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Abstract. One striking difference between aggregates of flexible frictional fibres and other granular materials
like rigid spheres is the effective cohesion of their assembly. While glue or capillary bridges are needed to
shape aggregates of spherical particles and build sandcastles, for fibres, no need for glue to build a nest. Here
we study an assembly of mono disperse flexible fibres. We first use X-ray microtomography to characterise the
geometry of the initial assembly, the number of contact points and mean curvatures of the fibres. Using force-
displacement measurements, we characterise the macroscopic cohesive strength of the aggregate by varying the
geometry of the fibres, the fibres mechanicals properties and the packing of the preparation. Finally, we relate
the macroscopic mechanical behaviour of the assembly with the filament reorganisation at the microscopic
scale.

1 Introduction

Many bird species rely on no other ingredients than the
elasticity of sticks and the frictional contacts between them
to build their nests [1]. Most of bird nests can be seen
as networks of randomly packed entangled fibres which
conform mechanically stable structures that are capable of
bear the weight of the bird and its eggs. In addition, this
structure is cohesive without the need of some cohesive
ingredient like glue or water capillary bridges. This ef-
fective cohesion is a result of frictional fibre-fibre forces
whose magnitudes depend on the bending state of the fi-
bres. To achieve such effective cohesion, the right choice
of the aspect ratio of the particles and their right mechan-
ical properties seems crucial [2]. Although considerably
progress has been made in the past in understanding the
mechanical response of fibre-based materials under com-
pression [3], almost no studies focus on a direct character-
isation of their cohesive strength.

Here we study an assembly of monodisperse flexible
fibres. We first use X-ray microtomography to characterise
the geometry of the initial assembly, the number of contact
points and mean curvatures of fibre aggregate at different
degree of precompression. Then, we establish an exper-
imental protocol that allows us to measure the cohesive
strength of the aggregate as the resistive force against trac-
tion.
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2 Sample preparation and statistical
characterisation

2.1 Sample preparation

We first consider a cylindrical assembly of monodisperse
plastic fibres (Plastinyl 6.6) of length L = 5.5 cm and di-
ameter d = 0.4 mm (aspect ratio of 137.5). The fibres
have Young modulus E of approximately 3 GPa and den-
sity ρ = 1056 kg m−3. The cylindrical assembly is built
by rain filling the fibres under gravity in a silo of diameter
12.5 cm. Our samples contain typically 7000 fibres. To
obtain an orientational distribution as random as possible
the fibres pass through two grids of elastic strings before
falling into the container. After the container is filled, the
walls are carefully removed, obtaining a stable tower of fi-
bres as shown in Fig. 1(a). Our samples are subjected to
axial precompresion by placing loads ranging 0 − 750 g.

Figure 1. (a) Snapshot of a tower of fibres. (b) 3D reconstruction
of a fibre assembly via X-ray microtomography.
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Figure 2. (a-b) Histograms of the angle θz of a fibre with respect the vertical axis of the column for a sample without pre-compresssion
(a) and with 750 g load (b). The red orange curve represents the distribution sin(θz) expected for a fully isotropic system. (c) Number of
contacts as a function of the packing fraction. The red curve stands for the theoretical prediction Nc = 2φL/d for an isotropic assembly.
The inset show the distribution of number of contacts for a sample without precompression.

2.2 X-ray microtomography and image processing

We performed X-ray microtomography (voxel size of
71 µm) of the samples for several precompression loads.
Fig. 1(b) shows the 3D reconstruction of a portion of a
sample without load. We implement an image process-
ing procedure that allows us to extract the centreline of
each fibre in the assembly. First, the 3D images are treated
using a Hessian filter (3) that enhances tubular structures
of known diameter and then binarized. This process re-
moves the contacts in the binary volume, allowing to iden-
tify individual fibres as isolated objects in the binary vol-
ume. Each object is then skeletonized and the skeletons
are smoothed obtaining so the centrelines of all the fibres.
The binarization step may cause that some detected fibres
breaks into shorter segments, which is repaired in a subse-
quent step based on the local directions at the ends of the
broken fibres. At the end of the process, we obtain the cen-
trelines of all the fibres in the scanned volume with high
accuracy, which give us access to valuable statistical in-
formation about fibre orientation, packing fraction, mean
curvature and the average number of contact per fibre.

