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ABSTRACT

The microscopic response of a paper sheet to compressive forces
is of great importance in predicting print quality as well as the
sheet structures developed in wet pressing and calendering. In this
report, we propose a new compression model that preserves the
entire three-dimensional, stochastic, fibre network structure. The
model includes Z-directional deformation of fibres in both com-
pressive and shear modes. Permanent deformation of each fibre
(such as caused by fibre collapse) can be achieved by adjusting the
stiffness of the fibre during compression or unloading. The stiff-
ness of the plates can also be chosen to represent, for example, a
hard printing plate, a blanket, or a soft-nip calendar cover.
Although we still need to collect basic fibre stiffness data in order
to perform quantitative comparisons between model predictions
and experimental results, simulated structures already show typ-
ical features of consolidated paper sheets. As a first application,
we study the contact mechanics between a printing plate and a
model paper structure
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INTRODUCTION

One of the outstanding issues in printing research is to predict print defects
and print non-uniformity, such as mottles and missing dots, in terms of
surface and bulk properties of paper. It has been increasingly recognised that
surface roughness and formation are not sufficient parameters for describing
various print non-uniformity issues. The best way to investigate this problem
may be to directly observe the uniformity of contact between the paper sur-
face and the rigid/soft printing plates, as well as the corresponding paper
deformation within the printing nip. Because of the experimental difficulties
and the stochastic nature of paper structures, attempts to do this have met
with limited success [1, 2]. An alternative is to construct a model that captures
the most important aspects of paper structure and nip impressions. Ideally,
such a model would also include a description of ink transfer, and account
for the influence of ink properties on print uniformity.

The Pakka model [3] is one of the best known numerical models for simu-
lating the three-dimensional structure of paper. In this approach, fibre
networks are formed by depositing fibres one by one randomly over a flat
substrate. The structural properties of the final network depend on the
dimensions of the fibres as well as on their flexibility. Recently, Provatas and
Uesaka [4] extended the approach to include the effect of consolidation on
sheet structure. This is an important addition to the model since all paper-
making processes involve one or more consolidation steps such as couching,
wet pressing, and calendering. Furthermore, sheet deformation under com-
pression has direct relevance to the paper-plate contacts in a printing nip.

In the model of Provatas and Uesaka [4], a deposited fibre network was
replaced with a set of springs placed on a rigid foundation. Non-uniform
consolidation was represented by the deformation of the (coarse-grained)
spring elements whose mechanical properties were determined by the local
density. The main drawback to this approach is that it neglects fibre-level
deformations inside the sheet structure. In this paper, we propose a new con-
solidation model that retains the entire three-dimensional structure of the
deposited fibre network and provides a more realistic description of how it
deforms under compression.

BACKGROUND

The physical properties of a sheet of paper depend on the properties of the
fibres of which it is made as well as the geometrical arrangement of these
fibres in the sheet. In many applications, the performance of the paper is
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determined primarily by its structural properties. As a result, it is of great
importance to understand which structural characteristics are most relevant
for a given application and to predict, if possible, how these characteristics
change with the properties of the fibres or the details of the papermaking
process. Kallmes and Corte [5, 6] were among the first to describe the stat-
istical geometry of two-dimensional random fibre networks. Starting from a
few, simple assumptions about the way the fibres deposit to form a network,
they derived expressions predicting how properties such as the total number
of fibre crossings or the mean free fibre length change with the number of
fibres in the network and their dimensions. They found good agreement
between their predictions and experimental values obtained from handsheets
of very low basis weight. Most attempts to generalize their approach to three
dimensions have treated paper as a laminate of “two-dimensional” layers,
with some interaction parameters between the layers (see, for example, [7]).
With this approach, it was possible to calculate analytically quantities such as
the variance of local density [8] and the fractional contact area of fibres [9].

