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Abstract

A theoretical framework of nip dynamics of conventional printing, including dynamic models deducted from nip geometry,
printing speed, and physics laws, is proposed. Different from previous works, the present work focuses at obtaining the nip
pressure from a given nip geometric setting, the common way in full-scale printing. The effects of viscoelastic characteristics
of paper substrate and print form (rubber and/or polymer) on the nip pressure, which become pronounced in a full-scale print-
ing process due to high speed, are accounted and illustrated by three physical models, e.g., Maxwell model, Kelvin—Voigt
model, and Burgers model. Details of the nip dynamic features, shape, amplitude, duration, and effective nip width, etc.,
have been worked out. The viscoelastic nature of the materials was found to be responsible for the so-called speed-hardening,
asymmetric nip profile, variations in the nip amplitude and effective nip width, etc. It was also found that how the viscoelastic
properties of the materials affect the nip dynamics depend on the how the elastic components and the viscos count parts are

connected with each other. The framework is applicable to calendaring, gravure, offset, and flexography.

Keywords Printing dynamics - Viscoelasticity - Board compressibility - Nip pressure - Packaging

Introduction

In conventional printing techniques, e.g., offset and flexog-
raphy, ink transferring from a print nip to a paper (board)
surface relies on mechanical contact between the print form
(nip) and the paper surface [1]. To promote the contact a
nip pressure is applied. Under the nip pressure, both the
print form and the board undergo dynamic compressions
and deformations which improve the contacts between the
print form and the board surface and even out surface topo-
graphic variations. Thanks to the nip pressure, ink is par-
tially pressed into pore structure of the paper surface [2].
Detail nip-pressure profile, i.e., shape and width or time
duration of the nip pressure, governs the ink transferring
thereby print quality. However, in full-scale printing, nip
pressure is never directly set. Rather, it is the gap between
the plate cylinder and the impression cylinder that is set.
Prior to a production run, the nip is brought to a so-called
“barely touch” position at first, where the printing form
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“kisses” the paper surface. Then the gap is incrementally
reduced to increase the nip pressure. Following each gap
reduction, a short printing run is conducted and print quality
reviewed. When the print quality is approved the nip setting
(the gap) is fixed for the production run. In other words,
no explicit nip pressure value is targeted in the nip-setting
process.

In papermaking industry, compressibility of paper prod-
uct is measured by the PPS method [3]. It is calculated from
two PPS roughness values measured at two clamping pres-
sures, namely:

100(G, - G
x = 100G, - Gy
G

where G, and G, are the PPS roughness values obtained at
the nominal clamping pressures 1 and 2 MPa, respectively.

The PPS compressibility has intrinsic weaknesses when
used to study a printing process. Even though the quantity
obtained is named as Print-Surf compressibility, it actually
measures the static compressibility, given a sufficiently long
time for the board to deform under the pressure loads. This
differs significantly from what occurs at a print nip where
the dwelling time is very brief. A typical flexographic printer
runs at a speed of 300—-600 m/min. The corresponding nip
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time when nip compression occurs ranges in a few millisec-
onds (ms). Hence, to understand a print process, one needs
to measure the dynamic compressibility of the board.

Holmvall and Uesaka [4—7] published a number of works
on nip mechanics in flexographic post-printing on corru-
gated boards. A finite-element model of flexography was
developed, and the material and geometrical properties of
the system investigated. In their model, all materials were
assumed elastic [4]. The results showed that it was the pho-
topolymer and the top liner that had the biggest impact on
the printing pressure variations.

Dubé and co-workers studied the hydrodynamic flow of
a half-tone dot pressed onto a model porous substrate by a
nip that moved vertically either close to or away from the
substrate surface [8]. Ink movement under this nip pres-
sure was described by the lubrication approximation of the
Navier—Stokes equations taking into account of fluid tack.
The transfer of a fluid dot onto a two-dimensional network
of pores was simulated employing a “diffuse interface” tech-
nique. It was found that, at constant porosity, fluid transfer
increases with decreasing pore size.

Jurkiewicz and Pyryev [9] studied the roller compression
of the inking unit in an offset printing machine, wherein the
ink roller (rubber-covered) was compressed against the plate
roller (metal). In the proposed model, the materials proper-
ties were described by the Young’s modulus and Poisson’s
ratio of the rollers’ materials. The expression for the contact
area width (nip width) was worked out, depending on the
roller’s geometry, the rollers materials properties and the
peak clamping pressure. As no time aspect of roller com-
pression was considered, the model does not account for
the dynamic compression occurring in a true offset printing
process.

