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Abstract

This work presents the development of a numerical model for the elastohydrodynamic lubrication of roll-to-plate nano-
imprinting with flexible stamps. Roll-to-plate nanoimprinting is a manufacturing method to replicate micro- and nanotex-
tures on large-area substrates with ultraviolet-curable resins. The roller is equipped with a relatively soft elastomeric
layer, which elastically deforms during the imprint process. The elastic deformation is described by linear elasticity theory.
It is coupled to the pressure build-up in the liquid resin film, which is described by lubrication theory. The flexible stamp,
which is treated as a tensioned web, is pre-tensioned around the roller. The elastic deformation of the tensioned web is
described by the large-deflection bending of thin plates equations, considering its non-negligible bending stiffness. A
Fischer—Burmeister complementarity condition captures the contact mechanics between the tensioned web and the
roller. The governing equations combine in a coupled elastohydrodynamic lubrication model, which is fully described
by a set of non-dimensional numbers. These are used in a parameter study to investigate the effect on the pressure
and film height distributions. It is shown that the bending stiffness of the tensioned web results in an additional hydro-
dynamic pressure peak and corresponding minimum in the film height, near the inlet of the roller contact. An increase
of the bending stiffness corresponds to a decrease in film height. The numerical results are compared with benchmarks
from literature and experimentally validated with layer height measurements from flat layer imprints. Good agreement is
found between the numerical and experimental results.
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Introduction of a substrate. Applications can be found in, for
example, anti-reflection or light-trapping films for dis-
plays and solar panels,®’ optical waveguides for augmen-
ted reality,'® drag reduction films for aviation and
shipping,'"'? antifouling surfaces,'*"'* and many more.
A roller-based imprint system can be equipped with
one or multiple rollers. Various configurations of the
stamp, roller(s) and substrate are available and can be
used to classify the different systems.'>'® Figure 1
shows a schematic diagram of a UV-cure roll-to-plate
nanoimprint system, which is considered in this study. It

Nanoimprint Lithography (NIL) is an emerging manufac-
turing technology to replicate micro- and nanotextures
with high resolution on rigid and flexible substrates.'
The working principle is based on a moulding process,
in which a stamp is pressed into a liquid resist material.
The resist material is mechanically deformed to conform
to the surface topography of the stamp. Ultraviolet (UV)
NIL employs photo-polymerizable resins, which can
quickly fill the stamp features, in combination with
UV-transparent stamps.® After solidification of the resin
by UV-light, the stamp is delaminated and a negative of
the textured pattern is left on the substrate. Roller-based 'Department of Precision and Microsystems Engineering, Delft
nanoimprinting enables an increased fabrication through- University of Technology, Delft, The Netherlands
put and the possibility to pattern large-area substrates at Morphotonics B.V, Veldhoven, The Netherlands
once.*® The stamps may be re-used many times, which
makes roller-based NIL an interesting and versatile tech- > » ) o
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makes use of a number of rollers to guide a flexible stamp.
The rollers are equipped with a relatively soft, elastomeric
layer to ensure conformal contact with the substrate. The
imprint roller (middle left) presses the flexible stamp into
the UV-curable resin droplets, which have been dispensed
on the substrate. The resin droplets merge and spread into
a thin layer. After UV-curing of the resin layer, the flex-
ible stamp is delaminated from the substrate by the delam-
ination roller (middle right). The final imprint consists of
the preferred texture on top of a residual layer. The
residual layer is ideally thin and uniform over the entire
surface, in order to prevent poor optical performance of
the product.'® Moreover, the imprinted texture can option-
ally be transferred into the substrate material in a subse-
quent etching process step by utilizing the imprinted
pattern as an etching mask. A thin and uniform residual
layer is essential for an efficient and high quality
ctch. 21718

Simulation of the imprint process will allow for the
improved prediction of the residual layer thickness to
further improve the imprint quality. The residual layer
thickness is governed by the interaction of the hydro-
dynamic forces in the resin and the elastic forces of the
flexible stamp and the elastomeric layer around the
imprint roller. The hydrodynamic pressure-build up in
the liquid resin film results in elastic deformation of
both the flexible stamp and the elastomeric layer. The pre-
tensioned, flexible stamp exerts an additional contact
pressure on part of the elastomeric layer, after which it
loses contact with the roller downstream of the roller
contact. The elastic deformation is relatively large com-
pared to the film height and will affect the hydrodynamic
pressure build-up, in return. This coupling is described by
elastohydrodynamic lubrication (EHL) theory, which can
be used to predict the residual layer thickness.
Soft-layered EHL deals with the lubrication of relatively
soft, elastomeric layers. The finite thickness of the elasto-
meric layer increases the effective stiffness of the roller

contact, which influences the pressure build-up and film
height in the roller contact.?*>

In literature, analytical and numerical models are pre-
sented to simulate the residual layer thickness in roller-
based imprint systems.****> Moreover, when excluding
the textures, roller-based imprinting shows a resemblance
with forward roll coating and printing.?**°>* These are
well-known industrial methods to apply thin liquid coat-
ings on flexible, foil-like substrates using rubber
covered rollers. EHL theory is used to determine the
process dependencies on the coating or printing layer
height. In all of these simulations, the influence of the
elastic deformation of the flexible stamp or foil and the
interaction with the rollers are not taken into account. In
previous work, the development of an EHL model to
predict the residual layer thickness in roll-to-plate
nanoimprint systems with pre-tensioned, flexible stamps
is presented.'” It has been shown that an increase in
tension of the flexible stamp, which is assumed to be per-
fectly flexible, results in a reduction of the residual layer
thickness. The contact mechanics between the flexible
stamp and the roller are a unique aspect of the roll-to-plate
nanoimprint process. Moreover, the bending stiffness of
the flexible stamp is not negligible and differs based on
the geometry and material properties. Both contact
mechanics and bending stiffness must be included in the
EHL model to further improve the prediction of the
residual layer thickness.