A more direct approach to predicting the statistical properties of three-
dimensional paper structures is to integrate the most important aspects of the
papermaking process into a simulation tool that can be used to generate
three-dimensional fibre networks [3, 10]. The Pakka model of Alava and
Niskanen [3] is one example of this approach, in which fibres are deposited
one by one and independently of each other, as if sedimenting from a very
dilute pulp suspension. The fibres are modelled as straight beams oriented
along either the X or Y axis. Bending forces caused by water drainage are
taken into account by assigning a flexibility parameter Tf to the fibres which
are allowed to bend downwards around fibre-fibre bonds. In the limit of long
fibres, it can be shown that the network properties depend only on the dimen-
sionless parameter F = Tfwf/tf, where wf and tf are the width and thickness of
the fibres, respectively. Niskanen et al. [11] found that the relative bonded
area of simulated sheets increases linearly with F while the distribution of
pore heights is roughly exponential. Several improvements and generaliza-
tions of the Pakka model have been proposed over the years. For instance, it
is straightforward to mix fibres from different species and to include all pos-
sible orientations in the XY plane. It is also possible to align the fibres prefer-
entially along one direction and to mimic the effects of hydrodynamic
smoothing or fibre flocculation [12].

Perhaps the greatest limitation of the Pakka model is that it does not
directly include the effect of consolidation, even though it is an essential part
of both the papermaking and printing processes. In the model, the effects of
consolidation were introduced by flexing the deposited fibres in the thickness
direction of the sheet, i.e., by making fibres more flexible. As a result, the
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structures created by this algorithm can be highly tortuous depending on the
final density to be achieved. The model yielded almost equal to or even higher
permeability in the thickness direction than in the plane of the paper. This is
contrary to experimental results, as indicated by Aaltosalmi and coworkers
[13]. To address this limitation of the PAKKA model, Provatas and Uesaka
recently proposed a model that takes deposited fibre networks as input and
compresses them to a given thickness or pressure. To illustrate how the model
works, we have drawn in Figure 1 a cross-sectional view of a small fibre
network in contact with two flat pressing plates and shown in Figure 2 how
that system would be discretized using their approach. During compression,
the bulk structure of the network is replaced by a set of independent, vertical
springs connecting the top surface of the paper to the bottom plate, which is
rigid and remains fixed during compression. The stiffness of individual
springs inside the paper is determined from the local mass density, averaged
over the thickness of the structure. In Figure 2, we have used thicker lines to
draw springs with a high stiffness. As shown in the figure, the top pressing
plate is also decomposed into a set of springs. The stiffness of these springs
can be determined from the elastic properties of the plate material. Compres-
sion of the paper structure proceeds by lowering the rigid top surface of the
pressing plate in small steps of size Δzp. At the end of each step, the surface
profiles of the pressing plate and paper structure are adjusted so that every
spring in the system remains in mechanical equilibrium. The fibres in the bulk

Figure 1 Cross-sectional view of a small fibre network in contact with two pressing
plates.
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undergo homogeneous deformations which are calculated from the local
strain value. The process continues until the caliper of the paper or the
pressure applied by the plate has reached a certain value.

There are several limitations to this approach. The first problem, which can
be easily fixed, is that the contact problem was only solved on one surface
rather than on both the top and bottom surfaces. A second, more serious
issue is that neighbouring springs move independently of each other. That
assumption only holds if the distance between the springs is greater than the
length over which paper deformations are correlated in the XY plane. Finally,
and perhaps most importantly, the approach neglects fibre-level deformations
inside the sheet structure. This is crucial when the phenomena in question are
in the length scale of fibre width (or even less), such as a half-tone definition,
fibre wicking, missing dots, and surface roughening, as seen in many issues
related to printing. In the next section, we introduce a new consolidation
model that resolves all of these issues and preserves the entire three-
dimensional fibre-network during compression.