Paper is a viscoelastic material [10], so does the rubber
and polymers [11]. The viscoelastic nature of the materials
can cause variability in test data and interpretation of test
data requires an understanding of elasticity, viscoelasticity,
stress strain (elastic modulus), etc.[10]. From a mechanics
point of view, the mechanical response of a viscoelastic
deformation is linearly proportional to the rate of defor-
mation. The effect of viscoelasticity becomes thus more
pronounced when the rate of deformation is high, as it is
the case in full-scale printing. For example, the dynamic
compressive strength of the soft materials, e.g., clay and
sorbothane, increased by 4 and 3 orders of magnitude com-
pared to their respective static values [12]. Hence, to be able
to understand what happens in a printing nip of full-scale
printing, techniques that enable one to measure both elastic
and viscos characteristics of the materials involved in print-
ing are needed [13].

While it is generally true that nip pressure varies with the
gap of the nip, nip—paper interaction, or nip pressure is not
solely defined by the nip geometry and the elastic properties
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(Young modulus) of the materials involved, e.g., print form
and paper. The viscoelastic nature rather than pure elastic
property of the materials becomes important when printing
speed is high, which has often been overlooked. In elastic
deformation, the stress is proportional to the strain and inde-
pendent of the rate of the strain, while in viscos deformation,
the stress is proportional of the rate of the strain rather than the
strain itself. The latter is probably responsible for the so-called
speed-hardening, as one will see later in this article.

Creep is the deformation of a material occurring with time
due to an externally applied constant stress. For cushioning
materials specifically, it may be defined as the change in thick-
ness of a cushion under static compressive load over a period
of time [14]. It is also referenced as a procedure designed
to determine the resistance of a paper board to a vertically
applied constant load for a specified time [15, 16]. In practice,
the time of failure can range from less than 1 h to decades,
with lower applied loads resulting in slower deformation and
longer box lifetimes (time to failure from initial loading) [17].

There are a number of material models that have often
been used in studying viscoelastic materials, e.g., rubber
and polymer, etc.[18]. The basic components of the models
are spring(s) and dashpot(s), representing elastic and viscos
deformations, which are in series or parallel connections
or in combinations [19]. The constituent in most paper is
pulp fiber which contains pure cellulose, hemicellulose, and
lignin. Since all these three components are polymers, i.e.,
consist of long molecular chains or large networks of cova-
lently bonded atoms, the precedingly mentioned theoretical
models had naturally be applied to paper-based materials for
above all studying of creep phenomena [11]. These models
or their variants have also been used to study calendaring
[20] and mechanical characterization of soft materials [12].
It has been found, among other things, that viscoelasticity of
the paper is responsible for the shift of the peak nip pressure
from the geometric nip center towards the nip entrance [20].

Here, we present a theoretical approach to printing
dynamics with a special focus on nip pressure that a paper-
board experiences inside the printing nip. The expression
for the nip pressure as a function of viscoelastic charac-
teristics of the materials involved, e.g. paperboard, rubber
blanket, and polymer plate, etc., in addition to the geometri-
cal settings, printing speed etc., has been worked out. The
approach is demonstrated by employing the material models
to a number of practical applications.

Model of Paper Deformation in the Printing
Nip

In practice, a printer is set by adjusting the nip opening
which is the minimal gap between the nip cylinders rather
than nip pressure. The nip pressure is the consequence of the
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nip—paper interactions, depending on the materials proper-
ties of the print form and the paper, the nip opening, the
initial paper thickness, and the printing speed. Hence, it is
necessary to work out the model of paper deformation when
it goes through a printing nip, prior to introducing the print-
ing dynamics models.

Figure 1 (left) illustrates the interactions in the printer
nip between the print form and the paper substrate. For a
given nip opening and an initial paper thickness, the nip
pressure and the nip width may still vary with the dynamic
compressibility of the paper substrate, represented by the
paper’s viscoelastic characteristics, as one will see later in
this work. Hence, for convenience of modeling without los-
ing generality, we assume that the nip rollers are two rigid
cylinders, while the print form together with the substrate
forms the material stack which passes through the opening
between these rigid cylinders, as shown in Fig. 1 (left). An
obvious advantage of such treatment is its general applicabil-
ity. It is directly applicable to gravure when the print form is
omitted in the material stack. It also applies to either offset
or flexography when different print form (rubber or polymer)
is involved. Furthermore, it applies even to calendaring with
hard or soft nip.