The current work presents the development of a
numerical EHL model to accurately describe the physics
of the roll-to-plate nanoimprint process with flexible
stamps, which are treated as tensioned webs with a non-
negligible bending stiffness. The study focuses on the
flat layer thickness and the influence of textures is not
taken into account. The numerical model is described in
detail and the numerical results are experimentally vali-
dated with layer height measurements of flat layer
imprints. Unique contributions of this work are the
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Figure . Reproduced with permission from.'? Roll-to-plate nanoimprint system.
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implementation of the elastic deformation and contact
mechanics of tensioned webs in an EHL system, and the
application of this theory in a roll-to-plate nanoimprint
process. The model can be used to study the influence
of the process parameters, machine parameters, and
material properties on the pressure and film height distri-
butions. Moreover, it can be used to directly assess the
film thickness for a given set of process parameters.
This information is useful to determine the required
amount of resin for a specific imprint or to tune the
process parameters for a preferred film thickness.

Methods

This section describes the set-up of the numerical EHL
model, including the governing equations and the numer-
ical implementation. Thereafter, the experimental valid-
ation method is discussed.

Model description

The numerical model is based on the full-system finite
element approach for EHL problems.® The modelled
system geometry of the imprint roller contact, which is
treated as a line contact, is shown in Figure 2(a).

The imprint roller with radius R is pressed onto the
rigid substrate. The roller is equipped with an elastomeric
layer of thickness d. A tensioned web (i.e. flexible stamp)
is partly wrapped around the imprint roller and applies a
contact pressure onto the elastomeric layer. Downstream
of the roller contact, the tensioned web looses contact
with the roller and moves along with the substrate. The
tensioned web and substrate are separated by a thin film
of resin with film height /4. The final film height is indi-
cated by /¢. The lubricated roller contact is assumed to
be fully flooded and is subject to an effective load F| in
vertical z-direction. The load is a combination of the
externally applied roller load and web tension. The sub-
strate and tensioned web are assumed to be smooth and
are moving with a unidirectional, constant surface speed
of u; and u,, respectively. It is assumed that all elastic
deformation occurs in the relatively compliant, elasto-
meric layer. As the contact width is relatively small com-
pared to the roller radius, a simplified equivalent geometry
can be used, as shown in Figure 2(b). A rigid roller with
radius R is pressed onto the flat, elastomeric layer, which
is unwrapped from the roller core. A new coordinate
system is introduced: x’ is the coordinate tangential to
the roller surface and z’ is the coordinate normal to the
roller surface, pointing towards the rigid roller.

The model is governed by five main equations: linear
elasticity equations, Reynolds equation, large-deflection
bending of thin plates equations, the Fischer—-Burmeister
constraint function, and a load balance equation. The
equations are solved together to determine the elastic
deformation components u and w of the elastomeric
layer, the hydrodynamic pressure p, the contact pressure
Pe, the tensioned web curvature «, and the elastic deform-
ation of the tensioned web wy. To ensure numerical

robustness and faster convergence, the model variables
are scaled. Before the governing equations are presented,
the definition of the dimensionless scaling is discussed.
The following dimensionless variables are used in the
description of the equations:

p=L p =L
Ph Ph
R R W
v=". w="2 w, ="
ah ah (1)
R hR
6=55, H="3, K=R«
Gy 9y
b 4
X ==, Z==
dp d

with the dimensionless hydrodynamic film pressure P,
tensioned web contact pressure P, elastic deformation
components U and W, web deformation W, gap G,
film height H, tensioned web curvature K, and spatial
coordinates X’ and Z'. The parameters a, and py, corres-
pond to the Hertz dry contact half-width and peak pres-
sure, respectively. They are based on the mechanical
properties of the elastomeric layer:
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where £’ is the effective elastic modulus. As it is assumed
that all elastic deformation occurs in the elastomeric layer,
it is given by:

21—

E=E ®

where v is the Poisson’s ratio. The equations are applied
on the computational domain in Figure 3, which repre-
sents the unwrapped elastomeric layer. The dimensionless
scaling results in a fixed computational domain with a
dimensionless length of 20 and unit dimensionless
height, due to the above definition of X’ and Z'. The
coordinate X’ = 0 represents the roller centre.

