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Abstract

Gravure printing is an economical roll-to-roll processing technique with potential to revolutionize

the fabrication of nano-patterned thin films at high throughput. In the present study, we inves-

tigated the impact of shear-thickening on the liquid transfer from an idealized gravure cell by a

combination of experiments and numerical computations. We chose as a model system fumed sil-

ica nanoparticles dispersed in polypropylene glycol; these dispersions exhibit shear and extensional

thickening as verified by steady shear and filament stretching extensional rheometry. Model gravure

printing experiments were conducted using a linear motor to pick out the fluid vertically up from

a truncated conical shaped idealized gravure cell cavity; the cell size is large enough that gravity is

important, and therefore experiments were also conducted to pickout the fluid vertically down from

the cavity-on-top. The amount liquid transfer from the cavity was studied with varying stretch

velocities and dispersion concentrations. The filament profile evolution during the pickout process

was examined using a high speed camera. Beyond a critical stretch rate, shear-thickening of the

fluid, manifested by the formation of long stable filaments, exacerbates gravitational drainage dur-

ing pickout. Beyond a second critical stretch rate, shear-thinning induces conical profile evolutions

that result in pickout insensitive to stretch rate. All of these observations were qualitatively pre-

dicted by finite element computations using a generalized Newtonian fluid model, where the shear

rheology was modeled explicitly. We showed that under the influence of gravity, wetting/de-wetting

may be a critical phenomenon in determining pickout at low stretch rates.
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1 Introduction

Roll-roll coating and printing of flexible substrates is a technology of great industrial and com-

mercial importance due to its low cost and high throughput [1, 2]. This technology enables the

fabrication of thin organic, inorganic and mixed organic/inorganic films with nanoscale patterns

at high resolution for devices in wide applications such as, solar cells, thin film transistors, organic

light emitting diodes, biosensors and biodevices [3, 4, 5, 6, 7, 8]. Gravure printing is a roll-roll

processing technique used to coat/print thin films less than 50 µm for a wide variety of applica-

tions in high volumes such as magazines, packaging, flexible electronics, greeting cards and tapes

[9, 10, 11, 12]. In gravure process, a roller with desired engraving, typically in microns dimensions,

is passed through an ink reservoir and the excess is metered off by passing by a doctor blade. The

ink from the cavities is then deposited on to the substrate held by another roller at high speeds

(up to 15 mm/s).

During the ink transfer process, a liquid bridge is formed and stretched between the gravure

cell (the cavity) and web, as the ink is deposited onto the substrate. The liquid bridge experiences

complex kinematics; a combination of shear and extension due to relative motion between the

gravure cell and web [13, 14]. The stability and breakup dynamics of the liquid bridge during the

ink transfer can significantly affect the quality of the print or coated film. Partial emptying of the

cavities or the formation of satellite drops can negatively impact the quality and the efficiency of

the printing process [15]. Including gravure printing, the dynamics of the liquid bridge are strongly

relevant in other applications such as contact drop dispensing [16], float-zone crystallization [17]

and oil recovery [18]. Therefore, the dynamics, stability and breakup of the liquid bridge have been

widely studied [16, 18, 19, 20, 21, 22]. Numerous studies, both experimental and numerical, have

been performed to better understand the dynamics of a liquid bridge uniaxially stretched between

two flat plates [23, 24, 25], as well between a flat plate and a cavity [26, 27, 28, 29]. There have also

been numerical and experimental studies on ink transfer behavior in gravure printing considering

pure shear [30, 31, 32], a combination of shear and extensional motion of the liquid bridge [33, 34],

as well as studies which considering the effect of the rotation of the gravure cavity as the liquid is

applied to the moving web by the rotating gravure roller [34, 13].
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Printing fluids often are non-Newtonian, as many inks contain large concentrations of particles

and polymer additives [35, 7, 12]. Only recently have any studied reported on the behavior of non-

Newtonian fluids during gravure printing. Huang et al. [29] performed numerical computations

using volume of fluid (VOF) method to examine the break up dynamics of shear-thinning fluids.

They observed a fast break up of the filament and the formation of more satellite drops for the

case of shear-thinning fluids compared to Newtonian fluids. Ahmed et al. [36] employed numerical

computations to investigate the ink transfer behavior of shear-thinning fluids between two flat

plates. They examined the influence of inertia, surface tension and top plate contact angle on the

ink transfer ratio. Numerical computations on a shear-thinning fluid by Ghadiri et al. [37] showed

that factors such as groove angle, groove depth and wettability can have significant impact on the

filament dynamics and the amount of ink transfer.

