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Abstract: Flexography is a roll-based mass
printing process used in manufacture of printed
products such as sensors, self-cleaning surfaces,
and flexible electronics. Flexography involves
inking of a stamp wrapped around a roller, and
the transfer of ink on the stamp surface to a
printing substrate as the roller rotates against it
(Figure 1).

The ink transfer ratio from the stamp surface to
the printing substrate is an important parameter
of the system, as it determines printing quality
and the thickness of the printed product. In this
study, ink transfer from the stamp to the printing
substrate is simulated for two cases (equal and
unequal contact angles on the two surfaces)
using the moving mesh interface, and the laminar
two-phase flow, phase field interface in
microfluidics module of COMSOL software.

Simulation results indicate an increase in ink
transfer ratio to the substrate, as the ink contact
angle on its surface is reduced.

Keywords: Flexography, ink transfer, contact
angle, moving mesh, phase field.

1. Introduction

Flexography is a roll-based mass printing
processes used in manufacture of printed
products such as sensors, self-cleaning surfaces
and flexible electronics [1-2]. Flexography uses
a cylinder with engravings on its surface (the
engraved roller) for ink transfer to the substrate
from an ink supply. Subsequent steps of the
flexographic printing process (Figure 1) are:

1) Inking of the engraved roller

2) Blading of the engraved roller to meter an
exact volume of ink into the roll cells

3) Ink transfer from the engraved roller to a
patterned elastomer stamp surface

4) Ink transfer to the substrate surface from the
stamp surface.

In this study, we examine how ink contact angle
on the substrate surface affects the ink transfer
ratio from the stamp surface to the printing
substrate during the fourth step of the
flexographic printing process.
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Figure 1. Schematic of flexographic printing process

Results of this study will help design of stamp
and substrate surfaces for enhanced printing
quality and controlled thickness of the printed
product.

2. Method of Approach

In the simulations, the stamp and substrate
surfaces are approximated as two flat surfaces
(Figure 2). With these surfaces stationary, an ink
mass placed between them first reaches its
equilibrium shape. Next, the upper plate is set
into motion, so the ink mass stretches and
eventually splits into two. The ratio of mass and
shape after splitting is a key result of the model.

The simulation domain and its dimensions are
shown in Figure 2, and simulation parameters are
shown in Table 1. For the two simulations
performed the ink contact angle on the stamp
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surface is held at 60° while contact angle on the
substrate surface is varied from 60° to 30°.

In both simulations, it is verified that the results
obtained are independent of the size of the grid
used (See the Appendix).
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Figure 2. Simulation domain and its dimensions

Ink dynamic viscosity 0.1 N.s/m’

Ink density 1000 kg/m’

Air dynamic viscosity 1.81x10° N.s/m’
Air density 1.16 kg/m’
Gravity acceleration 0

Separation speed 0.1 m/s

Volume of liquid 32 um?

Surface tension coefficient | 1 N/m

Table 1. Parameters used in the simulation of ink
transfer between stamp and substrate surfaces.

2.1 Use of COMSOL Software

The moving mesh interface and the laminar two-
phase flow, phase field interface in microfluidics
module of COMSOL software are used for the
simulations. The setup with boundary and initial
conditions is shown in Figure 3.

2.2 Governing Equations

Navier-Stokes and continuity equations are
solved by COMSOL software to obtain the
velocity (u) and pressure (p) profile inside the
fluids:

Ju
Po +pu-VYu=V:[-pl+ u(Vu+vuT)]
+Fy+Fy 1)
V-u=0 2)

Two additional equations are solved to track the
interface. These arise from the use of the phase
field method and comprise the phase-field
variable (¢) and phase-field help variable (y):

d¢ yA

Y ==V +(¢7 - Do + (i> Vexi 4y

A) 0¢
In the above equations, density (p), dynamic
viscosity (u), gravity force (F,) and surface
tension force (Fy) are defined in terms of
external free energy (f,), density (p;,) and
dynamic viscosity (i, ,) of the two fluids, and ¢
as:

p= Pl(l - sz) + pz(sz) ()
u= #1(1 - sz) + Hz(sz) (6)
Fg=pg ; (7
Foo= (6 -2 vp ®)

In equation (8), G is the chemical potential
defined in terms of mixing energy density (4)
and capillary width (¢) as:

¢(P— 1)\ | Ofexe
g2 >+ f310)

G=2 (—v2¢ + 9)

Vf, is the volume fraction of second fluid defined
as:

1+¢
The range of V¢, and ¢ are:
0=V, =1 an
-1<¢<1 (12)

The relation between A, € and the surface tension
coefficient (o) is:

_2\/5/1

T3 ¢

(13)

