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The Self-Cleaning Gravure (SCG), A Solution for Gravure Groove Blocking
and a Novel Printing Method
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A novel method, the Self-Cleaning Gravure (SGC) is proposed to provide a new solution for ink removal from gravure grooves for
gravure cleaning, as well as a novel printing method. In conventional gravure offset printing, especially with high loads of solid
particles and narrow gravure grooves, there is a severe problem encountered with gravure groove blocking. Such inks are usually
used to create shiny coatings in the graphic printing industry, and in conductor printing in the electronics industry. Conven-
tional gravure groove cleaning methods are insufficient for the narrow gravure grooves, especially when silver particle contain-
ing inks are causing the blockage. This blocking of ink is initiated at the bottom of the gravure grooves. The basic idea of the
proposed solution is to introduce a new solvent, some other liquid, or gas into the bottom of the gravure grooves where it is most
needed. This may be accomplished by creating a porous layer or channels under the created pattern. The method makes possible
more efficient ink removal from the grooves of the modified gravure compared to those of a conventional gravure. It also allows
ink to be brought to its surface from below which exhibits gravure of any shape to be used as the direct or indirect printing

surface.
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Introduction

In the manufacture of electronic circuitry and compo-
nents by printing layers of inks screen printing has been
traditionally used. As it is limited in resolution (150-75
um) and is also limited by the durability of the screen
(<10,000 prints), alternatives are required for electron-
ics manufacturing industry. A widely studied field for
electronics is ink jet printing.! This is commonly used
for graphic printing with resolutions up to 4800 x 1200
dpi. As metals are deposited for electronics circuitry,
expensive nanoparticles are required for ink jet print-
ing and the resulting thickness remains low, whereas
electronics requires thick deposits. Using gravure (also
known as intaglio or cliché) methods, high metal con-
tent inks (50 — 90 wt%) can be printed, thus producing
sufficiently thick conductor lines. In most cases, printed
conductive inks have metal particles with size ranges
of 1 to 10 um.2

Well known graphic printing methods have been stud-
ied for the production of electronics circuitry: pad-print-
ing (down to 50 um),? roller type gravure offset printing
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(indications of line widths down to 9 um),?46 rotogra-
vure (down to 185 um)7? and soft gravure printing (down
to 25 um).® In gravure printing, ink is transferred un-
der pressure directly from the gravure grooves to the
printing target material. In the case of offset gravure
printing, ink is first doctored to the grooves (or holes)
of a gravure and is then picked up from the grooves by
the elastic surface of a pad or a roller. This then moves
over the printing target material to print the ink; alter-
natively the target material can be moved. Ink transfer
in gravure offset printing has been studied in a previ-
ous work of the present authors.*¢

A major problem in electronics printing with the de-
scribed methods is gravure groove blocking by the ink
(ink agglomeration) and its solid particles. Narrow
grooves are especially easily blocked. This also worsens
the problem of required thickness of ink pickup from
narrow gravure grooves, because in general less ink is
picked up from narrow grooves compared to wide
grooves.*> The more widely used screen printing enables
printing of uniform line thickness, but this method is
limited in industrial use to line widths of about 100 um
and rough line edges. Ability to print narrower lines with
higher line edge smoothness does however make gra-
vure methods a better choice over screen printing for
high spatial frequency applications.®

Two other major problems also face application of gra-
vure methods: The first is that printing of electrical cir-
cuitry requires highly uniform, thick layers and
therefore the inks used must have high viscosity.* Large
areas are often needed too, but these high viscosity inks
cause ribbing, which means that different ink thick-
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Figure 1. (a) 10 x 10 mm light through image of four large
image areas printed with viscous metal particles containing
ceramic ink, after firing. Pickup direction is clearly visible. (b)
Figurative cross-section of ink pickup with ribbing effect.

nesses form around large areas.'®!' A large printed area
from a conventional gravure with a highly viscous ce-
ramic ink is shown in Fig. 1. The second problem occurs
in the graphics printing industry, where doctoring
causes wearing of both the doctor blade and the surface
of the gravure. With such methods there is usually also
a significant loss of printing target material, due to
start-up, and a need to clean the gravure.

