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Abstract. The formation of the printing ink dot on the substrate is
the final and the most critical phase in the printing process. The ink
distribution on the printing surface and the drying mechanism de-
pend on ink characteristics as well as on many other factors, for
example, surface energy, roughness, sizing, and porosity. Suitable
dot gain and high circularity (near unity) of printed dots predict the
final print quality. High deviation from ideal circularity could cause
undesired phenomena like wicking and bleeding. The aim of the
present study is to determine ink dot formation by three different
microscopic methods, optical microscopy (OM), scanning electron
microscopy (SEM), and confocal laser scanning microscopy
(CLSM). The main goal of the authors research was to evaluate the
applicability of CLSM as a nondestructive method for three-
dimensional visualization in the analysis of ink dot formation on UV
ink jet prints. To validate the feasibility of such means in a three-
dimensional context, the images obtained are compared to those
obtained by traditional two-dimensional imaging systems such as
OM and SEM. The authors show that the CLSM produces a replica
of the cross-sectioned dot profile as seen in SEM. This means that
the CLSM technique can be used to rapidly assess the dot profile
without physical sectioning. © 2009 Society for Imaging Science
and Technology.
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INTRODUCTION

The basic concept of the confocal laser scanning microscopy
(CLSM) was developed in the mid-1950s, but only in the
late 1990s the concept was applied in broad number of
applications." CLSM uses pinholes to eliminate out of focus
fluorescence, which results in an increase in contrast and
resolution of the image. The stacks of optical sections taken
at successive focal planes can be reconstructed to produce a
three-dimensional (3D) view of a sample.” Applications of
CLSM are already numerous in the life sciences™ and are
increasing in materials sciences,” including surface physics,
papermaking, and printing sciences.

In the area of paper material sciences, applications in-
clude investigations in the field of physics of printing mate-
rials surface. With the use of CLSM, the macrosurface and
microsurface structure has been investigated.*” Ozaki et al.®
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used CLSM to characterize the depth of the coating layer
penetration into the base paper; while in the field of paper-
making, CLSM shows better evaluation than the conven-
tional Parker print-surf method for the investigation of cal-
endaring affects.* Some published articles™'’ show the
evaluation of roughness by CLSM as a function of the filler
content in the sheet. Jang et al.'' and Lepoutre and de
Silveria'* used CLSM to characterize coated layers.

A number of articles include applications in the field of
printing science focused on the investigation of the ink
transfer mechanism in conventional and digital printing
technologies using 3D ink mapping made by CLSM." For
prints made by electrophotography, CLSM provides a non-
destructive method which could clearly show that when half-
tone dots are deposited on the high areas of the paper sur-
face, the toner adhesion is poor.

In the application of CLSM in ink jet printing, substan-
tial work has been done to explain the ink-substrate inter-
action using nondestructive methods. A few studies have
included the application of different spectroscopic and mi-
croscopic methods (Raman spectroscopy, Fourier transform
infrared photoacoustic spectroscopy, and UV resonance
Raman spectroscopy) in the study of ink distribution within
the printed substrate."

MATERIALS AND METHODES

Types of Printing Substrates

In the study, two different types of printing substrates were
used as described in Table I. Printing was carried out with
two different large format UV ink jet printers:

(1) UV ink jet digital printer Durst Rho205 (reso-
lution: 300 dpi, drop volume: 40 pL, CMYK inks,
piezoink jet technology: print-on-demand) using
Rho Ink Lightfast UV-curable pigment inks.

(2) UV ink jet printing machine Grapo Octopus 1,
with Xaar XJ500/40 printing head and Sunjet
Crystal UFX™ inks. The printing characteristics
were as follows: drop volume: 40 pL, resolution:
180 dpi (vertical), and 200 dpi (horizontal).

A printing test form with magenta color patches of 20%
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Table 1. Description of prinfing samples.

Sample mark Sample description

(lassical one side coated offset paper, grammage
Biomatt 150 g/m?

Scheufelen’s offset standard paper, coated,
wood-free, and without fluorescent whitening
Apco agents, 150 g/m?

and 100% raster tone values was prepared. A raster tone
value is the percentage coverage by ink dots on the printing
substrate. In the following text, the samples printed with
Grapo Octopus 1 UV ink jet printer are denoted as G
(Apco-G, Biomatt-G) and samples printed with Durst
Rho205 UV ink jet printer are denoted as D (Biomatt-D).

Nondestructive Methods

CLSM

Printed samples were examined with a Zeiss confocal micro-
scope (LSM 510, Jena, Germany). The measurements were
done on printed samples soaked by immersion oil, which
enabled the proper transparency of the samples, without de-
stroying the sample.