Figure 2 shows the nip geometry of a printing press con-
sisting of two rigid cylinders. The radii of the cylinders are
R; and R,, respectively. The speed of the material stack
going through the nip is v. When going through the print-
ing nip, the material stack experiences nip compression in
three major steps, e.g., (1) initial deformation as the stack
enters the nip at r=0 and the nip pressure increases with
time; (2) maximal deformation while the stack approaches
and passes through the nip center at r=1_; (3) recovering
after the nip center and the nip pressure decreases with time

Fig. 1 Illustration of the pro-
posed scheme wherein the print
form is treated as part of the
material stack together with the
paper substrate forming a sand-
wich type of material structure
(left); the interaction of a print-
ing nip with the paper substrate
is also shown on the right

Print form

paper

material
stack

Fig. 2 Illustration of the nip geometry and the time when the paper
sheet exits the nip

and completely vanishes when the material stack exits the
nip at t=t,.

Assuming that the initial thickness of the material stack
is D, and the minimal gap between the cylinders g, the
thickness of the material stack in the nip can be expressed as:

\)2(1‘—1‘0)2 i+i

=g0+ﬂ(t—tc)2, (Oststex), (1)

.yform
paper

D(r) = gy +
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where the quantity:

v 1
=—(=—+=).
i=3\r R 2)
The time interval from entering the nip to reach the nip
center equals:

2(Dy — 80)RiR, W

=20 3
v2(R, + R,) 2v ©)

S(Do _80)R1R2

) )
R +R,

WO =

is the nominal nip width corresponding to the length from

where the material stack enters the nip to where it exits,

provided that the material stack fully recovers in thickness

when it exits the nip. In such a case, the nominal nip width

depends solely on the geometries of the nip cylinders, the

nip opening, and the initial thickness of the material stack.
The strain of the material stack equals:

D) - D, 9
£ = —mm8 —

2
D, =g+ —(1—1)",

D, (0<1<ts), (5

where the quantity

gg=—14+—. (6)

Models of Dynamic Compression
of the Material Stack

In the print nip, the paper is subjected to compressive stress
of the print nip and undergoes conformational changes and
by viscoelastic flow. To analyze the viscoelastic response in
creep and relaxation experiments, spring and dashpot ele-
ments are frequently used [21, 22]. The spring stretches or
compresses instantaneously under the stress, whereas the
plunger immersed in the dashpot filled with a Newtonian
liquid moves at a rate proportional to the stress. Mathemati-
cally, the ideal spring obeys Hooke’s law:

o, =FE-¢, @)

while the liquid in the dashpot obeys Newton’s law of
viscosity:

oy =1"¢. ®)
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Consulting Eq. (5), one can easily see that the compres-
sive rate is linearly proportional to the printing speed:

£ x V. )

Hence, it is necessary to properly deal with viscos
behavior of the paper and print form (rubber or polymer)
in addition to their elasticities, as it depends strongly on
the printing speed.

In this section, we revisit three well-known material
models which had been used in studying creeping or relax-
ation behavior. The existing studies focused on finding
deformation behavior with respect to a known loading con-
dition (stress), while the present study focuses on finding
the nip pressure (the stress) when the deformation of the
material is known or defined by the nip geometry. Another
difference is the speed of deformation as the material
undergoes rapid deformation amid to high printing speed,
up to 10 m s~!in a full-scale flexographic printing.

It is worthy of noticing that paperboard is regarded as
a basic building block in this framework, even though it
could be of multiply or in layered structure. In addition,
even though the Young’s modulus in Eq. (7) is treated
as constant in the calculations, the proposed framework
can easily be extended to situations where the Young’s
modulus is not constant. Strategy to cope with situations
of non-constant Young’s modulus is presented in the sec-
tion Discussion.