There have also been studies both experiments and computations dedicated to the influence of

viscoelasticity on gravure printing [38, 10, 39]. Ahn et al. [38] examined the influence of elasticity

through numerical computations using Oldroyd-B model and observed significant differences in the

velocity field and pressure distribution in the cavity between viscoelastic and Newtonian fluids.

Sankaran and Rothstein [10] conducted experimental investigation using polyethylene oxide (PEO)

fluids to study the impact of viscoelasticity, gravity and gravure cell design on the fluid transfer in

gravure printing. Filament stabilization due to elasticity was found to enhance or worsen the fluid

removal, depending on whether the fluid removal direction is aligned with or opposite to the di-

rection of gravity. Computational studies later by Lee et al. [39] on the influence of viscoelasticity

in gravure printing using FENE-P constitutive model were in excellent agreement with experi-

ments [10]. Their computations were able to extend beyond the parameters of the experiments to

investigate a larger viscoelastic parameter space.

In the current work, we investigated the impact of shear-thickening—namely the magnitude

and critical shear rate for onset of shear-thickening—on liquid transfer from an idealized gravure

cell. The model experimental setup for the gravure printing study was the same as those adopted

by Sankaran and Rothstein 2012 [10]. The model fluids used in the study were shear-thickening

fumed silica nanoparticle dispersions in polypropylene glycol. The shear and extensional rheology

of this system has been well characterized in literature [40, 41]. The role of shear-thickening on the

amount of liquid transfer from an idealized gravure cell was studied by conducting experiments on
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nanoparticle dispersions at various particle concentrations. The experimental liquid transfer behav-

ior was further examined by transient finite element computations using a generalized Newtonian

fluid model.

2 Methods and Materials

2.1 Gravure experimental setup

In our experiments, a modified version of a filament stretching extensional rheometer was used to

model the pickout process for an idealized gravure cell or cavity [10]. The experimental setup, shown

in Figure 1, consists of a computer-controlled linear motor attached to a aluminum plate which is

in-line with the cavity. The initially cylindrical fluid bridge was stretched vertically from the cavity

with constant velocity. In real gravure processes, the fluid bridge experiences a combination of shear

and extensional deformation, with the latter being dominant at later times near the mid-plane and

the former being important at earlier times and near the end plate/cell. For simplicity, the touch

down process that would occur in the real roll-to-roll coating is not modeled— instead the initial

fluid bridge has a finite aspect ratio. A truncated cone shaped cavity was fabricated by casting

PDMS (Silgard 184) onto a negative mold of the cavity machined into aluminum. The cavity has

a sidewall angle of α = 75◦ from horizontal, radius of R = 2.5 mm and a depth of h = 1 mm. The

real gravure rollers have cavity features that are typically ten to hundred microns in order. Here

the cavity dimensions were scaled for the convenience of a lab scale study. The effect of cavity

size was probed numerically. A cylindrical fluid filament was held between the plate and cavity at

an initial aspect ratio of Li/R = 0.3, where Li is the separation. The top plate was separated at

different velocities ranging from 0.1 - 200 mm/s to a final aspect ratio of Lf/R ∼ 32, up to which

the filaments survived in only a few cases. The stretching speed corresponded roughly to printing

speed. The inertia effects were negligible in these tests as the Reynolds numbers were all very low,

Re < 5 × 10−2. Reynolds number is the ratio of inertial to viscous forces given by, Re = D0Uρ/η0.

Here D0 and U are the characteristic diameter and velocity, while ρ and η0 are the fluid density

and viscosity. Because gravity is significant at these dimensions (the initial Bond number is greater

than one, Bo ∼ 2), tests were performed with cavity on both top and bottom configurations. Bond

number quantifies the relative importance of gravity to interfacial tension forces and is given by,

Bo = ρgD0
2/4σ. Here σ is the interfacial tension of the fluid.
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Figure 1: Schematic diagram of experimental setup used for idealized gravure cell study.

The filament profile evolution during the stretch and the breakup process was examined using

a high-speed video camera (Vision Research, Phantom 4.6). The initial and final mass of the fluid

in the cavity was measured using a high precision mass balance (Mettler AC 100). The pickout

fraction is defined as, φ = m/M , where m is mass transferred to the top plate and M is the total

mass of the fluid. All the fluid transferred was assumed to be on the top plate; fluid lost by other

mechanisms were ignored. The uncertainty in the experimentally measured values of pickout is just

2% or less.

