Journal of Imaging Science and Technology® 56(4): 040507-1-040507-8, 2012.
(© Society for Imaging Science and Technology 2012

The Impact of Plate Imaging Techniques on Flexographic
Printed Conductive Traces

Bruce E. Kahn® ® ¢, Liam H. O’Hara®?, and Chip Tonkin®
@ The Sonoco Institute of Packaging Design and Graphics, Clemson University, Clemson, SC 29634
b Department of Graphic Communications, Clemson University, Clemson, SC 29634
¢ Printed Electronics Consulting, 265 Viennawood Dr., Rochester, NY 14618
E-mail: bkahn@clemson.edu

Howard E. Nelson and William J. Ray
NthDegree Technologies Worldwide Inc., 1320 West Auto Drive, Tempe, AZ 85284

Chris Wargo and Michael Mastropietro
PChem Associates, 3599 Marshall Ln., Suite D, Bensalem, PA 19020

Abstract. There are a number of plate imaging options for flexo-
graphic printing. The type of plate used and the way it is processed
affect the trace resolution and ink transfer of the conductive material.
The authors have recently completed one of, if not the largest research
studies ever conducted in printed electronics. Over 45,000 resistances
were measured and nearly 1000 three-dimensional optical profiles
were obtained, from which a variety of morphological parameters were
measured. Many printing variables were examined, including plate
material, imaging and plate processing conditions, trace orientation,
anilox cell volume, plate type, line and gap width, and orientation.
Aqueous, nano-silver inks were printed on both PET and coated
paper. The impact of these printing process variables on the conduc-
tivity and resulting printed trace width and minimum reverse will be
discussed. © 2012 Society for Imaging Science and Technology.
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INTRODUCTION

Recently, there has been great interest in the use of printing
processes for patterning functional materials, and their use in
the fabrication of electronic devices. Printing processes offer
a number of important characteristics.! They are commonly
available, and at a wide range of scales, and can scale up easily.
They are additive processes, i.e., material is deposited only
where desired. The throughput of printing processes can be
extremely high—as high as 60 m?/s. Printing processes are
normally used in ambient environments, and are compatible
with an almost limitless number of materials and substrates.
The most common printing processes used for printed elec-
tronics are ink-jet,>> screen,* flexography,>® and gravure.’
Other printing processes have also been used, including

pad printing,® soft lithography,®1 11-14
15,16 (17

offset lithography,
thermal transfer,
pen/stylus.'8~2! Each of these techniques has its own set of

aerosol jet,”’ and direct writing with a
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advantages/disadvantages, and they are frequently combined
together?>~24 for device fabrication.

Flexographic or flexo printing is a high speed roll-to-roll
printing process that is widely used in a number of commer-
cial graphics arts applications, particularly in the packaging
industry.”> Flexography has also been used for printing
functional materials. Flexographic printing is characterized
by a flexible and compressible photopolymer image carrier
(printing plate) having a raised surface (image area) and a
recessed relief (the floor of the plate, non-image area), much
like a common rubber stamp. An anilox roll is used to apply
ink to the plate. The anilox roll is a cylinder that is uniformly
engraved with recessed cells. Commonly, a two-roll system
is employed with a metering roll used to transfer ink from
the ink pan to the anilox roll, filling the cells with ink. A
thin steel doctor blade is used to wipe the excess ink from
the roll prior to it coming in contact with the plate. In this
study, a chambered doctor blade system was used*>, where
the ink was contained in a closed chamber integrated with
two doctor blades. The printing plate is pushed against the
anilox cylinder so that the raised plate surface (image area)
comes in contact with the ink within the cells, pulling the
ink out of the cells onto the plate surface. An impression
roller is used to create a nip with the plate through which
the substrate is passed, transferring ink from the plate surface
to the substrate. The flexographic printing process has been
described in detail.1:?

