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A combined experimental and computational study of the transfer of transparent index-matched silica-particle inks between
two flat plates is presented for gravure printing applications. The influence of printing speed and initial ink droplet size on
the ability to accurately transfer ink during the printing process is explored systematically. Smooth interface volume of fluid
simulations show the same trends as the ink transfer observed in experiments over a wide range of printing speeds and for
inks having different silica particle loadings. Our calculations indicate that for ink droplets with characteristic dimensions
in the vicinity of 10 lm, which are of particular interest for gravure printing applications, ink transfer improves significantly
due to the diminishing effect of gravity, and the increased importance of capillary forces at small length scales. VC 2016
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Introduction

Gravure printing is commonly used for coating and printing

processes. It represents an example of a free-surface flow1–9 or,

more specifically, of a liquid-bridge problem. A recent, renewed

interest in gravure printing has been motivated by the search

for viable strategies for mass production of flexible electronics

compatible with, for example, medical applications.10–12

Past theoretical studies have focused on the issue of what hap-

pens as a liquid bridge breaks and the solution of the Navier-

Stokes equations diverges. An example of this can be seen in the

classic work of Rayleigh and Plateau who used stability analysis

to predict the breakup of liquid jets.13,14 These analyses were lat-

er extended to liquid jets immersed in another liquid,15 and to liq-

uid jets extending at a constant rate.16 More recent work has

looked at systems where gravity can be neglected,17 or have

relied on perturbation methods to study solutions close to the

static stability limit. Additional studies have focused on the for-

mation of satellite drops,18 or have investigated the effects of liq-

uid inertia and viscosity in detail.19,20 Self-similarity solutions

have been the method of choice for analytical scaling studies of

the pinching of liquid bridges.21 This approach has been applied

to both Newtonian22 and non-Newtonian23–26 liquids. Other ana-

lytical tools that have been used to study liquid bridges include

lubrication theory—applied in the context of gravure-cell empty-

ing,27,28 boundary integral methods for study of the breakup of

extensional deformations,29 and the solution of the Laplace-

Young equation to study meniscus shapes, their mean curvatures,

and the capillary forces that arise in such systems.30

A common goal from an engineering perspective is to

achieve control over film shape and ink transfer onto the sub-

strate, and to do so at large processing speeds. In coating

applications, for example, it is important that the liquid drops

from the gravure cells coalesce into a smooth film. Experimen-

tal studies of gravure coating have therefore sought to prevent

ribbing31 and air entrapment,32 and to control film thick-

ness.33–35 In the case of gravure printing, the focus of past

work has been to maximize ink transfer. This is important for

several reasons. Not only are inks expensive, but residual ink

in gravure cells can evaporate and leave behind solid residues

that, with time, will deteriorate printing quality. Ink transfer

also affects printing resolution.36

While focusing on the application of printing traditional

nonconducting inks, past experimental and simulation work

has sought to explore a wide range of parameters.37 Some of

the variables considered in the past have included the capillary

number, inertia, contact angle, and variations in gravure cell

geometry.38–42 Other important considerations have included

whether the contact line is allowed to slip or not,43,44 and

whether the shear between the gravure cell and the substrate is

taken into account.45 To visually observe the influence of

these different parameters on ink transfer and gravure cell

emptying, these earlier experiments have generally been per-

formed at length scales that are significantly larger than those

employed in actual applications.36,46,47 However, as shown in
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this work, it is important to bear in mind the changes in the
flow regimes that arise during scale up.

Past simulations of free surface flows have been imple-
mented using mesh-based surface tracking43 and volume of

fluid (VOF)40 techniques. The advantage of mesh-based sur-
face tracking is that the exact location of the interface is

known. A disadvantage is that topological changes are more
difficult to support, so a simulation can typically only run until
right before pinch-off of the liquid bridge.48 By contrast, VOF

relies on a smooth interface. This has the disadvantage that the
surface normal and curvature are only known implicitly,

which can lead to inaccurate interface curvature and spurious
currents.49 The advantages of the VOF method include mass

conservation by construction (compared to level set meth-
ods),49 and the ease with which topological changes, such as

liquid-bridge breakup, and formation of satellite droplets, can
be handled.