The dimensionless linear elasticity equations are
applied on the elastomeric layer domain Q in Figure 3.
For a derivation of these scaled equations, the reader is
referred to Habchi.*! They are given by:
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Figure 2. Adapted with permission from Snieder et al.'” (a) Schematic diagram of the imprint roller with tensioned web. The elastic
deformation of the elastomeric layer is highly exaggerated for illustrative purposes. (b) Equivalent geometry of the imprint roller with

tensioned web.

where A and y correspond to the Lamé parameters:

1= vE¢q
(1-2v)1+v)’
P (%)
_ €q
F=20+0)

The parameter Eq corresponds to the equivalent elastic
modulus of the elastomeric layer, which is defined by:

dn

E,=E .
“ Rpn

(6)
The elastic modulus is multiplied by ay/(Rpy) to directly
use the dimensionless tensioned web contact pressure Py
as a pressure load on domain boundary 6Qc.**> The
boundary conditions are specified as follows:

U =W=0 on 0Qr,
U =0 on 0 and 0QR,
ﬁ
6, =0+ N =0;=
lg—g+(i+2u)%%—VZV:Pc on Qc,
6, =0,=0 elsewhere.

0

The parameters o, and o, are the normal and tangential
components of the stress tensor, respectively.

The resin flow is described by lubrication theory,
which assumes a constant pressure across the film thick-
ness. The dimensionless, steady-state, incompressible
Reynolds equation in one dimension is given by:>?

0 aflph 3 OP H
-———H —] =0, 8
8X/< 12R?qus ~ 0X' + 2 ®

where 7 is the dynamic viscosity of the resin, and uy is the
sum of the top and bottom surface velocity u; and u,
respectively. The Reynolds equation  assumes
Newtonian fluid behaviour and isothermal conditions.
The validity of these assumptions is confirmed by viscos-
ity measurements and monitoring of the roller tempera-
ture. Equation (8) is applied on domain 0Qy in
Figure 3. It is defined by —4.5 < X’ < 10, which is suffi-
ciently wide to capture the pressure build-up in the thin
film of resin.’® Zero pressure boundary conditions are
applied on the edges of the domain. The hydrodynamic

film pressure P is determined for a given film height dis-
tribution H:

H(X') = Hy + Hy + Wy (X'),

X2 < ©)
H, =17 for X' <0,
0 for X' >0.

where Hj is the unknown rigid body displacement. A
negative value indicates roller engagement, as shown in
Figure 2(b). The second term H, describes the initial
web shape, which partly follows the roller surface. The
last term Wy (X') represents the web deformation, which
will follow from equation (11). It is assumed that the
resin can sustain small negative pressures without cavitat-
ing. Downstream of the roller contact zone, the resin is
trapped between the tensioned web and the substrate.
Due to the absence of a diverging roller surface, which
is typically present in conventional EHL problems,** the
presence of negative pressures will be minimum.

The tensioned web is a relatively thin plate with a non-
negligible bending stiffness, and, therefore, the Foppl-
von Karman equations can be applied to describe the
deformation of the web under tension and pressure.>>-¢
These equations are based on the extended theory for
small deflections of thin plates, by taking into account
the in-plane membrane stresses, and they describe the
large-deflection bending of thin plates. In the case of an
infinite line contact and by assuming a constant web
tension, the dimensionless stress balance in normal direc-
tion is given by:

D 62K+ d K+P,=0 (10)
an’pnR) 0X"? hR e

where D is the bending stiffness of the web and 7 is the
web tension. The normal stress P, is equal to the differ-
ence of the hydrodynamic film pressure and the tensioned
web contact pressure; P, = P — P.. The web curvature K
is approximated by the second spatial derivative of the
web shape, which is described by the last two terms in
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Figure 3. Adapted with permission from Snieder et al.'’

Dimensionless computational domain and mesh. The contact domain Q¢

(yellow) extends over the entire domain length (—10 < X’ < 10), while the hydrodynamic domain Qy (blue) extends over part of the

domain length (—4.5 < X’ < 10).

equation (9):

& ,
K = 2 (4 ()
, 11
1+2%  for X' <0, (1
Ei;)?/; for X’ > 0.

The bending stiffness of the tensioned web is a function of
the elastic modulus E,, web thickness ¢ and Poisson’s
ratio vy, of the tensioned web:

E, P

0 (12)

Equations (10) and (11) are applied on domain Q¢ in
equation (3).

The contact mechanics between the roller and ten-
sioned web are described by two variables; the contact
pressure P, and the gap between the roller and the ten-
sioned web G. The contact pressure P, can be traced
back to equation (10). The dimensionless gap is defined
by:

G=Go+W—W,,

for X’ <0, (13)

0
Go=1 4
0 {X—z for X’ > 0.

2
in which Gy is the initial gap between the roller and the
tensioned web, and W and W,, are the elastomeric layer
and web deformation, respectively. The initial gap is
equal to zero at the locations where the tensioned web
and roller are initially in contact, and increases with the
approximated roller shape from the location where the
tensioned web and roller lose contact at X’ = 0. In
general, two different regions can be identified: a
contact region in which the contact pressure is unknown
(but larger than 0) and the gap is known (namely 0),
and a region without contact where the contact pressure
is known (namely 0) and the gap is unknown. This reason-
ing can be captured in a complementarity condition:

P.>0 and G =0,

(14)
P.=0 and G >0.

