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ABSTRACT

In this work, we discuss the effect of geometry on the compliance of
the fibre bond regions against normal and tangent loads. Since the
fibre bonds play a key role in defining the paper strength, the compli-
ance of the bond regions can affect the amount of elastic energy stored
in the bonds and thus change not only the strength but also the stiff-
ness of paper products under certain conditions. Using finite element
simulation tools, we overcome the major difficulty of performing
controlled mechanical testing of the isolated bond region and reveal
the key geometrical factors affecting the compliance of the bond
region. Specifically, we show that the compliance of the fibre-fibre
bond is strongly governed by its geometric configuration after
pressing. Among the strongest factors is the collapse of the lumen and
the crossing angle.

Using the range of obtained stiffness values, we demonstrate the
effect the bond stiffness has on the stiffness of the network using
fibre-level simulation tools. We show how the dependence of tangent
bond stiffness on fibre-to-fibre angle further softens the more
compliant cross-machine direction.

16th Fundamental Research Symposium, Oxford, September 2017 683



August Brandberg and Artem Kulachenko

INTRODUCTION

Having control over the strength and foldability of paper produced from a given
paper pulp is valuable in all manufacturing involving paper or its derivatives.
Although experiments on the macroscopic scale can reveal the differences in
performance between products, they are often unable to explain the cause of the
observed differences. In fact, the observed mechanical response is a function of
many coupled parameters intrinsic to the material such as fibre morphology,
loading history induced by the process, etc. Distinguishing and quantifying the
effect of these parameters is difficult as in situ testing of the individual micro-
scopic network constituents is generally hard and sometimes impossible. Simi-
larly, the isolation or decoupling of a single physical phenomenon contributing to
the properties of the final product is a challenging task. One of the most important
components of the fibre network is the fibre bond, specifically its strength and
finite compliance against directional loads. Testing the response of the bond
requires the isolation of the bond region and well-controlled constraints. Since
precise operations on the bond level are often impossible, the compliance of the
bond and its impact on the properties of the paper products remains largely unex-
plored. Numerical modelling offers a toolbox for distinguishing the impact of
individual factors and performing systematic studies.

The effect of the fibre bond has been observed, for instance, in the work of
Page, Tydeman, and Hunt [1], Nanko [2] and A Torgnysdotter, A Kulachenko,
P Gradin, L Wagberg [3] focusing especially on the bonded area and mean bond
size. The mechanical characterization of the individual bonds and in particular,
their elastic response is complicated by the necessity of isolating the bonds during
testing to ensure that all the elastic energy is stored in the bond region and not
outside it. Such tests with a focus on the elasticity of the bond region have not
been reported so far. The indirect measurements of the bonds through ZD testing
of paper sheets although correlated with the bond properties include the response
associated with fibre bending, which cannot be easily excluded.

Page, Tydeman, and Hunt [1] observed that bonded area and changes in the
number of bonds with beating could reasonably account for the associated change
in the stress/strain curve and strength. At the same time, it was noted, “no similar
effect on bonding has been observed with drying tension, which also markedly
changes the shape of the stress/strain curve”. Using efficiency factors, Seth and
Page [4] demonstrated that the changes made to the bonds do not affect the shape
of the stress-strain curve once scaled with an efficiency factor. The efficiency
factor proposed was tested by introducing debonding agents and using various
levels of wet pressing, which mainly affected the number of the bonds. The
efficiency factor proposed fit well with the experimental data in the cases consid-
ered. Tracking the change of the efficiency factor can also be used as a state
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variable to account for previous straining history of paper and damage introduced
during it [5].

The efficiency factor was defined as a property describing stress transfer
between the fibres as shown in Equation (1)
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where E,and E, are the Young’s Modulus of individual fibres and paper respec-
tively (N/m?), p is the density (kg/m?), w and L is the mean fibre width and length
(m), RBA is the relative bonded area (—) and G, is the shear modulus of the fibres
(N/m?).

Although this equation provides an indication of the factors influencing the
load transfer between fibres, the exact mechanics behind the change in efficiency
factor have not been studied owing to the experimental difficulties in quantifying
the stress-transfer on the bond level. For example, the transverse shear stiffness of
the fibres used in Equation (1) cannot be objectively measured or related to the
structural properties of the fibre. It, therefore, remains a fitting parameter in the
expression for the efficiency factor. In this work, we approach the bond level
mechanics and relate the mechanical response of the individual fibre bonds to the
net response.

To the extent that numerical modelling has been used to study the mechanical
properties of fibre network before, two strategies can be distinguished. The first
addresses bond stiffness by excluding the compliance of the bond region entirely.
This approach can be justified by assumption for some types of networks and is
found in the work of, e.g. [6]. The second uses an already constructed fibre
network model to test the effect of varying the stiffness. This modelling strategy
can be found in e.g. [7], [8], [9]. Most of the works focus on other aspects of the
fibre network and discuss bond region compliance mainly as a numerical factor
without assigning it any physical significance. In case of using beam representa-
tion for the fibres, however, the bond stiffness represents compliance of the entire
bond region since the cross-section of the beam is assumed rigid against local
transverse loads.

Since the mechanical properties of fibre networks stem from the microscopic
level it has been approached with rapidly developing modelling tools over the past
decades. Fibre networks have been modelled using methods ranging from two-
dimensional line surfaces (beginning with [10]) to fully resolved three-dimensional
structures captured using microtomography (e.g. [11]). The degree of detail in
resolving the fibres adds an inevitable penalty in the form of increased computa-
tional cost. In practice, this means that if the geometry of fibres is resolved
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completely, the size and the density of the considered network is limited to the
extent where the effect of the boundary conditions and fibres cut by the domain
boundaries cannot be fully eliminated. Thus, the undesirable effects brought by the
limited network size prevent addressing realistic problems.

Describing the individual paper fibres as chains of beam elements in the context
of the finite element method has been shown to simplify the mathematical model
and is a way to attain networks of relevant sizes [12], [13]. Beam theory allows
capturing the three-dimensional character of the network as well as fracture and
non-linear material behaviour at a reasonable computational cost compared to a full
3-D volumetric approach. However, it adapts certain kinematic assumptions such as
the absence of normal strains in the thickness direction and in-plane shear strain.
This means the cross-sections of the beam elements is assumed to be rigid against
local normal and tangent loads that the bond regions experience during network
loading. In the view of these assumptions, many existing analytical and numerical
models based on the beam theory do not consider the finite elasticity of the bond. As
the fraction of bonded to total fibre length is high, a significant portion of the fibre
volume occupied by the bonds may participate in the deformation through local
changes of the cross-section. By extension, the amount of elastic energy stored in
this volume can also be considerable. Neglecting that the stiffness of the bond
regions is finite can be one reason why models based on the assumption of rigid
fibre bonds consistently overestimate the elastic properties of fibre networks.