Maxwell Model

The Maxwell model consists of a Hookean spring and a
Newtonian dashpot connected in series [21], as shown in
Fig. 3. The spring should be visualized as representing the
elastic or energetic component of the response, while the
dashpot represents the conformational or entropic compo-
nent. In a series connection, the stress on each element is
the same and equal to the imposed stress, while the total
strain is the sum of the strains of each of the elements.
Hence, there are:

c=FE-€ =n-&, (10)

1 s

W

Fig.3 Schematic representation of Maxwell model
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where €,and ¢, are the strains of the spring and the damper
and the total strain is the sum of them, € = ¢, + ¢,. The
model can be represented by the following equation:

6+§6=E£’. (11)

Replace the total strain with its expression given in

Eq. 3, one receives the following equation:
E E-§

5+ —0=2——(1—1.),
o+ 0=2p (1-r) (12)
which describes the time variation of the nip pressure
(stress) in the printing nip.

The solution of this differential equation is:

-9 n-9 n E
d0_27g4+27g(Q+E>Fw(—;O—4} (13)

provided that the initial stress at t=0 when the material
stack enters the nip is 6,=0.

Kelvin-Voigt Model

The Kelvin—Voigt (K-V) model consists of a purely vis-
cous damper and a purely elastic spring connected in par-
allel, as shown in Fig. 4, which is often used in studying
creeping behavior of polymers. The mathematical expres-
sion of the model is:

c=E-e+n-c (14)

Replacing the strain with its expression given in Eq. (3),
the nip pressure can be expressed as:

8o @ 2 @
=F|-1+ —+ —(t—1¢ +2n—(@—1t).
o p, tp ) | F -t as)

It is worth to notice that the second term in the equa-
tion, corresponding to the viscos component, is non-zero

E

MW\

n

Fig.4 Schematic representation of Kelvin—Voigt model

at t=0. It means that there is a sudden increase in the nip
pressure when the material stack enters the nip, that is:

Vi1 1 V-w( 1 1
=T+ Jt.=- —+ =,
GO nDO (Rl R2> ¢ 1 2DO <R1 R2> (16)

provided that f,, =2¢, then W = 2V - .. The minus sign in
the expression means that it is a compressive stress.

Burgers Model

Burgers model combines Maxwell model with Kelvin—Voigt
model, which represents a sandwich type of material system,
e.g., a Maxwell material and a Kelvin—Voigt material in series,
as shown in Fig. 5. The mathematical expression for the model
is:

A-6+B-6+06=D-¢+EE, a7)
where
mn, m m M MM,
A= B=|—-+—=+—=|.D=n,E=—-.
E\E, <E1 E, E2> 2 E; (18)

The general solution of the equation Eq. (17) is:
o(t) = Cie’+' + Cpe™~' + C5(t —1.) + Cys (19)
where
- \ﬁm_ (20)

As worked out in the Appendix, the four unknowns of the
general solution given in Eq. (19) can be obtained by solving
the linear equations:

11— 1) G 0
rer 10O G | 20] —Eyi,

0o 10 || |TD| p @D
oo B1 \c E

E;

IP

ni

Fig.5 Illustration of Burgers model
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R,=91 mm, R,=2'R,, D,=300 uum, g;=240 pum
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0 0.5 1 15 2 25 3 35 4 45 5 55

Position, x(mm)

Fig.6 Evolution of strain of the material stack that goes through
the printer nip from entering the nip at x=0 to the nip center
(x=2.7 mm) and to exiting the nip at x=5.4 mm

Results

The models presented in the proceeding sections can be used
to study the dynamics of printing and calendaring processes.
The focus will be given to the dynamic interactions between
the nip and the material stack that passes through the nip.
These dynamic interactions result in different nip pressures
depending on the material characteristics and printing speed,
e.g., combinations of material’s elasticity with its viscosity.
In printing processes, nip pressure plays a dominant role
in ink transferring. Under the nip pressure, ink is pressed
either into the substrate pore structure or aside on the paper
surface, which dominates the outcome of both printing and
calendaring.

For an easy appreciation of the results, the same param-
eters of the printing press are used throughout this work,
namely, R, =91 mm, R,=2R,, and v=10 m s~!, unless spe-
cially given. The thicknesses of the materials used in the
simulations are 300 um for paperboard and 2 mm for print
form (rubber or polymer).