2.2 Numerical method

Numerical modeling of the liquid transfer from an idealized gravure cell was carried out by

solving the Navier-Stokes equations with a generalized Newtonian constitutive law. The equations

were solved using the Galerkin finite element method (GFEM) with the adaptive step trapezoid

rule for time marching. The transient free surface position and domain deformation were solved
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using the ALE description. The complete set of governing equations is given below:

0 = ρ

(
∂v

∂t
+ v · ∇v

)
−∇ ·T− ρg (1)

0 = ∇ · v (2)

0 = ∇ · D̃ · ∇ξ(x) (3)

with unknown fluid velocity v, pressure p, and mesh positions x. The fluid is incompressible with

density ρ. The mesh equation was posed in terms of the inverse mapping of the mesh positions to

a fixed logical coordinates ξ. The parameter D̃, which controls the mesh spacing, was set to the

unit tensor.

The generalized Newtonian constitutive law for the fluid state of stress T is

T = η(γ̇)2D (4)

i.e., the viscosity η is rate-dependent rather than constant. The scalar rate-of-strain metric is the

usual γ̇ =
√
−2II2D where D is the rate-of-strain tensor 2D = (∇v +∇vT ) and IIA denotes the

second invariant of a tensor A. The details of our generalized Newtonian constitutive law are

described with the shear rheometry results in Sec. 2.3. The free surface is governed by normal

stress balance and kinematic boundary conditions

n ·T = (−pamb + κσ)n (5)

0 = n · (v − ẋ) (6)

where n is the outward pointing boundary normal, κ denotes the boundary curvature, σ is the

interfacial tension, and pamb is the ambient pressure. The symmetry axis is governed by the shear-

free condition, and the moving wall is governed by the explicit boundary conditions

0 = xz − f(t) (7)

0 = vz − ḟ(t) (8)

where f(t) describes the axial position of the moving plate in time. From observations made using

a high speed camera, the three-phase contact line appeared to be pinned at the corner of the

gravure cell when in the cavity-on-bottom configuration. The contact-line motion was difficult to

observe for the cavity-on-top configuration. The liquid was clearly drawn from within the gravure
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cell, however, whether the fluid fully dewetted from the wall of the gravure cell or left behind

a thin film could not be ascertained. In order to simplify the numerical simulations, our initial

assumption was that the contact line remained pinned during the liquid transfer process. The

pinned contact line assumption will be later revisited in section 3.1 when comparisons are made

between the experimental and numerical results.

The typical domain was tessellated into a structured mesh of 12×640 (radial × axial) quadrilat-

eral elements. Velocity and pressure were supported on Q2P−1 elements [42] and mesh position was

supported on Q2. The final algebraic equations were solved with Newton’s method using analytic

Jacobian. Each Newton step was solved by LU decomposition using a frontal algorithm parallelized

by OpenMP and executed on up to 12 processors in shared memory configuration.

2.3 Test fluids

Our model fluid was fumed silica nanoparticles (Aerosil @200, Evonik Industries; primary par-

ticle diameter 20 nm, specific surface area 200 m2/g) dispersed in polypropylene glycol (Aldrich

Chemicals, average M.W 1000 g/mol). A series of test fluids with varying concentration (7.5 wt%

to 20 wt%) were prepared by mixing in a blender for an hour until a transparent and colorless

dispersion was obtained. The resulting dispersions were kept in the vacuum chamber for several

hours to remove the air bubbles before use [41]. The surface tension was measured using a pendant

drop tensiometer (Dataphysics OCA 15plus). The surface tension was found to be insensitive to

the nanoparticle concentration, and was found to be σ ≈ 30 mN/m. As described in the following

sections, the shear and extensional rheology indicate that the test fluids are well-approximated as

generalized Newtonian liquids.

Shear Rheology

The shear rheology was probed using a stress-controlled TA DHR-3 rheometer using a 40 mm

aluminum parallel-plate geometry at a constant temperature of 25◦C temperature with a solvent

trap to prevent evaporation. The samples were pre-sheared to erase any shear history during

sampling preparation and handing [43, 44]. After pre-shear, samples were allowed to rest for 4

minutes to reach equilibrium. Steady shear viscosity measurements were conducted in the shear

rate range of 0.1 s−1 ≤ γ̇ ≤ 100 s−1.