STOCHASTIC MODELLING OF PAPER STRUCTURE AND
COMPRESSION

In this new algorithm, Hookean springs are used to model the compressibility
of individual fibres rather than whole sections of the fibre network. The
model also accounts for shear forces in the thickness direction. This is

Figure 2 Discretization of the paper-plate system of Figure 1 using the spring-field
model of Provatas and Uesaka.
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accomplished by connecting neighbouring nodes on the surfaces of the fibres
and plates with shear elements, shown as solid line segments in Figure 3. As
seen from the figure, both the top and bottom pressing plates are now discre-
tized, and their elastic properties can be set to reflect the type of consolida-
tion process that is studied. For example, to simulate the compression of a
sheet in a gravure printing nip, one would combine a hard, top plate (gravure
cylinder) and a soft, bottom plate (impression roller). The plates can also
have non-planar surfaces, e.g., when simulating the effect of wet pressing,
the profile of a pressing felt can be used to model the surface of one of the
pressing plates.

The spring and shear stiffness of the fibres can be determined from meas-
urements performed on individual pulp fibres. In the model, these quantities
are allowed to vary from fibre to fibre, e.g., fibres with a thick cell wall can be
made less compressible than those with a thinner wall.

As in the previous model [4], an iterative procedure is used to consolidate
the fibre network. At the start of each step, the nodes on the outer surfaces of
the pressing plates are moved by an amount Δzp towards the center of the
paper. To determine how the paper structure and plate surfaces deform fol-
lowing that displacement, one must consider the forces acting on each node in
the system. Consider for example the small section of fibre shown in Figure 4.
Node 1 in the drawing is connected by shear elements to four other nodes on

Figure 3 Discretization of the paper-plate system of Figure 1 using the proposed
algorithm.
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the top surface of the fibre and it is also connected by a spring to node 6 on
the bottom surface of the same fibre.

Assuming that each element contributes a force that is linear in the relative
displacement of the two nodes it connects, the total force acting on node 1
can be written as

F1 = k(Δz6 − Δz1) + g(Δz2 − Δz1) + g(Δz3 − Δz1) + g(Δz4 − Δz1) + g(Δz5 − Δz1), (1)

where g and k denote the shear and spring stiffness of the force elements,
respectively. Similar expressions can be obtained for every node in the system.
In this work, we assume that the paper and plates remain in quasi-static
equilibrium throughout the consolidation process, i.e., we set Fi = 0, where i
denotes any node in the paper or on the inner surfaces of the plates. The
resulting equations for the unknown displacements Δzi form a sparse linear
system which can be written in matrix form as A · Δz  = b, where bi = ktpΔzp if
node i is on the inner surface of the top pressing plate, bi = −kbpΔzp if it is on
the inner surface of the bottom plate, and bi = 0, otherwise. We find the solu-
tion to this linear system using a bi-conjugate gradient method [14]. The
accuracy of the numerical solution is set by a convergence parameter ε such
that the displacements Δz satisfy the inequality | A · Δz − b |/| b | < ε. Once the
displacements have been found, the position of every node in the system is
updated, and new points of contact between the pressing plates and the
network or between fibres in the bulk are identified. The stiffness of the
spring and shear elements in each fibre can also be adjusted to yield a particu-

Figure 4 Schematic representation of a fibre, showing how nodes on its top and
bottom surfaces are connected in the new model.
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lar stress-strain curve or to reflect a change in fibre morphology. For example,
the springs can be made very stiff in locations where the lumen is collapsed.
Once the configuration of the system has been updated, another consolida-
tion step is taken and the process continues until the caliper of the paper or
the pressure applied by the plates has reached some predetermined value.

In some cases, for example when a paper web goes through a nip at very
high speeds, the condition of quasi-static equilibrium may not be satisfied. In
such cases, one may gain some insight into the dynamics of the paper-plate
system by solving instead the set of equations

1

τ

dzi

dt
= Fi,

dztp

dt
= −vtp,

dzbp

dt
= vbp, (2)

where ztp and zbp locate the outer surfaces of the top and bottom pressing
plates, and vtp and vbp denote the speed at which these rigid surfaces are
moving. The quantity τ is a relaxation rate that characterizes how quickly the
nodes relax to their equilibrium configuration. When that rate is large, the
system remains close to equilibrium at all times and the consolidation process
becomes quasi-static. In that limit, the equations given above become equiva-
lent to the Jacobi relaxation method for solving the equations Fi = 0. The
Jacobi method being slower than the bi-conjugate gradient technique men-
tioned above [15], we have used the latter throughout this work and have not
yet considered cases in which the system is out of quasi-static equilibrium.

