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h i g h l i g h t s

� The paper revisits the well-
established reverse roll coating but
using a deformable metering roller.

� This ‘‘new” development provides a
simple technique to produce very thin
films, down to 1 mm at speeds up to
150 m/min.

� The data are underpinned by simple
lubrication modelling.
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70 30
30 0.2-1.7
90 0.3-2.8
150 0.3-4.3
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a b s t r a c t

Reverse roll coating is probably the most widely used coating operation, yet its full potential has not been
exploited as it is shown in this paper which considers operation with a negative gap. We demonstrate
through a wide range of experimental data that such operation can yield very thin and stable films with
no ribbing or cascade instabilities when low viscosity fluids are used. Typically, stable film thickness less
than 5 lm can be obtained at speeds up to 150 m/min when a rubber roller is used at �100 lm gap with
fluids of viscosity in the range 10–200 mPa s. These film thicknesses can be made to decrease further
down to 1 or 2 mmwith a judicious choice of speed ratios (applicator to metering roller) and rubber hard-
ness. Such new findings make this simple coating method an attractive roll to roll technique for applica-
tion in the newer coating technologies, such as in the production of solar cells and plastic electronics. The
data obtained in this study have been underpinned by a model based on the classical lubrication theory,
well developed for such flow situations. Essentially it is shown that the film thickness non dimension-
alised with respect to the set negative gap is controlled through a single parameter, the elasticity number
Ne which combines all the operating parameters. Of course, this flow problem has complexities, partic-
ularly at high speed ratios and at zero gap so the data obtained here can serve as a basis for more com-
prehensive modelling of this classical fluid mechanic problem.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Coating or the deposition of a thin film onto a surface for deco-
rative, protective or functional applications is an important indus-
trial operation used to transform paper, textile, plastic and metal
substrates into highly added value products. Examples are very
many and include printing paper, letterpress printing plates, pho-
tographic films, medical x-rays, audio and video magnetic tapes,

electronic printed circuits, controlled release medical drug sub-
strates, flexible solar panels, membranes and a host of other prod-
ucts. In all these applications, the product performance and cost
rely critically on how thin, uniform and fast the film can be coated.
Modern roll to roll production in high-tech applications (plastic
electronics and photovoltaics for example) require that the coated
liquid film be no more than a few microns (subsequently drying
into nanometers layers) and produced at speed higher than
0.5 m/s without any defects such as ribbing which may form on
the surface of the film as a result of flow instabilities or tiny air
bubbles which may be entrained during flow as a result of dynamic
wetting failure.
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Of all the coating methods available, roll coating is by far the
most used industrially: it is economical and simple to organize
(two rotating rollers separated by a coating gap fed with the coat-
ing liquid) and can be operated over large widths (metres). Clearly,
as roll coating flows are metered by a gap, the lower limit on film
thickness is dictated by how small a gap the coater can be operated
at. In practice, with rigid steel or ceramic rollers, gaps less than
25 mm are not used in order to prevent the possibility of the rotat-
ing rollers clashing. Also as the gaps get smaller, the accuracy of
the set gap diminishes because of the roller eccentricity which
can be up to 25 mm. The end result is that coated films with rigid
rollers at very low gap settings exhibit significant variations in
thickness both in the machine and transverse directions. To cir-
cumvent these problems and produce thinner films, a deformable
rubber sleeved roller pressing against a rigid roller system forming
a ‘‘negative gap” is used to create a very small coated film resulting
from the elasto-hydrodynamic deformation of the rotating rollers.
Such a flow situation demands that the rollers rotate preferably in
the same direction at the nip to prevent possible shearing of the
deforming roller. Ribbing instabilities are however inevitable in
such forward roll coating flow (Pearson, 1960; Pitts and Greiller,
1961; Benkreira et al., 1982) unless the operation is conducted at
very low speeds. The quest for a roll coating method that is stable
and can be conducted at high speeds to produce very thin films
leads us in the present work to consider negative gap deformable
reverse roll coating (see Fig. 1).

In this configuration, as the rollers rotate in opposite direction
at the nip, the flow that exits out of the nip and forms the film will
be considerably smaller than in forward roll coating particularly
when the metering roller to applicator roller speed ratio
approaches 1. A difficulty with operating negative gap deformable
roll coating in the reverse mode is the possibility of shearing the
deforming roller. However, with good design and control, such a

problem can be overcome particularly if the method can be proven
to deliver the very thin film thickness required by the new applica-
tions. The aim of this paper is precisely this-to assess how thin and
uniform the films can be formed by this method and up to what
speed. An exhaustive literature search has shown only one pub-
lished work on negative gap reverse deformable roll coating, that
of Sasaki et al. (2015) who observed that stability to ribbing was
expanded when coating fluid viscosity is decreased. They did not
however consider the other important form of instabilities in
reverse roll coating, cascade (further details later), nor did they
arrive at an operating guide to enable an assessment of how thin
uniform films can be achieved through this method

Notation
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rA applicator roller radius
rM metering roller radius
S speed ratio [¼ vA=vM]
S⁄ critical speed ratio for onset of cascade instabilities
vA applicator roller speed
vM metering roller speed
x primary flow direction
xe flow exit position
xi flow inlet position
X dimensionless primary flow direction
y transverse flow direction
Y dimensionless transverse flow direction
k� dimensionless flow rate in negative gap operation

¼ 1
2q

vA
1�S
2½ �h0 ¼

1
2HA;h0=

1�S
2

� �� �
kþ dimensionless flow rate in negative gap operation

¼ 1
2q

vA
1�S
2½ �h0 ¼

1
2HA;h0=

1�S
2

� �� �
k0 dimensionless flow rate in zero gap operation

k0 ¼ 1
2q

vA
1�S
2½ �r ¼

1
2HA;r=

1�S
2

� �� �
d rubber elastic deformation
l viscosity of coating liquid
r surface tension of coating liquid

Fig. 1. Deformable reverse roll coating flow; geometry and pertinent parameters.
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