the level of topside
urface roughness again decreases from 100% to 200% to
00% to 400% coverage, irrespective of backside coverage,
owever, the results show a higher degree of variation than
n the coated paper. There is no clear hierarchy in topside
oughness within the four 100% prints, nor any clear trends
f increase or decrease as a function of backside print. Com-
arison of absolute values, for fixed topside and backside
olors, reveals that the topside roughness is, more often than
ot, lower on the uncoated paper, although the opposite can
e true for the case of no print on the backside. The ten-
ency for lower print roughness on the uncoated paper, de-
pite its significantly higher sheet roughness (Fig. 2), is partly
ue to its higher temperatures (145 compared to 125 °C for
adiant, and 110 compared to 100 °C for heated nip) at
hese standard fusing conditions, and also to the slightly
arger unfused film thicknesses (Fig. 3). The higher variabil-
ty in the profilometry results for uncoated paper are, as

entioned above, a natural consequence of its less uniform
tructure on the length scales of the profilometric image
ample rectangle, and thus requires sampling of a greater
umber of such areas to obtain truly reliable statistics.

Having analyzed the influence of the backside print, we
efer all of the following results in this study to the printed
opside areas with no print directly underneath them on the
ackside. Figure 7 focuses on the effect of the IR fusing
emperature without any heated nip fusing, i.e., purely radi-
nt, on both coated and uncoated paper. First, comparing
hese plots at the particular temperatures 125 and 145 °C

atching the IR temperature for standard fusing conditions
n Fig. 6, and taking the nonbackside-printed column in that
gure, it can be seen that the extra fusing due to the heated
olls in Fig. 6 in general creates smoother surfaces, as antici-
ated. However, for the coated paper the nip increases
oughness for Y, and for the uncoated papers the other 100%
olors C, M, K have increased roughness. For the coated
aper, these three colors C, M, and K give similar roughness

n Fig. 7, with only a slight decrease with increasing IR tem-
erature. The yellow gave the surprising result of increasing
oughness with higher radiant fusing temperature (see be-

ow). The 200% colors give higher roughness at the low IR

J. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
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emperatures, but decrease steeply with increasing tempera-
ure to a roughness level intermediate to the 100% and
00%–400% levels. The most significant change in these
rends from the standard fusing condition is that the 300%
lack is now smoother than its 400% counterpart, and so
adiant fusing alone is apparently insufficient to further re-
uce surface roughness at the highest toner amount. For the
ncoated paper in Fig. 7 the overall hierarchy in roughness is
gain from 100% (roughest) to 200% to 300% (smoothest),
ith 400% again giving high roughness breaking this trend.
he main distinction from the coated paper in Fig. 7 is that

he surface roughness of almost all layers now decreases only
ery slightly over this temperature range, especially so for the
ayers which already exhibit low roughness at the lowest IR
emperature �120 °C�.

andpass Analysis of Print Roughness
urther explanation of these interesting trends, both ex-
ected and unexpected, in the overall surface roughness dur-

ng fusing requires subdivision of the topography into wave-

igure 7. Total surface roughness of solid print areas of the eight different
oner color combinations on coated paper �above, filled symbols� and
ncoated paper �below, open symbols�, as function of radiant fusing
emperature, without heated roll fusing and with no backside print.
ength bands, as discussed above, in order to pinpoint the p

. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
patial origin of the effects. Figure 8 provides profilometry
mages of these different bandpass filtrations in order to il-
ustrate the trends in corresponding surface roughness val-
es discussed below. The example is for 100% black on
oated paper, fused radiantly at the two extremes and mid-
oint of the temperature range examined, i.e., 105, 125, and
45 °C. The top row displays the unfiltered image, while the
iddle and bottom rows show the corresponding images for

elatively low and high wavelength bands, 10–20 and
0–200 �m, respectively. The color range corresponds to
he height scales shown (in microns), and the black textures
present on all images irrespective of wavelength) are regions
n which the local slope is too steep (above 29.5°) for the
rofilometer to measure, typically occurring near the bound-
ry between toner and paper. Observe from the unfiltered
mages that the toner particles have a strong tendency to
uild a network of linear chains of partly coalesced particles
n the substrate (the blue background), which subsequently
roadens, merges and flattens to give the texture at the high-
st fusing temperature. This behavior is analogous to that
bserved by Sipi et al.4,5 using optical microscopy, namely
hat the uncovered white specks are small, evenly distributed
nd have sharp edges at low IR fusing temperatures, and
ecome fewer, but larger and with softer edges at higher
emperatures. From the shorter-wavelength band (middle
olumn in Fig. 8) it is apparent that the finer features on the
ingle-particle level progressively disappear on increasing
using temperature, as would be expected from this coales-
ence and merging. On the other hand, the larger-
avelength band images (lowest column) show that this

ransformation of fine to course structures on merging ac-
ually leads to an increased roughness on these length scales,
ven though the overall height variations diminish. These
rends, applying to all toner colors, will be quantified in the
urface roughness analysis below.