As shown in Figure 2, the test fluids were all found to be shear thinning at low shear rates.
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This behavior has been shown to result from the formation of strings of particles aligned along

the direction of shear fields [45]. All four test fluids were found to shear-thicken beyond a critical

shear rate. The magnitude of shear-thickening was found to progressively increase with increasing

particle concentration from 7.5 wt% to 20 wt%. The mechanism for the shear-thickening behavior

of these nanoparticles has been attributed to the formation of large hydrodynamic-induced clusters

of nanoparticles [45]. The critical shear rate for the onset of shear rate of shear-thickening was

found to decrease with increasing particle concentration. Beyond a second critical shear rate,

the fluids are expected to shear-thin; although experimental limitations in this study prevented

this observation at high concentration test fluids, previous studies have shown the shear-thinning

behavior [46, 47, 41, 40].
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Figure 2: Steady shear viscosity as a function of shear rate for a series of fumed silica dispersions in PPG. The data

include different particle concentrations of (I) 7.5 wt%, (3) 10 wt %, (�) 15 wt% and (©) 20 wt%. Solid lines are

fits of the high-rate-thinning model of Equation (9) to experimental steady shear rheology data for various particle

concentrations.

A generalized Newtonian constitutive model

The steady-shear rheology data for all particle concentrations were fit by a generalized New-

tonian fluid model. The shear-thickening behavior of Aerosil/PPG systems is well-documented,

and piece-wise generalized Newtonian constitutive laws to describe the shear viscosity have been

previously reported [40, 47]. To simplify the piece-wise description, we formulate a new generalized
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Newtonian constitutive law

ηt(γ̇) =

{
η∞
A

+
(
η0 −

η∞
A

) [
1 + (λ1γ̇)B1

]n1−1
B1

}{
1 +A−A

[
1 + (λ2γ̇)B2

]n2−1
B2

}
(9)

The zero-shear and infinite-shear viscosities are η0 and η∞, and the extent of shear-thickening

is determined by A. The model is essentially a product of two Carreau models, one each for

the shear-thinning and shear-thickening regions denoted by the subscripts 1 and 2, respectively.

Each part of the model has a time constant λ, the power law exponent n, and a dimensionless

transition parameter B. The critical shear rates for thinning and thickening are thus 1/λ1 and

1/λ2, respectively. For each suspension concentration, the parameters were fit to the measured

steady shear viscosity and the results superimposed over the data in Figure 2. The values of the

generalized Newtonian constitutive law parameters used to fit each of the fluids in Figure 2 are

presented in Table 1.

Extensional Rheology

Extensional rheology was probed by filament stretching extensional rheometry (FiSER), which

is typically used to characterize fluids with a shear viscosity η > 1 Pa s [48, 49, 50, 51]. We use

the FiSER type II test, where the top plate is separated from the bottom plate with exponential

velocity profile to impose a nearly constant extension rate ε̇ on the fluid filament at the mid-plane.

The apparent extension rate ε̇app is calculated from the mid-filament diameter decay rate, and used

to infer the apparent extensional viscosity ηE = 〈τzz − τrr〉/ε̇app, where the elastic normal stress

difference 〈τzz − τrr〉 is estimated from force measurement at the top plate and an approximate

mid-plane force balance [52, 49].

In Figure 3, the extensional viscosity is shown with respect to Hencky strain for test fluids with

concentrations > 10 wt%. Unfortunately, measurements were not possible for concentrations below

10 wt% because of limitations of the force transducer sensitivity. As previously reported [41, 53, 54],

the extensional thickening of the test fluids was found to increase with increasing nanoparticle con-

centration. Without adjusting any of the model parameters, the generalized Newtonian constitutive

model qualitatively predicts the extensional rheology of the test fluids in Figure 3. The agreement,

however, is not perfect. The experimentally measured maximum extensional viscosities are system-

atically larger than the values predicted by the generalized Newtonian model. This discrepancy

has also been described in [41], where analysis of extensional viscosity based on a modified Trouton
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ratio using the corresponding shear rate

Tr =
ηE
η(γ̇)

=
ηE

η(
√

3ε̇)
(10)

demonstrated that extensional thickening is more dramatic than predicted by shear-thickening

alone, and occurs at a slightly lower critical extension rates than the expected value of γ̇c/
√

3,

where γ̇c is the critical shear rate for the onset of shear thickening. These effects are exacerbated

with increasing particle concentration. For our test fluids, the particle concentrations were low

enough that the generalized Newtonian model appears well-justified.
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Figure 3: Experimental (symbols) and simulated (lines) FiSER type II extensional rheology data for different con-

centrations of silica nanoparticles dispersed in PPG. The concentrations include a) 20 wt% and b) 15 wt%. The

imposed extension rates are (�) 3 s−1, (N) 4 s−1 and ( ) 5 s−1.