A majority of past liquid-bridge simulations have been
performed in one-dimension (1-D) or two-dimensions

(2-D),37,41–44,50–52 although several three-dimensional (3-D)
simulations have also been presented.53–57 A comparison of

1-D and 2-D simulations58 concluded that 1-D systems pro-
vide a good approximation for a 2-D system at low capillary

numbers. A comparison of 2-D with 3-D simulations27 found
significant differences in ink transfer, due to ink getting
trapped in the corners and edges of 3-D gravure cells, which

did not happen in 2-D. While almost all simulations have
been fully time dependent, a quasi steady-state approach

using energy minimization to compute the shape of the inter-
face of a droplet between two flat plates has also been

proposed.59

One of the open questions in the field is what happens after
the breakup of a liquid bridge.12 A smooth interface method

such as VOF is very well suited to address this question, and,
to our knowledge, there is no precedent for direct visual com-
parison of experiments and VOF simulations involving non-

Newtonian inks having realistic characteristics. In this work,
we present this comparison between direct visualization and

VOF simulation of gravure printing using index-matched col-
loidal inks and explore both relevant experimental and produc-

tion length scales. The transparent silica microparticle inks
considered here serve as an excellent model for conductive sil-
ver inks, which are of broad interest for the large-scale fabrica-

tion of flexible electronics. Note that silica microparticle
suspensions exhibit a viscoelastic response, with a characteris-

tic shear yield stress and pronounced shear thinning behavior
upon yielding. The influence of printing speed and drop size

on the ability to accurately transfer ink during the printing pro-
cess is then examined. To facilitate direct visualization, the

ink transfer experiments are carried out using large ink drops
(� 1 mm in size). For comparison, simulations are also carried
out for those drop sizes. However, having validated the models

adopted here, predictions of simulations are then presented for
a system having characteristic dimensions of interest for

printed electronics applications (i.e., 10 mm in size).
Our simulations use the VOF method to resolve the ink and

the surrounding gas phase; a remeshing technique is used to

accommodate for the topological changes in the mesh as it
deforms. As alluded to earlier, simulations are performed in
3-D, using a Ostwald-de Waele power-law model60 for the

shear-thinning behavior of the ink and Brackbill et al.’s model
for the surface tension.61 The contact angle is kept constant,

and contact-line slip is implemented implicitly through the

VOF approach. Our results indicate that such an approach pro-

vides a reasonable description of the inks. However, especially

at low processing speeds, ink transfer is underpredicted. This

is likely due to the presence of silica particles at the contact

line causing it to pin. This issue of pinning and the presence of

inhomogeneities (particles) at the contact line is beyond the

scope of this work but, as pointed out in the literature, more

research is clearly needed to elucidate the relation between

contact angles and contact line velocity,12 as well as the pin-

ning and depinning behavior of contact lines.

Theory

The VOF method62 has been shown to provide a good

description of different types of free-surface flows.49,63,64 The

VOF approach evolves around the definition of a parameter a
with the following properties

a5

0 in gas phase

ð0; 1Þ on interface

1 in liquid phase

8>><
>>:

(1)

The evolution of a is calculated using the following transport

equation

@a
@t

1$ � avð Þ1$ � a 12að Þvlg

� �
50 (2)

where v5avl1 12að Þvg is the phase-averaged velocity, and vlg

5vl2vg is the velocity difference between the liquid and the

gas phase. This equation is equivalent to a material derivative,

but rewritten to minimize numerical diffusion.65

The volume fraction is used to calculate phase-averaged

densities, velocities, and viscosities, which are used in the

momentum balance

@qv

@t
1$ � qv� vð Þ52$p1$ � l$vð Þ1qg2f st (3)

and the continuity equation

$ � v50 (4)