Flexographic printing offers a number of important
advantages over other printing processes. The printing plates
are easy to obtain, and relatively inexpensive compared to
some other printing processes (i.e., gravure). Since the image
carrier (printing plate) is flexible, flexographic printing is
conformal, and tolerates substrate morphological variation
well. Flexography can be used to print onto almost any
type of substrate, and almost any kind of material can
be formulated into an ink. The amount of ink that is
deposited can be controlled (using the anilox roller) and,
fairly uniquely in printed electronics, is independent of the
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printed feature dimensions on the printing plate. In most
other printing processes used in printed electronics, the
amount of ink delivered is strongly correlated to the feature
dimensions on the plate. In flexographic printing, the image
carrier (printing plate) does not serve as the primary ink
metering device, so one is able to adjust the ink thickness
without changing the printing plate. Flexographic printing
also has some important disadvantages. Printed features can
be distorted by plate deformation and ink spreading, and
the surface topology of printed features can be nonuniform
(thicker in some areas than others).2° While the achievable
resolution of flexography has traditionally been thought of
as inferior to other printing processes, much progress has
been made in this area. The data used in this work include
flexographically printed features as small as about 35 um.?’
Even smaller features that have been flexographically printed,
as narrow as 15 um, have recently been reported.?®

The experiment was designed to examine various
imaging technologies for flexographic platemaking and their
impact on printed features. Five different plate types were
used, including Kodak NX, Kodak NX DigiCap, a Dupont
DPR plate exposed in air and another DPR plate exposed in
nitrogen, and an Asahi DEF plate. The plates were selected
for this study because of the various technologies employed
in their production. These “digital” plates are composed of
a UV sensitive photopolymer. The polymerization of the
photopolymer is inhibited by the presence of oxygen. Thus,
in the presence of air, the polymerization on the surface of
the plate takes longer than within the plate material. When
making halftones for graphic arts reproductions, this results
in dots that have a rounded tip. This was initially regarded
as a positive aspect of the plate making, as it provided a
natural cutback to the dot size. However, in the graphic arts
community there is debate as to whether the round dots offer
the same repeatability and crisp print as the flat-topped dots
produced in a vacuum. The flat tops, it is argued, do not
deform under pressure in the same way as round-top dots
do, and as such are presumed to be more consistent and to
provide sharper printing. This issue is very relevant for the
printing of conductive traces. The traces that are exposed in
air have a rounded edge, those exposed in an oxygen free
environment have a sharp edge (Figure 1). With the rounded
edge, the flat part of the plate is “cut back” slightly, typically
of the order of 15 wm per edge, and is narrower than the
feature in the design. In an oxygen free exposure, the flat part
of the trace is fully as wide as the feature in the mask. In a
similar fashion, the line gaps (reverses) are generally wider
on a plate exposed in air. As this report will show, these plate
features can be used advantageously for printed electronics.

As with halftone dots, printed traces also experience gain
as the ink transfers from the plate to the substrate.”> The ink
tends to squeeze out to the sides under pressure, creating an
image larger than the image carrier on the plate. In halftone
printing this is referred to as “dot gain” or “tonal value
increase”. Plates exposed in air print thinner traces as they
have the natural “cutback” of the oxygen inhibition (vide

J. Imaging Sci. Technol.

040507-2

(b)

Figure 1. 40 um [nominal) flexographic plate features exposed in Ny (a)

and air (b).

infra). This issue is anticipated to have greater impact with
thinner traces.

We investigated the effect of the presence of air during
plate exposure. The Asahi DEF plates are exposed in air and
have rounded edges. The Dupont DPR plates allow one to
assess the presence of oxygen. One plate was exposed in
an ambient atmosphere (Fig. 1(b)) and one was exposed in
a modified atmosphere that was flushed with nitrogen to
remove air during the exposure (Fig. 1(a)). This nitrogen
flush produces sharp edge features instead of the rounded
edges of the oxygen inhibited exposures. This comparison
is useful because the plate materials are made of the same
photopolymer, and possess the same surface energy and
hardness. Comparisons between different plate materials will
be complicated by factors other than just the trace shape.