For both 15 and 20 wt% test fluids, beyond extension rates of ε̇ > 6 s−1, the extensional

behavior could not be characterized using FiSER due to the formation of conical shaped filament

profiles that made calculation of the extension rate and extensional viscosity impossible. These
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flow transitions will be discussed in more detailed in the context of liquid transfer measurements

in section 3.

3 Results and discussion

Measurements of liquid transfer from an idealized gravure cell were conducted on a series of

nanoparticle dispersions. Pickout fractions were measured as a function of increasing stretching

velocity from 0.1 to 200 mm/s. The liquid filament profile evolution of the 15 wt% test fluid was

captured by video analysis and presented in Figures 4 and 5. For comparison, the predictions of

the numerical simulations are presented alongside the experiments in Figure 4. The results show

excellent agreement between the measured and simulated shapes and shape transitions.

Figure 4: Terminal filament interface profiles for the 15 wt% silica nanoparticle dispersion in PPG with cavity-on-

bottom. Top: computational results for comparison.

The pickout behavior of shear-thickening 15 wt% silica dispersion is shown in Figure 6 for

both cavity on top and bottom cases. Pickout at vanishing velocities is higher for the cavity-on-

top configuration than for the cavity-on-bottom configuration; in this vanishing capillary number

(Ca = ηU/σ) regime, the pickout is a quasi-equilibrium process governed solely by surface tension

and gravity, implying that pickout is gravity-enhanced in the cavity-on-top configuration and vice-

versa due to gravitational sagging of the quasi-equilibrium liquid bridge profile [10, 39].
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Figure 5: Terminal filament interface profiles for the 15 wt% silica nanoparticle dispersion in PPG with cavity-on-top.
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Figure 6: Experimental (symbols) and computed (solid lines) fraction of fluid transferred from the cavity as a function

of velocity for a 15 wt% fumed silica nanoparticle dispersion in PPG for two different cavity configurations. a) Cavity

on bottom b) Cavity on top. (dotted line) Pickout fraction computed for Newtonian fluid with viscosity of 3.3 Pa s

for cavity on bottom case is also shown in Figure a.
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At low velocities, 0.1 < U < 2 mm/s, with moderate Ca, the strain rates are low enough that

the shear-thickening and extensional hardening are not active. The pickout behavior in this regime

is qualitatively similar to that of Newtonian fluid, computed for comparison and shown as a dashed

line in Figure 6a. This is consistent with reports in literature [10, 39]. One important observations

from Figure 6b is that even in this Newtonian regime, the absolute value of pickout is severely

under-predicted by computations. We will discuss in section 3.1 the possible role that contact line

and liquid de-wetting can play in resolving this discrepancy.

At intermediate velocities, 2 < U < 18 mm/s, the pickout is dramatically depressed for the

cavity-on-bottom configuration and dramatically enhanced for the cavity-on-top configuration.

Both Figure 4 and Figure 5 show that, within this regime, with increasing velocity a more elongated

filaments with increasing life time persist due to viscous stabilization by extensional-thickening

which resists capillary break-up. The extensional thickening of the fluid allows more fluid to be

removed from the cavity by increasing the break-up time of the fluid filament. A similar behavior

was also reported for viscoelastic fluids, where long-lived filaments, that evolve as a result of thick-

ening of the fluid’s extensional viscosity, result in gravitational drainage over longer process time

and dramatically influence the final pickout [10, 39]. The model computations correctly predict the

pickout behavior, specifically the critical velocities at which the local extrema in pickout occur.

Figure 7: Comparison of the evolution of conical filament profile at U = 100 mm/s between experiment and compu-

tation for the 15 wt% silica in PPG dispersion.