In the above equations, q is the density, v is the velocity, t is

time, p is pressure, l is the viscosity, g is gravity, f st is the sur-

face tension force, and � is the dyadic product. The density q,

velocity v, and viscosity l, are all phase averaged using a. To

complete the VOF model, one must provide expressions for

the surface tension force f st, the shear thinning viscosity of the

ink ll, and the relevant boundary conditions. The surface ten-

sion force is calculated using the expression61

f st5rstj$a (5)

where rst is the surface tension coefficient

j52 $ � nð Þ (6)

is the curvature of the interface, and

n5
$a
j$aj (7)

is the normal of the interface.
Because of the shape of the experimentally measured shear

thinning curve presented below, and because of the computational

expenses associated with a fully viscoelastic model, an Ostwald-

de Waele power law model is adopted for the ink
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ll5K _cn21 (8)

where K is the flow consistency index, n the power law index,
and _c is the shear rate. The numerical implementation requires
that a minimum and maximum viscosity be defined, ll;min and

ll;max, at which the power law is cutoff. Note that we also tried
to fit a Bird-Carreau model to the shear thinning curves, but
the plateau viscosity does not span a large enough range to
provide a good fit of our data.

As can be observed in Figure 1, the computational domain

of the simulations consists of a box with the top wall moving
upward. On the top and bottom walls, the boundary condition
used for the velocity field is the no-slip condition. For mass
conservation, the boundary condition for the pressure enforces
both a zero flux and a zero second derivative of the pressure

normal to the wall. A static contact angle is imposed for the
VOF parameter, a. Because the VOF method has a smooth
interface, it does not require an explicit slip boundary condi-
tion. This results in an implicit slip length of the order of the

grid size.66

Because the size of the box increases with time, gas is
allowed to flow into the box through the side walls. For each
grid cell next to the wall, the local inflow velocity is calculated
from the wall-face normal component of the velocity vector

associated with that specific grid cell. The total pressure p0 on
the side walls is kept constant according to a simplified Ber-
noulli’s equation

p05p1
1

2
qjvj2 (9)

The gas is assumed inviscid, and when the gas inflow velocity,
v, changes, the pressure, p, changes accordingly. The VOF
parameter, a, obeys a Dirichlet fixed value boundary condition
on the side walls. The fixed value is set to zero, which is the

equivalent of allowing only gas to flow in.
As initial conditions, both the velocity and pressure field are

set to zero, and a is set to form a cylinder with a 1 mm3 vol-
ume. When the simulation is started, the top plate is initially
held in place so that the ink cylinder has time to equilibrate.

Mesh motion is accounted for using a Leibniz integral rule

for higher dimensions (i.e., the Reynolds transport theorem),
which states that for any vector field F x; tð Þ

d

dt

ð
DðtÞ

F x; tð ÞdV5

ð
DðtÞ

@

@t
F x; tð ÞdV1

ð
@DðtÞ

F x; tð Þvb � n dS (10)

where vb is the velocity of the boundary of the mesh, V is the

volume, and S is the surface. Using Gauss’s theorem, this can

be rewritten into

d

dt

ð
DðtÞ

F x; tð ÞdV5

ð
DðtÞ

@

@t
F x; tð ÞdV1

ð
DðtÞ

$ � F x; tð Þvbð ÞdV

(11)

showing how the material derivative needs to be modified to

implement moving boundaries.

Methods

Ink synthesis

Index-matched silica inks are prepared by first synthesizing

silica microparticles, followed by index-matching in a water/

dimethyl sulfoxide (DMSO) solution. An example of a batch of

silica microparticles can be seen in Figure 2; their size distribu-

tion is shown in Figure 3. In a typical procedure, 100 mL tet-

raethyl orthosilicate is added into a mixed solution of ethanol

(1200 mL) and water (600 mL). After stirring at room

Figure 1. Sketch of the computational domain used in
the simulations.