Nominal Nip Profile

Figure 6 depicts thickness evaluation of the material stack
(paperboard) in the nip. The material stack enters the nip
between the cylinders from the left (x=0) and exits from the
right. The distance from the entering position to the exiting
is called the nominal nip width, W,=5.4 mm, provided that
the material regains its initial thickness (300 pm) when it
exits the nip. The geometries of the cylinders used in the
simulations are, R; =91 mm and R, =2R,, respectively, and
the minimum gap between them is g,=240 um. However,
one has to bear in mind that true nip width may differ from

m @ Springer

its nominal, as it depends on the material characteristics and
printing speed.

When passing through the nip, the material undergoes
rapid deformation mainly in Z direction in addition to shear
in x—y-plane [23]. The material first experiences compres-
sive deformation before reaching the geometric center of
the nip. After the nip center, the material recovers. When
exiting the nip, the material has recovered either partially
or fully from the compression, depending on the nature of
deformation and the material properties.

Figure 7 shows the rate of deformation in the printing
nip, which varies linearly with respect to the position. The
rate is negative before the nip center due to a compressive
deformation and positive after the nip center, as the mate-
rial recovers towards to its initial thickness. The magnitude
of the rate varies with the position in the nip, namely it is
maximal when the paper enters or exits the nip while mini-
mal at the center of the nip. Moreover, unlike the strain that
is independent of the printing speed, the rate of the strain
increases linearly with the printing speed, as shown in the
figure.

Nip Dynamics of Paper Substrate

The Maxwell model may represent a paper substrate that
goes through a nip defined by a pair of rigid cylinders, as it
is the case of Roto Gravure or calendaring with hard nips.
When going through the nip, the paper structure undergoes
both elastic and plastic deformations. Due to series connec-
tions of the elastic and viscos elements, the plastic deforma-
tion will not be recovered after the printing nip.

Figure 8 shows the nip pressure profiles of five paper
substrates. All the paper substrates have the same initial

1500 T

—v=5m/s
v=10 m/s
1000H ——-v=1mis
w
= 500
B
@
]
£ of
s |- -
®
‘s
[
+ -500
14
-1000+ 1
R1 =97 mm, R2=2*R1, E=5 MPa, 7=0.5MPa’s, Da=300 am, gu=240 um
- i i I 1 i I I 1
15000 0.5 1 15 2 25 3 35 4 45 5 55

Position, x (mm)

Fig.7 The evaluation of the strain rate with respect to the position in
the nip. A negative rate corresponds to increasing compressive defor-
mation prior to the nip center, while a positive rate means recovering
(reducing deformation) after the nip center
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thickness and elasticity (E= 10 MPa), but different viscosi-
ties shown in the legends in the figure. Hence, the differ-
ences in their nip pressure profiles result solely from differ-
ences in viscosity.

Obviously, the nip pressure profiles exhibit strong
dependence on their viscos characteristics of the paper sub-
strates. Due to series connection, the compressive deforma-
tion of the dash pot is responsible for plastic deformation
of the whole material system (substrate). The viscosity of
the dash pot indicates the resistance to the deformation.
Strong viscosity implies strong resistance or small plastic
deformation, while low viscosity means easy to be deformed
and great plastic deformation. Hence, the peak nip pressure
increases with increasing viscosity. A dashpot of infinite vis-
cosity means that no plastic deformation or the substrate is
fully elastic. Because the plastic deformation remains after
the nip center, unable to fill the geometric gap between the
cylinders after the nip center. This results in different effec-
tive nip widths for the substrates of different viscosity. The
stronger the viscosity, the closer the effective nip width to
the nominal nip width. Therefore, a paper substrate of low
viscosity usually possesses bulky paper structure, will result
in short nip width and low peak nip pressure. Furthermore,
the nip pressure reaches its maximum prior to that the paper
reaches the geometric nip center where the gap between
the nip cylinders is narrowest. The shift of the peak-pres-
sure position from the geometric nip center increases with
decreasing viscosity of the material. Thus, a paper of high
viscosity is more favorable from printing dynamics point
of view due to longer effective nip-width and higher peak
pressure. With an infinitively strong viscosity, the paper sub-
strate becomes purely elastic and its profile becomes sym-
metric about the geometric nip center.