The relation between mobility (y), € and the
mobility tuning parameter () is':

x=% (14

1 . .
X is a parameter introduced by COMSOL to control
the diffusion-related time scale for the interface
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In the simulations, the following are used as
inputs: y=1 m.s/kg, €=0.125um, 0f,y/0¢=0
Jm’.

tt ¢

Domain, Type,

Boundary Specified Values

Laminar two-phase flow, phase-field interface
(4=ink, 6=air)
4,6 Fluid

- Initial velocity=0
- Initial pressure=0

2 Wetted wall
- Contact angle=60°
3 Initial interface
1 Symmetry
5 Inlet

- Normal stress=0 N/m?>
- Volume fraction of Fluid 6=1
7 Moving wetted wall
- Contact angle=30° or 60°
-Ue=0

_(0m/s,0 <t < 810usec
B ny{ 0.1m/s,t = 810usec

Moving mesh interface
4,6 Free deformation
- Initial mesh displacement=0
1,5 Prescribed displacement
-d=0
- dy=unspecified
2 Prescribed displacement
-d=0
-dy=0
7 Prescribed velocity
-U=0 m/s
0m/s,0 <t < 810psec

i Uy:{ 0.1m/s,t = 810usec
Figure 3. Simulation setup with boundary and initial
conditions.

Transient with initialization study type
consisting of Phase Initialization and Time
Dependent steps is used in the model. During the
Phase Initialization step, the distance to the
initial interface (D,;) is solved. Next, a time
dependent step initializes the phase field variable
according to the following expressions:

Dy
b, = —tanh (E) (15)
in Fluid 1 and
Dy
¢, = tanh (5) (16)

in Fluid 2. These expressions are obtained from a
steady, analytic solution of equations 3 and 4 for
a straight, non-moving interface. The initial
condition for v is 0.

3. Results

Figure 4a shows simulation results for an ink
mass reaching its equilibrium shape between two
stationary flat plates due to surface tension, and
then stretching and splitting of the ink into two
for equal contact angles (60°) on the stamp and
substrate surfaces. In this simulation, ink transfer
ratio to the substrate surface is 0.5.

Figure 4b shows the same process for an ink
contact angle of 60° on the lower stamp surface,
and 30° on the upper substrate surface. This time
a higher ink transfer ratio of 0.65 is predicted.

a)

t=0sec t=810psec  t=922.5psec t=1015usec

b) —

i
-

t=0 t=810psec  t=892.5usec t=1015usec

Figure 4. Simulation results showing splitting of ink
between two flat surfaces. For both simulations ink
contact angle on the bottom plate is 60°. Ink contact
angle on the top plate is: a) 60° for the first simulation,
b) 30° for the second simulation. Red indicates ink and
blue indicates air.

Excerpt from the Proceedings of the 2014 COMSOL Conference in Boston



For both simulations, contact lines on upper and
lower surfaces move, while the diameter of the
filament decreases until it is finally broken.
Variation in total fluid mass is less than 2% until
splitting occurs.

4. Discussion and Conclusions

In this study, splitting of ink between two flat
surfaces is simulated, and the effect of contact
angles on ink transfer is examined. A liquid
adheres more strongly to a surface with high
surface energy, which it likes to wet [3]. Hence,
a lower contact angle indicates the tendency of a
droplet to adhere more strongly to a surface.

In parallel with this fact, simulations predict that
exactly half of the volume of the liquid is
transferred to the upward moving plate for two
plates having equal contact angles (60°). As the
contact angle on the upper plate is reduced to
30°, the ink transfer fraction to the upper plate
increases to 0.65. This is slightly lower than the
value presented in the literature for a similar
simulation setting [4]. Work is in progress to
match simulation results with the literature.
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7. Appendix

Sample mesh refinement analysis results for the
first simulation with equal contact angles on top
and bottom plates are shown below.

Three simulations (A, B and C) are performed
with the maximum mesh element size on the left
side of the domain being h0O, h0/3 and h0/4,
respectively. hO is defined as 0.25um. There is
no significant difference in recorded quantities in
simulations with h0/3 and h0/4 maximum mesh
element size, while simulation results for hO
maximum mesh element size differ significantly
(Figure A-1 to A-3). Hence, a maximum mesh
element size of h0/3 is used in the simulations.
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Figure A-1. Velocity magnitude averaged over left
boundary of simulation domain.
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Figure A-2. Velocity magnitude at 7 points spaced 1
micron apart on the left boundary of the simulation
domain at t=922.5 usec.
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Figure A-3. Pressure at point (1um, 2um) with center
of coordinate axes defined as the bottom left corner of
the simulation domain.
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