[Color figure can be viewed at wileyonlinelibrary.com.]

Figure 2. SEM image of silica microparticles.

Figure 3. The size distribution of the silica particles.

d is the particle diameter in lm and s is the fraction of

particles with that size. [Color figure can be viewed at

wileyonlinelibrary.com.]
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temperature for 30 min, 60 mL of ammonia solution (25 wt % in
water) is added. A white silica suspension is obtained after stir-
ring the solution for 10 h at room temperature. The resulting sili-
ca microparticles are then collected by centrifuging at 4000 rpm
for 30 min, followed by dispersing them into 140 mL of water.
The solution pH is then adjusted to 5.9 using a 8M HNO3 solu-
tion. Following this, 0.4 g of polyethyleneimine (PEI, MW.
1300 g mol21, 50 wt % in water) is added to the solution, and
sonicated for 2 h to allow adsorption of PEI onto the silica surfa-
ces. The resulting PEI-capped silica microparticles are then col-
lected by centrifugation at 4000 rpm for 30 min. The opaque
precipitates are then index-matched by adding DMSO until the
suspension becomes transparent, as seen in Figure 4. The sus-
pension is then concentrated by centrifuging at 4000 rpm for 30
min. The resulting precipitates are stiff. To make soft inks, an
aliquot amount of polyvinylpyrrolidone (PVP, MW. 40,000 g
mol21) solution in DMSO:H2O (9.9:0.1 by wt) is added, and

homogenized by a Thinky mixer at 2000 rpm for 30 min. An ink
with a solids loading of 48 wt % with PVP/SiO2 of 0.06 by wt is

obtained. Three inks of varying solids loading (24, 37, 42 wt %)

were prepared by diluting the 48 wt % ink using a mixed solu-
tion of DMSO:H2O (9.9:0.1 by wt).

Ink transfer experiments

A modified version of a capillary breakup rheometer was

used in our experiments to simulate the ink transfer during the
gravure printing process. Since this work is a fundamental

study of the effect of printing speed and ink viscosity on the

ink transfer process, the touchdown and shearing processes,
which generally arise in actual roll-to-roll situations, are not

taken into account. In addition, the ink is transferred between

two flat plates, instead of from a gravure cell to a plate. The
apparatus shown in Figure 5 consists of a linear servo motor to

which a top plate, made by casting a mixture of

Polydimethylsiloxane (PDMS) and crosslinker, is attached.
The other plate is positioned underneath the upper plate, and is

placed on an adjustable stage to control the position of the

mold and line it up with the opposite plate. The contact angle
made on each plate significantly influences ink transfer,41,46

and PDMS has a good wettability for the samples considered
here. As can be seen in Table 1, the contact angle remains

nearly constant for the different inks. The advancing and

receding contact angles and surface tensions were measured
with a Kruss Drop Shape Analyzer. The equilibrium contact

angle is calculated from the advancing and receding contact

angles using the equations in Ref. 77. The size of the mold is
1 cm by 1 cm. During experiments, 1 6 0.1 mm3 of sample

fluid was dropped on the bottom plate, and stretched vertically

by the linear motor with a constant velocity ranging from 0.85
to 73 mm s21, as determined by tracking the position of the

top plate over �2.5 mm of plate separation. An initial

acceleration was only observed at the highest speed; the error
in velocity is estimated to be 6 5%. Initially, there was a

�0.5 mm gap between the top and bottom plate. All ink-

transfer experiments were recorded with a Photron Fastcam
APX 120K high-speed camera located at the side of the stage.

Ink transfer was recorded at 60 - 2000 frames per second,

depending on the velocity, and 1024 3 1024 resolution. The
residual ink volumes on the top and bottom plates were deter-

mined by weight measurements and analysis of visualization

data using Image J and Pappus’s centroid theorem. Both meth-
ods yielded similar results, but the image analysis method is

preferred due to size of the drops and resolution of the micro-

balance (60.1 mg). At least three experiments were done at
each condition. Fresh PDMS surfaces were used for every

experiment.