The complementarity condition of the contact problem is
satisfied by adding a modified constraint function to

domain Q¢ in the model, known as the Fischer—
Burmeister function:*’

Pe+G— P2+ G2 =0. (15)

This function is often used in (elasto)hydrodynamic lubri-
cation models as a mass-conserving cavitation algo-
rithm,'**® with the film pressure and the mass fraction
as dependent variables. In the present study, the
Fischer—Burmeister function will reveal the occurrence
of contact between the tensioned web and the roller.

The load equilibrium is derived by balancing the pres-
sure force from the hydrodynamic film pressure build-up
with the effective roller load per unit length:

/ pdx’ =2, (16)
Qu 2

The right side of this equation relates to the Hertz scaling
from equation (2). The equation is satisfied by regulating
the gap Hj in equation (9), which is one of the unknowns
in the system of equations.

Numerical implementation

The elastohydrodynamic model is composed of the linear
elasticity equations in equation (4), the Reynolds equation
in equation (8), the large-deflection bending of plates
equations in equations (10) and (11), the Fischer—
Burmeister function in equation (15), and the load
balance equation in equation (16). The equations are
implemented in the finite element method (FEM) software
package COMSOL Multiphysics®.> A second-order
(quadratic) discretization is employed for the Reynolds
equation, the large-deflection bending of plates equations
and the Fischer—Burmeister constraint function. The
linear elasticity equations are discretized with third-order
(cubic) elements, to ensure a smooth second-order deriva-
tive of the web curvature in equation (11). The use of
FEM allows for unstructured meshing of the computa-
tional domain in Figure 3. The domain Q is built with a
coarse triangular mesh, while the mesh is refined at the
lower boundary 0Qc, on which the mesh size varies. A
relatively coarse mesh is used on the outer parts
(=10 £ X’ £ —4.5 and 1.5 < X’ < 10), while the mesh
size is fine in the outer regions of the roller contact
(—4.5<X' < —1 and 1 £ X’ < 10), finer in the central
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region of the roller contact (—1 < X’ < 0.5), and finest in
the last region of the roller contact (0.5 < X’ < 1). These
settings have been confirmed by mesh convergence
studies.

The starting point of the numerical procedure is the
selection of a set of appropriate initial values for the vari-
ables as listed in equation (1). The initial hydrodynamic
pressure distribution is equal to the Hertz dry contact pres-
sure:

P:{ (1-x7)
0

for—1 < X' <1,

elsewhere.

amn

The initial guess for the elastic deformation components
U and W is equal to the elastic deformation corresponding
to the Hertz dry contact pressure. The initial contact
pressure is equal to the sum of the Hertz dry contact
pressure and the contact pressure from the tensioned
web on the locations where the web and roller are initially
in contact:

(18)

p _Noxty/(1—X72) forX' <0,
c — h
0 for X’ > 0.

The gap between the roller and tensioned web G is initi-
alized with the initial gap Gy. The initial curvature of
the tensioned web is equal to the dimensionless roller
curvature of 1 for X’ < 0 and equal to zero for X’ > 0.
The initial elastic deformation of the tensioned web W,
is set to zero. The Fischer—Burmeister complementarity
function will directly ensure that the tensioned web
follows the roller shape wherever the initial gap is equal
to zero. Lastly, the initial constant gap Hj is set to a
small positive number (e.g. ~0.01). Starting from the
initial values, the system of equations is iteratively
solved to find the hydrodynamic pressure P, contact pres-
sure P, film height H, elastic deformation components U
and W, tensioned web curvature K, and tensioned web
deformation W,,. This is done in a fully coupled manner
until convergence is reached. The final film height Hy is

Figure 4. Morphotonics Portis NILI 100 roll-to-plate nano-
imprint equipment.4|

determined by evaluating the film height at the end of
the hydrodynamic domain 0Qy at X’ = 10.

Experimental

The numerical model is validated with multiple flat layer
imprints, which have been produced on the Morphotonics
Portis NIL1100 roll-to-plate nanoimprint tool in Figure 4.
The imprints are fabricated using flexible, transparent
stamps, which do not contain any textures. The stamps
are given an anti-adhesive treatment to ensure a smooth
delamination from the UV-cured resin layer. They are pre-
tensioned around test rollers, which are equipped with a
7.5mm thick elastomeric layer. It has an effective
elastic modulus of 3.2 MPa and a Poisson ratio of 0.47.
Elastomers are known for their viscoelastic material
behaviour. The viscoelasticity can be quantified by the
dimensionless Deborah number, which represents the
ratio between the material relaxation time and the
process time. The linear elastic behaviour of the elasto-
meric layer is confirmed by compression tests. The com-
bination of a relatively high relaxation time (~14s) and a
relatively low process time (~0.35-3.1 s) results in a rela-
tively high Deborah number (~4.5— 40). This justifies the
use of a linear elastic material model with an effective
elastic modulus.*® Each imprint is performed on a 0.5
mm thick glass substrate with dimensions of 150 mmx
150 mm. The substrates are placed on a stiff carrier
plate during the imprint process. To improve the adhesion
between the resin and the glass substrates, the latter are
cleaned with isopropyl alcohol and pretreated with an
atmospheric pressure oxygen plasma and a primer con-
taining an adhesion promoter. The average thickness of
each imprinted layer is determined by optically measuring
the step height of multiple small scratches fabricated in the
cured imprint layer. These measurements are performed on
a Keyence VK-X1100 laser confocal microscope.