Once the target load or caliper has been reached, the compression process
is stopped and the pressing plates are retracted from the paper. As before, the
process is decomposed into a series of small steps during which the system is
assumed to remain in mechanical equilibrium. It is possible to control the
amount of strain recovery that occurs during unloading by adjusting the
stiffness of the springs and shear elements inside the paper before the process
starts. For example, most of the deformation occurring during compression
can be made permanent through a large increase in stiffness. At the end of
each step, the distribution of load on the two surfaces of the paper is
updated, and the paper and plates are separated from each other where the
load has become negative. At present, we assume that all fibre-fibre contacts
in the bulk are preserved during unloading. The process continues until the
paper and plates are completely detached from each other.

The most basic assumption made in this proposed model is that each node
is displaced only in the Z-direction. The location of each node in the XY
plane is determined during fibre deposition and restricted to points on a two-
dimensional rectangular grid (the distance between neighbouring points on
that grid must be smaller than the width of the deposited fibres). In other
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words, space is discretized in the X and Y directions but it is treated as a
continuum in the Z-direction. Since the nodes are not allowed to move in-
plane, there are no Poisson effects and no bending or twisting moments of the
fibres. This assumption may be valid in a bulk scale for highly layered struc-
tures, such as paper. For example, Mann et al. [16] showed that the Poisson
ratio of a paperboard for the Z-direction compression is extremely small
compared to the corresponding in-plane components. However, it may not be
generally true at a micro-scale. An estimate of the magnitude of the errors
from this assumption requires full structure modelling.

MICRO-SCALE CONTACT MECHANICS

As a first application, we have used the model presented above to study the
uniformity of contact between the surface of a paper and that of a pressing
plate. The main objective of this work is to determine which paper properties
can best predict non-contact areas between the paper and plate at different
pressing pressures. In printing applications, these non-contact areas deter-
mine the overall print density, dot definition (image sharpness), and missing
dots in gravure prints.

The first step in the study was to generate three-dimensional paper struc-
tures with realistic bulk and surface properties. We accomplished this by first
depositing 860 fibres over a square area of size 1 mm2, decomposed into 200
× 200 grid points spaced 5 μm apart. The dimensions of the fibres were
chosen to represent a hardwood species such as aspen: average length 700 μm,
width 20 μm, thickness 8 μm and cell wall thickness 2.5 μm. For a coarseness
of 0.1 mg/m, the simulated structure corresponds to a sheet with a basis
weight of about 60 g/m2. The deposited network was then compressed to a
predetermined caliper using the new consolidation algorithm. In this particu-
lar study, we used a single spring stiffness kf for all fibres and tentatively set
kf = gf , even though ideally these constants should be estimated from separate
measurements performed on individual fibres. In a series of experiments per-
formed on single wet fibres under transverse compression, Wild et al. [17]
showed that the spring stiffness of the fibres during cell wall compression was
up to twenty times larger than during the initial stages of compression. Even-
tually, we plan to use data from force versus thickness curves such as those
given in Ref. [17] to progressively increase the spring stiffness of the fibres
during compression. In the simulations presented below, we have simply
increased the local spring constant by a factor of ten once the lumen was
collapsed. In the model, the relative stiffness between the pressing plates and
fibres determines how much each one will deform when they are pressed
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together. A realistic description of the plate system used in wet pressing
would combine a hard, flat plate and a soft, textured material such as a press
felt or blotter. Since the objective here was not to simulate the process of wet
pressing but rather to consolidate the deposited fibre network to a realistic
density, we have assumed instead that the two flat plates were identical and
relatively soft, and set kp/kf = 5 and kp  =  gp, where kp and gp denote the compres-
sion and shear stiffness of the two pressing plates. Discretization of the fibre
network and of the two pressing plates required roughly 1.1 million nodes.
The two pressing plates were moved in steps of size Δzp = 0.2 μm until the
caliper of the network had decreased from an initial value of 241 μm to 75
μm. Prior to unloading, the stiffness of all the shear elements inside the paper
was increased by a factor of ten. Springs whose stiffness had not changed
during consolidation were also made ten times stiffer. Following strain
recovery, the paper had bounced back to a caliper of 88 μm and the rest
remained as a plastic compressive strain that represents “consolidation”. The
top and bottom surfaces of that final paper structure have realistic rms (root
mean square) roughness values of 4.42 and 3.46 μm, respectively.