One of the possible ways to integrate the finite elasticity of the bonds within the
framework of the beam theory is to introduce some deformable component
between the beams at the place of contact. In the framework of the finite element
method, this can be either springs [14] or contact elements based on the penalty
formulation [15]. The latter has the advantage of not requiring the beam elements
to share nodes and offering the possibility to account for the cross-section of the
beams in contact. With either approach, the deformable components placed
between the beams capture the compliance of the bond region. To be successfully
implemented, it requires input in the form of, for example, a traction-separation
law. In this work, we offer an approach for estimating the parameters of such a
law by considering the isolated fibre bond subjected to different modes of loading.
The stiffness under tangential (shearing) load is of particular interest since
previous work indicates this is one of the main failure modes of bonds inside a
paper sheet in tension [16]. In other load cases, such as sheet compression, the
normal stiffness may be the dominant component.

Beyond finding the parameters for such a law, we also show the importance of
separate events taking place during the pressing stage. We do this by decom-
posing the response and systematically studying the effect of adding or removing
features from the model. The aim of these experiments is to provide qualitative
recommendations for experimentalists when working with, e.g. image analysis
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techniques. To achieve these goals, we model the fibre bond region using a full,
3-dimensional representation of the individual fibres.

METHOD

The mechanical strength of bonds is well recognised as being central to predicting
failure strength and elongation at failure [17]. Several attempts have been made at
quantifying the bond strength experimentally. Magnusson and Fisher investigated
the ultimate strength of individual bonds by constructing fibre crosses from
isolated fibres [9]. The force-displacement curve until failure was extracted and
modelling was used to assist the estimation of the directional strength of the bond
from the measured data. In this and other experiments, the bond was not isolated,
which is necessary for discriminating the elastic response in the bond region.
Apart from the aforementioned difficulties in precise manipulation, the measure-
ments were shown to be sensitive to the adhesive used for constraining the fibres
[18], [19]. The adhesive penetrated the fibre and the test setup needed to be
constructed from sufficiently long fibres and as a result the elastic energy was
predominantly stored in the fibre volume outside the bond region [20]. Some
work has also been carried out specifically on the transverse stiffness of individual
fibres but the results are mostly reported for the lateral compression [21]. Our
work focuses on the transverse tensile and shear stiffness of the compressed fibre-
fibre bond — explicitly taking into account the deformation sequence during
compression. This stiffness may not be captured using experimental tools due to
the difficulty of isolating the individual fibre bond and enforcing the proper
boundary constraints. Indirect measures can be obtained using ZD tests [22] and
AFM. Although the initial response of the ZD test may correlate with elastic
bond properties, it inevitably includes the bending compliance of the fibres, which
cannot be easily excluded by the established experimental techniques. The use of
AFM is well suited for hardness tests [23] which can potentially be related to
elastic properties of the fibre surface. The tests of the transverse properties of the
individual fibres, which have been performed in various configurations ([24] and
[25]) can also potentially be related to the bond properties in the normal direction,
but not readily to the transverse shear bond properties.

Geometry data for modelling the fibres

We consider the fibre bond region in the proximity of a contact between two
fibres. The fibre bonds are formed as a result of pressure applied on the fibre
network during the paper making process. In our approach, we form a bond
numerically starting with a fibre cross.
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The fibres have a complex internal structure. An individual fibre may have a
length of 2 mm and a width of 20 to 50 wm [26] with various shapes of the cross-
sections. Significant effort has been devoted to qualitatively studying the shape of
paper fibres as they undergo mechanical treatment, one of the notable examples
being Page who attempted to classify the types of bonds formed between fibres
into distinct types based on the relative positions of fibres and their original geom-
etry [27]. The focus of the bond characterization was mostly on the bond area,
which is related to the bond and network strength but not much to the stiffness.
The availability of 3D micro and nano-tomography enables resolving bonds as
volumetric entities. Figure 1 shows examples of the fibre cross-sections extracted
with microcomputed tomography from a lab sheet made of CTMP fibres.

Figure 2 shows an example of a single bond created from softwood fibres
scanned by nano-tomography [28]. Combined with the mechanical testing, these
techniques are promising for relating the bond geometrical properties with its
mechanical characteristics.

The shape of the cross-section depends partly on the original shape of the fibre
and the loads it experiences during all the stages of papermaking. In this work,
we assume the initial stress-free configuration of the fibre to be circular. This
makes the definition of the MFA straightforward and represents an upper

Figure 1. Four fibre cross sections along the unbonded segments of the fibres of a lab
sheet made of CTMP pulp captured using uCT with a spatial resolution of 0.5 um.
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Figure 2. 3D-representation of the bond between two paper fibres captured using nano-
tomography. With permission from the authors [16].

bound with respect to the extent of deformation needed to bring the fibre into the
final configuration in the bond by applied pressure. We will assess the implication
of this assumption through considering the effect of load history induced by
compression.

The fibre superstructure is built up of distinct layers referred to as S;, S, and S;
[29]. The S, layer is dominant in terms of volume and gives the fibre the majority
of its mechanical properties in particular if the fibre is refined which may damage
or detach the outer layers [29]. When representing the fibre in this work, we
consider the S, layer only. The S, layer is characterized by helically wound mate-
rial where the helical angle is referred to as the Micro Fibril Angle (MFA) with
cellulose bundled in fibrils distributed randomly through the thickness. The size
of these fibrils is of the order of 5-50 nm [30].

Material data for modelling the fibres

In the elastic regime hemicellulose and lignin are similar as they are both compar-
atively soft [31]. Lignin exhibits a constitutive response that can be well described
by perfect plastic yielding behaviour [32]. The cellulose is considerably stiffer
and we assume the yield stress is high. Cellulose and hemicellulose are trans-
versely orthotropic with the stiffest direction aligned with the fibril direction
while lignin is isotropic [31]. Several authors have proposed using a law of
mixtures formulation to account for what is essentially a helically wound fibre-
matrix composite (e.g. [31]). However, to account for dissipative material defor-
mation the rule of mixtures becomes more complex as the effective stiffness of
the components change depending on the load history. Our approach is to separate
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the material of the S, layer into cellulose fibrils represented by orthotropic elastic
material and surrounding matrix (lignin and cellulose) which is represented by an
orthotropic material with ideal plasticity based on the von Mises yield criterion.
The fibres thus consist of two distinct materials. An alternative to this approach is
using mixture rules to represent the S, layer with a single material [33], which
would require homogenization in the linear and nonlinear part of the fibre
response.