The experimental validation consists of three different
measurement datasets. In each dataset, different imprint
parameters are varied. The first two datasets originate
from previous work.'"” The experimental results are
reused in this study. These imprints are performed for a
variation of imprint velocity and imprint load and
various in-house-developed resins are used. The viscos-
ities and volumetric shrinkage ratios of these acrylate-
based resins are shown in Table 1. Additionally, a third
measurement dataset is generated. The imprints in this

Table I. Properties of the imprint resins. The viscosities are
measured at 25°C.

Resin Viscosity (mPa s) Shrinkage (%)
A 6.3 12.5

B 38 8.1

Cc 89 9.0

D 134 72

E 181 8.8

F 349 7.8
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Table 2. Calculated bending stiffness of the tensioned webs.

Tensioned web Bending stiffness (Nm)

A 0.0057
B 0.0223
C 0.0823

dataset are performed with multiple tensioned webs and a
variation of imprint velocity. Each web has a different
bending stiffness, as shown in Table 2. Finally, the mea-
sured layer heights are converted to the liquid, pre-cured
film heights using the volumetric shrinkage values in
Table 1, before comparing them to the simulated film
heights.

Results

This section presents the numerical and experimental
results. First, the numerical model will be benchmarked
to numerical results from literature. Next, a parameter
study will be performed to show the impact of the
various parameters in the numerical model. Lastly, the
numerical model is validated by experimental results.
The results are presented for a minimal set of independent,
non-dimensional numbers, which fully describe the EHL
problem. These are the non-dimensional modified load
number M, elastomeric layer thickness number d,
bending stiffness number D, web tension number 7, and
Poisson’s ratio v:

M=Ww(2U0)
_ d
d="=,

ap

— D
D=— (19)

an“puR

_ T
T=—,

PhR

U.

The modified load number M is composed of the non-
dimensional load number W and speed number U,

which are given by:***
— F
W= E/IEZ’
— nqu (20)
U=-——>.
2E'R

The non-dimensional numbers d, D, and T can be traced
back to equations (4) and (10), respectively. In contrast to
the infinite plane EHL problems, the elastic modulus £
and Poisson’s ratio v cannot be fully combined in a
reduced number E’ for soft-layered contacts.*?
Therefore, the Poisson’s ratio v is a part of the non-
dimensional numbers. It represents the effect of the com-
pressibility of the elastomeric layer.

, M =2811,d=0.29, v =103 x107!
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Figure 5. Comparison of the present work with results
Dowson and Jin.?' The Hertz dry contact pressure is included
for reference (black dotted line).
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Figure 6. Comparison of the present work with results Xue.?
The Hertz dry contact pressure is included for reference (black
dotted line).

Benchmark validation

The numerical EHL model is benchmarked to results from
literature for soft-layered EHL problems without a ten-
sioned web. For this benchmark validation, the influence
of the tensioned web in the present work is minimized by
setting the bending stiffness number D to zero and the
web tension number 7 to a very low value of 1 x 1076,
The comparison between the present work and the
results from Dowson and Jin and Xue are shown in
Figures 5 and 6, respectively.'*? The graphs show the
hydrodynamic film pressure P and film height A for a spe-
cific set of the non-dimensional numbers M, d, and v. The
Hertz dry contact pressure and roller height profile are
included for a reference. The hydrodynamic film pressure
smoothly increases up to a maximum at approximately the
centre of the roller contact, after which it decreases. The
film height quickly decreases due to the converging
roller surface. A more uniform, slowly decreasing film
height is shown within the roller contact zone while the
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Table 3. Input parameters used for the parameter study.

Parameter Value Unit
F 2000 N/m
n 100 mPas
R 100 mm
E 3 MPa
us 21.2 mm/s
d 9.9 mm
D 0.01 Nm
T 464.3 N/m
an 8.23 mm
bh 0.16 MPa
M 50 -

d 1.2 -

D 0.01 -

T 0.03 -

v 0.45 -

minimum film height can be found near the outlet of the
roller contact. In contrast to results from literature, in
the present work the film height does not diverge down-
stream the outlet of the roller contact. The tensioned
web looses contact with the roller and the film height
reaches a constant value. It is interesting to note that
this behaviour in the outlet region shows a resemblance
with a starved EHL contact, where only part of the gap
between the two surfaces in the cavitated zone is filled.
A fractional film content is introduced, which represents
the film height as a fraction of the diverging roller
surface.** The film height in the current problem
follows the same trend and remains constant. Despite
the differences in modelling approaches, good agreement
with results from literature is found for the results
obtained within the current work. This confirms the
basis of the present EHL model.

Parameter study

The starting point of the parameter study is the set of input
parameters in Table 3, which are typical for a roll-to-plate
nanoimprint system. The parameters result in a set of non-
dimensional numbers M, d, D, T, and v.