Figure 9 displays the Sq (rms) surface roughness corre-
ponding to each of the five wavelength bands for all eight
oner layer types on coated paper. The highest band (wave-
engths above 200 �m) is omitted, since these length scales
pproach those of the image area size, and therefore have
ower statistical significance. Note that the overall levels of
urface roughness for these five bands are of the same order
f magnitude, but with significant differences in behavior as

unctions of temperature and toner layer type. For the two
owest wavelength bands, from the lateral resolution limit to
0 �m, the roughness decreases monotonically with tem-
erature for all colors (as shown in Fig. 9), due both to
moothening of individual toner particle profiles and their

erging with a neighbor to eradicate the gap in-between.
ellow gives clearly the highest roughness values in these two
ands, mainly reflecting the fact that its layer contains the
ighest area density of isolated particles due to its lowest
hysical coverage, and thus that comparatively high tem-
eratures are required for sufficient particle spreading to oc-
ur to enable merging. Further, a small fraction of finer par-
icles is also left exposed in the spaces between the larger

articles. With increasing toner physical coverage, from Y to
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to M and K, this short-scale roughness progressively de-
reases, corresponding to fewer jumps due to isolated par-
icles. All of the other toner layers (from 200% to 400%) fall
n roughly a similar level to these three 100% colors, since
nce a reasonably complete layer is established, addition of

urther layers has little effect, as the slight reduction in in-
erparticle spacing is counterbalanced by increase in number
f particles contributing per unit image area.

At the next wavelength band of 10–20 �m (up to
round twice the average particle diameter) in Fig. 9 the
oughness again decreases with temperature for all colors,
ow excepting yellow, corresponding to the continued gen-
ral merging of particles, pairs, and small clusters to remove
heir interparticle gaps. This decrease is most steep for the
00% and 200% layers, and less so for the thicker (300%
nd 400% black) layers for which their reduced interparticle
eparation and multiple contacting layers affects the merging
ransition already at shorter length scales and lower tem-
eratures. The 100% black displays the highest roughness
nd strongest decrease owing to it starting with the highest
ensity of unconnected particle pairs and small clusters. The
ellow displays completely the opposite trend of increasing
oughness in the 10–20 �m band, since isolated single par-
icles spread during heating to increase diameter, but still

Figure 8. Representative topographical height map
paper, fused radiantly at the three temperatures 105
The upper row shows the unfiltered images, wherea
filtrations in the wavelength intervals 10–20 and 4
ften not fully merging, forcing the individual particle s

08
oughness contribution into this higher wavelength band. At
he next higher band, 20–40 �m, the roughness of 100% C,

, and K first increases with temperature, then decreases,
eflecting the continued particle and cluster merging which
reates features at this length scale and which then merge
urther at the higher temperatures and begin contributing to
he even higher band. The 400% layer (which always lies
elow the 300%) displays a slight decrease since the losses
ue to multiply merged particles on this length scale merg-

ng further exceed the gains of single particles (of which few
re present) merging to enter this band. Yellow continues to
ncrease for the opposite reason. At the highest band of
0–200 �m all colors increase their roughness with tem-
erature (e.g., see Fig. 8) due to contributions from merging
t the smaller length scales, which more than outweighs the
eneral tendency to flattening (with no nip pressure ap-
lied).