The gravure groove blocking problem is solved con-
ventionally by occasional cleaning. Cleaning can be best
done with brushing and simultaneous spraying solvent
of ink or cleaning agent,'>3? using ultrasonic assis-
tance,**?" using different automation for cleaning pro-
cess,?® % different cleaning solutions,**? or coating of
the gravure.*** Another approach has been modifica-
tion of the ink, to make it more soluble. In overall, it
has been required as a property of ink, that there is no
blocking of gravure grooves which cannot be taken care
of with known washing methods. Ribbing has been
solved by composing patterns of cells.*® This however
requires the ink to have thixotropic properties in order
to avoid void formation on printed areas due to these
support spots.

Grooves of a conventional gravure, manufactured by
novel methods, are rectangular in cross section and have
sharp edges.*” These outer gravure groove edges can tear
cleaning cloths and hairs of a brush do not fit into the
narrowest grooves. An environmental point of view has
driven recent efforts to decrease the use of solvent and
to use water based inks, which can be washed out with
water based washing solutions. However, recently stud-
ied inks used for printed electronics are not water
based.?*6 Washing also causes ink loss and solvent
waste. Because of the expensive metals used in elec-
tronics, such as palladium, ink washing must be mini-
mized and ink waste must be collected.

In this article, a Self-Cleaning Gravure (SGC) method
is proposed to solve gravure groove blocking and increase
pickup line thickness with gravure and gravure offset
printings. SCG will also be illustrated as a novel print-
ing method.

Background of SCG Method

Ink accumulated in a block at the bottom of gravure
grooves has a different composition to ink in general. It
has less solvent and in some cases more solid compo-
nents, which causes the viscosity of the ink to increase.
This decrease of the solvent and increase of viscosity
can result a cumulative effect, especially with insoluble
solid particles. Increasing the solvent content is not al-
ways possible for inks requiring a high internal cohe-
sion. In general, it is presumed that ink newly added to
gravure grooves by doctoring, gives its solvent to the
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Figure 2. Level and grooved SCG gravure structures with po-
rous material layers.
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Figure 3. Three levels of a ‘hard SCG’ gravure with matter
channels. Manufactured with electroplating techniques.

blocked ink and thus enables it to dissolve or re-wet.*®
Blocking with metal particles may also be caused by a
physical blocking, because a gravure groove may be only
twice the dimension of the largest metal particle.?

To avoid gravure groove blocking, new solvent is
needed at the bottom of the gravure grooves. Therefore,
the idea of the novel SCG method is to conduct the sol-
vent there directly. This can be achieved by providing a
porous layer or suitable channels under the gravure
grooves. Schematic diagrams of the level and the grooved
SCG structures are shown in Fig. 2. Channels or a po-
rous layer may carry liquid ink, solvent, vapor, or gas
(all described here as matter). If completely liquid ink
is used, SCG is a novel printing method; transporting
ink to the gravure surface from inside of it does not re-
quiring ink doctoring. Accordingly, this kind of printing
surface can have any shape. The ink used can be liquid
that does not have particles; i.e., dye ink or organome-
tallic ink. Increased solvent concentration at the bot-
tom of the gravure grooves decreases the viscosity of
the ink and makes ink movement easier. The flow of
matter can also provide the force which pushes blocked
ink out of the grooves. In Fig. 3 there is another solu-
tion for open channels. This can be created with addi-
tive electrolysis methods.

Methods similar to SCG have been described in pat-
ents but not realized as generally known techniques.
These structures and assembly methods are signifi-
cantly more complicated, limited in specific shapes, ex-
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Figure 4. In an optimum case of ink pickup, breaking of the
ink layer would begin at the bottom of a gravure groove where
bubbles form due to decreased pressure.

pensive and less accurate.**5! Using the metal plate ver-
sion shown in Fig. 2, it is possible to achieve dot and
space resolution of 10/10 um (1270 dpi) with available
patterning techniques.

