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Abstract

Metallic conductive inks used for printed electronics have a
tendency to create low conductivity layers unless they are fully
dried. Yet, even after the drying, conductivity can be further
improved by a post-heat-cure process. A hot soft nip calender was
modified to be able to place it in line with a flexographic printing
press and to study the effect of calendering on electrical
performance of printed conductive layers. Two print trials were
performed on the Comco Commander Flexographic Press at the
Western Michigan University (WMU) Printing Pilot Plant with the
calender placed in line with the moving web of the press. Three
substrates were employed, a commercial label paper, a folding
carton boxboard and a polyethylene-terephthalate (PET) polymer
film. Two inks, one containing silver flakes and the other silver
nanoparticles, were employed to print conductive layers during the
print trials. Traces (lines) were printed using a three-banded
anilox roll, with different cell volumes, to study the effects of ink
transfer. The results were analyzed to evaluate the effects of the
design variables, calender nip temperature and pressure, anilox
cell volume, ink and substrate on electrical performance of printed
silver inks.

The results showed that, for all inks and substrates, the
electrical resistance is reduced at higher nip temperature and
pressure, relative to that without calendering. Furthermore, the
same resistance can be obtained with a lower anilox cell volume
and calendering than with higher cell volume but without
calendering. This translates to a higher ink mileage (lower ink
usage) for the same electrical performance if the calendering is
used. The economic benefits of this are large, because of the high
cost of the silver inks.

Introduction

The advancement in functional materials, printing and
electronics has led to the evolution of the new field of printed
electronics. Conventional printing methods, very well known to the
graphic art industry, such as screen, offset, gravure, flexography
and inkjet printing are being used for manufacturing of electronic
components. They provide an opportunity for high speed, low cost
manufacturing and flexible electronic products'. However, there
are certain limitations on functional material selection and ink
formulation in terms of viscosity, particle size, drying and how
material properties relate to final device performance. Each
printing method has its requirements in material properties to run
the printing press successfully. Functional materials are being
printed onto flexible substrates to create a variety of devices that
are used in electronic paper, wearable computers or sensors,
conductive traces, resistors, antennae for wireless identification
tags, and electrodes in printable batteries >*.

Typical functional materials for printed electronics include
conductive, semiconductive and dielectric inks. Conductive inks
can be polymeric or metallic materials. In metallic conductive inks,

a metallic nano or microparticle component (e.g., silver) is
dispersed into a polymer vehicle*. The nanoparticle ink is usually
cured by heat, which melts or sinters the particles into a continuous
conductive layer and decomposes the vehicle®. The curing
temperature is in the range of 210 °F to 750 °F and the curing time
varies from 5 to 60 minutes, depending on the curing temperature.
Other sintering methods include laser, microwave radiation or
photonic curing. In microparticle inks, the solvent is removed
during drying by heat to form a conductive layer. The drying is
faster than nanoparticle inks, which make them suitable for
printing at speeds up to several meters per second. However, the
conductivity depends on the contact between particles and is lower
than that obtained with sintered nanoparticle inks®*. In either case,
the use of largely off-line curing and drying methods is a detriment
to productivity,

For this study, the flexographic (flexo) printing method was
employed to print conductive inks. Flexography uses relief image
areas that are formed onto a polymer plate; image areas are raised
above the non-image areas. The ink transfer in flexography is
accomplished through anilox rolls. These rolls are engraved with
small cells. The size of the cells controls the amount of ink
transferred to the printing plate. The printing speed in flexography
can reach up to 1500 ft/min.® Inks used in flexography have
viscosities in the range 25 to 100 cP. Materials chosen for flexo
plates must be compatible with the solvent system used for
functional inks to avoid any deterioration over the length of a print
run’.

This paper examines the effect of in-line calendering on the
electrical resistance of conductive traces printed onto various
substrates. In the calendering process, a substrate is pressed against
a polished metal cylinder with controlled pressure and temperature.
In hard nip calendering, the pressure is concentrated on the high
points of the web, which results in a more uniform thickness of the
web. Calendering can be done off-line, where the calender is a
detached standalone unit, or in-line with the printing press, which
is more productive, economic and cost efficient’. Most calendering
is performed in-line with a paper machine and coater to improve
the surface properties of paper for improving print quality’.
Although calendering is commonly practiced by papermakers, the
effect of in-line calendering on the properties of printed layers or
printed conductive inks has not been studied or examined before.
Recently®’, the effects of off-line calendering on previously
printed conducting traces were reported. These results suggested
that the conductivity of traces could be improved with in-line
calendering, thus eliminating the need for further post-treatment.
This work grew from the observation that printed conducting
traces often require a “post-cure”*®’, before reaching the best
electrical performance (Figure 1) and that an increase in contact
between metallic ink particles through the pressure of calendering
could further improve conductivity. Off-line post-curing is a
serious impediment to productivity; so identifying an in-line
drying/curing method is of great importance for the success of
printed electronics. The previous work and work reported here is
towards specifying such a method.
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Figure 1. Conductivity improvement of silver based inks with post-curing.