Fluorescent images were acquired with a plano-
apochromatic objective (63 Xf/1.4 oil DIC) using the
He/Ne laser with wavelength 533 nm and an argon laser with
the wavelength 488 nm. Two excitation wavelengths were
used to cover a broad spectrum of the dye fluorescence.
Green and red emission lights were collected using the 505—
530-nm-band-pass and 560-nm-long-pass filters, respec-
tively. The z-axis resolution was 0.9 um.

OM

The printed sample images were captured with a Leica EZ
4D optical microscope (OM) and charge coupled device
camera at 35X magnification. Two different sample expo-
sures toplight, and sidelight were used for eliminating light
reflection from the magenta printed dots. Other imaging
characteristics were captured format: 1600 X 1200 ppi;
brightness:  90%; gamma: 0.80; saturation: 143.00;
sharpening-on; and autowhite balance.

Destructive Method

SEM

The scanning electron microscope (SEM) JEOL JSM-6060LV
was used with a magnification range from 95X —2000X.
Strength of the electron beam was 10 kV. Since the substrate
is nonconductive, the conventional method for coating
samples with a conductive layer was used. Substrates for
observation using the secondary electron detector were first
carbon coated and then sputter coated with Au-Pd under
high vacuum.

Cross-section Analysis with SEM

Cross-section analysis was used as a destructive method. The
samples were immersed in liquid nitrogen and immediately
broken in two by hand. Cross-section samples were also
coated with conductive layer (described above) and captured
by SEM.
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Table II. Evaluation of the size of (average) printed dots in all three dimensions from
optical cross-sections of captured samples.

X 4 Z
Sample (pm) (pm) (pm)
Apco-G 105.9£0.2 86.8+0.1 17.3£0.3
Biomatt-6 116.4+0.1 112.2+0.2 12.0£0.2
Biomatt-D 145.8+0.2 140.1£0.3 21.3+0.2

RESULTS AND DISCUSSION

The main focus of our research was the evaluation of printed
dot formation with different microscopic methods. We
evaluated the raster tone value (indirectly, dot gain) and also
parameters focused on the formation of single raster dot:
dot area, perimeter, and circularity. Physical dot gain arises
from the excessive spread of the ink on the paper. For good
print quality, dot gain has to be suitably low and the dot
circularity should be near unity, where circularity=
4m(dot area/perimeter?). Thus, 0 corresponds to low circu-
larity and 1 corresponds to high circularity.

Nondestructive Methods

CLSM

All printed samples Apco-G, Biomatt-G, and Biomatt-D
were examined with the Zeiss confocal microscope (LSM 510,
Jena, Germany). For each sample, two captured images were
analyzed. Three-dimensional pixel dimensions in all images
were x=0.4 um, y=0.4 um, and z=0.42 pm.

The CLSM measurements of vertical ink distribution
were done on the magenta printed area for each of the
samples at 20% raster tone value. The computer software
(LSM 510, Jena, Germany) displayed the vertical cross-section
(z-direction) of the three-dimensional image. The maximum
depth of penetrated ink was measured on cross-sections of
all captured images from the top of the printed area (the
most fluorescent part of the magenta dot) to the lowest vis-
ible ink trace in the sample. The evaluated average sizes of
printed dots in all three dimensions from optical cross-
sections of captured samples are given in Table IL

In all captured samples, the highest x-, y-, and
z-dimensions of printed dots were evaluated. The x and y
directions are parallel to the paper surface. For each mea-
surement, three dots were analyzed. In the case of Apco-G
and Biomatt-D samples, two different sizes of printed dots
were observed (Figure 1). On the first evaluated sample
(Apco-G), most of the dots and small stains were connected.
In the sample Biomatt-D, the small stains and dots were
separated. In our study, only the dots themselves were nu-
merically evaluated (Table IT). Table II also shows differences
between samples printed with Durst UV ink jet printer (D)
and samples printed with Grapo Octopus (G). Sample
Biomatt-D produced on Durst printer has larger and thicker
dots.

The images were captured with Zeiss LSM software and
exported in TIFF format ready for image analyses using freely
available software IMAGEJ (http://rsb.info.nih.gov/ink jet/).
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Figure 1. Printed dots on sample ApcofG. (a) Horizontal (xy plane)
opfical crosssection of connected dots a’: vertical (x-z plane) cross-
section perpendicular fo the section shown in (a); (b) and b’ horizontal
and vertical optical crosssections of separated dofs. Ticks on the edge of
panels a and b are marking the positions of secfions shown in a’ and b’.
Scale bar: 20 mm.

Table 11 Evaluation of areq, perimeter, and circularity for UV ink jet magenta printed
dots with IMAGE).