The material constants of the matrix are determined by applying a mixture rule
on the properties of hemicellulose and lignin. We further deviate from the
perfectly plastic response by allowing a small measure of hardening of 1% of
the elastic modulus as this is strongly beneficial during the numerical solution
sequence while altering the stresses and strains of the model only slightly. The
fibril content is assumed to be constant along the length of the fibre and is
distributed randomly using the Fisher-Yates shuffling algorithm which strictly
preserves the designated volume fractions [34]. The material properties used in
this study are given in Table 1 where the subscript L refers to the strong direction
of the orthotropic material aligned so that the strong direction lies parallel to the
axis of the fibril.

Table 1. Material properties of the fibre phases

Matrix Fibril

E, 8.3 [35, 36] 134 [37] GPa
E; 4.1[35, 36] 27.2 [38] GPa
G 1.3 [35, 36] 4.4 [38] GPa
v 0.25 0.1 -
Volume fraction 0.55139] 0.45[39]

Yield limit o, 30[32] MPa
Tangent stiffness 40 [32] MPa

Boundary conditions

Our work aims to capture the response of the fibre bond after pressing and drying.
During these stages of papermaking, fibres are subjected to pressure and heat to
dewater the fibre mat. A typical peak pressure is about 10—15 MPa on the macro-
scopic scale [40]. This process is simulated by compressing the fibre-fibre bond
from the initially undeformed and stress-free state. While fibres exhibit a strong
hygroscopic dependence and are affected by the solid-fluid interaction, describing
all the nuances of the process may not be possible (for an extensive review of
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hygrodynamic dependence, see for example [29]). The moisture-induced history
can significantly affect the final state of the bond. For example, the hygroscopic
changes affect the compliance of the fibre-fibre bond prior to the final compressed
and relaxed states we examine. Although we do not model the moisture history,
we evaluate indirectly the effect it may have by considering different fibre interac-
tion scenarios and the effect of excluding the load history completely.

To capture only the response of the bond, the fibre segments that come into
contact during pressing are isolated as in Figure 3. The stiffness contribution of
the rest of the fibre is incorporated by preventing out of plane displacement at the
open fibre cross-section ends.

The load is applied by rigid plates, which are brought into contact with the
fibre-fibre bond and are pressed with a controlled displacement. Parts of the bond
that come into contact with the plates are bonded for the remainder of the analysis.
The bonding immobilises the wall of the fibre facing the plate, which is consistent
with the goal of probing exclusively the mechanical properties of the bond region
in the subsequent steps. The complete experimental setup is shown in Figure 3.

The stiffness sought is the stiffness of the fibre-fibre bond after pressing and
relaxation. In the final load-step, a displacement is prescribed in either the normal
or the tangential direction, as shown in Figure 4.

Finite element solution procedure and result extraction

We use explicit time integration in solving the problem with the finite element
method [41]. Unlike implicit integration, which requires inversions of the global

Constrained
cross section

Bond interface

Glued

Figure 3. The experimental structure with two fibres at a 90-degree angle to one another
and two rigid plates above and below the fibre cross. Lignin indicated in dark and cellulose
in light colour.
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Figure 4. Load application after the compression stage is complete in the normal and
tangential direction.

stiffness matrix, the explicit time integration relies on the inversion of the lumped
mass matrix, which is trivial and does not suffer from ill-conditioning. However,
the explicit integration scheme is only conditionally stable and requires in the
considered case a very small time-step due to a fine mesh and the high stiffness to
mass ratio of the finite elements. Comparing the performance of the model with
implicit and explicit time integration, we selected the latter because both fibres
undergo instabilities during the compression and the required load-step becomes
too small making the use of the implicit integration very inefficient. We accelerate
the solution by increasing the loading rate taking care not to introduce undesirable
inertial effects into the model. We ensure that the loading rate is slow enough that
the fraction of kinetic to internal energy remains below 2%. The minor high-
frequency artefacts present in the response are suppressed through smoothing of
the output force using a locally weighted regression algorithm [42].

When undergoing extreme inelastic deformations, the accuracy and numerical
stability of finite elements suffer due to poor deformed element shapes. The calcu-
lated Jacobian of the elements may turn negative already at moderate deformation,
especially when using fully integrated element formulations. While remedies exist,
they often amount to accepting lower accuracy (e.g. by using constant stress linear
elements) or increased computational time (e.g. adaptive remeshing). To mitigate
this problem, we adopt the Element Free Galerkin (EFG) method implemented in
LS-Dyna which is more robust for large deformations [43].

A typical force-displacement curve in compression is shown in Figure 5. Two
distinct compression stages are visible. In the early stage compression, the fibres
are relatively compliant and most of the deformation comes from geometry recon-
figuration. The high compression stage is characterised by a stiff material
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Figure 5. Typical force-displacement curve for a fibre-fibre bond pressed to a succes-
sively higher degree. Stiffness is extracted from the linear part of the sections with markers.

response. These features of the response are, in fact, similar to those of individual
fibres in lateral compression as shown in [21]. Depending on the ratio of radius to
wall thickness the maximum attainable compression varies while the stages of
geometry reconfiguration and the features of the bulk response remains the same.

Close to the relaxed state, at which the reaction force on the rigid plate is
zero, the effective normal stiffness of the bond region is extracted from the
load-displacement response by fitting a first order polynomial to the force-
displacement response. The derivative of this polynomial is taken to be the stiff-
ness in either the normal or the tangential direction, depending on which
components of the force and displacement vectors that are used.

RESULTS

The developed model can estimate the parameters needed in a traction-separation
law between fibres, which can be a direct input to models where fibres are resolved
as beam elements. At the same time, it can be used to determine which phenomena
on the microscopic length scale dominate in determining the mechanical response
of a fibre bond system.

We perform a series of parametric studies where we systematically investigate
the influence of the individual factors. In this way, we can quantify the parameters
explicitly while at the same time providing guidelines for future work concerning
characterization and modification of fibre-fibre bonds.
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When the pressing process begins, the fibres are saturated with water, which
makes them more compliant. The model does not consider the softening caused
by high moisture content meaning the presented forces required to attain lumen
closure are overestimated and the stress history prior to relaxation is not captured
accurately, with residual stresses being overestimated. In fact, the absolute force
needed to attain a specific fibre bond configuration is highly dependent on the load
history of the individual fibre inside the network during drying. We assess the
impact of stress history by comparing the computed response of the bond with and
without residual stresses. At the same time, the presented trends in response to the
geometry change will not be significantly affected by not accounting for mois-
ture-dependent properties.