Figure 10 displays the corresponding bandpass analysis
f surface roughness of the toner layers fused radiantly on
ncoated paper. Comparison of the overall levels with those

n Fig. 9 reveals that the IR-fused printed paper roughness is
imilar in magnitude for uncoated and coated, despite the
ubstantially lower roughness of the coated paper in Fig. 2.
his clearly reflects the fact that the toner rather than the

areas 311�233 �m, for 100% black on coated
ft column�, 125 °C �middle�, and 145 °C �right�.
iddle and lower rows correspond to their bandpass

�m. The color bar height units are microns.
s over
°C �le

s the m
ubstrate provides the dominant contribution to printed pa-

J. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
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Figure 9. Surface roughness of toner films of the eight color combinations on coated paper, divided into the
five wavelength bands indicated in microns, in each case plotted as a function of radiant fusing temperature
�without heat rolls�.
. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006 209
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Figure 10. Surface roughness of toner films of the eight color combinations on uncoated paper, divided into
the five wavelength bands indicated in microns, in each case plotted as a function of radiant fusing tempera-
ture �without heat rolls�.
10 J. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006



p
p
t
t
r
m
t
u
i
fl
p
a
f
s
s
s
t

r
t
w
d
c
s
o
o
t
g
t
c
h
t
t
1
n
s
n
l
w
s
i
t
w
n
fi

p
f
F
o
p
r
r
r
t
b
l

F
b
r
t
d
w

Pettersson and Fogden: Leveling during toner fusing:¼

J

er roughness. Indeed, as also seen in Fig. 6, the uncoated
aper tends to give somewhat lower print roughness than

he coated, whether compared at the same temperature, or
he different midpoints of their respective temperature
anges, with the exception of the 40–200 �m band that

ost strongly contributes to sheet roughness. This implies
hat the toner is better able to merge and flatten on the
ncoated paper, principally due to its ability to sink into the

nterfiber void space rather than remaining exposed on the
at and relatively impervious coated paper. This is sup-
orted by the fact that, whereas the coated paper roughness
t all length scales always increases significantly on printing,
or uncoated paper the roughness at each band is relatively
imilar before and after printing, having a tendency to begin
lightly higher (at the lowest IR fusing temperature) and end
lightly lower (at the highest temperature), or vice versa at
he longest wavelength band.

In common with the coated paper trends, the surface
oughness of the printed uncoated paper decreases with
emperature throughout the first three bands in Fig. 10 (now
ith yellow following this same trend), but now continues to
ecrease monotonically in the fourth band, and again in-
reases with temperature in the longest band. Over the three
hort wavelength bands up to around 20 �m the roughness
f the four 100% colors on uncoated paper decreases in
rder of increasing unfused film thickness, i.e., from Y to C
o M and K, with the multiple colors (200%–400%) all lying
rouped at roughly the level of the thicker 100% colors. For
he 20–40 �m band a crossover occurs, with the four 100%
olors behaving more similarly to each other and all having
igher roughness than the multiple layers, a trend that con-
inues through the longest wavelength band. The absence of
he fusing-induced roughness increase for wavelengths
0–40 �m observed for some of the 100% colors (most
otably yellow) on coated paper is again due to the
inking-in effect for uncoated paper. Thus although the
umber of objects contributing to these multiple-particle

ength scales increases due to particle spreading and merging
ith neighbors, the amplitude decrease more than compen-

ates for this. It is only at the longest wavelengths that the
ncreased contribution from merging outweighs their flat-
ening. The 100% colors all behave similarly at these longer
avelengths (relative to 200% layers and more) since they do
ot give a sufficiently thick film to be able to blanket-out the
ber and fiber-fiber crossing features of the uncoated papers.

The correlation between these band contributions to
rinted paper surface roughness and the toner film height,

or the cases of 100% and 400% black on coated paper (see
ig. 5), are plotted in Fig. 11. In this case the fusing is again
nly radiant, with each pair of points corresponding to tem-
erature increasing in 5 °C steps from 105 to 145 °C (from
ight to left). The temperature-induced decrease in surface
oughness in all of these shorter-wavelength bands is natu-
ally associated with the decrease in film thickness. Note that
he surface roughness decrease for a given thickness decrease
ecomes more dramatic with increasing roughness wave-
ength band for 100% black, mainly owing to the higher

. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
igure 11. Measured toner film height for 100% �K� and 400% �CMYK�
lack printed on coated paper, as function of the corresponding surface
oughness divided into the three lowest wavelength bands. In each case
he nine points correspond to the nine increasing fusing temperatures �ra-
iant without nip� from 105 °C �highest roughness� to 145 °C �lowest�,
ith lines connecting the common temperatures.
211



u
l
d
r
i
i
c
m
t
r
1
r
v
p
t
s

C
G
q
c
f
e
t
s

H
r
t

Pettersson and Fogden: Leveling during toner fusing:¼

2

nfused roughness amplitudes at these increased wave-
engths. The 400% black behaves oppositely, with roughness
ecreasing more gradually with decreasing film height as the
oughness wavelength increases. This illustrates the fact that
n the radiant fusing of single layer films the particle merg-
ng greatly reduces roughness at this particle scale, with
omparatively slight decrease in thickness, whereas for
ultilayer films the decrease in film porosity and, hence,