Another technology employing sharp edge features is
Kodak’s NX plate technology. This technology employs a
film layer that is laminated to the plate surface. Thus a film
negative is employed, but a vacuum is not required due to the
lamination. The lamination also serves as an oxygen barrier,
preventing inhibition of the polymerization and allowing
dots with sharp edges to be created. Kodak has reported 1:1
pixel reproduction with halftone features as small as 10 um.?’

A variation of this technology is Kodak’s DigiCap NX
screening. This provides a textured plate surface rather
than a uniformly smooth one as is the case with most
flexo plates. The fine pattern of reversed areas is credited
with printing smoother solids with less mottling on film
substrates.”’ There are two possible explanations for this.
The fine reverses may create a series of channels to carry
more ink, much like the fine cells of the anilox roll. In
this way, a greater ink transfer may be possible. It is also
possible that under pressure (impression), ink can flow into
these channels, reducing the degree to which it is forced out
of the sides. Ink mottling is a common print issue when
printing on very smooth, non-absorbent substrates like PET,
which is favored in printed electronics applications for its
smoothness, transparency, and dimensional stability.’0~3?

We have directly compared the cell patterning of the
DigiCap NX screening to the non-patterned NX plate. The
issue of sharp versus round edges is directly compared using
the Dupont DPR plates exposed in air and nitrogen (oxygen
free). A fifth plate, the Asahi DEF, is also exposed in air
and provides some balance to the three flat-top technologies
(the Kodak plates and DPR in nitrogen). As the different
photopolymers employed by the three plate manufacturers
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have different surface energies, durometers, and other
aspects which can affect ink transfer, the Dupont plates
offer the cleanest comparison of round- versus flat-topped
features, and the two Kodak NX plates the best comparison
of plate cell patterning versus no patterning.

It should be noted that there are a number of other
factors convoluted with the plate type (set) which are out of
the scope of this initial study. For example, each plate was
only made once, and the impression was only set once on the
press. There are a variety of factors involved in plate making,
mounting, and press operation which warrant further study.
One should be a very careful attribution of the differences
between sets that were observed in this study to plate type
differences alone.

EXPERIMENTAL

Printing equipment

Printing press. The printing was carried out on an OMET
Varyflex flexographic printing press. The Omet Varyflex 530
is a 7-station modular multi-platform printing press capable
of running substrates up to 0.5 m wide, ranging from 12 to
600 pum thick (including films, foils, and paperboard). This
platform approach allows the use of various print modules
enabling any combination of flexographic, rotary screen, and
gravure printing inline, at speeds up to 200 m/min. The press
utilizes automatic registration, with independent servo con-
trollers on each station to ensure a high degree of precision
between each printing deck. This is particularly important
when using multiple printing processes simultaneously, as
the nip pressure (and resulting tension differences) would
be extremely difficult to control with a conventional gear
train approach. Other typical printing press configurations
(such as central impression) may allow a higher degree of
registration control, but an inline configuration such as this
one provides a much greater degree of flexibility in drying
and other processing steps between print stations, so it is well
worth the trade-off for most anticipated functional printing
applications. In fact, with many likely printed electronics
applications, the drying and curing steps will be the limiting
factors of the roll-to-roll production speed.?’

In this work, a single flexographic printing station was
employed. An important component of the flexographic
printing system is an engraved ink metering system called
an anilox roller, which was fitted with a chambered doctor
blade system which allowed a relatively small amount of ink
(minimum 375 ml) to be used.