Ink transfer simulations

The model outlined in the theory section is solved using the

open source Computational Fluid Dynamics software package

OpenFOAM 2.1.1.67,68 Extensive benchmarking of the the
OpenFOAM VOF solver can be found in literature.49 An auto-

mated remeshing code was implemented to account for the

large mesh deformation when the top plate moves away from
the substrate.

The parameters describing the model were determined from

shear thinning curves. The rheology data are shown in Figure

6. The same figure also shows the corresponding curve fits,
which were used in our simulations. Table 2 shows the values

of the parameters obtained from a Nonlinear Least Squares

Figure 4. Optical images of silica suspension of varying
DMSO:H2O mixing ratio (left column) and an
index-matched silica microparticle ink (right).

The ratios are, from top to bottom, 0:100, 70:30, and

90:10 by weight. [Color figure can be viewed at wiley

onlinelibrary.com.]

Figure 5. Setup for ink transfer experiments.

[Color figure can be viewed at wileyonlinelibrary.com.]
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fit.69 Parameters lmin and lmax denote the minimum and maxi-

mum cutoff viscosities, respectively. The maximum viscosity

is important when using a power law model, because the vis-

cosity is not defined at zero shear rate. The values of the equi-

librium contact angles in Table 2 were used as the static

contact angles in the simulations.

Results and Discussion

Dimensionless numbers

To determine which physics are important in the experi-

ments, and which essential elements must be incorporated in

simulations, it is helpful to introduce the following dimension-

less numbers for this problem

Re5
qLU

K

L

U

� �n21

(12)

Ca5
KU

rst

U

L

� �n21

(13)

Bo5
qgL2

rst

(14)

where Re is the Power-Law Reynolds number, Ca is the

Power-Law Capillary number, and Bo is the Bond number.

These dimensionless numbers depend on U, the characteristic

velocity, L, the characteristic length scale, q, the density, rst,

surface tension, g, gravity, K, the flow consistency index, and

n, the flow behavior index. The shear rate is approximated as

U/L. Another dimensionless numbers commonly used in litera-

ture is the Ohnesorge number. However, it is omitted in this

analysis because it is independent of velocity, which is one of
the parameter under investigation in this study.

In Figures 7 and 8, these three dimensionless numbers are
plotted as a function of velocity for L � 1 mm and L � 10 mm,
respectively. The material properties of ink sample 3 are used
in the plots, but the dimensionless numbers for the other two
inks exhibit a similar behavior. Because geometry dependent
prefactors are omitted, the absolute values of these numbers
must be interpreted with caution. The graphs, however, reveal
several interesting trends.

As velocity increases, the Reynolds number becomes larger,
and thus inertial forces become more important relative to vis-
cous forces. The Capillary number also increases, indicating
that viscous forces become more dominant relative to surface
tension. Comparing the value of the Reynolds number
between Figures 7 and 8, viscous forces become more domi-
nant over inertia at the L � 10 mm length scale; comparing
the value of the Capillary number between the two figures,
one sees that capillary forces become more dominant com-
pared to viscous forces. Considering the much higher curva-
ture of ink droplets at small length scales, surface tension
effects are dominant in the L � 10 mm regime, as expected.

The Bond number is constant in both graphs, but it is much
larger for Figure 7 than for Figure 8, suggesting that gravity
cannot be neglected at the L � 1 mm length scale but has a
much smaller effect at the 10 mm length scale. The Bond num-
ber crosses the Reynolds number line in Figure 7, indicating
that in 1 mm gravure cells gravity is less important at higher
velocities than at low velocities.