The pressure at the gravure surface has been studied
theoretically in conventional gravure printing at the
pickup phase and in “roll coating” applications.?? The
pressure profile first shows a strong increase in pres-
sure, which depends on parameters and materials. Af-
ter the center point of a roller has passed a given point
of the image area, the pressure starts to decrease. The
pressure decreases below atmospheric pressure, at
which point ink is pulled out from the gravure grooves.
This may cause gas bubble formation, called cavitation,
inside inks with solvents having a low boiling point. It
is a desired effect only if bubbles form at the bottom of
the gravure grooves as shown in Fig. 4. This is in prin-
ciple the same effect as pushing gas through the SCG to
the bottom of the gravure grooves. In the SCG solution,
counter pressure of matter from the bottom of deep
grooves is helpful to remove more ink at the pickup
stage. Also the effect of ribbing shown in Fig. 1 can be
reduced.

Realization of SCG

This section describes practical realizations and ben-
efits of SCG. For better ink pickup and gravure clean-
ing SCG can be produced as a hard surfaced grooved
version to which surface ink is doctored. For the novel
printing application, however, doctoring of ink to grooves
is not necessary. If the SCG material is metal, very high
pressures in printing or doctoring can be used. In other
cases, e.g., if the material used is plastic, SCG will be
light, easy to make and inexpensive.

With a simple design of an SCG version with solvent
channels, ink is first doctored conventionally to the gra-
vure grooves. Ink pickup from there is aided by pres-
sure from inside of the SCG structure. This structure,
built from of three or more patterned layers, is shown
in Fig. 3: 1) A pattern to be printed, 2) a hole layer made
of small dots (leading matter to the bottom of each
groove), and 3) matter channels. Patterning of the third
layer may be dependent on patterning of the first layer.
With a sufficiently high hole frequency in the second
layer, there is no need for exact alignment of these lay-
ers. Even distribution of matter from channels can be
controlled by channel size. Matter channels are con-
nected to one or more outlets from the gravure to the
open container or a pump of matter. In the case of
graphic dot pattern printing, the first layer may not be
needed if hole sizes in the hole layer are made to match
the printed dot size and the third layer does not inter-

Figure 5. SEM image of mesh patterned 30 um deep gravure
surface.

fere with them. This is possible with, e.g., additive elec-
trolysis methods, which have been shown to produce 9
um wide lines.? Figure 5 shows Scanning Electron Mi-
croscopy (SEM) images of a mesh patterned 30 um deep
gravure, with 15-20 um metallic pole-shapes.

If SCG suitable for ink doctoring is made using a po-
rous layer, there needs to be a porous layer under the
gravure grooves as shown in Fig. 2b. Matter is then led
to this layer. Such material can be marketed like poly-
meric gravure plates, which only require an exposure and
developing or alternatively etching with a used pattern.

Another approach is to make an SCG having a plane
surface for the printing of a completely liquid ink. This
can be done by attaching a hole-patterned plate over
the porous polymer. An example is shown in Fig. 2(a).

As a modification from SCG, ‘soft surface SCG’ com-
prising a porous layer can be produced. It differs from
others in that its surface is made of rubber. If, for ex-
ample, a non-polar silicone polymer is used, it will re-
pel polar, water based inks and this will reduce
‘scumming’ or ‘streaking’ and therefore printing to non-
image areas will be better controlled. If the printing
target material is hard, SCG may also be only a porous
material without a coating layer that has its surface
embossed at image areas. This way the printing prin-
ciple becomes similar to ink stamps. A similar approach
where diffused molecules would go through silicone poly-
mer has been suggested for micro contact printing.”

Simple Graphic Printer

Simple printer assembly can be done from a cylinder
shaped printing barrel with the required matter chan-
nels and the SCG printing plate fixed on its surface. An
additional elastic roller is required for graphic printing
to give counter pressure and ease target material move-
ment. This impression roller can be pressed against the
printing barrel by its own weight, by an additional small
weight, or by springs. In addition, only printing target
material and matter feeds are required. A schematic
example of such an assembly is shown in Fig. 6.