Drying/curing. This press has both hot air and UV curing
interstation drying units, for use with aqueous, solvent, and
UV curable inks. This allows a great deal of flexibility in the
type of ink chemistry that can be used, and because of their
installation after each print unit, it allows the ink films to be
fully dried prior to the next layer being applied. Traditionally,
this is achieved with a high volume hot air blower, but that
approach takes up a great deal of space, causes high noise
levels, and is not generally as effective at drying ink films as a
low volume/high velocity approach.
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A Flex Air drying system is installed on this press, which
uses an industrial sized (100 hp) air compressor to produce
relatively high volumes of dry pressurized air that is piped
to the press, heated, and directed at the printed web at
high velocities. These air streams are cheaper to heat (and
can also be done in a more controlled and safe manner
when solvents are involved), and inherently lower humidity.
The high velocity air streams disrupt the boundary layer
of saturated air that travels with the web, allowing better
heat transfer and drying capability. This unique, compact
(only 1.4 m high by 2.3 m wide) tunnel dryer is mounted
above the press on rails to allow it to be positioned above
various stations in the press. In this work the tunnel dryer
temperature was 120°C, and the path length was 16.5 m. This
resulted in dwell times in the dryer of 33 s at 30.5 m/min. We
have also recently shown dwell times of 5 s at 200 m/min.>’

The printing in this study was conducted at 30.5 m/min.
A corona treatment unit was employed at the unwind of
the substrate. The corona treater was set to 400 W and the
treated substrate’s surface energy measured approximately
44 dyn/cm. The interstation driers and the drying tunnel
were set to 120°C (250°F) at 22 psi. The plates were all
pre-mounted on sleeves using Lohmann XP 5.0 stickyback.

The substrates used were 2-mil PET Melinex film from
Dupont-Teijin and an UltraCast coated paper from SAPPIL.

The ink used was PFI-722, a commercially available
silver nanoparticle ink, made by PChem associates.

Conductivity measurement

Two-point probe resistance measurements were used for the
serpentine line (Figure 2), and reverse (triangle) (Figure 3)
measurements. These were performed using a Fluke 287
digital multimeter. Testing of the gap widths (reverses)
started with the smallest line widths. After three consecutive
opens, the testing for that series was stopped. Each anilox
cell volume had 32 reverse targets, for a total 192 reverse
measurements per sheet.

Press trials
The plates were created from a single illustrator file that was
sent to the various manufacturers to create the plates. The
plates were imaged with a series of serpentine traces that
were a total of 30 cm in length, or 0.3 m. These traces were
imaged vertically (in the press direction) and horizontally (in
the cross-press direction) in order to investigate the effect
of the trace orientation on ink laydown and conductivity.
The total length of each of the lines was 0.3 m. The traces
were created with a variety of widths ranging from 10 um to
100 um in 10 pm increments, then 150 um, 200 pwm, 300 pm,
400 um, 500 um, and 600 wm. The dimensions of these lines
correspond to traces ranging from 500 squares (@ 600 pm)
to 30,000 squares (@ 10 um) (nominally).*3>

In these test patterns, the portions of the lines that
are perpendicular to the analysis direction are wider (lower
resistance) than the portions in the analysis direction (Fig. 2).
This design ensures that the resistance measurement is
dominated by the resistance in the analysis direction, and

Jul.-Aug. 2012



Kahn et al.: The impact of plate imaging techniques on flexographic printed conductive traces

200 pm

Figure 2. Serpentine line.

200 pm

Figure 3. Reverse elements.

helps to differentiate directional effects (anisotropy) on the
conductivity.?

In addition, a series of reverse elements were created
with line gaps (reverses) ranging from 10 pm to 100 um in
10 um increments, and then 100 um to 500 wm in 20 pm
increments, and finally a 550 um and a 600 wm reverse. The
reverses were set in a triangular pattern to test the reverses
in the vertical (press direction), horizontal (cross-press
direction), and at 26.5° from the vertical angle.’” Fig. 3
illustrates the reverse element design.

The various trace elements were laid outin a 3 x 18-inch
area which was then stepped six-out across the press sheet.
The six bands were laid out in this way to correspond to the
bands of a banded anilox roll. The banded roll is engraved
with six different configurations delivering various volumes
of ink to the plates. The configurations are specified by the
number of engraved cells per linear cm, and the volume
of ink delivered, expressed in cm?/m?, or billions of cubic
microns per square inch (BCM). The six configurations are
shown in Table I. Thus on each plate, there are 192 traces and
192 reverses.