When examining the mesh and fibril size we use a model consisting of two
fibres both having the characteristics given in Table 2.

Table 2. Geometry of the reference configuration used to
investigate mesh and fibril size dependence

Parameter Chosen values
Inner radius R, 8.00 um
Wall thickness t 3.50 um
MFA 16°

The effect of mesh density

The mesh dependence is investigated by refining the mesh for sample geometry.
Since the fibril shuffling algorithm is applied to the fibre volume prior to numerical
discretization it is possible to keep the same fibril distribution while increasing the
number of elements making up each volume. In Figure 6 we show the response of
3 simulations where the cross-sectional area of each fibril volume has been halved
and then halved again from an original discretization. As we perform this study
only for moderate deformation, we use an implicit solution method to exclude
completely any transient effects in the initial response. We apply a displacement of
5.5 wm on a fibre-fibre bond, which has an initial size of 46 wm in the y-direction,
corresponding to a transversal compression of approximately 15%.

Beyond the mesh size of approximately 0.4 % 0.4 x 2.5 um per element the
change in response is small and the initial slope of the response is identical, indi-
cating that this mesh is sufficient for capturing the through-thickness gradients. In
the remainder of our work, this minimum sufficient mesh density is used to save
computational cost.
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Figure 6. Identical fibril distribution with incrementally doubled mesh density (the dimen-
sions in the legend indicate the mesh size in the radial, hoop and longitudinal direction
respectively).

The effect of size of fibril aggregates

Before presenting the result of the parametric study, we investigate the impact of
granularity in fibril distribution and find the suitable resolution to represent the
matrix and cellulose phase. The individual cellulose fibrils have a cross-sectional
dimension of 4 x 4 nm? and are assembled into bundles inside the fibre having a
large size of 20 x 20 nm?* They may aggregate into large assemblies as a result of
chemical and mechanical treatment [44]. In fact, upon assuming a random align-
ment of the fibril inside the lignin-hemicellulose matrix, some fibrils will end up
being closely aligned when the fractions of the matrix and cellulose phases in the
fibre are about equal.

The fibril distribution throughout the fibre in the finite element model is not
deterministic. Instead, it is assigned randomly based on a shuffling algorithm.
Although every fibre realisation is unique, the algorithm preserves the volume
fractions of the constituents exactly. With given volume fractions, the response of
the considered finite-element model can be affected by the size of the fibrils
aggregates and the random distribution of aggregates. In the model, we select the
fibril size to ensure the representativeness of the model by examining the initial
response of the fibre system during the compression and the resulting normal stiff-
ness. The late stage of the response is affected by the random nature of the fibre
structure and nonlinearities of the problem.

The first question we must answer is about how fine the fibril aggregates should
be resolved in the modelling. The second question is how much variation that is
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Figure 7. Force-displacement response when refining the fibril aggregates into finer and
finer volumes. Shaded area indicates +1 standard deviation calculated on 5 samples for
each run.

induced as the result of random fibril alignment alone. While it is possible to
continue splitting volumes into smaller and smaller fibril bundles, the fibril
bundles observed in physical samples is computationally infeasible because the
small volume size enforces a discretization which is much more refined than is
computationally meaningful. Previous work has demonstrated that such a discre-
tization is excessively detailed when capturing the mechanical response of single
fibres in axial loading [45]. We perform a similar study in compression with the
results shown in Figure 7. As we are interested primarily in the behaviour at
moderate compression, we use an implicit solver for this investigation [46]. The
same model geometry is used as in the mesh study. The applied 5.5 um displace-
ment which corresponds to approximately 15% compression.

For the two smaller aggregate sizes the change when splitting each aggregate
into 4 new volumes which are independently be assigned either fibril or matrix
material is small. At higher deformation, these differences can nonetheless be
expected to induce larger changes in the response due to the high non-linearity of
the problem.

The random alignment of fibril aggregate

The effect of fibril distribution can be seen in Figure 8, where 5 simulations with
identical meshes and fibril fractions are tested using different distributions. Here,
we opt to use the explicit method rather than the implicit one in order to be able to
apply a higher degree of compression.
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Figure 8. The effect on the mechanical response of varying the distribution of cellulose
inside the fibres.

The mean stiffness of the 5 samples at a relaxed state is 1.1 - 10* N/m with the
lowest being 0.95 - 10* N/m and the highest 1.4 - 10* N/m which suggests the
stiffness varies +20% due to probabilistic factors alone. The magnitude of distri-
bution dependence is caused by the even fraction of the cellulose to the matrix
material. As the fibres compress, dislocations propagate through the more
compliant matrix material. In Figure 9 we show how the plastic strain accumu-
lates in narrow bands at the top right and bottom left quadrant of the bottom fibre
in the bond with increased applied pressure. With the volume fractions of cellu-
lose and matrix in the fibre being close to even, as in the considered fibre, the
formation of the plastic bands will happen with any granularity of the fibrils at
some point during compression. The changes in location formation of the band is
the main reason behind the discrepancies between the responses for different
realizations of the fibre structure observed in Figure 7. Since the variation is
unavoidable, the variation in the presented values during the parameter studies
can be expected to be around 20% in situations when the change of the parameters
alters the alignment of the fibrils.

We perform this simulation with a matrix material softened by a factor 3 as
well, to study the influence of the relative stiffness of the constituents and possible
softening due to initial presence of moisture. The localization pattern through the
thickness of the fibres is not significantly affected for the tested fibres.
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Figure 9. The effective plastic strain in the cross-section of the fibre at (a) moderate

compression and (b) high compression. The formation of dislocation bands denoted

with arrows can be seen at the bottom left and similarly but more localised in the top right

quadrant where lines of highly deformed elements are forming through the thickness of
the fibre.

The effect of the fibres original geometry

The response of the bond is influenced by the geometry and the residual stress
state. We decompose the change in stiffness that is induced by geometry recon-
figuration from the change caused by the stress state and the change caused by
the original dimensions of the fibres. We probe the dependence of the fibre bond
stiffness to varying radius and the wall thickness within one standard deviation
in either direction. In order to extract the data, we use the tomography images of
the CTMP fibres and the method described in [33]. Table 2 summarises the input
data used.

Horn performed studies on soft- and hardwoods attempting to relate the average
micromechanical fibril angle, fibre length, and thickness to the mechanical
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Table 3. Chosen geometry parameters for the individual fibres

Parameter Chosen values
Inner radius R;, 8.00 £3.50 um
Wall thickness t 3.50 £ 1.25 um
MFA (1, 16, 28)°

Table 4. Fibre coarseness calculated for the used geometries

Coarseness C = A,, - p [mg/m]

Inner radius Wall thickness [um]
(um] 225 35 475
4.5 0.206
8.0 0.194 0.322 0.464
11.5 0.437

properties of the network. He found that in both cases, the fibril angle and cross-
sectional area affected the resulting sheet stiffness [47], [48]. The coarseness of
the fibres tested is given in Table 4 where we assume the typical fibre density of
1500 kg/m?.