hickness occurs with less effect on decreasing top layer
oughness at these length scales. The height increase from
00% to 400% is thus associated with an increasing surface
oughness at the shortest lateral length scales (since indi-
idual toner particle roughness exceeds that of the coated
aper) but a decreasing roughness at longer scales (due to

he increased scope for particle merging and removal of

Figure 12. Logarithm of measured print gloss of 1
their surface roughness separated into the four wave
results on both coated �filled symbols� and uncoat
temperatures in Figs. 9 and 10, respectively� and
tions given in the Experimental section�.
ingle particle boundaries). s

12
orrelations Between Print Roughness and Gloss
iven this analysis of printed paper surface roughness, the
uestion then arises as to what degree these various bands
ontribute to the measured print gloss. The standard
ormula16,17 predicts that the gloss depends inversely on the
xponential of the square of the rms surface roughness, i.e.,
hat gloss on a logarithmic scale falls linearly with this mean
quare roughness

I

I0

= f�n,��exp�− �4�� cos �

�
�2� . �2�

ere I0 and I denote the intensities of the incident and
eflected light, � is their angle, and � is the wavelength, � is
he surface roughness, and f�n ,�� the Fresnel coefficient of

ack toner films plotted as function of the square of
bands indicated �in microns�. Each graph includes
n�, and both IR fusing alone �at the nine and six
by heated nip �at the nine temperature combina-
00% bl
length

ed �ope
followed
pecular reflection as a function also of substrate refractive

J. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
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ndex, n. The Tappi standard uses an angle of 75°, and white
ight with average wavelength 550 nm, and normalizes Eq.
2) to 100% for a black opaque optically smooth reference
urface with corresponding refractive index of 1.540. Since
loss originates from microscale topography, the very short
cale contributions are the most relevant choice for rough-
ess � in this context. Extra factors have been proposed to
ccount for longer scale roughness modulations of this in-
erent gloss level and other effects.18 Correlations between
loss (and gloss variations) and visual perception of paper
nd print quality have been investigated in a number of
tudies.19

To test the theory in Eq. (2), the correlation between the
urface roughness band decomposition for the four first

Figure 13. Logarithm of measured print gloss of 4
square of their surface roughness separated into the
includes results on both coated �filled symbols� and
six temperatures in Figs. 9 and 10, respectively� an
nations given in the Experimental section�.
ands in Figs. 9 and 10 for coated and uncoated paper and v

. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
he measured print gloss are plotted in Figs. 12 and 13 for
00% and 400% black, respectively. Here the results for the
urely IR fusing, over the temperature ranges shown in Figs.
and 10, are combined with those from IR and heated roll

using, with the matrixes of temperatures for coated and
ncoated papers listed in the Experimental section.

In general for all colors, not just the two blacks shown
n Figs. 12 and 13, the relation between gloss on a logarith-

ic scale and square of Sq for each of the four substrate-
using type combinations is approximately linear with nega-
ive slope, as expected from the simple theory, provided the
oughness from the three shortest wavelength bands is used.
his is especially clear for the print types fused with only

adiant heat, over which a wide range of roughness and gloss

lack �CMYK� toner films plotted as function of the
velength bands indicated �in microns�. Each graph
d �open�, and both IR fusing alone �at the nine and
ed by heated nip �at the nine temperature combi-
00% b
four wa
uncoate
d follow
alues are obtained at the different temperatures. In this case

213
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he magnitude of the slope is generally greater for the un-
oated paper prints, meaning that the same reduction in
urface roughness (squared) gives a greater reward in gloss.
his can be a result of the fact that some of the surface

oughness due to toner particles in crevices between fibers in
he uncoated paper is detected by the profilometer but not
y the 75° light in the gloss measurement. For the curing
ith IR followed by heated roll the trends are slightly less

lear, owing to the narrow range of very low roughness and
ery high gloss values obtained, in turn due to the high
adiant temperatures used plus the added effect of the
olls.4,5 However, it appears that the slopes in these cases are
lso high, at roughly the level of those for purely IR fusing
n uncoated paper, for all colors (excluding the exceptional
ehavior for yellow). The extra glossing benefit of the heated
olls is obviously the direct result of toner particle flattening,
n the microscale, as well as increasing orientation over
ore macroscales to increase the number of areas contrib-