Nine sheets of each press condition were randomly
selected for measurement.

RESULTS AND DISCUSSION

Serpentine line conductivity

The resistance values for nine samples (printed sheets) were
measured for each press condition. A variety of statistics
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Table I. Anilox parameters.

Resolution Anilox cell volume
lines/em lines/in a3 /m? B(M
471 1200 1.60 1.03
433 1100 237 1.53
394 1000 271 1.75
354 900 3.44 222
315 800 442 2.85
276 700 5.55 3.58

>

y = 0.0849In(x) + 0.1163

Cured Film Thickness (um)
o
N
o

Re = 0.9299
0.15
0.10
0.05
0.00
1.0 2.0 3.0 4.0 5.0 6.0

Anilox Cell Volume (cm3m?)

Figure 4. Ink film thickness versus anilox cell volume.

was computed from these data sets, including arithmetic
and geometric means, the median, and standard deviations.
The median statistic was chosen after comparing the three
statistics on a large number of measurements. The median
statistic was the least sensitive to outlying measurements, and
gave the best representation and visualization for the trends
of interest.

Plots of (raw) sheet resistances as a function of (nom-
inal) line width, anilox volume, and orientation are shown
in Appendices 1 and 2 (supplementary material). Each of
these data sets was fitted to statistical models. Although
the statistical modeling was done primarily to assist with
visualization, it should be noted that all of these data sets
fitted very well. The smallest adjusted 7> was 0.82. Almost
all of the adjusted 2 values were >0.9.

A number of trends are immediately apparent. As
expected, increasing the anilox cell volume reduces the sheet
resistance. This is due to the greater ink film thickness at
higher anilox volume (Figure 4), as expected.

There are two other phenomena that can be seen in these
graphs, but these must be carefully evaluated because the
apparent effects are misleading.

First, there appears to be a dependence of the sheet
resistance on the line width. The sheet resistance is lowest
at the smallest line widths, and then increases and levels
off as the line width increases (Appendix 2, supplementary
material). This counterintuitive effect is not real, and is
actually caused by the use of nominal line widths to calculate
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Linewidth (um)

Figure 5. Sheet resistances calculated using nominal and actual {mea-
sured) line widths.

the number of squares and sheet resistance. The printed
lines are actually wider than the nominal value, and this
difference (line gain) has the greatest effect at the lowest line
widths. When the actual line widths (measured by optical
microscopy or profilometry) are used, the sheet resistances
are nearly invariant to line width (Figure 5, Appendix 3
(supplementary material)).

Secondly, the graphs in Appendices 1 and 2 (supple-
mentary material) show that the sheet resistances of the
serpentine lines are higher in the horizontal (cross-print,
transverse) direction than in the vertical direction. This
apparent effect is actually caused by the difference in actual
line widths measured in the two directions. The lines
obtained in the print direction (vertical, machine) are wider
than those perpendicular to the print direction.?® This subtle
line width difference almost completely accounts for the
differences in sheet resistances between the two directions.
This increase in line width could be caused by the fact that in
the vertical (print, machine) direction, ink squeezes out on
both sides of the trace, whereas the ink squeezes out more
on one side than the other in the horizontal (cross-print,
transverse) direction. These morphological effects have been
studied in detail, and will be the subject of a separate report.?