Part of the cross-section of that structure is shown in Figure 5, while the
top surface of the paper and the formation (mass density distribution) of the
sheet are shown in Figures 6A and 6B. In these two figures, the red colour
denotes highest surface or highest mass density areas. Mass density is meas-
ured as the number of fibres deposited over a given point in the XY plane.

The calculation took roughly 6 hours on a computer with a processor

Figure 5 Part of the cross-section of a simulated paper structure.
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speed of 3.06 GHz when the convergence tolerance ε was set to 10−4. The
same calculation took only 2 hours when ε was set to 10−3 while the surface
profiles of the structures obtained in the two cases differed by less than 0.2%.

The paper structure generated in the simulation described above was then
compressed a second time between two pressing plates to simulate printing.
The results presented below correspond to a case in which the top pressing

Figure 6 A) Surface profile of the top side of a simulated paper sheet covering an
area of size 1 mm2. B) Spatial variation of local mass density for the same structure.
C) Nodal force (pressure) distribution on the top surface of the paper at a strain of
33% D) State of contact between paper and plate at the same strain value. Non-

contact areas are shown in white.
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plate is hard (ktp = gtp = 50kf), while the bottom plate is relatively soft
(kbp = gbp = 5kf), as happens in a gravure printing nip. However, results obtained
when compressing the structure between two hard (ktp = gtp = kbp = gbp = 50kf) or
two soft plates (ktp = gtp = kbp = gbp = 5kf) were qualitatively similar. Throughout
these simulations, we monitored the pressure distribution on the paper sur-
faces as well as the area of contact between the paper and the two plates.
Figures 6C and 6D show both fields measured on the top side of the paper at
a compressive strain of about 33%.

We looked for correlations between the local value of these two fields and
that of various structural properties of the uncompressed sheet, such as local
mass density, caliper and surface height. The coefficient of correlation
between the pressure distribution and each one of these sheet properties is
shown on Figure 7A as a function of the total displacement of the top
pressing plate. We found positive correlations between the pressure distribu-
tion and the top surface profile (open circles), as well as between the pressure
and either local mass density (open squares) or local thickness (open tri-
angles). In all three cases, the coefficient of correlation increases with contact
area from a very small value to a maximum which is just above 0.7 in the case
of the top surface profile.

It is possible to obtain a coefficient of correlation that is more or less

Figure 7 A) Coefficient of correlation between pressure distribution and three
different sheet properties: surface height (open circles), local mass density (squares)
and thickness (triangles). The filled circles represent the coefficient of correlation
between the pressure distribution and the function F(x,y) defined in Equation (3). B)
Coefficient of correlation between the contact state C(x,y) and surface height (open
circles), local mass density (squares) and thickness (triangles). Correlations between
C(x,y) and the function Ch(x,y) defined in Equation (4) are shown with filled circles.
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constant over the entire compression range by assuming that the load at point
(x,y) is proportional to the product of the local mass density and the total
compression of the surface at that point. Explicitly, we assume that the load
at point (x,y) is proportional to the function

F(x,y) = � ρ(x,y)[h(x,y) − htp] if h(x,y) > htp,
(3)

0 otherwise.

In Equation (3), ρ(x,y) is the mass density at point (x,y), h(x,y) is the local
height of the surface before compression and htp is the position of the top
pressing plate, which changes in time. In writing down the above expression,
we have naively assumed that a point on the paper surface is in contact with
the pressing plate if its height before compression is above the current loca-
tion of the plate, which is treated as incompressible. This is equivalent to
assuming that the non-contact areas do not deform in response to the stresses
applied on the areas of contact. As we will show below, this is a rather drastic
approximation. In spite of this, the coefficient of correlation between the
measured pressure distribution and F(x,y) remains close to 0.75 over most
of the compression range (solid dots in Figure 7A).