At high velocities, U > 18 mm/s, the pickout fraction begins to increase again and plateaus

beyond 50 mm/s. The filaments profile beyond 50 mm/s evolve not as cylindrical but as conical

profiles as shown in Figure 4. The profile evolutions with time/strain observed in the experiments
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and predicted by the computations are shown in Figure 7. They change very little with increasing

velocity beyond a critical velocity of about 50 mm/s. This phenomenon is what prevented FiSER

tests at high extension rate, as described earlier. As illustrated in Figure 8, this conical profile

evolution is a result of self-accelerating shear-thinning at the mid-plane, where the strain-rate is

highest and large enough to deform the fluid at rates well past the shear thickening regime into the

second, more severe shear thinning regime observed in Figure 2. This resembles the phenomenon

reported for yield stress fluids in extensional flows [55, 56]. Removing the thinning of the shear and

extensional viscosity at the highest deformation rates in the generalized Newtonian constitutive

model was found to suppress the formulation of the conical filament profiles. In the velocity range,

18 < U < 50 mm/s, the recovery of the fluid pickout from a minimum value represents a transition

in pickout which corresponds to a shift in the dominant fluid behavior from extensional thickening

to shear-thinning.
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Figure 8: Contour plots of viscosity and the corresponding strain rates, during conical profile evolution computed at

U = 100 mm/s for the 15 wt% silica nanoparticle model fluid

So far, we have described qualitatively the correspondence between pickout features with respect

to velocity. The description of strain-rate of the pickout process to quantitatively correlate rheology

features is not simple, as the flow is a combination of shear and extensional. Based on the discussion

in [39] of the relevant strain rate governing pickout fraction, we posit that that a sensible way to

convert the stretching velocity into a process strain rate is by using the “initial shear” rate U/R0,
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rather than the initial extension rate U/L0, which may be more intuitive at first. To illustrate,

Figure 9 shows computed pick-out results for the model generalized Newtonian fluid, varying initial

liquid bridge radius R0 and height L0 (aspect ratio Λ0 = R0/L0). The pickout fraction is scaled

with the process strain rate defined as γ̇ = U/R0Λ
−1/3
0 , where Λ

−1/3
0 is an empirical dimensionless

correction factor. The local extrema in pickout fraction align very well, implying that γ̇ is indeed

the appropriate measure for the process strain rate.
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Figure 9: Pickout data scaled against strain-rate defined as, γ̇ = U/R0Λ0
−1/3. The data include for several aspect

ratios Λ0 of (.) 0.15, (3) 0.20 at L0 = 0.75 mm; (�) 0.31, ( ) 0.51 at R0 = 0.75 mm and (D) 1.00, (O) 2.00 at R0

= 5.00 mm.

The influence of rheological features on pickout was further explored by experiments at different

particle concentrations ranging from 7.5 − 20 wt%. The experiments and computations of the

pickout behavior with increasing velocity, for the case where the cavity is on the bottom, are

shown in Figure 10a and b respectively. With increasing particle concentration, the critical shear

rates for shear-thickening and shear-thinning was found to shift to lower shear rates as shown in

Figure 2. Correspondingly, the local extrema in the pickout fraction shift to lower process strain

rates, again matching the critical shear rates for the rheological features. The extent of shear-

thickening increases with particle concentrations, and the local minimum pickout is correspondingly

deeper in the stabilized filament regime. The experiments and computations of the pickout behavior,

for the case of cavity on top, is also presented in Figure 11a and b respectively. The height and

position of the local maximum pickout correspond well to the critical shear rate and extent of

shear-thickening. A more dramatic illustration is given in Figure 12 and Figure 13, where pickout
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is computed for model liquids with a much wider variation in critical shear rates and extents of

shear-thickening that can be produced experimentally.
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Figure 10: a) Experimental (filled symbols) and b) computed (hollow symbols) pickout fraction for a series of

concentrations of fumed silica nanoparticles dispersed in PPG for cavity on the bottom configuration. The data

include particle concentrations of (I) 7.5 wt%, (�) 10 wt%, (�) 15 wt% and ( ) 20 wt%.

3.1 Effect of moving contact line

The generalized Newtonian model for fumed silica dispersions captures qualitatively the pick-out

behavior with respect to stretching velocity, as demonstrated in Figure 6 for the 15 wt% dispersion.

The computations are expected to be in best agreement with experiment at low stretching velocities

where strain rates remain low enough for the liquid to be nearly Newtonian. This appears to be the

case for the cavity-on-bottom configuration in Figure 6a. However, the results for the cavity-on-top

configuration deviate significantly in the low stretching velocity regime Figure 6b.