Since the effect of line gain (the difference between the
actual line width and the designed (nominal) line width)
is largest at the narrowest line widths, it is possible to
minimize this effect by looking at the data from the largest
line width studied (600 pwm). Fig. 5 also shows that the sheet
resistances calculated using the actual line widths level off at
approximately the value of the 600 um (nominal) line width.
Therefore, the nominal sheet resistances calculated for the
600 um lines are a good approximation of the actual sheet
resistances. Figure 6 shows the effect of the different plate,
substrate, and speed combinations on the sheet resistance
using nominal data from the 600 um line. This technique
minimizes the effect of line gain, and compares the data
where the variability is smallest.?®

It is very apparent from Fig. 6 that the sheet resistance
differences are largest at the lowest anilox cell volume.
These differences are primarily due to differences in the
amount of ink transferred to the plate which controls the
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Figure 6. Sheet resistances for different plate and substrate combinations

at 600 um line width.

14

1.2 4 —e- Asahi

1.0 Kodak NX
—4— Dupont DPR (N2)
0.8 1
== Dupont DPR (Air)

Sheet resistance (Q/0)

0.6 Kodak NX Digicap
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0.2 T

0.0 T T T '
1.5 25 3.5 4.5 5.5
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Figure 7. Sheet resistances for different plate materials on PET at 600 pm
line width.
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1.8 1
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0.6 1
0.4 1
0.2 1
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15 2.5 3.5 4.5 5.5
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=3 Dupont DPR (N2) (Paper)

Kodak NX Digicap (Paper)

Sheet resistance (Q/0)

Figure 8. Sheet resisiances for different plate materials on Paper at

600 um line width.

ink film thickness and resulting conductivity. As the anilox
cell volume increases, the sheet resistance values tend to
converge. This technique can also be used to compare the
effect of different plate materials on PET (Figure 7) or paper
(Figure 8).

The influence of the substrate on the sheet resistance
was investigated for Dupont DPR in N, and Kodak DigiCap
(Figure 9). For both plate types, the conductivity was better
and less sensitive to anilox volume (flatter) on PET than on

paper.
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=8- Dupont DPR (N2) (PET)
=i~ Dupont DPR (N2) (Paper)
Kodak NX Digicap (PET)

Kodak NX Digicap (Paper)

Sheet resistance (Q/0)
-
o

— ]

15 2.5 35 a5 5.5
Anilox cell volume (cm3/m?)

Figure 9. Sheet resistances ({600 um) for Dupont DPR in Ny and Kodak
NX Digicap on PET and paper.

Knowledge of the sheet resistance and the ink film
thickness allows one to calculate the resistivity of the printed
silver lines. This is the best metric to use, because it
takes into account all of the most important conductivity
factors—the geometry (number of squares) and the ink film
thickness. It also allows the conductivities to be compared
with the ultimate limit of conductivity—the bulk resistivity
(conductivity) of silver metal (1.6 u€2 cm). An example of
this is shown in Figure 10, where the bulk conductivity of
printed lines (as a ratio to that of bulk silver) is plotted
as a function of the line width. The shape of this curve is
interesting, and fairly typical for the lines investigated in this
study. Although the resistivity of the printed lines is fairly
flat at about 3.5-4.5x the resistivity of bulk silver for most
of the line width range, there is a significant improvement
in conductivity (lower resistivity) at the smallest line widths.
This can be understood by examining the height profiles as
a function of the line widths (Figure 11). At the smallest
line widths, the printed ink is dense and compact. As the
line width increases, the ink film spreads out and contains
thin spots and low conductivity regions. We believe that this
may explain the shape of the resistivity versus line width
curve. It is also important to put this result in perspective.
It is quite remarkable to think that we can print silver
lines, fully cure them inline, and achieve resistivities of only
~3x that of bulk silver! These resistivities are equivalent
to or better than the best that have been reported by
others.*4¢ We have also shown that we can print and
fully cure silver nanoparticles inline at an unprecedented
speed of 200 m/min and throughput of 100 m?/min.?’
At this speed, the silver nanoparticles spend about 5 s
curing/sintering, at a very modest (air) temperature of 120°C
(the upper processing temperature of heat stabilized PET is
leooc)'30,33

Line gaps (reverses)