Figure 14. Coefficient of determination, R2, of the
and 13 to straight lines, for all eight color combina
paper �lower�, and with IR fusing without heated ni
coefficient varies from +1, indicating perfect fit to
positive sloping line.
ting to the same 75° reflection. r

14
For the fourth wavelength band �20–40 �m�, the cor-
elation between gloss and surface roughness persists for all
olors (excepting yellow) and for all substrate-fusing types
xcluding purely IR fusing on coated paper. The latter gives
oor correlation for the colors in Fig. 9 for which this band
oes not give decreasing roughness with increasing IR tem-
erature. In particular, the low fusing temperatures give low
oughness values since the particles have not merged suffi-
iently to give sizes contributing to this band, however, the
loss is still very low, as apparent from the particles’ contri-
ution to lower wavelength roughness. For this same reason
he roughness-gloss theory gives poor agreement for the yel-
ow toner, owing to its low physical coverage. Indeed for the
avelengths 10–40 �m the yellow prints on coated paper
ive an artificial correlation between increasing roughness
nd increasing gloss, simply reflecting the fact that the in-
reasing roughness is the result of particle merging, thus
ecreasing the shorter wavelength roughness that truly cor-

quares fits of the gloss-roughness plots in Figs. 12
n coated paper �upper two images� and uncoated
�left two images� and with heated nip �right�. The
tive sloping line, to −1, indicating perfect fit to a
least-s
tions, o
p fusing
a nega
elates with the increased gloss. Note also that due to this

J. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
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ow coverage for yellow, the gloss-roughness relations for the
ifferent fusing types give very different results, since
elting-induced merging is limited and only the nip pres-

ure is capable of flattening the isolated particles, resulting in
uch higher gloss.

Figure 14 summarizes the correlation between the
rinted paper gloss and surface roughness in these five
ands, i.e., the R2 coefficient of determination of best fit of a
traight line to logarithm of gloss versus squared Sq rough-
ess. In distinction to the usual R2 definition, the values
sed here are signed according to the sign of the slope, so

hat negative slopes, in agreement with Eq. (2), give positive
alues (i.e., approaching R2 = +1 with better linear fit). On
he other hand, spurious effects such as the correlation of
ncreasing roughness with gloss for yellow on coated paper

entioned above give negative R2 values. For purely radiant
using on coated paper the print gloss of all colors except
ellow is strongly correlated to roughness in the lateral scale
p to 20 �m, and ceases to be related at longer wavelengths,
specially for the 100% colors. On uncoated paper the cor-
elation is somewhat weaker for most colors (mainly as a
ide effect of their limited range of roughness and gloss val-
es and thus greater sensitivity to measurement errors), but
olds up to longer roughness length scales of around
0 �m. For radiant fusing followed by the heated rolls the
orrelations are even weaker due to the tight clustering of
igh roughness and gloss values, especially so for the un-
oated paper prints. While this limits the interpretability of
he results, it appears at least for coated paper that the cor-
elation between roughness and gloss can extend to the larg-
st length scales (up to 200 �m), especially for the thick
oner films. This is clearly an effect of the increased degree of
ong-range orientation of local topography due to the flat-
ening action of the nip.

ONCLUSION
his study has illustrated the utility of the white-light inter-

erometric profilometer in quantifying the thickness and sur-
ace roughness spectral decomposition of toner layers trans-
erred and fused on paper substrates, thus giving increased
nsight into the mechanisms giving rise to toner print qual-
ty. As expected, significant differences in surface roughness
ehavior were observed between the eight different toner
olor combinations, as a function of both substrate type
coated and uncoated paper) and fusing units (radiant and
eated roll) and their temperature settings. Although the
ransferred toner amount is clearly the most important input
arameter, it is possible that the toner chemistries of the four
rocess color particles also contribute to these observed dif-

erences. For this reason it would be of interest to study, with
his same profilometric technique, the fusing behavior of
hese four colors, not at their standard optical densities (as
erformed here) or even equal optical density, but rather at
onstant physical coverage, i.e., transferred particles per sub-

trate area. While this is not a relevant comparison for op-

. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
ical properties, it would facilitate an evaluation of the dif-
erences between the physical-chemical spreading and

erging abilities of the four toner types, and thus also pro-
ide insight into the adhesional properties of the particles
nd films. Furthermore, the study should be extended to
ther digital printing presses to check whether the same
echanisms are in action and, if so, develop a quantitative
odel of the phenomena.
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