A typical reported coarseness value for paper pulp ranges about 0.2, hence the
CTMP fibres that are the focus of the present study have a medium to high coarseness.

Luce experimentally studied the collapsibility of model fibres represented as
perfectly circular tubes and constructed a shape factor from the outer and inner
radius, as stated in Equation (2), where d, corresponds to the outer and d; to the
inner diameter (m), respectively.

d-d’

d:+d’
This shape factor was shown to be linearly proportional to the force required to
achieve lumen collapse. We perform the same experiment with single fibres using
the present model. The results shown in Figure 10 also indicate a linear relation
observed in the experiment with model fibres.

We are also in the range of values (110-1030 N/m) for collapse load reported
by [21], [50] and [51].

We denote the displacement needed to completely close the lumina with a
dashed line. However, the lumen closes partially before this limit is reached due
to bulging of the fibre wall as shown in Figure 9b. We indicate this partial lumen
closure by filling the symbol and using solid line between the data points. As the

2
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Figure 10. Collapse load versus shape factor for the model (using only a single fibre) and
the results of Luce [49].

response is highly non-linear, we have chosen to plot the stiffness on a log,, scale
and to facilitate comparison between plots, we keep the axis constant for all cases
except the x-axis in the case of changing inner radius.

The effect of radius and wall thickness

Changes in average width and wall thickness of the fibres have a strong effect on
the mechanical properties of the sheet. The wall thickness has a direct effect
on the density. The response is shown in Figure 11. In Figure 12, we show the
stiffness in tangent loading.

At moderate compression, the expected relations hold and the thicker fibre wall
exhibits a stiffer behaviour than the specimens with thinner walls. However, as the
lumen closes the stiffness increases rapidly and the differences cease to be distin-
guishable. In other words, the bonds have approximately the same stiffness when
the lumina are closed, despite the bulkiest of the geometries having 2.4 times the
mass of the thinnest one. The reason behind this is that with the closed lumina, the
fibre exhibits the bulk material response, rather than the geometrical stiffness.
Another observation is that the tangent stiffness follows the trend of the normal one
being approximately equal to half of the normal stiffness at a given degree of
compression. The stiffness ranges in the wide range and covers two order of
magnitude from the original geometry to the lumen closure.

When varying the radius, the displacement needed to close the lumen varies
between the different models and is indicated with a colour-coded dashed line for
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Figure 11. Effect of changing the fibre wall thickness when loaded in the normal direc-
tion. The dashed line indicates the displacement required to completely close the lumina.
Filled symbol and line indicates partial lumen closure.
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Figure 12. Effect of changing the fibre wall thickness when loaded in the tangent direc-
tion. The dashed line indicates the displacement required to completely close the lumina.
Filled symbol and line indicates partial lumen closure.

each geometry in Figure 13 and Figure 14. Examining the response for each fibre
size the trend remains constant. The radius influences the bond stiffness strongly
prior to fibre lumen collapse but the behaviour is dominated by the closure at high

compression.
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Figure 13. Effect of changing the inner radius when loaded in the normal direction. The
dashed line indicates the displacement required to completely close the lumina. Filled
symbol and line indicates partial lumen closure.
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Figure 14. Effect of changing the inner radius when loaded in the tangent direction. The
dashed line indicates the displacement required to completely close the lumina. Filled
symbol and line indicates partial lumen closure.

An alternative way to consider these results is by presenting the dependence of
the bond stiffness on the applied pressure on the bond prior to relaxation. Since
the stiffness is governed by the geometry of the fibres, the pressure required to
attain certain stiffness will differ with the changes introduced to the fibre, with the
diameter being the most influential.
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We calculate the pressure using the contact area between the bottom fibre and
the plate. The absolute value of the force required to obtain a certain amount of
compression is overestimated since we do not consider the softening of the fibres
due to hygrodynamic phenomena. Nevertheless, the pressure values can be used
to evaluate relative differences. Figure 15 and Figure 16 show the dependence of
the bond stiffness on the applied pressure.

—8—R=4.5 um
—&—R =8.0 um
—8—R=115um

Normal bond stiffness [N/m]|

0 50 100 150 200 250 300
Nominal pressure [MPa]

Figure 15. Effect on normal stiffness when changing the inner radius as a function
of pressure.
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=

Figure 16. Effect on tangent stiffness when changing the inner radius as a function
of pressure.
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The amount of pressure required to achieve a higher stiffness increases with
decreased diameter of the fibre. This is due to the larger fibres being more
compliant which means a smaller force is required to close the lumen. The tangent
stiffness follows the same trend. In fact, as we see throughout the parametric
studies, the changes in normal stiffness can be used to assess the corresponding
changes in the tangent stiffness. At the same time, the normal stiffness is
related to the normal response of the fibre, which can be tested using, for example,
AFM [52].

Since the stiffness of the bonds is primarily driven by lumen closure, the fibres
with initially stiffer geometries will likely form weaker bonds in the final state if
a constant amount of force is applied.

The effect of microfibril orientation angle

The microfibril orientation angle (MFA) is recognised as one of the most influen-
tial parameters when determining the mechanical properties of individual fibres
[53]. For the transverse direction, Bergander and Salmén using small-strain linear
analysis found that the MFA of the S, layer has a negligible effect on the trans-
verse modulus of the individual fibre [54], [55] and that the matrix properties have
a dominating effect. It appears that these conclusions collaborate well with the
bond behaviour and agrees with our observations of the relatively small impact of
MFA even in the case of large deformation.

The change in bond stiffness as a function of applied displacement during
compression is shown in Figure 17 and Figure 18 for different MF As. The dashed
line indicates the point of lumen closure.

It shows that the stiffness is not significantly affected by MFA. There is some
difference before the closure because of the reorientation of the material proper-
ties. The differences are small because the more compliant matrix material
controlling the response has a lower degree of anisotropy compared to fibrils. As
mentioned earlier, after the closure of the lumina, the response is mainly driven by
the through-thickness properties of the underlying material, the orientation of
which are unaffected by MFA.