Before the parameter study is presented, the influence
of the web tension and bending stiffness of the tensioned
web will be illustrated. Figure 7 shows the pressure distri-
butions for varying values of D and 7. The corresponding
film height distributions are shown in Figure 8. For a
bending stiffness number of zero and a small web
tension number, the pressure and film height distributions
are qualitatively similar to the benchmark results in
Figures 5 and 6. The hydrodynamic pressure profile
differs from the Hertz dry contact pressure due to the
finite thickness of the elastomeric layer. Moreover, the
hydrodynamic pressure and contact pressure are overlap-
ping, due to the lack of web tension and bending stiffness.
The film height shows a slowly decreasing profile in the
contact zone, with the minimum film height near the
outlet. The tensioned web looses contact with the roller
once the contact pressure is equal to zero.
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Figure 7. Hydrodynamic and contact pressure distributions
for a varying web tension and bending stiffness number. The
Hertz dry contact pressure is included for reference (black
dotted line).
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Figure 8. Film height distribution for a varying web tension
and bending stiffness number.

An increase in the web tension number results in a
small change in the pressure and film height distribution.
In this case, the tensioned web is still considered to be per-
fectly flexible. It exerts an additional pressure onto the
elastomeric layer material, which results in a slightly
reduced contact width and film height. The hydrodynamic
pressure and contact pressure are no longer overlapping.
A uniform contact pressure equal to T is found in front
of the roller contact, where the hydrodynamic pressure
is negligibly small and the web curvature is constant.

The results become different once the bending stiffness
is included. The tensioned web with bending stiffness
hinders the elastic deformation of the elastomeric layer
and increases the effective stiffness of the roller contact.
This results in a reduced contact width and film height
distribution in Figure 8 and variations in the pressure
distributions in Figure 7. The difference between the
hydrodynamic pressure and contact pressure is enlarged
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Figure 9. The figures show the hydrodynamic and contact pressure distributions (left column) and corresponding film height dis-
tribution (right column) for a variation of the non-dimensional modified load number M (top row), elastomeric layer thickness number
d (middle row) and bending stiffness number D (bottom row). The Hertz dry contact pressure is included for reference (black dotted

line).

as well. The impact of web tension and bending stiffness
is most severe near the inlet and outlet of the roller
contact, where the highest web curvature and the
highest web curvature gradients are found. These are rela-
tively small in the centre, where the roller surface is

flattened. Just before the inlet of the contact, around the
location of maximum curvature at X’ = —1, the contact
pressure is increased compared to the situation without
bending stiffness. The combination of the bending stiff-
ness and the increased contact pressure results in
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Figure 10. Numerical and experimental film heights for a
variation of the load case and non-dimensional speed number U.
A specification of the load cases and the corresponding non-
dimensional numbers can be found in Table 4.

Table 4. Specification of the load cases in Figure 10 and the
corresponding non-dimensional numbers.

Load F_ w d D T v
case  (N/m)

A 1000 0.0011 1.2786 0.0138 0.0307 047
B 1500 0.0016 1.0439 0.0075 0.0251 047
C 2000 0.0022 0.9041 0.0049 0.0217 047
D 2500 0.0027 0.8086 0.0035 0.0194 047
E 3000 0.0033 0.7382 0.0027 0.0177 047

o 210 W = 0.0027, d = 0.809, T = 0.029, v = 0.47
7 ‘ : ‘
Tensioned web
——A: D =0.003
0.6 B: D = 0.014
—C:D=0050
05
0.4
=
0.3+
02
L Lines i
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+ Measured +30
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Figure 11. Numerical and experimental film heights for a

variation of the non-dimensional bending stiffness number D
and speed number U.

deformation of the tensioned web in other locations. Far
from the inlet, around X’ = —1.5, the contact pressure
is reduced due to this deformation. The tensioned web
and roller are still in contact as the contact pressure is

larger than zero. It can also be observed that the contact
pressure approaches the value of T further upstream.
Deformation of the tensioned web also occurs more
downstream, around X’ = —0.5. The tensioned web
deforms towards the substrate surface, hereby decreasing
the film height. The inlet film constriction, which is
clearly visible at the inlet in Figure 8, corresponds to an
additional hydrodynamic pressure peak left of the
central pressure peak. This second peak is found at the
location of the maximum value of the second order
derivative of the web curvature. Due to the increase in
hydrodynamic pressure, which is applied onto the ten-
sioned web from below, the resulting contact pressure
does not vary too much at this location. The argument
that the additional hydrodynamic pressure peak and corre-
sponding inlet film constriction are caused by the bending
stiffness of the tensioned web is supported by the fact that
a similar trend is observed in viscoelastic HL (VEHL).*
Here, the hydrodynamic pressure peak and inlet film con-
striction are a result of the larger rigidity of the material
entering the contact. At the outlet of the contact a different
phenomenon can be observed. The tensioned web with
bending stiffness is not able to follow the sharp curvatures
of the elastomeric layer and effectively flattens the
minimum film height. A slightly negative hydrodynamic
pressure can be observed around X’ =1, due to the
deformation of the tensioned web with bending stiffness,
which does not directly obtain a stationary film height
downstream of the roller contact. The final roller height
profile appears to be remarkably symmetric, with a
minimum film height near the inlet and outlet and a rela-
tively uniform and constant film height in between.