Methods of Manufacture

Preliminary experiments were done in order to manu-
facture the proposed SCG prototypes; 20 um thick alu-
minum foil or 30 um thick copper was laser patterned
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Figure 6. Simple graphic printer assembly for SCG.

using a pulsed 355 nm Siemens Microbeam 3200 laser.
Holes down to 15 pm in diameter were produced. The
polymer material used was GUR 2122, from Ticona
(www.ticona.com). The molding was made by compres-
sion and heating at 150-180 °C or above, to create high
adhesion to the porous polymer. Isopropyl alcohol based
dye ink jet ink, diluted with ~10 % of acetone, was used.

Level Surface SCG

In lithography, ink is usually spread to the level print-
ing surface, which has polar and non-polar sections. Ink
adheres to a surface of similar polarity and so is influ-
enced by the printing plate polarity. One application of
SCG is to bring ink to the surface from inside the gra-
vure, so that no inking is needed. A metallic non-image
area will repel a non-polar ink. To create a level surface
SCG as shown in Fig. 2(a), a porous polymer is molded
over a patterned plastic or metal plate: ~0,1 mm thick
metal foil with a rough (inner) surface is coated with a
photoresist. This is exposed with a dot-image pattern.
After developing the photoresist, the exposed area of
the metal is etched through, creating a pattern of holes.
The photoresist is then be completely removed. For a
plastic plate, some other patterning method can be used.
Alternatively, patterning can be done with a laser for a
variety of materials. The plate with the holes is then
placed at the bottom of a mold and porous polymer is
molded over it.

The realization of the method was tested with a me-
tallic stencil placed over porous material. Figure 7
shows a dot array of ink (pigment based ink jet ink)
printed on paper from square shaped holes of 80 — 640
um per side. Dot widening can be decreased, by control-
ling the ink flow and increasing the printing speed.

Another experiment consisted of printing from a metal
surface SCG with 15 — 250 um wide holes (Fig. 8(a)).
Porous polymer was molded onto the reverse side to cre-
ate a smooth surface. The results show (Fig. 8(b)) that
most of the dots are printed, and that there is some ink
spreading in the manual printing.

Metallic Gravure

This printing surface is similar to gravure manufac-
turing with an electrodeposition method.*” About 30 um
thick (or thinner depending on the required gravure
groove depth) positive photoresist is first applied to a
smooth conductive surface. Then the photoresist is ex-
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Figure 7. Printed trace from 640, 320, 160, 80 um wide SCG
holes (rectangles in the fig.) with dye ink jet ink and using
soft porous SCG.
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Figure 8. (a) Level SCG with 15 — 250 um wide holes (same

spacing), and (b) the printed result using diluted dye ink jet
inks.

posed with a positive gravure pattern and developed. A
metal (nickel) layer of the required gravure groove thick-
ness is grown in an electroless or electrolysis bath on
the areas of the photoresist openings. In order to make
the next layer grow, the entire surface is made conduc-
tive. A new layer of photoresist is applied and exposed
with the dot (hole layer) pattern and developed. Then a
metal layer of the required gravure groove thickness is
grown. In a similar manner, grooves for matter chan-
nels are created as shown in Fig. 3. The final layer can
then be uniform. After completion, the SCG is removed
by tearing it off. Interlayer adhesion can be enhanced
after removing the photoresist by firing (possibly in an
inert atmosphere), insofar as an appropriate kind of
metal has been used as the conductive layer.

A prototype was created with holes (15 um wide) laser
processed at the bottom of a normal gravure, followed by
placing porous material under the gravure as shown in
Fig. 9(a). Figure 9(b) shows the resulting print from the
gravure, having half of the grooves with holes at the bot-
tom. The effect of ribbing is significantly reduced.