Controlling ink drying/curing is crucial to achieving the main
objective of manufacturing conductive traces printed onto flexible
substrates with improved functional properties and surface
smoothness’. Smoothness is an essential property, especially when
several layers of functional materials are printed over each other.
With calendering, the printed substrate is subjected to pressure in
the z-direction and to heat from the calender roll. Due to this
compression, calendered materials go through plastic and
viscoelastic deformations that cause particle alignment in the ink
layer and reduction in thickness, density, porosity, and roughness.
In addition, raising the temperature of the substrate can further dry
the ink layer and soften the ink resin to aid in particle alignment
for increased particle contact.

Experimental

For this study the flexographic printing process was used to
print conductive traces. Figure 2 shows a part of the design used
for the evaluation of printed and calendered samples. Solid lines (1
x 50 mm) were used to measure the effect of calendering on
electrical performance (resistance). A solid patch (30 x 100 mm)
was used to evaluate the effect of calendering on smoothness.

The calendering unit was built and positioned in-line with the
flexo printing press (Figure 3). In the following section,
print/calender trials are described in more detail.

A Comco Commander narrow-web 3 unit-flexographic press,
located at the WMU Printing Pilot Plant, was used to print
conductive traces. To study the effect of in-line calendering, a soft
nip calender with the option to control pressure and temperature
levels was used. Traces were printed onto three commercially
available substrates: label paper, polyethylene terephthalate film
(PET), and paperboard (CNB). Two ink systems were selected to
compare their printability and performance at different calendering
conditions: water base (WB) silver flake ink and solvent based
nanosilver (Nano) ink.

The design had traces printed in both machine direction
(parallel with web path) and cross-machine direction. A banded
anilox roll was used with three screen rulings, 120 Ipi (Band A),
180 Ipi (Band B) and 220 lpi (Band C). The cell volume/unit area
for band A is 18.6 pm or 12 BCM (Billion Cubic Microns per
square inch)’. The cell volumes per unit area for bands B and C are
15.5 um (10 BCM) and 12.4 um (8 BCM), respectively. Different
cell volumes transfer different amounts of the ink from the anilox
roll onto the printing plate and consequently onto the printed
substrate. As a result, different ink layer thicknesses can be
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achieved. Multiple anilox cell volumes were chosen to determine if
the calendering process could result in the need for less ink use. To
verify this effect, the electrical resistances of the traces printed
with the different anilox bands before and after calendering were
compared.
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Figure 2. Section of a printed design.

Figure 3. In-line set-up of calendering unit built and placed at the end of a
flexographic printing press.
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Pilot Trials Description

Overall, two print/calender pilot trials were run and evaluated.
Table 1 summarizes the run conditions for the first trial. To
maintain good print quality and sufficient drying of the inks, a

Hence, the additional dryer better simulated what would be
commercially practiced.

Table 2. Run conditions for second pilot trial.

press speed of 100 ft/min for the WB ink and 50 ft/min for the : "
Nano ink was maintained during the trials. In addition, during the Calendering conditions
pilot trials, the temperature of the substrate was monitored with an Ink Substrate | Temperature [°F] Pressure* [pli]
infrared non-contact thermometer. The temperature of the web was -
recorded before and after entering and exiting the calendering unit. CNB 75 (ambient) 50, 950
» ) . . Label 75 (ambient) 50, 1500
Table 1. Run conditions for first pilot trial.
Calendering conditions WB Label 176 1500
Ink Substrate |Temperature [°F]| Nip Pressure [pli] CNB 176 950
CNB 75 (ambient) 50, 500, 950 CNB 194 950
WwB Label 75 (amb!ent) 50, 500, 950,1500 Label 194 1500
PET 75 (ambient) 50, 500, 950,1500
PET 75 (ambient) 50, 500, 950 Sample Evaluation
Nano Label 75 (ambient) 50, 500, 950 The printed traces were characterized by measuring the
CNB 75 (ambient) 50, 500, 950 electrical properties, roughness and print quality characteristics.
The electrical properties of the printed traces were measured
PET 104 500, 950,1500 before and after calendering in terms of resistance (R), using a
wB Label 104 500, 950,1500 4338B Milliohmmeter. An ImageXpert image analysis system was
CNB 104 500, 950 employed to measure print quality in terms of line width and
CNB 104 500. 950 raggedness. The line width for 100% tone printed traces was
’ measured at 10 different places and the average was reported to
Nano Label 104 500, 950,1500 investigate the temperature and pressure effect on line width gain.
PET 104 500, 950 An Emveco 210R stylus profilometer was used to measure the
Label 140 500. 950.1500 roughness of the printed ink films, before and after calendering
WB ’ ’ according to TAPPI T575 standard.
CNB 140 500, 950 .
The effect of calendering temperature and pressure on
CNB 140 500, 950 resistance was studied and statistically analyzed by analysis of
Nano Label 140 500, 950,1500 variance (ANOVA) and regression analysis, using Minitab 15.
PET 140 500. 950.1500 Table 3 shows a summary of all factors and their levels.
wB CNB 158 500, 950 Table 3. Analyzed factors and their levels.
Nano CNB 158 500, 950 Factors Levels
Nano Label 176 500, 950,1500 Calendering Temperature (°F) 75,104, 140, 158, 176
Label 176 500, 950,1500 Calendering Pressure (pli) 50, 500, 950, 1500
WB CNB 176 500, 950 Bands (um) 12.4,15.5, 18.6
PET 176 500, 950,1500 Ink WB, Nano
Substrate Label, CNB, PET