The micro-scale pressure distribution, such as measured in this example,
may affect gloss development during calendering. The results obtained here
demonstrate that the local pressure is strongly influenced by the local mass
density as well as the local surface height. Thus, formation, defined here as
mass density distribution, is an important parameter to control the micro-
scale pressure variations, as is often claimed in macroscopic formation
measurements [18] (It should be noted that formation on this length scale, say
5 μm, is not measured by most commercial equipment).

In conventional printing processes and in particular in gravure printing,
non-uniformities in ink transfer may be more closely related to the state of
contact between the paper and printing plate than to the pressure distribution
on the paper surface. In the calculations presented below, that state of contact
is represented by the field C(x,y) which is set to 1 at points of contact
between the paper and plate and 0 elsewhere. Figure 7B shows how the coef-
ficient of correlation between C(x,y) and the properties of the uncom-
pressed sheet varies with the area of contact between the paper and plate. As
before, correlations with surface height are represented by open circles, while
open squares and triangles are used for mass density and caliper, respectively.
In the case of surface height and caliper, the coefficient of correlation initially
increases with the relative contact area fA, then stays more or less constant
over a wide range of values of fA before decreasing again rather sharply as the
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contact area becomes larger than 85%. In the case of formation, the decrease
in the coefficient of correlation starts at around fA=50%. In all cases, the
coefficient never increases above 0.7, suggesting that none of these
conventional sheet properties can predict very accurately the contact and
non-contact states. The fourth curve on the graph shows the coefficient of
correlation between C(x,y) and the function

Ch(x,y)=Θ [h(x,y)−htp]. (4)

The Heaviside step function Θ(u) in Equation (4) is equal to one if u is
positive and 0 if u is negative. The basic assumption here is that the paper
and plate come into contact locally when the plate height becomes less than
the initial surface height of the sheet. As shown in the figure, the coefficient
of correlation between C and Ch, which is around 0.5 at a contact area
below 1%, steadily decreases as the area of contact between the paper and
plate increases. This decrease is due to the fact that the non-contact areas
deform in response to the pressure applied by the top pressing plate. As a
result, one cannot accurately predict the state of contact of a point on the
surface by just considering its height before compression. In addition, we
found that contact on the top side of the paper can be affected by what
happens on the bottom side. This is especially true in the early stages of
compression, when the two pressing plates are only in contact with a few
points on the top and bottom surfaces of the paper. In these early moments,
the pressure applied by a plate at a point of contact with the paper surface
causes the paper structure in the area of contact to ‘translate’ towards the
other plate. Local surface and bulk deformations become important only
when both sides of the paper achieve contact with the pressing plates. Since
this effect is absent from Equation (4), it is not surprising that the co-
efficient of correlation we measure is small even in the early stages of
compression.

These results suggest that the state of contact between a paper surface and
a pressing plate cannot be predicted by simply considering the topography of
the surface. Since the simulation model developed here provides the full struc-
tural and mechanical information at the microscopic scale (most of which is
not accessible to existing experimental techniques), it provides a promising
approach to find new predictive parameters involving both surface and bulk
properties.
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CONCLUDING REMARKS

We have proposed a new model for predicting how a stochastic paper
structure deforms under compression. Since this model preserves the entire
three-dimensional structure of the sheet during compression, it provides a
description of fibre-level deformations both on the surfaces of the network
and inside the bulk. The model can easily accommodate soft and hard press-
ing plates of varying stiffnesses, and textured plates (e.g., pressing felts).
These features will be particularly useful when simulating wet pressing, and
for predicting, for example, felt marks or two-sidedness in surface properties.
In the area of calendering, possible applications include predicting how dif-
ferent roll covers will affect smoothness development and local density vari-
ations. As a first application, we considered the contact mechanics between a
pressing plate and a paper surface and found that the surface profile and
mass density distribution were important parameters in predicting the pres-
sure distribution on the paper. The study also showed that the pressure
applied by the pressing plates affects not only the contact area but also the
non-contact area of the paper surface. Finally, it was found that the contact
state on one side of the paper can be influenced by that on the other side. In
many applications, the compression algorithm developed here will require
data for several properties of both dry and wet fibres. Experimental
determination of these properties and a series of simulations are currently
underway.
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Jean-Claude Roux EFPG-INPG