The position where the nip pressure reaches its peak
equal:

—n=5*10" MPa*s
——n=5*10" MPa*s
—e—n=102 MPa*s
15 ——n=5"10" MPa*s ]

——1=10"° MPa*s

©

o

2 4l ]

o

P

>

(23

2 y X

T 0.5 : : o 4

o

4

¢ Normi % )
0 width, WN ~ bl
R1=91 mm, R2=2*R1, Do=300 um, g, 240 um, E=10 MPa, v=10 m/s
1 L Il

- Il 1
0'50 1 2 3 4 5 6

Position in the nip, x (mm)

Fig.8 Nip pressure profiles of the model paper boards which have
identical properties except for viscosity shown in the legend

Xpeak =V * Toeaks [ k=£10g<1+£t>. (22)
pe: peak> “peal E n c

These expressions indicate that, for a given printing
speed, the position of peak nip pressure depends solely on
the ratio of viscosity to the elasticity, #/E. Figure 9 shows
explicitly the evolution of the time when the nip pressure
reaches its peak value as a function of the #/E ratio.

The effective nip width corresponds to the time, ,; when
the nip pressure becomes zero after the geometric nip center.
The time can be obtained from Eq. (13) by letting o(f) =0,
which fulfills the following equation:

fy = <tc + %) [1 — exp (-%z@].

Consequently, the effective nip width can be calculated
by W = v X t\;. From these, we can once again see that the
effective nip-width varies with the ratio #/E.

A paperboard is a heterogeneous material. Its properties
may vary from one position to another, which may result in
variations in nip pressure. For instance, two positions of a
paperboard, where their Young modulus are 10 and 8 MPa,
respectively. Figure 10 indicates that the heterogeneous
nature of the boards may led to significant variation in the
effective nip pressure.

(23)

To illustrate dependence of the nip pressure on print-
ing speed, simulations were also made, corresponding to
printing speeds, 5 and 10 m s~!, respectively. As shown in
Fig. 11, a higher printing speed leads to not only stronger
nip pressure (so-called speed-hardening) but also longer nip
width, both promoting ink transferring. However, the effects
are more prominent for boards of lower viscosity. In case of
purely elastic board (viscosity equals to infinite in the Max-
well model), the nip pressure will be independent of printing

0.35 T T

0.3k B 4

tpeak (ms)

R1=91 mm, R2=2*R1, D0=300 um, g0=240 um, v=10 m/s

0 i i i I 1 i i i I

2.5 3 .
nE (ms) -3

Fig. 9 Time when the nip pressure reaches its peak depends solely on
the ratio #/E ratio of the material
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Fig. 10 Variation of the nip pressure result from the variation of the
elastic Young modulus

speed. In other words, the so-called speed-hardening is a
direct consequence of board viscoelasticity.

Dynamic Deformation of a Print Form

Kelvin—Voigt model may be an appropriate model to study
dynamic behavior of a print form made of polymeric mate-
rials. When going through a nip defined by a pair of rigid
cylinders, the print form may undergo deformations that are
controlled by its elastic and viscos characteristics. However,
due to parallel connections of the elastic and viscos ele-
ments, the deformation can be fully recovered with retarda-
tion after the printing nip. Yet, the time needed for a full
recovery depends on the relative strengths of the elastic and
viscos elements. In case of high print speed, the deformation
of the print form on the nip cylinder may not have enough

Nip Pressure, P (MPa)
o
® =

Position in the nip, x (mm)

Fig. 11 Dependency of the nip pressure on printing speed with
boards of different viscosities shown in the figure. The dashed lines
correspond to printing speed 5 m/s, while the solid lines to 10 m s

m @ Springer

time for recovering between two adjacent revolutions where
the same portion of the print form engages in the printing
nip.

Figure 12 depicts the nip pressure evolutions inside the
print nip, with a special focus on the impact of viscos prop-
erties of the material. The compressive Young modulus was
taken from the literature [18], in which rubbers of different
compositions were measured. The measured values ranged
from 6.2 to 7.6 MPa, and hence, a value of E=7 MPa was
used in the simulations.

As seen, the pressure profile is symmetric when the
viscosity is very low, as the elastic behavior is dominant.
When the viscosity increases, the pressure profile becomes
more and more asymmetric and the effective nip width
decreases. Moreover, the initial nip pressure when enter-
ing the nip is non-zero; namely, there is a sudden pressure
rise when entering the nip. The simulations also indicated
that a strong viscosity resulted in a strong initial pressure,
strong asymmetric nip-pressure profile, and shorter nip
width. In other words, the nip pressure profile becomes
more elastic-like when the viscos portion is low, which is
in line with intuition. Furthermore, all the pressure pro-
files cross in the same position corresponding to the center
of the print nip, because the viscos contribution or the
strain rate is zero.