The stiffening after the lumen closure is increased by an order of magnitude
and continues to increase rapidly the fibre is pressed and the self-contact area
increases. In the limit, the stiffness of the bond should approach that of a square
block of material. Using the outer dimensions of the compressed bond, the
estimated upper bond of the stiffness is about 6 - 10> N/m. In other words, the
upper limit should be at least a factor 5 higher than the maximum reached in our
experiments. Compressing the fibre numerically above certain limit becomes
impossible since the volume integration can no longer be performed due to
excessive distortion of the matrix material.
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Figure 17. Effect of changing the MFA when loading in the normal direction. The dashed

line indicates the displacement required to completely close the lumina. Filled symbol and
line indicates partial lumen closure.
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Figure 18. Effect of changing the MFA when loading in the tangent direction. The dashed
line indicates the displacement required to completely close the lumina. Filled symbol and
line indicates partial lumen closure.

The effect of the residual stress state

During compression, the stresses in the fibre wall cause inelastic deformation of
the matrix. Upon removal of the load, the new configuration will contain some
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residual elastic strains and, therefore, residual stresses appearing due to inhomo-
geneous deformation during loading and subsequent unloading. As a result, the
fibre material will contain residual strains after relaxation. We evaluate the effect
of this stress state by comparing the response of a bond in normal loading after
compression with a geometrically identical bond that is subjected to normal
loading directly from a stress-free state. After compression, we remove the stress
state in the computational environment while preserving the deformed geometry
exactly. This effectively converted the deformed stress-free state into the refer-
ence configuration. In Figure 19 we show the force-displacement response of a
bond tested in the normal direction on the identical fibre with and without the
stress-state.

It shows that the stress-free state is softer than the state having residual defor-
mation. By examining the source of discrepancy, we conclude that it is due to the
fact the matrix material experiencing elastic unloading in the configuration with
the residual stresses, while in the stress-free, it quickly attains the yield stress and
therefore shows a more compliant response owing to the small tangent modulus.
The difference between the two configurations practically vanishes when the
lumina are closed.

In Figure 20 we show the corresponding response but for a bond subjected to
tangent loading. Similar to the normal stiffness, the tangent stiffness of the stress-
free fibres prior to the lumen closure appeared to be softer than that of the relaxed
fibres with residual stresses. The residual stresses stored in the outer layers fibre
and the added stress-stiffness contribution do not favour the tangent loading,
giving greater tangent resistance before the lumen closure.

I {}S .
'E —8— Stress free
Z —— Stress history preserved
— (0
& 1
2 1
_&: 1
% 10t :
T ol
= EC o | '
_ g ------- ° 1
E ln“" 6‘ !
= o !
2 1
1
10°F —

L
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Figure 19. Comparing the response when loading in the normal direction for a stress-free
model with one where the complete stress history is preserved.
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Figure 20. Comparing the response when loading in the tangent direction for a stress-free
model with one where the complete stress history is preserved.

The presence of moisture alters the compliance of the structure and not
accounting for this change may cause the final stress state in the fibre to be over-
estimated. Ehrnrooth and Kolseth experimented with measuring the elastic prop-
erties of fibres in air and in water. They found that the elastic modulus, measured
on the same fibre changed by a factor of 2-3 from wet to dry state [56]. While our
model does not directly estimate the size of this inaccuracy, we are able to give
both a lower and an upper bound of the effect it may have by considering the
extreme case of not having any residual stress after compression. In this case, the
stress history is removed from the numerical model before performing the tests.

As seen in Figure 19 and Figure 20, there is a difference in response, especially
when the fibres are not completely flattened. However, the size of this difference
is not large compared to the effect of fibre geometry, especially considering that
the two curves represent the two absolute extreme cases.

All the above studies conclusively demonstrate that in a network containing
primarily collapsed fibres, such as a typical paper fibre network, the original
geometry of the fibres and the stress state incurred by the deformation influence
the stiffness of the bond only to a minor degree.

Effect of differences in compliance between fibres

We further investigate the relation between the fibre-fibre bond stiffness and the
geometry of the individual fibres by comparing three bonds subjected to the same
load but allowing one fibre lumen to delaminate in one model, both lumina in the
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Figure 21. Force-displacement response for fibre bonds where both, one or none of the
lumina reopen after compression.

second model and neither lumina in the third model. The results in Figure 21 as
expected show that the bond where the lumina remain closed is significantly
stronger.

The bond with only one reopening lumen is 3 times stiffer than the completely
reopening bond, whereas the bond where both lumina remain closed is more than
11 times stiffer.

The effect of delamination of the lumina on the bond stiffness is smaller when
subjected to a tangent load. This is because when loaded in the normal direction
the individual fibres may deform in bending which is not possible under tangential
load if the fibre is collapsed or almost collapsed.

Very often, the fibre bond is composed of dissimilar fibres. We consider such a
case and compare two fibre bonds consisting of identical fibres with a bond
composed of one of each. The results are presented in Figure 22 and Figure 23 for
normal and tangent load respectively.

Since one fibre is significantly more compliant than the other it will undergo a
large degree of compression before stiffening upon lumen closure. This leads to
the more compliant fibre lumen closing at a much lower compression than for two
identical fibres, where the compression is distributed equally between the fibres.
Even before the closure of the lumen, the geometric reconfiguration of the more
compliant fibre means it will be significantly stiffer than if two identical compliant
fibres were pressed to the same degree.

Seeing the fibres as springs mounted in series is a powerful tool to predict the
stiffness of bonds consisting of two types of fibres. In order to apply it in this case
of dissimilar fibres, the fibres have to be represented with nonlinear springs in
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Figure 23. Tangent stiffness as a function of applied displacement for thick-walled, thin-

walled and mixed-fibre bonds.

order to identify the deformation state they will end up having in the relaxed
configuration as seen from the results above.

The effect of the fibre-to-fibre angle

Not all the fibres are crossing with the 90-degree angle shown in Figure 4. We
studied the effect of the fibre-to-fibre angle by varying it in the range of 90 to 10
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Figure 24. Bond stiffness as a function of the fibre-to-fibre angle for normal and tangent
loads.

degrees, probing the stiffness in the direction along the top fibre of the fibres. The
results are shown in Figure 24 and are symmetric for the range of angles from
90 to 170 degrees.

The stiffness in the normal direction is independent of the relative angle of the
two fibres. As the top fibre is rotated, the only parameter changing during compres-
sion is the amount of overlap area, which does not affect the sought stiffness. As
the angle is increased, the stiffening increases rapidly as more deformation is trans-
ferred along both fibres, that is, in the stiffer direction. In fact, the magnitude of the
stiffness becomes significantly greater than in the normal direction. This means,
that in the oriented network, the tangent stiffness of the bonds will be greater in the
direction aligned with the principle orientation direction of the fibres.