Very nice work and very interesting. I was wondering how you determine or
identify your coefficients k and g in the model? Another question which is
related to the previous one. You seem to have exactly the same coefficient in
machine direction and cross direction. Can you comment on this?

François Drolet

For the spring stiffness k, we have used experimental data obtained by Peter
Wild and his group at the University of Victoria. His experimental setup
consists of an anvil and a hammer which he uses to compress individual fibres
and obtain force versus compression curves. Peter was kind enough to make
most of his data available to me, so I can actually take his curves and feed
them directly into the model. For the shear stiffness there is very, very little
data available. Peter, Ingunn Omholt and I have been discussing recently how
we could possibly modify his experimental setup to measure shear stiffness
instead. At present, however, I usually assume that g = k.

As for the difference between machine and cross machine directions, it is
accounted for during fibre deposition. For example, the orientation of each
fibre can be chosen from a non-uniform distribution with a maximum along
the machine direction. During compression however, we do not adjust the
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stiffness of the fibres according to their orientation. At present, we also use
the same shear stiffness along the length of the fibre and along its width.

Tomas Larsson STFI-Packforsk AB

I have a rather simple question about the first model you showed, the one
with just five fibres. When you compressed that one, you can see that two
fibres came together. If you unload that structure will they separate?

François Drolet

Very good question. The answer is that at present, no. It is an important point
since it affects the amount of strain recovery that actually takes place. Right
now, when I unload, all the contacts inside the structure are preserved. In the
real system, many fibre-fibre contacts probably disappear during unloading
and so we will have to modify the model to include that possibility. I should
point out that the model does allow nodes on the pressing plates to separate
from nodes on the surface of the paper during unloading. We just need to
implement a similar procedure in the bulk.

Marit Van Lieshout Paperlinx

Stephen I’Anson and I have had this discussion about rewetting. That is,
whether the water remains within the sheet or whether it goes out of the sheet
and flows back in again. The main question is whether there is enough room
in these non-compressed areas for all this water? What does your model say
about this?

François Drolet

The model does not say anything about fluid flow at present. But we would
definitely like to study how, for example, dewatering affects the network struc-
ture during wet pressing.

Marit Van Lieshout

You showed an image of the places where you did not compress. They were
big, and higher bulk. Do you know anything about the volumes in this higher
bulk areas?
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François Drolet

No, I did not look at those areas, but that would be interesting. I should
mention that we are currently developing tools to better characterize the
three-dimensional structures obtained with our model. For example, we are
implementing algorithms to measure the three-dimensional pore size distri-
bution and the permeability of the sheet. Such tools are essential since they
provide a quantitative description of the fibre network that goes beyond the
nice pictures.

William Sampson University of Manchester

Quite often when you have repeated compression and relaxation of a web,
then you will see less recovery of the web with repeated compressions and at
the moment your model would not allow this unless you change the stiffness
of the fibres, am I correct?

François Drolet

That is correct, yes, you have to change the stiffness of the fibres. I should
mention that Peter Wild has done several experiments involving cyclic com-
pression of single pulp fibres so again, I could use some of his data as input
for my simulations.

William Sampson

It would be nice not to be so dependant on experimental data for each thing
you sought to understand.

Patrice Mangin

I would like to thank you for this wonderful modeling as it will help us to
learn a lot more about paper as a product, notions that are very difficult to
understand from experiments. Hopefully and eventually, you could use some
of the data from the cyclotron and use these as a base sheet which would be
real in this case.

François Drolet

Yes, that would be very interesting to do.
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