The conditions for the first trial were set based on the
conditions used in the preliminary studies performed on a sheet-fed
calender, the results from which merited this work. After the first
calendering study, it was recognized that the higher speed of the
in-line calendering unit prevented the duplication of the sheet
temperatures obtained on the sheet-fed calender. Sheet
temperatures were lower because at the higher press speed, the
sheet was in contact with the heat roll for a shorter period of time.
So, the goal of the second trial (Table 2) was to increase the sheet
temperature. The temperatures were raised stepwise to determine
the maximum calendering temperature that both paper substrates,
Label and CNB could withstand without any deterioration in their
structure. The calendering pressure was fixed for each substrate.
An additional drying unit was added before the calender to prevent
sticking of the ink and coating to the calender as a result of the
large temperature gradient. In commercial practice, the
temperature gradient is avoided by placing the calender directly
after the last dryer section, but due to the layout of the printing
press that was used for this study, this could not be accomplished.

The analysis was conducted for all factors in both trials. The
response in each case was electrical resistance in both machine
direction, MD (R1) and in cross-machine direction, CD (R2).
ANOVA General Linear Model was applied, since several factors
were studied. The p-value is an indication of a factor’s significant
effect on a response. In this situation, a p-value less or equal to
0.05 indicates a significant effect of the factor (with 95%
confidence or better).

Results - First trial

The following is a discussion of the ANOVA results and plots
obtained for the effect of calendering temperature, calendering
pressure, anilox band volume, ink and substrate on resistance
measured in MD. The analysis also examines the improvement in
conductivity with calendering.

The results of ANOVA in Appendix 1 show the significant
effect of all the variables except ink. Figure 4 shows a great
reduction in resistances when samples are calendered at high

NIP26 and Digital Fabrication 2010 Technical Program and Proceedings 659



pressures and temperatures when compared to those uncalendered.
According to the p-value obtained from the effect of ink (0.224)
and Figure 4, similar resistances were obtained with both WB and
Nano inks. However, better drying was achieved with WB inks
especially on PET, which can explain the high resistances on PET,
when compared to both CNB and Label. This is clear in Figure 4,
where traces printed on Label paper had the best conductivity of all
the substrates.

Main Effects Plot for R1
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Figure 4. Main Effects Plot for R1 from first trial.
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Figure 5. Interaction effects plot for R1 from first trial.

To further elucidate the dependences, a regression analysis
was conducted for the above data to obtain the relation between
resistance and the random variables: temperature, pressure, and
band volume. To obtain a useful analytical tool, the discrete
variables ink and substrate were mapped to numerical ones. In
particular, for the inks, ‘Nano’ was mapped to 0 and ‘WB’ was
mapped to 1. Likewise, for the substrates, ‘Label’ was mapped to
0, ‘PET’ was mapped to 1 and ‘CNB’ was mapped to 2. This
allowed us to regress on 5 main effects and up to 10 interactions. It
turned out that, for the regression, the pressure main effect is not
significant, but all the interactions are significant at better than a
98.8% confidence limit. The following regression equation was
obtained:

Ry, = 343 - 0.0532T - 1.35b + 18.8i + 6.24s - 0.000051TP +
0.000510Pb - 0.00161iP - 0.000699Ps + 1.96is +0.00386Tb —
0.852bi - 0.267bs - 0.00551Ts - 0.0279Ti (1)

where R is the resistance measured in MD in Ohms
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T is the calendering temperature in °F

P is the calendering nip pressure in pli

b is the cell volume per unit area in pm

s is the substrate number as describe above
iis the ink number

The Rz.ddj for this regression is 83.0%.

According to Equation 1, a lower resistance can be obtained
with calendering at high temperatures and pressures and with
lower band volumes (less ink), when compared to the resistivity of
uncalendered samples at higher band volumes. Therefore, we can
conclude that calendering provides higher ink mileage and hence a
pronounced cost reduction of ink. This can be quantified by
solving this equation for the calendered cell volume necessary to
obtain the same resistance as an uncalendered print at a given cell
volume, for any given ink. Likewise, other equivalent conditions
can be solved for in order to optimize the process.