Ink transfer experiments

To be consistent with literature reports,40,41,70,71 the moving
plate is labeled as the target for ink transfer. Figure 9 shows
the transfer for different inks as a function of processing
speed. For all velocities, transfer amounts are independent of
the solids concentration of the ink, within the error of the mea-
surement. Ink transfer generally increases with the velocity of
the top plate, reaching �45% at the highest velocity (73 mm/
s). It is difficult to anticipate whether the transfer amount will
increase at higher processing speeds, which unfortunately are
not accessible within our experimental setup.

For the lower velocities, past reports have found that ink
transfer decreases as printing speed is increased.41,70,71 In con-
trast, our experiments show the opposite behavior for all inks.
The above analysis of the dimensionless numbers of this sys-
tem provides a possible explanation. At the L51 mm length
scale, the Bond number is dominant at slow printing speeds
and the Reynolds number is dominant at high processing
speeds. Because gravity acts against the direction of ink trans-
fer, the transition from gravity-dominated flow at low speeds
to inertia-dominated flow at high speeds could explain the sup-
pressed ink transfer that is reported at low processing speeds.
This is in agreement with the work of Khandavalli et al.,72

Table 1. Key Parameters of the Inks

Sample
Solids

Loading (%) Density (kg m23)
Surface Tension

(N m21)
Advancing

Contact Angle (8)*
Receding

Contact Angle (8)*
Equilibrium

Contact Angle (8)**

1 24 1220 6 12 0.0419 6 0.0029 82.1 6 2.7 68.7 6 1.0 72.1
2 37 1278 6 13 0.0444 6 0.0044 84.2 6 11 69.3 6 1.9 74.2
3 42 1346 6 8 0.0406 6 0.0010 80.6 6 5.5 67.6 6 2.3 70.1

*Measurement on PDMS.
**Calculated from measured contact angles using expressions in Ref 77.

Figure 6. Shear-thinning curves of index-matched silica
microparticle inks of varying solids loading.

The solid lines correspond to the Ostwald-de Waele pow-

er law model used in the simulations. [Color figure can

be viewed at wileyonlinelibrary.com.]
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who found that gravity enhancement can have a substantial

effect on liquid pick-up from a gravure cell. Simulations, on

the other hand, have typically set gravity to zero.
Figures 10 and 11 show different time series of the images

captured by the high-speed camera. Looking closely at these

images reveals static contact angle hysteresis and pinning of

the contact line. This can have a significant influence on

small-scale viscous free surface flows in general,73 and on ink

transfer74,75 in particular. The observed contact line pinning is

generally stronger for large velocities. Pinning at large veloci-

ties is consistent with literature reports. It has been found that

at large Capillary numbers the velocity of the plate is so much

larger than the velocity of the contact line that the contact line

can be considered pinned.44 The pinning could be affected by

the silica particles. It is known from the literature that at large

enough concentrations particles can cause the contact line to

pin.76 This would also be relevant to real conducting inks,

because they typically include small metal particles.

Ink transfer simulations

Figure 12 shows results from simulations of ink transfer.

Consistent with experiments all inks show similar ink transfer.

The trend of increasing ink transfer which occurs in going

from a processing speed of 0.9 to 9 mm s21 is predicted cor-

rectly. However, simulations underpredict the extent of ink

transfer. This deviation can be attributed to the contact line

pinning observed in experiments, which results in a larger ink

transfer. Another explanation, which could have more impor-

tant effects at larger speeds, is that the inks exhibit viscoelastic

characteristics, which cannot be captured with a simple

power-law model.

Figures 13 and 14 show the time series of the simulations
for the velocities of 9 and 300 mm s21. Overall, the simula-
tions and experiments appear to agree. However, as mentioned
above, in a number of cases the contact line in the experiments
is pinned and does not move. This phenomenon is not captured
by our simulations. This means that in the experiments the
contact angle becomes smaller with time, while in the simula-
tions the contact angle stays constant. When there is a differ-
ence in wettability between the two surfaces, this can have a
large effect on ink transfer.44 However, since in our work the
wettability is the same for both surfaces, ink transfer goes to
around 50% for both simulation and experiment at large proc-
essing speeds. As was shown in the experimental time series
above, there was significant pinning compared to the other
inks, probably due to the larger solids loading, which works
against the effect of gravity.