Dot area Perimeter Circularity
Sample (pm?) (pm) )
Apco-G 5466.4+112.1 276.7 +50.1 0.90+0.05
Biomatt-G 7403.1+89.2 327.0+32.3 0.88+0.03
Biomatt-D 12105.4+95.5 4474252 0.76+0.01

TIFF files were transformed into eight-bit images. All images
were filtered with median filter (radius 2.0 pixels). A thresh-
old was set via manual thresholding for each analyzed
sample. The measuring scale was set in micrometers. The
measured parameters were dot area, perimeter, and circular-
ity of printed dots. The results of the image analysis are
shown in Table III

The results in Table III were based on three evaluated
printed dots. They indicate that the dot area and perimeter
of the printed dots are the highest on the sample Biomatt-D
printed by Durst Rho printer (Figure 2). On the other hand,
the dots on the same sample have the lowest circularity 0.76,
in comparison with Biomatt-G, printed with Octopus UV
ink jet printer, where dot circularity is much higher 0.88
(£0.03).

OM
A representative captured sample, with 20% raster tone
value and magnification 35X, is shown in Figure 3. To elimi-

nate the light reflection from the surface of printed dots, a
sidelight for sample exposure was used. The captured image
dimensions (x,y) were 3 X3 mm?.

For print quality evaluation IMAGEJ software was used.
Dot gain at the 20% raster tone value was evaluated. The dot
gain, area, perimeter, and circularity of the average printed
single raster dot were separately evaluated for each printed
dot. For dot gain determination, the images were at first
transformed into eight-bit images. Because of uneven expo-
sure, images were then cropped to exclude the periphery of
the image from the analysis. The starting picture area was
1600 X 1200 pixels and, after cropping, the dimensions were
800X 800 pixels. For transformation into a binary image,
“AUTO-THRESHOLD” was used and “Area Fraction” was cal-
culated with IMAGE] PLUGIN. For each evaluation six mea-
surements were made. The results of dot gain determination
at the 20% raster tone value are shown in Table IV. The
highest dot gain is achieved on the sample Biomatt-G and
the smallest on the sample Biomatt-D. These results show
clear differences between inks of both printers.

The dot area, perimeter, and circularity of single raster
dots were determined. First, the scale in um was set. Then
each single dot was separately evaluated by IMAGE] macros.
The results were given in Table V. From the results in Table
V and in Figure 3, we can see that the formation of ink drop
is the best on the Apco-G and the poorest on the Biomatt-D.
A completely different order of precedence is achieved with
the focus on the dot area or perimeter. The most desirable
dot area and perimeter are achieved on the Biomatt-D and
the smallest on the Apco-G. These results are in agreement
with CLSM analysis (Table III).

Destructive Method

SEM

The printed samples captured by SEM were also evaluated
by IMAGE] software. At first, the raster tone value (the per-
centage of ink dots’ coverage on the printing substrate) was
determined. In Figure 4, SEM images for all three samples
are shown. All SEM images were cropped to the final size of
800X 800 wm?. SEM images of all captured samples have
the same ink/substrate contrast. This is the main reason why
we decided to modify and upgrade our own macro for raster
tone value evaluation (see Appendix). The results are pre-
sented in Table VI. The measurements were done on images

Figure 2. Printed dots on the sample Biomatt. Horizontal (x-y plane) optical cross-section of (a) BiomattG, (b)
BiomattD with separated small stain and the dots, and (c) BiomattD with dot. a’, b’, and ¢’: vertical (xz
planes) optical cross-sections perpendicular fo the section shown in (a)—(c). Ticks on the edge of panels (a)—(c)

are marking the positions of sections shown in @,
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b’, and ¢’. Scale bar: 20 mm.
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Figure 3. (a) ApcoG, (b) Biomatt-G, and (c) BiomattD printed with
magenta UV ink at 20% raster fone value and captured by optical
microscopy.

with 50X and 100X magnification. In this way, for each
sample evaluation, two measurements were conducted. The
results in Table VI are in agreement with the results from the
evaluation of raster tone value and dot gain by the optical
microscopy (Table IV).

Measurements of dot area, perimeter, and circularity
were manually analyzed by using PLUGIN-ANALYZE particles.
The results are shown in Table VII. Standard deviation is
determined from five separate measurements. Finally, the
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Table IV. Results of the raster tone value evaluation (percentage of ink dots’ cover-
age) and dot gain (spreading of the ink) determined by OM.

Average A Dot gain
Sample (%) (AA%)
Apco-G 30.10+0.30 10.10
Biomatt-6 42.79+0.57 2219
Biomatt-D 26.61+0.41 6.61

Table V. Dot areq, perimeter, and circularity of printed dots.