In the view of these results and the effect of the crossing angle, the bond stiff-
ness will have greater influence on the cross-direction (CD) of the network for
two reasons: the CD direction is more compliant and there is a greater number of
fibres crossing at angles close to 90 degrees [57].

Application at the network level

We artificially create 4 different networks using the fibre deposition methods
described in [58]. The goal is to test the effect of the bond stiffness at different
densities, grammage and alignment of the fibres. Table 5 summarises the relevant
details regarding the generated networks. We use two deposition techniques: In the
one referred to as “two-way” deposition, the fibres are deposited from two sides on

710 Session 4: Paper Structure



Effect of Geometry Changes on the Mechanical Stiffness of Fibre-Fibre Bonds

the flat surface, which results in a symmetric through-thickness density profile, but
most importantly, contained fibres which are relatively straight and are mostly
aligned in-plane. In the one-way deposition method, the fibres are deposited on a flat
surface from a single direction, which results in two-sidedness with an asymmetric
profile. The fibres in this network have to conform to already deposited fibres and
therefore, they had greater out-of-plane curvature, which is supposed to make the
entire network more compliant due to increased bending of the fibres during tensile
loading. The one-sided deposition aims to mimic the hand-sheet forming process.

The differences between the networks are clearly visible in Figure 25 where the
cross-sections of the 4 networks are displayed side by side with the order adhering
to the one introduced in Table 5.

Table 5. Characteristics of the 4 networks used to evaluate the effect of bond stiffness on
the macroscopic scale

Index Density Grammage Deposition method
p b
[kg/m’] [g/m’]
1 600 110 Two-way
2 600 55 Two-way
3 300 110 Two-way
4 300 110 One-way
184 ym 92 pym 368 um 368 pm_
600 kg/m’ 300 kg/m?
& X

Figure 25. The cross-section of the 4 fibre sheets. From left to right: Dense and heavy,
dense and light, sparse and handmade sparse with one-sided deposition of fibres.
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The first and the second network have the same density of 600 kg/m® but
different grammage/thickness. The third and fourth networks have the same
density of 300 kg/m® but are created with different deposition techniques. Despite
using the different deposition technique, the total number of fibre bonds in the
third and fourth network is approximately the same.

We perform a tensile test by applying the prescribed displacement, Au,, corre-
sponding to a strain level of 0.1% keeping the other edge constrained and the two
horizontal edges free as shown in Figure 26.

The size of the network was 8 X 5 mm, which is a representative size for
computing the elastic modulus.

The fibre cross-sections are assumed to be solid or hollow rectangular with
geometrical properties summarised in Table 3. A constant elastic modulus of
E. =30 GPa is assigned to all the fibres.

The Timoshenko beam formulation used in the numerical simulation also
requires the transverse shear stiffness which is set to G,, = G,, = 3 GPa.

Figure 27 shows how the elastic modulus of the network changes as a function
of tangent stiffness presented in the logarithmic scale. In these simulations, we

Figure 26. The paper fibre network generated with dimensions and the enforced
boundary conditions.

Table 6. Mean geometrical properties of the fibres, length
and width of the network and material data used for the fibres

Mean +1SD
Width 25.537£5.613 um
Height 14.845 +3.428 um
Width-to-height ratio 1.8469 + 0.847 [—]
Wall thickness 3.0894 + 0.753 um

712 Session 4: Paper Structure



Effect of Geometry Changes on the Mechanical Stiffness of Fibre-Fibre Bonds

5
——1: p=600 kg/m'; b= 110g/m’

| =©—2: p=600kg/m’; b=55 g/m”

—+—3: p=300 keym’; b= 110 g/m*

=8—4: p=300 kg/m’; b= 110 'm"; "Handsheet”

E =

(¥

E-modulus |GPa]
(35

o

10* 10°
Tangent bond stiffness [N/m]|

Figure 27. Elastic modulus of the network as a function of the tangent stiffness
of the bonds.

assumed that the normal stiffness is 2 times greater than the tangent stiffness and
the tangent stiffness is independent of the crossing angle. The influence of the
normal stiffness on the tensile characteristics of the network is limited due to
shear-type deformation of the bonds dominating [33].

The results show that the elastic modulus is non-linearly affected by the bond
stiffness, and the influence is larger in the stiffness range of 10° — 10* N/m, which
corresponds to the lower range of stiffness recorded for the bonds with the open
lumen.

Another important distinction is that the sparse network is more sensitive to
changes in the bond stiffness, even though the number of bonds in a sparse
network is lower. On the other hand, the sheets with the same density and deposi-
tion show indistinguishable response to the changing bond stiffness. At the same
time, the one-sided network (denoted ‘“Handsheet” in the plot) shows a lower
network stiffness and exhibits a stronger dependence on the stiffness of the bond.
This can be seen more clearly in Figure 28, which shows the stiffness reduction
factor with respect to the highest value of stiffness captured within the considered
range.

The greater sensitivity to the changes in the bonds for sparse or originally more
compliant network can be explained by an increased fraction of elastic energy
stored in the bonds of such networks. The network with a lower number of bonds
and/or more compliant elements in the form of bent or curved fibres will have the
elastic energy shifted from stiffer longitudinal deformation of the fibres to more
compliant bending and contact deformations. In fact, this transition happens as
the stiffness of the network decreases in response to decreased bond stiffness.
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Figure 28. Stiffness reduction factor with respect to the network with the stiffest bonds for
each generated network.

Figure 29(a) shows the fraction of elastic energy stored in different forms of
deformation at given strain for the dense thick network (network number 1). It
shows that decreased bond density leads to an increased fraction of elastic energy
stored in the bond regions, which mainly happens at the expense of the energy
stored in the longitudinal deformation. Figure 29(b) shows similar information for
the sparser network (network number 3). An important distinction explaining a
greater effect of the bonds for this network is the greater fraction of the bending
energy, which makes the network more compliant in the reference state and there-
fore the impact of the bond softening is more pronounced.

CONCLUSIONS

Efficiency factors have been a convenient tool to account for the changes brought
by bonding to the elastic response of the fibre network. One of the parameters
used in deriving the efficiency factors, namely, the transverse shear modulus of
the fibres and its relation to the bond geometries has not been previously addressed
mainly due to the difficulties of performing direct experiments on the bond level.
The role of this property is particularly important for bulky fibres where the
geometrical changes of fibres’ cross-section can affect the transverse properties of
the fibres to a significantly larger extent than observed for elongation properties,
which are mainly dependent on the cross-section area rather than its shape.