Figures 2(a-b) show the orientational distributions of
the assembly at two different vertical loads, revealing a re-
orientation of the fibres towards the horizontal plane as the
sample is compressed. The packing fraction φ of the sam-
ple is estimated by summing up total length of fibre centre-
lines contained in a cubic volume inside the scanned vol-
ume multiplied by cross section area of the fibres and then
dividing this value by the volume of the cubic region. We
also count the number of contacts in the volume by com-
puting shorter distances between the centrelines of two fi-
bres and determine contact if this distance is comparable
to the diameter of the fibres. Fig. 2(c) shows the average
number of contacts per fibre Nc as a function of φ. For
low precompression, the latter quantity is in good agree-
ment with the formula Nc = 2φL/d proposed by Toll [5]
for randomly oriented slender fibres. However, for fur-

ther precompression the data deviates from the prediction
probably due to the reorientation of fibres.

3 Mechanical characterisation

3.1 Compression tests

We first characterise the elastoplastic response in com-
pression of the packed fibres. Fig. 3 shows a typical
force-displacement curve of a fibre tower under several
cycles of axial compression. The mechanical response
is highly non-linear with large hysteresis and permanent
compaction of the assembly, while the individual defor-
mation of each fibre stays in the elastic regime. We char-
acterise this macroscopic plastic regime and the influence
of the packing fraction on the elastic response of the as-
sembly.

Qualitatively, this curve is consistent with previous
observations in textile materials [2, 3], which are known
to exhibit large hysteresis cycles, demonstrating a highly
plastic response. We can relate the nonlinearity of the

Figure 3. Typical force-displacement curve of axial compression
cycles of a tower of fibres.
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Figure 4. (a) Scheme with the double bed of nails setup used for the traction test. (b) Snapshot of a traction test after fracture.
(c) Force-displacement curves of axial traction for 3 pre-compression loads.

force to the increasingly number of contacts and fibre re-
orientation throughout the compression test.

3.2 Measuring cohesion

To characterise the effective cohesive strength of a fibre as-
sembly, one may think in subjecting the sample to a trac-
tion test and define the cohesive strength as the force nec-
essary to fracture it. However, one cannot apply this idea
in the same way as one would do with a single body solid.
In the case of fibres, clamping or attaching two parts of the
aggregate implies the introduction of stresses that disturbs
the effective cohesion of the original state of the sample.
To overcome this issue we propose an experimental pro-
tocol that minimises the influence of the way the sample
is hold. To impose a traction displacement δ on the fi-
bre assembly without perturbing the system, we use min-
imally invasive clamps by building directly the assembly
on two horizontal acrylic plates (10 × 10 cm each) with
nails pointing upward (see Fig. 4(a)). The aggregate can
be precompressed by putting a load on the top and then,
the lateral walls of the box are removed. The two plates
are connected to a horizontal universal testing machine to
measure the stress-strain curve.

The test always ends up with the fracture of the ag-
gregate in two parts, where one can clearly distinguish a
region characterised by fibre realignment (process zone),
while the regions outside remain with no noticeable de-
formation (Fig. 4(b)). We observe that the traction force
increase to a maximum value and then decays to zero when
the displacement δ reaches the fibre length (Fig. 4(c)).
This maximum can be related to the effective cohesive
strength of the aggregate. We show that this effective co-
hesive strength depends critically on the initial packing

fraction of the assembly. Moreover, we image X-ray mi-
crotomography of the process zone for several values of
δ to extract information about fibre reorientation and loss
of contacts throughout traction to relate the macroscopic
cohesive strength of the assembly with the filament reor-
ganisation at the microscopic scale.

4 Conclusion

Although the mechanical response of random fibre assem-
blies under compression has been studied in the past, al-
most no studies focus one their effective cohesion. In the
present study we proposed an experimental protocol that
allows us to define the cohesive strength as the fracture
force measured under traction with relatively no influence
of boundary conditions. Moreover, by imaging the sample
with in situ X-ray microtomography, we are able to obtain
global or local statistical properties of the aggregates in ei-
ther equilibrium or throughout traction tests to relate the
macroscopic mechanical behaviour of the assembly with
the fibres reorganisation at the microscopic scale.
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