Moreover, our previous studies focused on quantitatively matching experimental and computa-
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Figure 11: a) Experimental (filled symbols) and b) computed (hollow symbols) pickout fraction for a series of

concentrations of fumed silica nanoparticles dispersed in PPG for the cavity on the top configuration. The data

include particle concentrations of (�) 15 wt% and ( ) 20 wt%.
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Figure 12: Computations of a) shear rheology given in Equation 9 with varying model parameter, λ2, inverse of

critical shear-rate for the onset of shear-thickening and b) the corresponding pickout fraction. The data include

varied parameter λ2 values of (�) 5 , (©) 1.6, (�) 0.5, (?) 0.16 and (J) 0.05 s.
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Figure 13: Computations of a) shear rheology given in Equation 9 with varying model parameter, A, amplitude of

shear-thickening and the corresponding b) pickout fraction. The data include varied parameter A values of (�) 160,

(�) 500, ( ) 1600 and (/) 5000 Pa s.
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tional pick-out results only for the cavity-on-bottom configuration [10, 39], and noted only quali-

tative agreement for the cavity-on-top configuration. For the current study, computed predictions

for the cavity-on-top configuration match better at high stretching velocities where non-Newtonian

behavior is stronger. To explain this discrepancy, we revisit the pinned contact line assumption

used in all computations described up to this point.

The pinned contact line assumption greatly simplifies modeling the liquid transfer experiment,

but it cannot describe the de-wetting of liquid from the cavity wall. In experiments, this assumption

was justified by direct observation whenever the cavity was held stationary in the cavity-on-bottom

configuration. In a previous study, high pick-out fractions for viscoelastic liquid in the inverted

configuration suggested that liquid was being transferred additionally by de-wetting from the cavity

wall, though direct observation was not possible due to experimental challenges [10].

In the low stretching velocity regime where the liquid is nearly Newtonian, pinned contact line is

the leading order assumption in our computational model. Thus, we hypothesize that the difference

in computed and experimentally determined pick-out for inverted experiments at low stretching

velocity is due to significant de-wetting. To test this hypothesis, we modeled de-wetting within our

finite element framework based on the Navier slip law following the formulation in [57]. We further

simplified the dynamic contact line modeling of [57] by introducing an ad hoc relationship between

contact angle and dimensionless wetting/de-wetting velocity, capillary number Ca

θ = θrec +
θadv − θrec(

1 + v
B ekCa

)1/v (11)

where

B =
θeq − θrec
θadv − θrec

(12)

and v is chosen such that

0 = B − 1

(1 + v/B)1/v
(13)

to ensure θ = θeq when Ca = 0. This relationship is not rooted in any hydrodynamic or molecular

kinetic theory (see, e.g. [58, 59, 60]), but rather describes phenomenologically the behavior of ap-

parent dynamic contact angle with respect to wetting velocity. This simple relation is advantageous

over physically derived models because it gives sensible values over all −∞ < Ca < ∞ and has a

continuous derivative. Other models such as Tanner’s law require piece-wise description for wetting

and de-wetting cases, as well as matching at Ca = 0.
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Figure 14: Modified geometry to allow easier modeling of the unpinned contact line.

Equation (11) is parameterized to set an effective equilibrium contact angle, asymptotic values of

maximum and minimum advancing and receding contact angles (allowing for asymmetricity about

the equilibrium contact angles is observed in real systems with moderate Ca [58]), and sensitivity

of the contact angle to contact line velocity. In Figure 15, large values of the sensitivity parameter

k indicate that the contact angle is a strong function of contact line velocity and that the contact

line is relatively immobile (pinned), whereas small values of k indicate that the contact angle is

nearly static and the contact line is more mobile.

To ensure that the mobile contact line never encounters the top corner of the cavity, we modified

the cavity geometry as shown in Figure 14 such that the cavity wall extends farther up; this

allows relatively coarse radial mesh resolution to sufficiently capture the solid wall boundary for

accurate representation of contact angles. The total liquid volume is kept constant at 30 microliters,

which is close to the pinned contact line case of 32 microliters. The initial liquid bridge is no

longer a true cylinder, but instead the equilibrium configuration of a liquid bridge that makes

the equilibrium contact angle with the cavity wall; it is achieved by starting from a cylindrical

configuration and carrying out the transient computations until it achieves the steady or equilibrium

state. For comparison, the pinned contact line model computations were executed from the same

initial condition, with the contact line re-pinned before stretching computations.