In a similar manner, one can obtain the position where the
nip pressure reaches its peak:

n

Xpeak =V * tpeak’ tpeak = E<tc - _)

3 24)

It says that the time when the nip pressure reaches its peak
decreases with the ratio, 7/E. Hence, the position where the
position of peak nip pressure moves closer to the entering
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Fig. 12 Dependence of nip pressure profile with respect to viscosity
of the print form. The position denoted by the arrow corresponds to
the geometric nip center
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position when the viscos component increases. When the
ration is equal or bigger than 7, the nip pressure reaches its
peak pressure already at the entering position.

Similar to the paperboard, the print form also exhibits
speed-hardening as shown in Fig. 13 in which a higher
printing speed resulted in higher peak pressure. However,
unlike the paper board, here the effective nip width reduced
with increasing printing speed due to different connections
between the elastic and the viscos components.

Nip Dynamics Offset Printing

Burgers model is a combination of Maxwell model with
Kelvin—Voigt model, which has been used to simulate nip
dynamics of printing processes. In the simulations, the print
form, e.g., rubber blanket, was represented by the K-V
model, while the paperboard was considered as a Max-
well material. Based on the results obtained in the preced-
ing subsections, two representative cases were studied. In
case 1, the viscos element in the K-V model is very small,
and hence, the deformation of the print form is essentially
elastic. In case 2, the viscos element in the K-V model is
strong, and hence, the deformation of the print form is highly
viscoelastic.

Figure 14 depicts the nip-pressure profiles correspond-
ing to different viscosities of the substrate materials. Since
the viscosity of the print form is small, 7, = 10> MPa s,
the deformation of the print form is essentially elastic.
Then, the viscoelasticity of the material sandwich (print
form + paperboard) is dominated by the viscoelastic char-
acteristics of the paperboard described by the Maxwell
model. Indeed, the pressure profiles shown in Fig. 14
share great similarities as Fig. 8, i.e., both the peak pres-
sure and the effective nip width increase with increasing

© o =
)} o - N
: T :

Nip Pressure, P(MPa)
o
E-N

o
[N}
T

Wer tomis \ N\
e 1 \
0 i eff SM/‘F ! I W A
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position, x(mm)

Fig. 13 Dependence of nip pressure on the printing speed for the
print form, E=7 MPa, r/=10’5 MPa*s, the dashed line for 5 m/s,
while the solid lines for 10 m s~!

viscosity and the profile tends to be symmetric when the
viscosity is high. Figure 15 displays simulations of case
2, where the viscosity of the print form is rather strong,
n=2x 1072 MPa*s, which led to obvious sudden rise in
pressure at the nip entrance as it was shown in Fig. 12.
Compared to the case 1, the peak nip pressures in Fig. 15
are higher, while their nip widths are shorter than their
countparts shown in Fig. 14. Furthermore, the pressure
profiles differ from case 1; for example, the profile is not
symmetric even when the viscosity of the paperboard is
strong. This can be attributed to the strong viscosity of the
print form which results in obvious viscoelatic character-
istics of the material sandwich.
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Fig. 14 Simulations with Burgers model, case 1: dependence of nip
pressure profiles on the viscosity of the board (#,) shown in the leg-
end when the viscosity of the print form (#,) is weak
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pressure profiles on the viscosity of the board (#,) shown in the leg-
end when the viscosity of the print form, 7, is strong
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Discussion

There are clear differences in dynamic behavior between a
Maxwell material and a Kelvin—Voigt material. First, for a
Maxwell material, the initial nip pressure when the paper
entering the nip is zero and independent of the viscos
component of the material. For a Kelvin—Voigt material,
its initial nip is non-zero and shows a sudden rise domi-
nated by the viscos characteristics. The initial nip pressure
increases with its viscos component and rate of strain or
printing speed. Second, the nip profiles of the materials
also differ. For the Maxwell material (Fig. 8), when the
viscos component is weak, the nip pressure file deviate
strongly from symmetric shape defined by the nip geom-
etry. The deviation reduces when the viscos component is
strong. The dynamic behavior of a Kelvin—Voigt material
is the opposite. As seen from Fig. 14, the deviation of the
nip pressure profile from its nominal is strong when the
viscos component is strong. And the deviation reduces
when the viscos component is weak. Third, the effective
nip width increases with increasing material viscosity for
the Maxwell material while decreases for the Kelvin—Voigt
material.

