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Conventional imprinting process in flat-pressing mode meets with the problem of limited efficiency as
a discontinuous batch-wise process in many new applications that demand micro-/nano pattern repli-
cation over large area with low cost and high throughout in mass production manufacturing. To over-
come such problem, alternative imprinting process in a continuous roller-pressing mode has been
gaining more attention since it has many advantages. However, few studies have been reported on
the investigation of filling mechanism in roller-pressing type imprinting process. In order to have a bet-
ter understanding of polymer flow behavior in roller-pressing type imprinting process, it is necessary to
establish a criterion of evaluation for roller-pressing type imprinting process. In this paper, an analyt-
ical model for the cavity-filling of polymer flow in roll-to-flat (R2F) imprinting process is derived based
on Hertz contact pressure distribution and Navier-Stokes equation. The feasibility of the model is eval-
uated using a lab-scaled prototype of a R2F micro thermal imprint system for micro-pattern replication
over large area on polymer substrate. Series of tests are conducted to investigate the effects of process
control parameters on the replication ratio. In results, there is good agreement between the model pre-
diction and experiments when pattern replication is examined according to the change of control
parameters such as rolling speed and loading pressure.
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1. Introduction

In micro-/nano-fabrication area, imprinting process has been
developed and researched as one of the most popular replication
technologies since the last decade because it takes the advantages
of low cost, simple operation, high throughput and relatively high-
er resolution [1-3]. In the research fields such as biomedicine, life
science, optoelectronics and solar cell, many new applications have
been promoted [4-6]. In the development of this replication tech-
nology, one of the key issues is the replication area since it directly
relative with the throughput and efficiency of the process. As the
requirement increases, there is more demand on reducing the
manufacturing cost, increasing the process efficiency and realizing
the mass production. For new applications such as flexible display,
e-paper, flexible solar cell and polymeric microfluidic devices and
so on, the size of product is larger and larger. The replication area
in the process is usually from tens of square centimeters to several
square meters. Conventional imprinting process in flat-pressing
mode as a discontinuous batch-wise process faces the problems
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of limited efficiency, nonuniformity, low throughput, small replica-
tion area, etc.

In order to overcome the problems, continuous imprinting pro-
cess with roller (or flat) mold and roller-pressing has been high-
lighted since it has the advantages of better uniformity, less
loading pressure, simple structure, high efficiency and low cost.
This is because it is basically continuous fabrication process while
the conventional flat-pressing type imprinting process is discon-
tinuous. Especially for the large-area micro-pattern replication,
roller-pressing imprinting process has been demonstrated as a
competitive technology.

Continuous roller-pressing process such as roll-to-roll (R2R,
roller mold + roller-pressing) or roll-to-flat (R2F, flat mold + rol-
ler-pressing), has been currently applied in some industrial fields,
such as gravure printing or flexography printing (or flexo). It is
used to imprint intended patten on flexible thin films continu-
ously. The replicated pattern is transferred from the roller mold
or flat mold onto the surface of substrate. In the field of micro-/
nano-fabrication, Chou group firstly proposed the combination of
imprinting and roller-pressing and then developed roller nanoim-
print lithography (RNIL) process for rapid pattern replication on a
large area substrate [7]. Such RNIL process provides advantages
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such as simple equipment, lower imprint force, better replication
uniformity because only a line area is in contact during imprinting.
Particularly in the field of manufacturing for flexible electronics,
the fabrication method via R2R processes have been demonstrated
by some researchers. For example, Wang Xiaojia et al. have devel-
oped a novel full color electrophoretic film manufacturing process
using roller-pressing method [8]. S.C. Liang group developed a con-
tinuous process using R2R method combining all process steps
including: polymer coating, pattern embossing, filling/sealing,
and lamination for manufacturing of flexible display or electronic
paper at a low cost and high speed [9-11].

However, the continuous roller-pressing imprinting process for
the fabrication of micro-pattern on the polymer substrate has not
been investigated adequately and most of them are based on ultra-
violet-curing techniques. For the thermal continuous imprinting
process, most of investigations focus on the system development
and experimental study. Few studies have been reported the filling
mechanism in roller-pressing type imprinting process. In order to
have a better understanding of polymer material flow behavior
in the roller-pressing type imprinting process, it is necessary to
establish a criterion of evaluation for roller-pressing type imprint-
ing process.

In this study we aim to develop an analytical model for the cav-
ity-filling of polymer flow in roll-to-flat (R2F) imprinting process,
which is derived based on Hertz contact pressure distribution
and Navier-Stokes equation. Our goal is to obtain a relationship
between process control parameters and process result. Based on
a lab-scaled prototype of a R2F micro thermal imprint system,
the feasibility of the model is evaluated for the micro-pattern rep-
lication over large area on polymer substrate. Series of tests were
conducted to investigate the effects of process control parameters,
i.e. rolling speed and loading pressure on the replication ratio on
polycarbonate (PC) substrate.

2. Analytical model of polymer flow behavior

In the conventional flat-pressing type imprinting process, the
loading pressure between mold and substrate is usually regarded
as constantly static and uniform. However, as shown in the
Fig. 1a, in the R2F imprinting process, under the pressing of roll-
er, the pressure distribution is the function of distance to the
central contact point. In one dimension and for slow rolling,
according to Hertz contact solution, the pressure distribution is
given by:

P(x):%[(g)z—xz}m M

where P(x) is the pressure distribution, F is the normal applied force,
a is the contact length and L is width of the roller as well as the flat
mold [12].

For every small mold cavity in the contact area, the rolling mo-
tion of roller is equivalent with the motion which the roller is fixed
(only rotating with its center axis) while the flat mold moves for-
ward, as shown in Fig. 1b. Noting t. as one contact time cycle, then
t. is expressed as: t. = a/v, where v is the moving speed of flat mold,
which is also the web speed of the roller. As presented in Eq. (1),
therefore, the pressure distribution applied on every mold cavity
can be expressed as function of time as the roller rolling forward
in the contact area:

PO = oy {(g)z -(-3+ ’”ﬂ]/z(o <t<t) @)

Since the roller and flat mold width L is much larger than con-
tact length a, the material flow in y-direction can be neglected. On
the other hand, since the substrate thickness is relatively much lar-
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Fig. 1. Schematic diagram of the contact model in the R2F imprinting process: (a)
geometrical configuration and (b) pressure distribution as function of time.

ger than the depth of mold cavity, it is assumed that there is only
the material flow in z-direction to fill the mold cavity. Then the
analytical model of material flow behavior is established, as shown
in Fig. 2. H is the cavity depth, w is the cavity width. The primary
driving force moving the polymer into the cavity is the pressure
difference created by the roller during roller-pressing imprinting
[13].
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