Results - Second Trial

The goal of this trial was to find the maximum calendering
temperature that both paper substrates, Label and CNB board, can
handle without any deterioration in their structure or sticking to the
calendering roll. An additional drying unit was added before the
calendering to simulate the sheet temperatures that would be
experienced in commercial practice. Resistances at temperature 75
and 176 °F were compared to that of the first trial. It was found
that addition of the drying unit lowered sheet resistivity. However,
the reduction in resistance was within a few Ohms when compared
to the results obtained in the first trail, which may not compensate
for energy cost to run additional drying units.

Results of two-way ANOVA (Appendix 1) show a significant
effect of temperature on resistance for Label and CNB in both MD
and CD. Figures 6 to 9 show the effect of calendering temperature
of the second trial on MD and CD resistances at different band
volumes for Label and CNB. As the temperature increased from
ambient conditions (around 75 °F), the resistance decreased by a
great deal. Above 176 °F, the effect of temperature was reduced
and the difference in resistances between 176 and 194 °F was
within a few Ohms. Therefore, calendering at temperatures as high
as 194 °F for both Label and CNB may not be economically
beneficial, since more energy must be supplied to achieve these
higher temperatures.
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Figure 6. Effect of Calendering Temperature on MD Resistance for Label.
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Figure 7. Effect of Calendering Temperature on MD Resistance for CNB.

ANOVA and Regression for the Second Trial

WB traces were printed on Label at temperatures varying
from 75 °F to 194 °F and pressures from 50 pli (uncalendered) to
1500 pli. ANOVA analysis is summarized in Appendix 1. The
analysis and main effect plot, Figure 8, show again the significant
effect of calendering temperature on resistance of the printed
traces. From the interaction plot between temperature and band and
pressure and band, Figure 9, we can see that high temperature
calendering reduces the resistance a great deal when compared to
uncalendering for the same amount of ink. The statistical software
would not compute the pressure-temperature interaction effect
because of deficiencies of the data. As will be seen in regression
analysis below, the effects of pressure-temperature interaction are
significant

As above, we can regress on three main effects and up to 3
interactions to quantify the implications of the results of this trial.
From the regression, it was found that the dependence on the
pressure-band interaction was not significant. All of the other main
effects and the pressure-temperature and temperature-band
interactions are significant at better than a 99.9% confidence limit.

The numerical relation between resistance and the random
variables in this part of the trial (calendering temperature, pressure
and band) is obtained by the regression equation:

R; =39.9-0.0524T + .00122P — 1.63b - .000010TP + .00232Tb +
.000007Pb (2).

Main Effects Plot for R1
WB on Label Trial 2
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Figure 8. Main Effects Plot for R1: WB Silver Flake on Label, Trial 2.
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Interaction Plot for R1
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Figure 9. Interaction Plot for R1: WB on Label.

The Rzadj for this regression is 95.2%. The coefficient of the
temperature is approximately the same as in Equation 1. The
coefficient of the Tb is slightly more than half of that in Equation
1, but the coefficient of the b term is slightly larger. The coefficient
of the TP term is approximately 20% of that in Equation 1. The
coefficient of P is positive, but the coefficient of TP is negative.
This means that, for low temperatures, increasing the pressure
slightly increases the resistance, but at higher temperatures,
increasing pressure decreases the resistance. If we factor the P and
TP terms, then the coefficient of .00111P is 1 - .00899T. Thus for
temperatures above 111°F, increasing the calendering nip pressure
improves the conductivity. The results that the coefficient of the
TBand are reduced by slightly more than half, and that the
effective coefficient of P is positive only above 111°F, are likely
consequences of the additional drying on press (6 passes through
press dryers and 4 passes past other hot air dryers).

Conclusion

Calendering temperature had a significant effect in reducing
resistance of the traces for both WB silver flake and nanosilver
inks printed on all three substrates; label paper, board and polymer
film. The effect of calendering pressure on resistance was not
significant for all WB printed traces, although for sufficiently high
temperatures increasing pressure decreases resistance for all inks.
A slight decreasing trend was found for the effect of pressure on
resistance for nanosilver inks on label paper. However, none of
these trends appears to be significant. For CNB the effect was not
significant. However, calendering pressure on CNB was not as
high as that applied to label paper _or PET to avoid any
deterioration in the board structure. Combination of calendering
pressure and temperature and their interaction was found to reduce
the resistance for WB and nanosilver inks printed on all substrates.
Based on the above results, it can be concluded that calendering
has the ability to improve conductivity of printed traces, which
offers some cost savings during manufacturing.

Increasing the volume of anilox cells reduced the resistance of
the printed traces. The 18.6 pm anilox cell volume was found to be
the best in terms of electrical performance. This was an expected
result, since more conductive ink is deposited with higher volume
of the anilox cells. A lot of scatter and variation was obtained
when nanosilver ink was printed on PET. This could be due to the
insufficient ink drying on the film. Calendering increased the
conductivity of traces sufficiently that printing with a lower cell
volume anilox can reach the conductivity of uncalendered traces
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printed with a higher cell volume anilox. Regression equations
were obtained that can be solved to estimate the reduction in cell
volume obtained with calendering.