The non-dimensional numbers are used to sweep
through the solution space in an effective manner. Initial
numerical experiments have shown that a variation of
the non-dimensional numbers 7 and v has a minor
impact on the pressure and film height distribution. The
results for a variation in these numbers can be found in
the Supplemental Materials. The non-dimensional
numbers M, d, and D are varied by changing the sum
of the velocities uy, the elastomeric layer thickness d,
and the bending stiffness D, respectively. Each non-
dimensional number is increased and decreased with
respect to its reference value in Table 3, while the other
non-dimensional numbers are kept constant. The results
are shown in Figure 9. Note that the reference solution
is equal to the solution for D = 0.01 and T = 0.03 in
Figures 7 and 8.

Figure 9(a) and (b) shows the pressure and film height
distributions for a variation of the non-dimensional modi-
fied load number M. A decrease of M results in a reduc-
tion of the web curvature near the inlet and outlet and a
less pronounced influence of the tensioned web with
bending stiffness. The contact pressure does show an
increase near the inlet of the roller contact, which is a
result of the increased hydrodynamic pressure. This is a
typical result for lightly loaded EHL contacts.”® The cor-
responding film height distribution is increased and a
minimum film height near the outlet is still present. The
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situation is opposite for an increase of M, which corre-
sponds to a highly loaded EHL contact. The increased
web curvature near the inlet results in a sharp hydro-
dynamic pressure peak and a corresponding inlet film
constriction. The film height distribution is decreased
and flattened compared to the reference solution.

The influence of a variation of the non-dimensional
elastomeric layer thickness number d corresponds to soft-
layered EHL results from literature.”*>* The pressure and
film height distributions are presented in Figure 9(c) and
(d), respectively. An increase of d results in a larger
contact width, a decreased hydrodynamic pressure, and
an increased film height distribution. On the contrary, a
decrease of d corresponds to a reduced contact width,
an increased hydrodynamic pressure, and a decreased
film height distribution. It is interesting to note that for
d = 0.6, the contact pressure near the inlet is equal to
zero for a short distance. The gap between the roller and
tensioned web is larger than zero at this location, which
means that they are not in contact. This can be explained
by the elastic deformation of the tensioned web, which is
not able to exactly follow the roller shape. The roller
height profiles in Figure 9(d) all show an approximately
symmetric shape.

The results for a variation in the non-dimensional
bending stiffness number D are shown in Figure 9(e)
and (f). When the bending stiffness number is decreased
to 0.001, the hydrodynamic pressure distribution and the
contact pressure distribution approach the solution for
D=0 and T = 0.03 in Figure 7. The influence of the
low bending stiffness number on the pressure and film
height distributions is minor. An increase of D gives a
large change in the pressure and film height distributions.
The high bending stiffness of the tensioned web results in
a strong increase of both the contact pressure near the inlet
and the hydrodynamic pressure peak, which is also shifted
towards the roller centre. The corresponding film height
distribution is decreased and the contact width is reduced.

Experimental validation

The numerical EHL model is validated with experimental
results. To clearly distinguish the film heights for various
imprint parameters, the results are shown for a variation of
the non-dimensional speed number U, as described in
equation (20). Note that the measured layer heights are
converted to the liquid, pre-cured film height using the
volumetric shrinkage values in equation (1).

Figure 10 shows the numerical and experimental
results for a variation of the load case and the non-
dimensional speed number U. Each load case represents
a different imprint load and results in a variation of the
non-dimensional numbers W, d, D, and T, which are
listed in Table 4. All results are generated with tensioned
web A from Table 2 and a web tension of 370 N/m. The
film heights for each load case are determined for a vari-
ation of the imprint velocity or resin viscosity. The film
heights for load cases A, C, and E arise from flat layer
imprints, which are fabricated with Resin B from

Table 1 (viscosity of 38 mPas) and a varying imprint vel-
ocity. The experimental results for load cases B and D
correspond to a constant imprint velocity of 6.7 mm/s
and a variation of the resin viscosity, as listed in
Table 1. All resins are used except for Resin C. The
film heights increase for an increasing speed number U
and a decreasing load Fp. Good agreement is found
between the results from the numerical model and the
experiment.

The numerical and experimental results for a variation
of the non-dimensional bending stiffness number D and
non-dimensional speed number U are shown in
Figure 11. The bending stiffness numbers correspond to
the different tensioned webs in Table 2. A web tension
of 555 N/m and an imprint load of 2500 N/m are used in
both model and experiment. The film heights for each
bending stiffness number are determined for a constant
viscosity and a variation of the imprint velocity. The
imprints are fabricated with Resin C from Table 1 (viscos-
ity of 89 mPa s). The simulated and measured film heights
increase for an increasing speed number U, similar to the
results in Figure 10. It can also be noticed that the film
height decreases for an increasing bending stiffness
number D. The simulated and measured film heights
agree well.