Based on experimental observation, the equilibrium contact angle between 15 wt% Si-PPG

suspension and a flat PDMS substrate is close to θeq = 70◦. For lack of physical data, we set the
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Figure 15: Contact angle model evaluated for fixed θeq, θadv, and θrec for various values of k. The data include k

values of, (+) 1.00× 101, (D) 2.80× 101, (?) 1.21× 102, (J) 2.450× 102, (.) 4.08× 102, (�) 8.26× 102, ( ) 3.54× 103

and (�) 2.00 × 104.

maximum and minimum dynamic contact angle values to be θadv = 170◦ and θrec = 10◦, i.e. ±10◦

from the geometrical limits. A preliminary study to choose a reasonable value of k was carried out

by fixing the stretching velocity to U = 0.2 mm/s where the pick-out results between experiments

and the computation were most different, the results presented in Figure 16 reveal that pickout

generally increased as the value of k was decreased (the contact line was less pinned and contact

angle more static).

Choosing a value of k where the contact line is unpinned in a regime where pickout results are

insensitive to its value (k ≈ 10) fully specifies—together with the above parameters θeq, θadv, and

θrec—the contact angle model in Eqs. (11)–(13). We use these parameters to compute pickout frac-

tion over a range of stretching velocities for comparison with the data, as shown in Figure 17. The

modified model with unpinned contact line qualitatively reproduces the experimentally observed

pickout fraction at low stretching velocities in the gravity-assisted case, while having little effect

on the gravity-adverse cases. While the current contact line modeling may need some further re-

finement, the predicted trends do support the hypothesis that gravity-assisted pickout is amplified

by de-wetting in the low stretching velocity regime.
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Figure 16: Comparison of pickout fraction with respect to k for a (?) Newtonian fluid of viscosity 3.3 Pa s and (�)

15 wt% Si-PPG for fixed stretching velocity U = 0.2 mm/s, θeq = 70◦, θadv = 180◦, θ. The filled and hollow symbols

correspond to cavity on bottom and top cases respectively.
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Figure 17: Comparison of pickout fraction of 15wt% Si-PPG with respect to stretching velocity at fixed k = 10 for

(�) low k or mobile contact line and (I) high k or nearly pinned cases. The filled and hollow symbols correspond to

cavity on bottom and top cases respectively.
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4 Conclusions

In this paper, we investigated the impact of shear-thickening on liquid transfer from an idealized

gravure cell through a combination of experiments and finite element computations. The amount

of ink transfer with increasing velocity was measured for the shear-thickening dispersions at vari-

ous particle concentrations. At low velocities, where the process strain rates are below the critical

shear rate for shear-thickening, the pickout behavior is qualitatively similar to that of Newtonian

fluids. At moderate velocities, the pickout exhibits a local extremum associated with persistence

of long stable filaments due to extensional-thickening; the pickout is maximal when assisted by

gravitational drainage (cavity-on-top) and vice versa. At high velocities, the filaments evolve into

conical shapes due to shear-thinning. In this regime, the pickout is insensitive to velocity variation

and is also unaffected by gravity. Computations predicted well the final pickout results when using

a generalized Newtonian fluid model fitted to the measured shear viscosities. A systematic study of

the impact of shear-thickening model parameters on pickout features corroborates the experimental

observations. To correlate pickout behavior to rheology, the appropriate process strain rate appears

to be an early time shear rate. The discrepancy between experimentally determined and compu-

tationally predicted pickout fraction in the low velocity regime was investigated by incorporating

a de-wetting model. Introducing de-wetting through a simple contact angle model improves the

matching of computed predictions to experimental results in this regime. This suggests that de-

wetting plays a larger role when coupled with gravitational forces. In conclusion, we demonstrate

a sound basis for optimizing the liquid transfer fraction during a gravure printing process, namely

to ensure coating speeds that avoid certain regimes in the shear-viscosity function where a) rate-

thickening induces viscous stabilization and b) rate-thinning induces yield-like behavior resulting

in a high fraction of liquid stuck in the cavity.
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Table 1: The fitting parameters of shear-thickening fluid model given in Equation (9) for several silica nanoparticle

concentrations.

Silica [Wt %] µo [Pa s] µ∞ [Pa s] B1 n1 λ1 [s] B2 n2 λ2 [s] A

7.5 3.0 1.0 0.5 0.01 100 3.3 −2 62 16

10 3.0 1.0 0.6 0.11 100 10.0 −3 180 48

15 3.3 1.0 1.0 0.15 300 11.0 −0.9 200 300

20 8.5 1.0 1.0 0.15 300 11.0 −0.9 300 260
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