The results of the second trail were consistent with that
obtained in the first trail. However, calendering temperature should
not exceed a certain value unless a non-stick coating is applied to
the roll in order to avoid any sticking of the ink on the calendering
roll or damaging of the substrate. In addition, ink film resistances
tend to reach a stable resistance value and any additional increase
in calendering temperature or pressure would be not efficient.
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Appendix 1
ANOVA Analysis for Resistance Measurements

First trial

ANOVA for the Data Obtained on First Trial:

General Linear Model: R1 versus T, P (pli), Band, Ink,
Substrate

Factor Type Levels Values

T random 5 75, 104, 140, 158, 176
P (pli)random 4 50, 500, 950, 1500
Band random 3 12.4,15.5,18.6
Ink  fixed 2 Nano, WB
Substratefixed 3 CNB, Label, PET

Analysis of Variance for R1, using Adjusted SS for Tests

Source DF SeqSS AdjSS AdjMS F P

T 4 3926.002090.54 522.63 4.44 0.056x
P (pli) 3 3699.63 2705.14 901.71 74 0.012x
Band 2 14226.30 9639.254819.63 691 0.074 x
Ink 1 2779.03 1446.04 1446.04 2.36 0.224x
Substrate 2 374591 3490.15 1745.08 20.59 0.008 x
T*Band 8 49140 218.66 2733 6.15 0.000
T*Ink 4 75196 389.57 97.39 2191  0.000

! Kirchmeyer, S. Gaiser, D., “Extremely Flat and Flexible”, Polymer
Electronics, Kunststoffe International (2007).

% Rigney, J., Materials and processes for high Speed Printing for Electronic
Components” IS & T’s NIP20: International Conference on Digital
Printing Technologies (2004). (pp. 275-278).

* Rogers, J. Bao, Z., “Printed Plastic Electronics and Paperlike Displays”,
Journal of Polymer Science: Part A: Polymer Chemistry, Vol. 40, (2002).

4 Eiroma, K. Hakola, L. Hast, J. Maaninen, A. Petaja, J., “UV Curing for
Printed Electronics”, Radtech Report (2007).

% Smook, G.A. (1992), Handbook for Pulp and Paper Technologists, Angus
Wild Publications, Inc. (pp. 264).

® Sujay Pandkar, “Effect Of Calendering On Flexographically Printed
Silver Flake Ink”, MS Thesis, Western Michigan University, 2008.

" Margaret, K. Joyce, Paul D. Fleming IIT and Sujay Pandkar, “Method of
Improving The Electrical Conductivity of a Conductive Ink Trace Pattern
and System Therefor”, US Patent Application 131347.

662

P (pli)*Band 6 433.73 359.38 59.90 1347 0.000

P (pli)*Ink 3 227.76 18690 6230 14.01 0.000

Band*Ink 2 1588.93 1456.18 728.09 163.79  0.000

Band*Substrate4  377.48 37590 9397 21.14 0.000

Ink*Substrate 2  625.78 625.78 312.89 70.39  0.000

Error 1107 4920.80 4920.80 4.45

Total 1148 37794.70

x Not an exact F-test.

S =2.10836 R-Sq=86.98% R-Sq(adj) = 86.50
Second trial

ANOVA for the Second Trial:

General Linear Model: R (MD) versus T, P (pli), Band

Factor Type Levels Values

P (pli)random 3 50, 500, 1500

T random 4 75, 140, 176, 194

Band random 3 12.4,15.5, 18.6

Analysis of Variance for R (MD), using Adjusted SS for Tests

Source DF SeqSS AdjSS AdjMS F P

P (pli) 2 1159 1289  6.44 9.74 0.029x
T 3 280.01 280.01 93.34 29.47 0.001 x
Band 2 192426 740.68 370.34 192.24 0.000 x

P (pli)*Band 4 1.06  2.65 0.66 1.11 0.354x

T*Band 6 19.00 19.00 3.17 5.31 0.000 x
Error 147 87.66 87.66  0.60
Total 164 2323.57

x Not an exact F-test.
S =0.772206 R-Sq =96.23% R-Sq(adj) =95.79
Author Biography

Paul D. “Dan” Fleming III received his BSc in physics from the Ohio
State University (1964) and his AM in Physics (1966) and PhD in chemical
physics from Harvard University (1971). Since then he has worked in
Industrial Research and Development at Phillips Petroleum and GenCorp.
He is currently a Professor in The Department of Paper Engineering,
Chemical Engineering and Imaging at Western Michigan University His
His research interests include printed electronics, digital printing, color
management and paper coatings. He is a member of IS&T, APS and TAGA

References

8 Ramesh Kattumenu, Marian Rebros, Margaret Joyce, Paul D. Fleming
and Gururaj Neelgund, “Effect of Substrate properties on Conductive
Traces Printed With Silver-Based Flexographic Ink”, NPPRJ, 2009, 24,
p-101-106.