Porous Polymer on Patterned Material

A hard surface is manufactured in a similar manner
to that used for Metallic gravure, above resulting in the
structure shown in Fig. 2(b). Firstly, photoresist is
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Figure 9. Electrolytically created gravure with holes at its
bottom and porous material underneath. (a) Schematic dia-
gram and, (b) printed result from 5 x 5 mm gravure groove,
with left side having the SCG structure and exhibiting less
ribbing compared to the right side.
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Figure 11. Porous polymer after (a) sputtering of metal, and
(b) electroless deposition of metal. (860 x 660 pm)

spread, exposed and developed on a conductive surface.
Then metal is grown on that surface, thinner than the
photoresist. Then porous material is molded on it and
the polymer is heated to solidify it. After removing the
resulting SCG from the mold, the photoresist is removed.
It should be noted that this kind of gravure with a
grooved surface might not be able to withstand doctor-
ing if ink is applied from the top of the gravure. With
conductor lines, there are long line areas that can eas-
ily peel off, unlike the case of a mesh structure used to
print dots. Therefore, dot structures as used in graphic
printing can be used for conventional gravure printing,
because the surface is uniform with holes, i.e., a mesh.
An alternative for this manufacturing method is to first
make this gravure with an electroplating method. The
resulting gravure metal is grown to cover the whole
photoresist pattern. Then subtractive methods such as
etching without alignment can be applied to create holes
of limited depth. After this, a porous layer is added.

The structure has been demonstrated with a polymer
mold over copper which was patterned with a laser to
form 15 pm holes (Fig. 10a). The resulting print shown
in Fig. 10(b) with different counter pressures used, re-
sults in more dot widening with dye ink.

SCG for doctoring was made by laser patterning 1 x 1
mm holes on 100 um thick steel. The steel was heated
(~140°C) on top of a level porous polymer plate to cre-
ate adhesion. Printing experiments with this pattern
resulted in ink pickup and printing thickness (dried) of
40 pum, instead of the conventionally achieved 20 pm.®

As yet unrealized possibilities of the method suggest
the following manufacturing approaches which are il-
lustrated by preliminary experiments:

i i Ta
3. N
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Figure 10. (a) SCG with copper surface having dense dot pat-
tern (~20 x 10 mm) and, (b) three printed traces with increas-
ing pressure (from left to right).

Figure 12. Porous polymer molded on hole-patterned Teflon.
(~ 20 x 20 mm)

Patterning on Porous Polymer

Matter permeable SCG can be made from bulk porous
polymer. A catalytic or conductive seed layer is created,
e.g., by sputtering with metal (copper) (Fig. 11a). After
this, electroless metal (nickel) can be grown over the
surface for 1 — 10 pm to make the surface smoother (Fig.
11b). Then an electrolytic metal (nickel) bath is used to
increase the metal thickness and make the surface
smooth. To create the pattern on this SCG, a photore-
sist may be applied on the metal, patterned, developed
and etched in an acid bath or by another method, such
as RIE (Reactive Ion Etching).

Depending on the properties of the photoresist used,
it could be applied, exposed and developed over a seed
layer. After this, more metal is grown over the exposed
non-image areas as in gravure cylinder preparation. As
an alternative, laser processing could be used to replace
etching, but this can result in an increased processing
time. Heating due to the laser beam might also cause
the polymer to melt.

Soft Surface SCG

First an embossed negative image or holes are cre-
ated on a plate of easily workable material such as
Teflon, which does not adhere to the materials used or
melt at the temperatures used. Then this plate is placed
at the bottom of a mold for porous polymer and the mold
is filled with porous material powder. After heating and
finally removing the plate and resulting porous mate-
rial from the mold (Fig. 12), high viscosity silicone poly-
mer is applied to the cavities of an embossed pattern.
Then excess silicone polymer is removed with a blade
and the silicone polymer is allowed to cure. (A tempo-
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Figure 13. Laminate photoresist laminated on top of level
porous polymer, exposed with a pattern and developed.
(~35 x 15 mm)

rary coating must be used on the polymer to prevent
silicone polymer spreading to the pores).

Photoresist Surface SCG

The porous material surface is coated with a photore-
sist that does not flow to the inside of the material (such
as laminate photoresist commonly used on circuit
boards). This photoresist is then exposed, developed and
hardened. This yields a selective coating on the surface
of the SCG, which can then be used directly for printing
(Fig. 13). Usability depends on hardness of the photore-
sist; solvents that dissolve photoresist, e.g., acetone, can
not be used.