In addition to requiring fine features and high conductivity,
it is also important to be able to place features close to each
other without them touching (shorts). As discussed previ-
ously, a test pattern to evaluate the minimum achievable line
gap was included in the test form. These test patterns were
evaluated by measuring the resistances between concentric
triangles. A representative example is shown in Figure 12, and
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Figure 10. The ratio of printed line resistivity to bulk silver resistivity versus

line width (1.75 BCM, Aschi DEF plate).
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Figure 11. line width series [Asahi DEF plate, vertical, 1.75 BCM|.

the rest of the data are shown in Appendix 4 (supplementary
material). Nine printed sheets were measured. The numbers
shown in the boxes in Fig. 12 and Appendix 4 are the
numbers of sheets (out of nine) for which the given pattern
was shorted (i.e., there was an electrical connection between
the concentric triangles where there was not designed to
be). The smaller the numbers in the boxes (fewer shorts),
the better. Where the cells were blank, none of the sheets
had electrical shorts. The minimum printable line gap (as a
function of anilox cell volume) can be easily seen from this
chart. It is apparent that the minimum line gap increases
with anilox cell volume (Fig. 12, Appendix 4, supplementary
material). This is to be expected. As more ink is deposited,
there is a greater chance of shorts between lines, and the
minimum line gap increases.

This behavior is summarized in Figure 13. Here, the
minimum gap is determined by the line width where there
are less than or equal to two shorts out of nine sheets
tested. For a given anilox cell volume, the minimum gap
range is about 75 um, depending on the exact conditions
(plate, substrate, etc.) used. At 1.6 cm?/m? (1.03 BCM),
the minimum gap was between 30 and 100 um, whereas at
5.55 cm?®/m? (3.58 BCM), the minimum gap increased to
120-200 wm. Of all of the plates examined, the plates exposed
in air (Dupont DPR in air, and Asahi) consistently showed
the smallest gap width, likely due to the natural cutback
of the oxygen inhibition during polymerization (Fig. 1(b)).
This polymerization inhibition makes the raised image (ink

Jul.-Aug. 2012



Kahn et al.: The impact of plate imaging techniques on flexographic printed conductive traces
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Figure 12. Gap width versus anilox cell volume for Dupont DPR in air.
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Figure 13. Minimum line gaps versus anilox cell volume.

receiving) areas smaller, the printed lines narrower, and the
reverses larger.

CONCLUSIONS

This flexographic printing process capability study inves-
tigated a number of factors, including anilox cell volume,
plate type and preparation conditions, substrate type, printed
feature size and orientation, and line and gap width,
using a nanoparticle silver ink. Over 45,000 resistances
were measured, and nearly 1000 three-dimensional optical
profiles were obtained. We have succeeded in printing and
curingsilver lines inline on PET having resistivities only ~3 x
that of bulk silver. As expected, the conductivity of printed
serpentine lines increases with anilox cell volume. As the
anilox cell volume increases, the differences between other

J. Imaging Sci. Technol.
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conditions (plate type, substrate, press speed) diminish.
At anilox cell volumes greater than about 3 cm?/m?, the
sheet resistances of printed lines for all conditions were
very nearly equivalent. The conductivity was better (and less
sensitive to anilox cell volume) on PET than on paper. The
sheet resistance of serpentine lines (many squares) is nearly
invariant to orientation (horizontal or vertical) when actual
(measured) line widths are used. The resistivity is slightly
smaller (better) at smaller line widths. The minimum line
and gap widths were <~40 um. The minimum gap width
achievable depends upon the anilox cell volume as well as the
presence of air during the printing plate fabrication process.
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Conductivity

Appendix 1: Rs (nominal) versus LW, anilox cell volume
(BCM) (surface plots).

Appendix 2: Rs (nominal) versus LW, anilox cell volume
(BCM) (stacked plots).

Appendix 3: Rs (actual) versus LW, anilox cell volume
(BCM).
Line gaps

Appendix 4: Maintainable line gaps as a function of plate
type and anilox cell volume.
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