Note that the reason that contact line pinning is not incorpo-
rated in our model is that there is no consensus on how to
accurately describe contact line pinning and depinning due to
surface chemistry inhomogeneities, surface roughness, and
particles at the contact line. Another potential issue is caused
by the fact that, as mentioned above, the contact line slip
length for the VOF method is on the order of the grid size,
which is about 1 3 1027 m. This could cause the contact line
to move too fast. A more realistic slip length would be on the
order of 1 3 1029 m, but having such a high resolution mesh
to reduce the slip length, would make the simulations unac-
ceptably slow. While the overall agreement of our predictions
with experiment is satisfactory, our results for low velocities
and high particle loadings suggest that to properly describe
ink transfer for realistic inks a more sophisticated contact
angle model needs to be implemented that not only correctly

Figure 7. The Power-Law Reynolds, Capillary, and
Bond number for ink 3 as function of the
processing velocity for L � 1 mm.

[Color figure can be viewed at wileyonlinelibrary.com.]

Figure 8. The Power-Law Reynolds, Capillary, and
Bond number for ink 3 as function of the
processing velocity for L � 10 lm.

[Color figure can be viewed at wileyonlinelibrary.com.]

Table 2. Fitting Parameters for the Inks Using the Ostwald-de Waele Power Law Model

Sample k ðPa snÞ n lmin ðPa sÞ lmax ðPa sÞ
1 0.005890 6 0.000721 0:78172960:050694 1:9 3 1027 0.0187
2 0.01944 6 0.00104 0.76873 6 0.02194 1:9 3 1027 0.0662
3 0:05572560:013800 0:76549260:013800 1:9 3 1027 0.193
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describes the contact angle dependency on contact line veloci-

ty,12 but that also predicts pinning and depinning of the con-

tact line.
To explain the increased ink transfer that is observed at

higher printing speeds, additional simulations without gravity

were performed on ink sample Number 3. The results are
shown in Figure 15, where ink transfer is plotted as a function
of the Capillary number, with and without gravity, at different
length scales. Results for L � 1 mm show that, as expected,
gravity has a large impact on ink transfer at low speeds; at
larger capillary numbers, however, results with and without
gravity converge to the same answer.

While the asymmetry caused by gravity is not present in
these simulations, and the contact angles on both the top and
bottom plates are the same, the ink transfer ratio is not 50% for
all processing speeds. This is consistent with literature reports,41

and is most likely caused by the fact that the top plate acceler-
ates very quickly when it starts moving, while the bottom plate
is completely static. This sudden acceleration of only the top
plate breaks the symmetry of the system. This seems to have a
stronger effect at low speeds than at high speeds.

Having confirmed that the model provides a reasonable
description of our experiments at 1 mm length scales, we now
consider printing at the 10 mm length scale for ink sample
Number 3. The results are also shown in Figure 15. As also
observed in the calculations without gravity, ink transfer is a
lot larger at this length scale. Consistently with the dimension-
less numbers analysis, this confirms that gravity has a lot
smaller influence at this length scale, and shows how one has
to be careful using experimental results at a large scale to
make predictions about production environments at a small
scale. In addition, it can be seen that without gravity, the
curves for L � 1 mm without gravity and L � 10 mm con-
verge for higher capillary numbers, indicating that ink transfer
scales with the capillary number in this regime. Because the
smaller length scale corresponds to a smaller capillary num-
ber, ink transfer is found to increase, and our results are now
consistent with literature.

Figure 10. Time series of images of 24% and 42% solids loading ink at 0:82 mm s21.

(a) 24% ink, 0.0 s; (b) 24% ink, 0.93 s; (c) 24% ink, 1.3 s; (d) 42% ink, 0.0 s; (e) 42% ink, 0.93 s; (f) 42% ink, 1.3 s.