Future Possibilities

The authors anticipate that if SCG were to be devel-

oped in place of conventional gravure as a replacement

for offset printing, some significant advantages might
be realized:

e Due to the fact that ink may be pushed out from
the gravure, direct printing (without an offset step)
may be effected, even to a hard target. This is pos-
sible because, at the laydown stage, there is pres-
sure applied from the bottom of the gravure grooves
to push the ink out.

e Thicker lines can be printed compared to conven-
tional gravure printing methods. Early printing ex-
periments with SCG, shown in Fig. 2(b), have
indicated an ink pickup and printing thickness of
40 um instead of the conventionally achieved 20 um.¢

e Higher printing repeatability because of decreased
gravure groove blocking.

The SCG technique dispenses with inking and doc-
toring because the ink is fed directly to the bottom of
the gravure grooves. This enables the use of SCG as a
novel printing technique with completely liquid inks.
The printing target material or offset material needs
only to be pressed against the gravure surface and the
ink will be transferred directly from the grooves. The
are several advantages anticipated for this novel direct
printing method:

e The only wear likely to be experienced by the print-
ing surface is due to direct contact with the target
material.

e There is no blocking caused by material being re-
moved from the printing target because, in the ab-
sence of doctoring knives or other ink spreading
systems, the pressure can be reduced.

e The method enables the use of a very simple and
inexpensive printer assembly—the SCG can be
mounted on a cylinder and another elastic cylinder
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is pressed against it. The printing target material
is then fed between these rollers.

e With controlled ink flow, there is no printing target
material lost and repeated single prints from the
SCG are possible. After printing, ink solvent can be
pushed though the SCG, thus cleaning it.

e The SCG can be manufactured from polymer, as-
suming that a sufficiently hard material is avail-
able. The manufacture can be done simply by
exposing a photosensitive material and developing
it to form a photoresist surface SCG.

e Maintenance and cleaning expenses are minimized;

e Very high printing speed is enabled, particularly
when SCG is used to print low viscosity inks that
flow easily through a porous material. Also using
one cylinder SCG, there can be several target ma-
terial rollers pressing the printing target material
towards SCG.

e  When ink is brought to the surface of the gravure
from inside, the shape of the gravure is no longer
limited by the doctoring. For example, a round print-
ing target material, such as an (offset-) pad can pick
up ink more easily, with a thicker layer and with
less pressure from a concave gravure. Alternatively,
a non-planar surfaces can be printed by preparing
a custom-made porous SCG.

e  With multiple channels inside an SCG structure,
many colors can be printed simultaneously. Several
layers of channels may be built inside it to deliver
ink of each color to the surface at required points.

It should be noted that SCG is also a solution for run-
time gravure cleaning for all existing gravure printers.
This is especially beneficial with problematic inks and
large production series. In graphic printing, gravure
grooves are often blocked by fibers from the printing
target material.>*

Conclusions

SCG may be an effective extension of conventional gra-
vure offset printing for printing thicker lines and clean-
ing gravure grooves during or after usage. The printer
does not need to be stopped for cleaning so that SCG
can save time and materials. As a new printing method
that dispenses with groove doctoring, SCG offers a wide
range of advantages at reduced cost. Important benefits
are lower printer and printing plate manufacturing
costs, a greater number of prints from the same plate,
no need for groove cleaning and no other wearing parts
on printing surfaces. Manufacturing cost is low due to
fewer process steps and lower material costs compared
to those demonstrated in patents. In the simplest case,
the printer can consist of two rollers, one of which is
elastic and the other has SCG on its surface. SCG can
be inexpensively made from porous material with a se-
lective coating of a photoresist on its surface. SCG with
a metal surface has been demonstrated for production
of dye—ink patterns. In addition, the possibility of us-
ing arbitrarily shaped gravure surfaces enables larger
pickup areas for pad-printing or direct printing of non-
planar objects. Gravures can be produced with a dot and
space resolution of 10/10 um (1270 dpi). A&
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