® Ramesh Kattumenu, Marian Rebros, Erika Hrehorova, Paul D. Fleming,
Margaret Joyce, Bradley J. Bazuin, Alexandra Pekarovicova and Gururaj
Neelgund, "Evaluation of Flexographically Printed Conductive Traces on
Paper Substrates”, TAGA Proceedings, San Francisco, March 2008.

Society for Imaging Science and Technology



	Introductory Materials
	Copyright
	Table of Contents
	Conference Committees
	IS&T Board of Directors
	Welcome to NIP26
	Conference Sponsors
	Welcome to Digital Fabrication 2010
	Week At-a-Glance
	Hilton Austin Floor Plans
	Conference Exhibitors
	Special Events
	Conference Sponsors
	IS&T Corporate Members

	Technical Papers Program Schedule
	Plenary Talks
	Chwalek, Kodak's Stream Inkjet Technology...pg.1
	Joo, Commercialization of Inkjet Printing...pg.151
	Schneider, Visual Information...pg.152
	Iwamoto, Appearance Analysis Research on Surface...pg.329
	Hopkinson, Printing in the Third Dimension...pg.581

	Advanced and Novel Imaging Systems
	Dusser, News Applications for Laser...*
	Li, Pulse Control Characteristics of Jumping...pg.2
	Dusser, Color Reading of Nanostructured...*
	Leal-Ayala, Paper Re-Use: Toner-Print Removal...pg.6

	Ink Jet Printing: Processes
	Hoath, Effects of Fluid Viscosity on Drop-on-Demand...pg.10
	Castrejon-Pita, Influence of Nozzle Defects...pg.14
	Kwon, In Situ Measurement of Instantaneous...pg.18
	Hoath, Jet Diameters and Velocity Profiles...pg.23
	Wang, Qualifying Printhead-Ink Combinations...pg.28
	Mace, Tonejet: A Multitude of Digital Printing...pg.32
	Cahill, The State of Inkjet Printheads...pg.36

	Printing Technologies: Technical Reviews and Notes
	Schulze-Hagenest, Toner-Based Digital Color...pg.40
	Dispoto, Future Color Technologies for Digital...pg.43
	Nossent, Ink Jet Technology in Textile Finishing...pg.48

	Toner-based Printing: Materials
	Ashizawa, Crystalline Polyester for Low Energy...pg.49
	Kawasaki, Development of High Abrasion Resistance...pg.53
	Kenkler, Hole and Electron Transport..*
	Carroll, Modified Pigments for Chemically Prepared...pg.57
	Kyrlidis, Comparison of Fumed and Colloidal...pg.61
	Iimura, Preparation of Colored Core-Shell Particles...pg.65
	Chen, The Influence of the Toner Reverse-Charge...pg.70
	Ryu, Eco-Friendly Prepared Chemical Toner...pg.73
	Kim, Polyester-Based Chemical Toner with Low Level...pg.77
	Tsunemi, Toner Charge Control with Externally-Added...pg.81

	Design for Environmental Sustainability
	Sobotka, The Gap Between Environmental...pg.85
	Ng, Pilot-Scale Recycling of HP-Indigo Printed...pg.88
	Kariniemi, Evaluating Environmental Sustainability...pg.92
	Strecker, Environmental Life Cycle Assessment...pg.97
	Ord, Developing a Tool for Routine Carbon...pg.102
	Fischer, Advances in Deinking and Deinkability...pg.104
	Ueda, Attempts to Improve the Deinkability...pg.107
	Bhattacharyya, Effect of Surfactant Chemistry...pg.112
	Mittelstadt, High-Quality Deinked Pulps...pg.117

	Process Materials and Substrates
	Delaney, Inkjet Printing of Functional Ionogels...pg.121
	Novak, Direct Print of Metal Nanoparticle Inks...pg.124
	Novak, Printing Nanoparticle Copper Ink...pg.126
	Natsuki, Preparation of Silver Nanoparticles...pg.127
	Blom, Mask-Less Patterning Technology...pg.131

	Printed Electronics: Processes
	Hanel, Laser Scribing of ITO and Organic Solar...pg.135
	Buttner, Laser Printing of Conductive Silver...pg.139
	Shin, Self-Patterned Metal Electrodes...pg.143
	Pabst, Inkjet Printing and Argon Plasma Sintering...pg.146
	Martensson, Rethinking Jettable Fluids...pg.150

	Inkjet Printing: Materials
	Shakhnovich, Pigment Yellow 1 - a Viable...pg.156
	Nauka, X-Ray Photoelectron Spectroscopy...pg.159
	Kamei, Azo or Hydrazone Structure in Azo Pigments...pg.163
	Shibata, Four Crystal-Structures Derived from...pg.167
	Zhao, Directional Self-Cleaning Surface Design...pg.171
	Cernigliaro, Development of Ultra Clean...pg.174
	Sarma, Improving the Performance Properties...pg.178
	Tauber, Improved Dispersibility of Surface...pg.181
	Shibata, Characterization of Yellow Pyrazolyl...pg.185
	Fu, Preparation of Nanoscale Waterborne Disperse...pg.189
	Granados, Ink-Jet Printing for Ceramic...pg.194
	Madaras, Sensient's S.M.A.R.T. 4000 Technology...pg.198
	Fu, Preparation and Properties of Encapsulated...pg.202
	Chen, High Light Fastness Disazo Dyes...pg.206