Both materials exhibit speed-hardening, as their nip
pressures increase with increasing printing speed, as seen
from Figs. 11 and 13. It worth to notice that even the
effective nip width changes with printing speed. For the
Maxwell material, the effective nip width increases with
printing speed, while for the Kelvin—Voigt material, the
effective nip width decreases with printing speed. As the
Burgers material is a combination of those two, its viscoe-
lastic behavior is more complex.

Paperboard is in variety of sandwich layers. When com-
pressively deformed densification occurs in the Z direc-
tion, which leads to non-linear stress—strain relationship
or the Young’s modulus increases with deformation [20].
Even though the Young’s modulus has been treated as con-
stant, the proposed framework can easily be extended to
situations where the Young’s modulus is not constant. For
instance, one may divide the total compression zone into
multiple sub-regimes, and in each of the sub-regimes, the
Young’s modulus can be regarded as constant. Works along
this line is on-going and will be published elsewhere.

Conclusion

A theoretical framework of nip dynamics of conventional
printing is proposed, built upon two models. The com-
pression model is deducted from nip geometry and print-
ing speed, from which both the strain and the rate of the
strain in the nip can be obtained. The nip dynamics model
is deducted from physics laws, from which nip pressure

m @ Springer

can be obtained. In the models, paperboard and print
form materials (rubber blanket, polymeric cliché, cush-
ioning foam, etc.) are regarded as basic building blocks
of the materials sandwich. The dynamic behaviors of the
materials sandwich depend on the viscoelastic proper-
ties of building blocks, which are represented by elastic
strings and dashpots. When going through the print nip,
the materials sandwich undergoes compressive deforma-
tion before the nip center and partial recovery after the
nip center. The nip pressure exerted onto the materials
sandwich depends not only on the nip geometry, but also
on the viscoelastic properties of the materials sandwich
and printing speed.

The effects of viscoelastic characteristics of paper sub-
strate and print form materials on the nip pressure, which
become pronounced in a full-scale printing process due to
high speed, are accounted and illustrated by three physi-
cal models, e.g., Maxwell model, Kelvin—Voigt model, and
Burgers model. Details of the nip dynamic features, shape,
amplitude, duration, and effective nip width, etc., have
been worked out. The viscoelastic nature of the materials is
responsible for the so-called speed-hardening, asymmetric
nip profile, variations in the nip amplitude and effective nip
width, etc. Moreover, how the viscoelastic properties of the
materials affect the nip dynamics depends on the how the
elastic components and the viscos count parts are connected
with each other.
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Appendix: Solution of the Burgers Model

Burgers model combines Maxwell model with Kel-
vin—Voigt model, which represents a sandwich type of
material system, e.g., a Maxwell material and a Kel-
vin—Voigt material in series. The mathematical expression
for the model is:
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A-6+B-6+0=D-¢+EE 25)

where

A= M o _ <”Il h M . (26)

CEE)
The general solution of the Eq. (25) is:

o(r) = Ce+' + Cpe’~' + G5 (1 —1,) + Cy, 27

where

_—BxVB?2-4A

r., =

28
* 24 28)

Take into consideration of that:

g 2, g . g
() =¢y+ D—O(tc—t) € =2D—0([—tc)’g =2D_O

»(29)
we obtain the following relationships:

C3(t—tc)+C4+B-C3=2DD£(t—tc)+2ED£. (30)

0 0

Hence:

g

DO

: (31)

0
B-C;+C,=2E—.
3+ Gy D

0

(32)

Hence, there are only two unknowns remain in the gen-
eral solution given by Eq. (27), which can be determined
by the initial conditions at =0, e.g., the initial stress and
its derivative. Using these initial conditions (t=0), we
obtain further two relationships between
op=C+C -Gt +Cy, (33)
and
60 =1, Ci+r_C,+Cj. (34)

With considerations of the strains and stresses of the
spring and the dashpot components in the Burgers model

(Fig. 5), one can obtain:
6y =0, (35)

and

50 = —2 ..

69 = —2—5— 1, (36)
Thus, the initial conditions given in Egs. (31-34) can be

rewritten in a more compact form:

11
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— % _E2tc
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