Discussion and conclusions

In this work, a numerical EHL model is developed to
describe the elastohydrodynamic lubrication in
roll-to-plate nanoimprinting. The model is a multiphysics
simulation with a set of coupled equations to describe the
elastic deformation of the elastomeric layer, the pressure
build-up in the thin film of resin, the elastic deformation
of the tensioned web, and the contact mechanics
between the tensioned web and the roller. The numerical
results with zero bending stiffness and negligible web
tension agree well with benchmark results for soft-layered
EHL problems from literature, which confirms the valid-
ity of the basis of the current model approach.

The EHL problem is described by the set of non-
dimensional numbers M, d, D, T, and v. These are
used in a parameter study to investigate the influence
of the various process parameters. The results show
that web tension has a minor effect on the pressure dis-
tribution and film height distribution. On the other
hand, the bending stiffness of the tensioned web does
have a significant impact. It results in an additional
hydrodynamic pressure peak and corresponding inlet
film constriction left of the roller centre. Moreover, it
effectively flattens the film height distribution, which
also decreases in magnitude. The impact of the ten-
sioned web with bending stiffness becomes more
severe when the web curvature or bending stiffness is
increased. It results in an increase of the additional
hydrodynamic pressure peak and a further reduction
of the film height distribution. The effect of the ten-
sioned web with bending stiffness does not signifi-
cantly change when the elastomeric layer thickness is
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varied. A decrease of the elastomeric layer thickness
will result in an increased pressure distribution and
decreased film height distribution. The numerical
model is validated by experimental results for a wide
range of the non-dimensional numbers. Good agree-
ment is found between the numerical results and experi-
mental results.

The present results contribute to a better understanding
of the elastohydrodynamic lubrication of soft-layered
rollers and tensioned webs in roll-to-plate nanoimprinting.
The developed model can be used in the optimisation of a
roll-to-plate imprint system for achieving a thin and
uniform film height. Moreover, it can directly be used to
determine the film height as a function of the process para-
meters, machine parameters, and material properties. This
information can help in optimising the required amount of
dispensed resin for a specific imprint or in tuning the
process parameters for realising a desired film height.
The simulated film heights can be converted to the
cured flat layer thickness by taking into account the volu-
metric shrinkage ratio of the UV-curable resin. The
present study is focused on the application of roll-to-plate
nanoimprinting, but the model may be useful for the ana-
lysis of any EHL process which involves tensioned webs
or foils, such as forward roll coating of flexible substrates
or printing of paper.
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Appendix

Notation

an  Hertz contact half-width (m)

d elastomeric layer thickness (m)

d non-dimensional elastomeric layer thickness

number (-)

D bending stiffness tensioned web (Nm)

D non-dimensional bending stiffness number (-)

E elastic modulus (Pa)

E,,  elastic modulus tensioned web (Pa)

E.q equivalent elastic modulus (Pa)

E' effective elastic modulus (Pa)

FL  effective load per unit length (N/m)

h film/layer height (m)

hy  rigid body displacement (m)

hy  final film/layer height (m)

hy  initial web height (m)

H  dimensionless film/layer height (-)

Hy  dimensionless rigid body displacement (-)

H;  dimensionless final film/layer height (-)

H,, dimensionless initial web height (-)

g gap between elastomeric layer and tensioned web (m)

go Iinitial gap between elastomeric layer and tensioned

web (m)

G dimensionless gap between elastomeric layer and

tensioned web (-)

Gy dimensionless initial gap between elastomeric layer

and tensioned web (-)

K dimensionless curvature of tensioned web (-)

M non-dimensional modified load number (-)

p hydrodynamic film pressure (Reynolds) (Pa)

p.  tensioned web contact pressure (Pa)

pn  normal stress acting on tensioned web (Pa)

pn  Hertz contact pressure (Pa)

P dimensionless hydrodynamic film pressure

(Reynolds) (-)

P.  dimensionless tensioned web contact pressure (-)

P,  dimensionless normal stress acting on tensioned

web (-)

R roller radius (m)

T web tension (N/m)

T  non-dimensional web tension number (-)

t tensioned web thickness (m)

u elastic deformation in x’" (m)

u roller surface imprint velocity (m/s)

up  substrate surface imprint velocity (m/s)

us  sum of velocities u; and u, (m/s)
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U  dimensionless elastic deformation in X” (-) Zy  dimensionless web height profile (-)
U  non-dimensional speed number (-) n resin dynamic viscosity (Pas)
w elastic deformation in z' (m) K curvature of the tensioned web (1/m)
wy  tensioned web deformation in z' (m) A Lamé’s first parameter (—)
W dimensionless elastic deformation in Z’ (-) U Lamé’s second parameter (—)
W  non-dimensional load number (-) v Poisson’s ratio ()
W,  dimensionless tensioned web deformation in Z’ (-) vy Poisson’s ratio tensioned web (-)
x space coordinate in horizontal direction (m) o,  normal component of the stress tensor ()
X space coordinate tangential to roller surface (m) o,  tangential component of the stress tensor (—)
X’ dimensionless space coordinate tangential to roller Q computational domain
surface (-) Qr  top boundary
z space coordinate in vertical direction (m) Qp  left boundary
4 space coordinate normal to roller surface (m) Qg right boundary
zw  web height profile (m) Q¢  contact pressure boundary
7' dimensionless space coordinate normal to roller Qy  hydrodynamic lubrication boundary

surface (-)
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