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1 Abstract 

Despite their obvious importance for the 
properties of paper, relatively little is known on the 
deformation and damage mechanisms of inter-fibre 
bonds, compared to the fibres. In order to tailor the 
properties of fibre network materials, by 
biochemical and/or mechanical modifications of the 
fibre wall and fibre surfaces, better understanding 
on how to evaluate the properties of the bonds at 
the microscopic level is desirable. This paper 
reports on the development of a method including 
manufacturing of fibre-fibre cross test pieces, set-
up and analysis of experimental results. Evaluation 
of the strength of modified and non-modified kraft 
pulp fibres has been investigated. The measured 
load-displacement responses have been analyzed 
numerically, taking into account the initial curved 
shape of the crossing fibres.  

Of particular interest has been to estimate the state 
of loading in terms of normal and shear components 
in the bond region at failure. Different modes of 
bond failure have been observed in the experiments, 
and they are used to qualitatively discuss the 
mechanical behaviour of the bond region under 
loading. 

2 Introduction 

In paper physics, the inter-fibre bond strength is 
commonly estimated indirectly from sheet testing. 
Nordman et al. [1] proposed a method for 
estimating the specific bond strength based on 
release of energy and loss of light scatter in a sheet. 
Since the results of these measurements rely on the 
averaged energy dissipation of the whole sheet 
during tensile testing, the results cannot easily be 
used for comparison of bond strength between 
different types of fibres or different types of fibre 
modifications. Direct measurements of inter-fibre 
bond strength have been reported by Mayhood [2] 
et al. in 1962 and, later, others, ([3], [4], [5], [6], 
[7]), by testing individual fibre-fibre crosses. In this 
study, a similar approach is used, based on 
mechanical testing of fibre-fibre crosses (see 
Figure. 1) by applying a load on to one fibre that is 
bonded to another fibre, which is fixed at both ends. 

 

 

Figure 1. Micrograph of a fibre-fibre cross glued 
on a specimen holder.  

3 Materials and Methods 

In this study, fibre-fibre crosses were prepared by 
drying a small amount of fibres in a steel press with 
PTFE (Teflon) treated surfaces. Fibres where 
manually suspended into droplets of depolarized 
water under a stereo microscope with oblique 
illumination with typically two to ten individual 
fibres per droplet to keep the flocculation of the 
fibres low, and to prevent premature drying. After 
drying, the plates where examined under a stereo 
microscope and fibre-fibre cross samples were 
selected and placed onto a steel specimen holder; 
see Figure 2, using tweezers. 

 

 
Figure 2. Schematic of the specimen holder with 
fibres in red and glue points in green. 

 
The mechanical testing experiments were carried 

out in an Instron ElectroPulse E1000 
electrodynamic tensile testing machine using a 
miniature Honywell Sensotec 50 g load cell to 
resolve forces in the mN range.  

The relative orientation of the two fibres and the 
natural variations in the fibre geometry, 
respectively, give rise to different combinations of 
normal and shear loading in the inter-fibre bond. 
Thus, the measured force- displacement relation 
was in the analysis of the experiment treated as a 
structural response dependent on an unknown 
combination of interface normal and shear 
strengths, geometrical and material parameters.  

Information on the structural geometry was 
gathered from microscope images of the specimen, 
where the centreline of the fibres was used in the 
structural model (an example is shown in Figure 3). 

 

Pull point 

Dummy fibre 

Pulled fibre 



 
Figure 3. Centreline approximation of the captured 
fibre-fibre cross geometry used in the analysis 

 
This information was used to relate the measured 
structural response to the response of the structural 
model based on the finite element method and then 
to evaluate the normal and shear loading 
components at the fibre-fibre interface. The 
structural model was calibrated using the point of 
loading where a sudden drop of stiffness occurred 
(as are depicted in Figure 4). 

Figure 4. Comparison between the experimental 
and model response for three different specimens 
experiencing, from left to right, softening, brittle 
and progressive damage failure. The point used for 
calibrating the model is depicted in red 

 
Even though pulp fibres experience large 

variations in material behaviour, a simple linear 
elastic model was able to capture the experimental 
load-displacement curve for the fibre-fibre crosses 
when the initial shapes of the fibres were taken into 
account since the bond strength is considerably 
lower than the yield strength of the fibres. The 
structural model was solved using three 
dimensional solid finite elements with finite 
deformations (Figure 5).  

 

 
 
 

Figure 5. Example of a structural model in the 
undeformed (blue) and in the deformed state (red). 

 
By this simple scheme, considering the geometry 

and the point at the onset of damage only, the 
predicted force- displacement curve show an 
excellent fit for most cases, and therefore, as a first 
approximation, we assume that the model can be 
used to estimate the loads transferred by the fibre-
fibre interface. It should be noted however that 
even though the structural response (measured at 
the point where the load is applied) is captured very 
well, the bending and twisting behaviour would 
affect the transferred loads and not necessary 
coincide with that of such a simple material model.  

Also, the model fibres where approximated as 
hollow and rectangular but non-straight elastic 
bodies. In reality the geometry of the cross section 
as well as material behaviour, such as anisotropy, 
are far more complex and show variations along the 
fibre and may also result in other modes of 
deformation and failure. 

From the analysis of the structural fibre model, 
three stress components arise in the interface 
between the model fibres. These stresses are 
integrated over the interface surface to obtain the 
load transferred normal to the interface surface, in 
the direction of the pulled fibre and in the direction 
perpendicular to the pulled fibre. These interface 
traction distributions are illustrated in Figure 6. 

The averages of these traction distributions serve 
as a first approximation of the combined normal 
and shear loading at bond failure, although, details 
in the shape and internal structure of the fibres can 
have a noteworthy influence on the state of loading 
of the bond. 

Since the selection of specimens will have an 
influence on the state of loading, a parametric study 
was carried out in parallel to the experiments. By 
varying geometric parameters in the model 
structure, a better understanding on how to design 
the inter-fibre bond strength experiment is gained. 
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(a) Interface normal traction 
 

(b) Interface shear traction in the direction of the 
pulled fibre 
 

 
(c) Interface shear traction in the direction 

perpendicular to the pulled fibre 
 

Figure 6. Example plots of the interface traction 
distribution, normal to the interface, (a), in direction 
of the pulled fibre, (b) and perpendicular to the 
pulled fibre, (c). 

 
 
 

The inter-fibre bond test have, in the previously 
published results ([3], [4], [5], [6], [7]), all been 
conducted in a manner that yields an “near Mode 
II” or “sliding” type of loading (see Figure 7), 
resulting in stresses in the inter-fibre bond that are 
predominantly shear.  

 
Figure 7. Illustration of Mode I, II and III fracture 
modes  
 

By applying the load in an out-of-plane (near 
Mode I or opening mode) or in-plane perpendicular 
to the pulled fibre (Mode III or tearing mode) 
information on the strength of the inter-fibre bond 
in other directions could be obtained. 

Lastly, the influence of chemical modification of 
the fibre surface are evaluated by comparison of 
inter-fibre bond strength of unmodified and 
modified fibres, respectively. 
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