Figure 9. Fraction of ink transfer from the bottom plate
as a function of velocity. Results determined
by analysis of visualization data. Error bars
are the larger of (i) the 90% confidence inter-
val calculated using results from 3-5 experi-
ments or (ii) the characteristic measurement
error based on image pixelation. Error in the
velocity is ~5% of reported value.

[Color figure can be viewed at wileyonlinelibrary.com.]
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Conclusions

Through advances in ink development and manufacturing tech-
nology, it is becoming increasingly clear that printed electronics
are set to enter a wide array of commercial processes. To provide
a foundation for studies of liquid bridges after breakup, and in
order to provide engineering design rules that one may use for
development of such processes, in this study we have presented a
comparison of experiments and simulations of gravure printing
for different, commercially relevant index matched silica particle
inks. These inks were designed in such a way that surface tension
and density are kept relatively constant for inks having different

concentrations of silica particles and different viscosities. These
inks were then used in a series of gravure printing experiments in
which ink transfer was measured as a function of processing
speed. In general, ink transfer was found to be larger for higher
processing speeds.

An analysis of the relevant dimensionless numbers indicates
that as printing speed increases, the influence of gravity is
reduced. A simulation without gravity confirmed this analysis,
showing a strong difference in the results for low velocities,
while showing convergence of the results for high velocities.

Comparison with simulation shows prediction of the trends
for all inks, although for all inks the ink transfer was underpre-
dicted. A possible explanation for the mismatch is that these
inks exhibit a strong elastic behavior, which the power-law
model adopted here is unable to capture. Another possible
explanation is the contact line pinning observed in experi-
ments, which was not accounted for in simulations and
remains the subject of considerable debate. This pinning is
probably caused by the large concentration of particles present
in the ink. This suggest that in order to properly describe ink
transfer for realistic, high-solids-loading inks, a contact angle
model needs to be implemented that not only correctly
describes the contact angle dependency on contact line veloci-
ty, but also correctly predicts the pinning and depinning of the
contact line. Such models should also include an explicit rep-
resentation of the particles, which is beyond the scope of this
work.

Our analysis for gravure length scales compatible for flexi-
ble electronic printing processes (� 10 mm) indicate that in
this regime the effect of gravity is strongly reduced and that
the ink transfer is dominated by capillary effects, resulting in
higher ink transfer. More generally, our results indicate that
simulations in terms of a relatively simple power-law model

Figure 12. Ink transfer fraction as function of printing
speed as found in the simulations.

The black curve is an experimental result, added for

reference. [Color figure can be viewed at wileyonline

library.com.]

Figure 11. Time series of images of 24% and 42% solids loading ink at 73 mm s21.

(a) 24% ink, 0.01 s; (b) 24% ink, 0.0195 s; (c) 24% ink, 0.0225 s; (d) 42% ink, 0.01 s; (e) 42% ink, 0.0195 s; (f) 42% ink, 0.0225 s.
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Figure 14. Time series of simulations of 24% and 42% solids loading ink at 900 mm s21.

(a) 24% ink, 0.005 s; (b) 24% ink, 0.0085 s; (c) 24% ink, 0.015 s; (d) 42% ink, 0.005 s; (e) 42% ink, 0.008 s; (f) 42% ink, 0.015 s.

[Color figure can be viewed at wileyonlinelibrary.com.]

Figure 13. Time series of simulations of 24% and 42% solids loading ink at 9 mm s21.

(a) 24% ink, 0.02 s; (b) 24% ink, 0.105 s; (c) 24% ink, 0.125 s; (d) 42% ink, 0.02 s; (e) 42% ink, 0.13 s; (f) 42% ink, 0.15 s. [Col-

or figure can be viewed at wileyonlinelibrary.com.]
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are sufficient to predict ink transfer for different, realistic inks,

and are thus a useful instrument for the design of production-

relevant processes where visual experimental techniques are

not readily available.
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