	Toner-based Printing: Processes
	Habermann, Investigations in the Influence...pg.208
	Kawamoto, Doctor Process of Toner Layer...pg.213
	Kweon, Discrete Element Method Simulation...pg.216
	Lee, Dielectric Constant of Ink Layer on HP-Indigo...pg.221
	Karunanayak, Triboelectrification of Toner...pg.225
	Whitney, Toner Adhesion Measurement...pg.229
	Nakayama, Analysis of a Blade Cleaning System...pg.234
	Asami, The Horizontal Banding Image Related...pg.238

	Print and Image Quality
	Qiao, Registration Error Measurement...pg.243
	Bhurchandi, Optimization of Cartridge Life...pg.247
	Lundberg, Improved Print Quality by Surface...pg.251
	Rong, Print Quality Comparison Between Kodak...pg.256
	Ramesh, Print Noise Diagnoses through Correlation...pg.260
	Otsuhata, Experimental Study on the Optical...pg.263
	Eid, A Document Scanner Equalization Technique...pg.267
	Yang, Effect of Gloss and Colorant Mass on Color...pg.271
	Ha, The Robust Design of Subjective Quality...pg.275
	Corrall, Effect of Print Resolution in Single-Pass...pg.278

	Digital Fabrication Processes
	A-Alamry, Flow-Induced Polymer Degradation...pg.284
	Yan, Drop on Demand Inkjet Drop Formation...pg.288
	Soltman, Methodology for Inkjet Printing...pg.292
	Tada, Micro-Film Formation by Multi-Nozzle...pg.297
	Betton, The Effects of Corona Treatment on Impact...pg.301
	Li, Conductive Copper and Nickel Lines...pg.305
	Ohlund, The Importance of Surface Characteristics...pg.309
	O'Reilly, Aerosol Jet® Material Deposition...pg.314
	Reinhold, Inkjet Printing of Phase-Change...pg.319
	Chen, Inert Piezoelectric Inkjet Print Head...pg.323
	Buskirk, Production Digital Fabrication System...pg.324

	High Speed Ink Jet
	Drury, Approaches to High Speed Inkjet Printing...pg.332
	Abello, The Scalable Pipeline Architecture Behind...pg.336
	Mizes, High Speed Xerox Inkjet Technology...pg.340
	Halwawala, Imaging Considerations for Single-Pass...pg.344
	Ishikura, Improvement of Image Quality...pg.349

	Modeling of Printing and Related Processes
	Hoath, Improved Models for Drop-on-Demand...pg.353
	Heil, Parameter Analysis of Droplet Impact...pg.356
	Fang, Computer Simulation Research on Batik Crack...pg.361
	Ecer, Modeling of Mixing of Toners with DEM...pg.365
	Simske, Factors in a Security Printing & Imaging...pg.368
	Zeng, Lean Print Manufacturing: Operations...pg.372
	Lin, Content-Driven Neural Network Design...pg.376
	Kella, Model based Printer Linearization...pg.379
	Lin, Multi-Level Simulation of Digital PSPs...pg.382

	Image Permanence
	Salesin, Short-Term High Humidity Bleed...pg.386
	Miller, Fade Stability of Color Photographic...pg.390
	Wu, The Effects of Lamination on Image Quality...pg.395
	Lindstrom, A Comparison of Image Permanence...pg.400
	Cui, Light Fastness Comparison of Xerography...pg.404
	Comstock, Influence of Dry Time on Ozone...pg.408
	Comstock, Influence of Temperature in Xenon...pg.412
	Comstock, Impact of Light Exposure...pg.415
	Comstock, Improved Dark Storage Test Method...pg.420
	Hoarau, A Novel Sensor to Visually Track Fading...pg.423
	Comstock, Validity of Dark Storage Test Method...pg.426
	Comstock, Image Permanence Test Chamber...pg.430

	Color Science/Image Processing
	Ha, The Effects of Perceptual Based Image Gloss...pg.435
	Chen, Research on the Halftoning Method to Achieve...pg.439
	Li, Methods and Mechanisms of Expanding...pg.443
	Uematsu, A New Hypothesis and its Verification...pg.447
	Recker, A Distributed Low-Cost RIP for Digital...pg.451
	Qiao, Optimal Noise Management Method for a Robust...pg.455
	Nystrom, Microscopic Color Measurements...pg.459
	Zhang, Global Optimized Multiscale Tobacco Leaves...pg.463

	Fusing, Curing, and Drying
	Shaw, Smoothed-Particle Hydrodynamic Simulations...pg.466
	Eichhorn, Carbon Nanotube Filled Composite...pg.470
	Oko, Imbibition of Picoliter Water Droplets...pg.475
	Barton, The Mechanics of Geometric Stripping...pg.479
	Lavrykov, Thermal Performance of Copy Papers...pg.483