Dot area Perimeter Gircularity
Sample (pm?) (pm) )
Apco-6 5190.5+213.9 2557417 0.89+0.01
Biomatt-G 8007.9+189.3 328.9+104 0.73+0.10
Biomatt-D 13026.4+1901.7 442.8+38.2 0.64+0.09

ink thickness (z-direction) was determined on two dots di-
rectly from the cross-sectioned samples by using the SEM
image analysis tool. In Figures 5 and 6, measurements in the
z-direction on samples Biomatt-G and Biomatt-D are
shown.

On the sample Biomatt-G (Figure 5), the maximum ink
thickness evaluated on the cross-sectioned sample is
11.8 um, and on the sample Biomatt-D it is 20.4 um.
These measurements have shown high correlations with
CLSM measurements of ink thickness in the z-dimension
achieved by virtual cutting in the z-direction. With CLSM
(Table 1), the maximum ink thickness for sample Biomatt-G
was (12.040.22) um and for Biomatt-D (21.3+0.23) um.
This high correlation is achieved because of the suitable
sample preparation.

CONCLUSIONS
3D visualization of UV ink jet dots in a normal direction
was achieved for samples soaked in immersion oil. In that
way, reduced light scattering was achieved and a CLSM op-
tical sectioning method could be used. In that manner,
CLSM measurements of ink thickness layer have shown
good agreement with the evaluation of ink penetration by
destructive methods, e.g., cross-section analysis evaluated by
SEM. Comparison of the results obtained from different mi-
croscopic methods for the determination of printed dot for-
mation gives the same trend but different absolute values.
The differences in absolute values originate from difter-
ent areas of analysis. For OM, 35X magnification was used;
however, for SEM the magnification was 95X —2000X.
CLSM evaluation was done on the area that is a little bit
larger than one printed ink dot (206.83 X 206.83 um?). The
resolution in the z-direction is highly dependent on the nu-
merical aperture of the objective used in CLSM, which in
turn limits the field of view. It is too small for evaluating
raster tone value and dot gain; on the other hand, the single
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Figure 4. (a) APCO-G, (b) Biomatt+G, and (c) BiomattD printed with
magenta UV ink at 20% raster fone value and captured by SEM af 100

magnification.

JSM-6BEBL

Table VII. Results of dot area, perimeter, and circulority for separated dots deter-
mined from SEM images.

Dot area Perimeter Circularity
Sample (pm?) (pm) -)
Apco-6 53727+4924 303.0+£139 0.84+0.08
Biomatt-G 7905.0+£390.9 365.1+8.6 0.75+0.05
Biomatt-D 14541.5+2559.4 57571172 0.62+0.09

18kL

Figure 5. Cross-section
magpnification.

of the sample

BiomattG at  2000%

Figure 6. Crosssection of the sample BiomattD at 500 magnification.

Table VI. Results of the average raster tone values A (percent of ink’s dots coverage)
at 20% and dot gain (spreading of the ink) determined from SEM images.

dot formation and thickness could be determined by CLSM

without destroying the sample.

OM is a nondestructive and quick method, which could
give us information about raster tone value, dot gain, and

Average A Dot gain
Sample %) (AA%)
Apco-G 34.88+2.39 14.88
Biomatt-G 44.80+0.39 22.80
Biomatt-D 29.51£0.33 9.51

also dot formation (single dot area, perimeter, and circular-

ity); but the information in the z-direction could not be
evaluated without cross-sectioning the samples. SEM is a
destructive method, which also could give us good results
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for all parameters of interest; but it is a rather time consum-
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ing method, insofar as we have to prepare a conductive coat-
ing layer on each evaluated sample.

The public domain IMAGEJ tools are very useful for the
objective and automatic evaluation of images captured by
different input microscopic devices (CLSM, OM, and SEM).
Upgraded IMAGE] MACRO for the calculation of the raster
tone value can be used, after correct sampling and prepara-
tion procedures, as a relatively fast yet simple technique.

In conclusion, CLSM has great potential as a
noncontacting and nondestructive tool. This means that the
CLSM technique can be used to rapidly assess the dot pro-
file. It may provide answers to many fundamental questions
related to base and printed materials. Due to laser scanning
of the entire surface, sampling is more complete compared
to the traditional OM.

APPENDIX: MODIFIED MACRO FOR DOT AREA
EVALUATION

run{"Smooth" )3
run{"Make Binary");
run{"Median...", "radius=5");
run{"Fill Holes"});
if (bitDepth!=g)
exit("This mocro requires an 8-bit image");
white = 8;
black = 265;
getHistogram(@, hist, 256);
total = 8;
for (i=8; i<256; i++)
total += hist[i];
print{""};
print{"Black pixels: " + hist[black]);
print{"White pixels: " + hist[white]);
print{"Percent black:" +188*hist[black]/total);
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