Using controlled numerical studies performed on the fibre-fibre bond, we find
that the directional stiffness of the bond is dominated by its geometrical configuration

714 Session 4: Paper Structure



Effect of Geometry Changes on the Mechanical Stiffness of Fibre-Fibre Bonds

—

=5

208

5

2

Z 0.6

°

|

e 0.4

‘5 [ Fraction elongation energy
£02 [ Fraction bending energy

= [ Fraction bond energy

1 I F raction torsional and shear cr
= 0

10° 10* 10°
(a) Tangent bond stiffness [N/m|

e
20

=
>

=
=

[C—JFraction elongation energy

[ Fraction bending energy

[ Fraction bond energy

[ Fraction torsional and shear energ:

e
=

Fraction of total elastic energy [-]

—_—
(=]
%]

10* 10°
(b) Tangent bond stiffness [N/m]

Figure 29. Fraction of the total elastic energy stored in different forms of deformation for
(a) a dense network and (b) a sparse network.

as long as the lumina of the fibres in the bond remain open. However, any differ-
ences induced by the geometry of the fibres forming the bond have only a secondary
impact when the fibres have closed lumina. The closure of the lumen activates the
bulk response of the material, which manifests through rapidly increasing stiffness
as a function of the degree of compression. The reason behind this is that the closure
of the lumen shifts the response of the bond from geometry- to material-driven.
When two dissimilar fibres bond, the response will be determined by the more
compliant fibre in every configuration since the stiffness of the bond is a nonlinear
function of the applied force during bond forming. As the compression progresses,
the geometrical configuration causes the fibres to stiffen, which may make an
initially more compliant fibre stiffer than the other fibre in the bond.
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The crossing angle of the fibres in the bond region does not affect the normal
stiffness but has a strong influence on the tangential resistance, which increases
rapidly as the angle between the fibres decreases.

Furthermore, while the residual stress state of the fibre-fibre bond may be important
in predicting the ultimate strength of the bond, the test of the bond with and without
the residual state shows that it has only a moderate effect on the bond stiffness, which
means the stiffness can be assessed through its final geometrical configuration.

Finally, the testing of the determined range of the stiffness using network-level
simulation tools revealed that the stiffness of the network is almost insensitive to
the changes in the bond stiffness corresponding to closed lumina (10*-10° N/m)
but shows large sensitivity to the range obtained with open lumina. Furthermore,
sparse networks are more sensitive than dense networks owing to a larger part of
elastic energy being stored in the more compliant forms of deformation in these
networks. This finding is in line with previously reported results based on observa-
tions of the effect of the scattering coefficient as a proxy for the degree of bonding,
which show that for a given pulp, increased bonding has a strong effect on the
elastic modulus in the sparse region and reaches a plateau for the dense region.

Among the most considerable limitations of the present model is not accounting
for the transition from a swollen state to a dried state during the compression stage
of the bond forming. During drying, the fibre will stiffen and its cross-section will
undergo considerable changes due to radial and wall shrinkage. These transfor-
mations will inevitably affect the final stress state and configuration of the bond.
As we concluded, however, the final configuration has an overall influence on the
bond stiffness.

The practical implication of these results is a greater sensitivity to the configu-
ration of the bonds in packaging materials; in particular, the middle ply, which is
often composed of bulky fibres and is not exposed to a high degree of compres-
sion during manufacture. In addition, in oriented sheets, the CD direction will be
more sensitive to the changes in fibre bonds for the reason of being more compliant
and having a greater number of fibres crossing at the angles close to 90 degrees.
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Transcription of Discussion

THE EFFECT OF GEOMETRY
CHANGES ON THE MECHANICAL
STIFFNESS OF FIBRE-FIBRE BONDS

August Brandberg' and Artem Kulachenko®

' KTH Royal Institute of Technology (augustbr@kth.se)
2K TH Royal Institute of Technology (artem@kth.se)

Daniele Oliveira de Castro Student at KTH Royal Institute of Technology

Not really a question, but more of an observation, it relates to the shear stiffness
relative to the compressive stiffness, that is what you expect for an isotropic
material.

Doug Coffin Miami University, Oxford, OH

I have a question for you. If we think about Seth and Page’s efficiency factor for
paper, it really comes from, maybe, two different parts. In a sparse network, it’s
about distribution of load and as we get more and more dense it’s about the
transfer of load and energy. Now, with your models, can you differentiate effi-
ciencies on different levels of network versus fibre? And, if so, does it match up
with the experimental results of Seth and Page?

August Brandberg KTH Royal Institute of Technology
Yes.

Tetsu Uesaka Mid-Sweden University

First of all, I agree it’s very important to evaluate exactly the bond stiffness on the
thick fibres. This is very much a comment. Here you have two stiffnesses for
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bonds; tangential and normal. This is OK if we assume that the bond is an inter-
face. On the other hand, if we have a finite thickness, system, one fibre to the
other, then you have other modes of stiffness, such as bending and twisting, where
on this axis you can bend and twist it. We have quite a complex structure in the
bond. Such stiffness are not straightforward to calculate, but you obviously can
calculate for such modes too. And for sparse networks such a mode become more
important compared to the tangential and normal stiffnesses, because fibres have
more freedom to deform.

August Brandberg

It is an interesting observation because you showed in your presentation some of
the deformation modes that can occur in the contact and that is absolutely right. I
have shown you today normal and tangential deformations and those are perhaps
the first ones you would consider. But there are also other things that can happen
to the bond, such as relative rotations in between the fibres and you could easily
investigate that using this model as well.

Petri Mdkeld BillerudKorsnas AB

Just for clarification. Did you consider straight fibres in your network simulations?

August Brandberg

I would have to refer to my co-author Artem Kulachenko, but in general the fibres
are not straight. I realize that it is very difficult for the audience to actually make
out individual fibres, but the fibres here are not straight, they are forming some
curve because they have a curl.

Petri Mdkeld

A follow-up question. In Figure 29, you presented stored energies. Which energy
category is containing the straightening of the fibres?

August Brandberg

We decompose the strain into the various axial and transversal components
resolved in the FEM implementation. Fibre straightening would show up as a
combination of these deformation modes.
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Doug Coffin Miami University, Oxford, OH

Artem could you comment on it?

Artem Kulachenko KTH Royal Institute of Technology

First of all the fibres are not straight. They are curved and they are also not straight
in the Z direction as they conform with each other during the forming deposition
process, when we made a network. When they straighten, there is a contribution
to elongational energy, but most of the energy is in bending. When you deal with
this dense network, the fibres are quite immobilized, there is not much bending
going on and that is reflected in the energy distribution. As the density decreases,
you have more and more fibre bending, both in plane and out of plane during the
straining, and it is also seen in an increased proportion of bending energy.
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