	Media for Digital Printing
	Chen, Study on the Process of Infiltration for Ink...pg.489
	Schaffer, Allessan® APT &mdash; A Versatile...pg.492
	Stoffel, Media Influence on Print Performance...pg.496
	Bhattacharyyya, Adhesion in LEP and its...pg.499
	Batz-Sohn, Speed of Ink Absorption on Modified...pg.503
	Gong, Application of Nano Pigments in Inkjet Paper...pg.507

	Electronic Paper and Paper-like Displays
	Yanaka, Integral Photography Using Color...pg.512
	Hasegawa, Influence of Dye Concentration...pg.516
	Kumara, Effects of Triboelectrical Charge...pg.520
	Kim, Nanopatterned Polythiophenes Films...pg.523
	Nakayama, Usability Evaluation of Paper/PC/e-Paper...pg.526
	Inoue, Consideration of Short-Term Memory...pg.529
	James, Dyed Polymeric Microparticle Colloid...pg.533

	2- and 3-D Functional Printing
	Hammerschmidt, Complete Digital Fabrication...pg.538
	Stanic, Permanence and Color Stability in 3D...pg.541
	Huson, The Digital Fabrication of Ceramics...pg.545
	Jones, Additive Manufacturing by...pg.549

	Digital Biofabrication
	McCallum, Rapid Deposition of Hydrogel Layers...pg.554
	Hayes, Fabrication of Biomedical Components...pg.558
	Umezu, Gelatin Patterning Utilizing...pg.561
	Tirella, PAM2 System: Engineering Complex Shaped...pg.564
	Guttler, Electro Photography ("Laser Printing")...pg.567
	Tirella, Importance of Cell-Substrate Impact...pg.571
	Rodriguez-Devora, Fabrication of Miniature Drug...pg.574
	Limem, Inkjet Printing of Self-Assembled Hydrogels...pg.578

	Hardware for Printing Inspection Authentication and Forensics
	Adams, High Resolution Imaging for Forensics...pg.582
	Hodgson, Technologies for Identity Document...pg.587
	Eick, Methods for Producing Covert Barcodes...pg.591
	Davidson, The Impact of Digital Print...pg.594

	Security and Forensic Printing
	Vans, Impact of Scrambling on Barcode Entropy...pg.597
	Ulichney, Encoding Information in Clustered-Dot...pg.602
	Hayward, Employing Botanical DNA to Forensically...pg.606
	Simske, Security On-Ramp for Variable Data...pg.612
	Herlaar, Searching for Discriminating Features...pg.616
	Metters, Using Printing Technologies...pg.621
	Aronoff, Determining Printer and Scanner...pg.626

	Printing Systems Engineering/Optimization
	Kipman, Automated Inkjet Print Head Sustainability...pg.632
	Whitney, Measurement of Diode to Diode Spacing...pg.635
	Seo, New Induction Heating Technology and System...pg.638
	Miyoshi, Optimization of Dies for the Magnetic...pg.642
	Boley, Print Mask Design for Maximum...pg.646

	Digital Packaging
	Heilmann, The Use of Inkjet in Packaging...pg.652
	Fleming, Development of In-Line Printing Press...pg.657

	Textile and Fabric Printing
	Ali, Direct Inkjet Single Sided Hydrophobic...pg.663
	Malandraki, Inkjet Printing of Fluorine-Free...pg.667
	Agrawal, Digitally Finished Cyclodextrin Based...pg.670
	Christie, Digital Inkjet Dyeing and Printing...pg.673
	Jaworski, Inkjet Printing on Textiles: Software...pg.676
	Ushiku, Fabric Coating and Printing Conjoined...pg.680
	Namwamba, Effect of Padding Parameters...pg.684
	Rybicki, Antibacterial Finishing of Flat Textiles...pg.688

	Thermal Printing
	Taniguchi, Development of New Multi-Purpose...pg.693
	Terao, Development of Power Saving Thermal...pg.697
	Sakamoto, Development of High Efficiency Thermal...pg.701
	Shima, Stability and Tinctorial Strength...pg.705
	Tian, Color Performance of Cotton...*

	Printed Electronics: Devices
	Hayes, Direct Write Opportunities in Printed...pg.709
	El Asaleh, Printed Electronics and E-paper...pg.710
	Bibelriether, Print the Printed Circuit Board...pg.715
	Marjanovic, Digital Fabrication of Oxide...pg.720
	Lim, Inkjet Printing Approach to Fabrication...pg.723
	Mager, On-Line Monitoring and Feedback Control...pg.726
	Pique, Printing of Electronic Nanoinks...pg.730
	Zipperer, Roll-to-Roll Printed Electronics...pg.734
	Kim, Printable Indium Oxide Thin-Film Transistor...pg.737
	Ren, Inkjet Technology for Large-Area OLED...pg.740
	Hecker, Roadmap for Organic and Printed...pg.745


	Author Index



