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Abstract

The textile industry is the third-largest global polluter, with synthetic fibres contributing heavily to microplastic
contamination in marine environments. In response, the EU-funded UPWEARS project aims to replace synthetic
fibres in technical textiles with sustainable, biosourced alternatives such as flax. To support this transition, we
combine synchrotron X-ray microtomography and COMSOL Multiphysics®-based finite element (FE) modelling
to investigate the mechanical behaviour of flax yarns at the microscale. High-resolution 3D imaging was performed
on three grades of flax yarns to capture their complex internal structures. These images were directly meshed and
imported into COMSOL to simulate their mechanical responses under load. The simulations revealed substantial
variations in stiffness across the yarn grades, along with pronounced stress heterogeneity. These mechanical
features are closely linked to both the anisotropic properties of the constituent fibres and the yarns' intricate
geometries. To validate the computational results, mechanical tests were conducted at the fibre and yarn levels,
confirming the predicted trends. This integrated approach demonstrates the potential of combining advanced
imaging with multiphysics modelling to guide the design of next-generation, eco-friendly technical textile.
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Introduction

The textile industry is among the most resource-
intensive and polluting sectors worldwide,
accounting for a substantial share of global water
consumption, energy use, and greenhouse gas
emissions [1]. A critical concern is the widespread
use of synthetic fibres, which are responsible for
large-scale microplastic pollution in marine and
terrestrial ecosystems [2]. This environmental
burden has accelerated the search for sustainable
alternatives to  conventional synthetic-based
technical textiles[3]. Natural fibres such as flax
represent a promising solution, combining
renewability, biodegradability, and favourable
mechanical properties[4, 5].

Despite their potential, the integration of flax fibres
into  high-performance applications remains
challenging[5]. Their hierarchical structure, inherent
anisotropy, and variability across processing grades
result in complex mechanical behaviour that is not
yet fully understood[6]. A precise understanding of
how microstructural features influence macroscopic
performance is essential to unlock the full potential
of flax as a sustainable reinforcement material[6, 7].

Recent advances in high-resolution imaging and
computational modelling provide powerful tools to
address this knowledge gap[8, 9]. Synchrotron X-ray

microtomography enables the non-destructive
visualization of fibre architectures in three
dimensions, capturing defects, porosity, and packing
heterogeneities with micrometric precision[10].
When coupled with finite element (FE) modelling,
these images can be directly transformed into digital
twins, allowing for quantitative predictions of
mechanical response under controlled loading
conditions[6, 11]. Such an integrated approach
bridges the gap between microstructural complexity
and macroscale performance, offering a pathway to
both fundamental understanding and application-
driven material design.

In this study, we combine synchrotron X-ray
microtomography with COMSOL Multiphysics®-
based finite element simulations to investigate the
mechanical behaviour of flax yarns at the
microscale. Three grades of flax yarns were
examined to assess the role of internal architecture
on stiffness and stress distribution. The
computational results are validated through
mechanical testing at the fibre and yarn levels. By
establishing a direct link between microstructural
features and mechanical performance, this work
contributes to the development of next-generation,
eco-friendly technical textiles.
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Experimental Set Up

Materials

Three flax fibre rovings were selected for this study,
all supplied by Linificio company (Italy). Sample U1
was produced from a fine and homogeneous blend of
raw flax, making it suitable for achieving higher
performance metrics. Sample U3 was obtained from
a coarser blend of flax generally associated with
lower performance metrics. Sample U5 consisted of
a coarser and less homogeneous blend, which may
limit the achievable fineness in spinning. These three
materials were chosen to capture the influence of
fibre origin and blend quality on the structural and
mechanical behaviour of flax yarns.

3D imaging

The objective of the experiments performed at
ESRF, Grenoble — campaign through synchrotron X-
ray micro-tomography is to provide high-resolution,
non-destructive imaging of the internal structure of
flax yarns at a micrometre scale to use it as a
geometrical model for the finite element
computation. This technique uses synchrotron
radiation to produce detailed 3D images of several
samples Ul, U3, and U5 samples. X-ray micro-
tomography acquisition were performed at beamline
BM18 with a pixel size of 4.25 um. Tomograms
were reconstructed allowing a resolution of 5056 x
5056 x 2960 voxels (21.48 mm in diameter and
12.58 mm in height). This analysis allowed the
visualization and analysis of yarn microstructure,
porosity, fibre orientation, and other physical
properties such as airiness. Image analysis was
performed using ImageJ»rsoftware
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Figure 1. Experimental set-up fo ynchrotron X-ray
micro-tomography at BM18 — ESRF.

Finite Element computation

Finite element (FE) computations on textile yarns
were carried out using COMSOL Multiphysics to
simulate  tensile loading under quasi-static
conditions. The analysis was based on a voxel-to-
element conversion approach, allowing a direct
transition from the 3D microstructural data obtained
through image segmentation to the numerical model.

The segmented X-ray microtomography images
were converted into three-dimensional meshes
composed of tetrahedral elements (Figure 2). Each
node of the mesh possessed three translational
degrees of freedom (u, v, w), enabling the detailed
representation of local deformations. The meshing
strategy was designed to accurately capture the
complex geometry and fibre arrangement observed
in the real yarn microstructure, while optimizing the
element density to ensure computational efficiency.

Figure 2. Tetrahedral meshing based on 3D imaging
conversion to finite element mesh.

The material parameters were defined based on
tensile experimental characterisation of the flax
fibres. The fibres were modelled as linear elastic and
isotropic, with stiffness properties derived from
tensile testing.

The measured Young’s modulus values indicate
noticeable differences among the analysed yarns.
Sample Ul exhibited the lowest stiffness, with an
average Young’s modulus of 30.2 GPa. Samples U3
and U5 showed higher stiffness values of 45.5 GPa
and 41.5 GPa, respectively, suggesting a greater
degree of fibre alignment or a denser packing within
their structures compared to Ul. Poisson’s ratio for
all fibres was fixed to 0.3.

Boundary conditions were applied to replicate the
uniaxial tensile loading observed experimentally.
One end of the yarn model was fully constrained,
while a prescribed displacement of 1% of the total
length of the yarn was applied to the opposite end
along the loading direction. Lateral surfaces were
left free to deform, enabling the realistic
development of local rearrangements and fibre
interactions. The quasi-static assumption ensured
that inertial effects were negligible.

This modelling framework enabled the analysis of
the local stress and strain distributions within the
yarn structure, revealing the influence of fibre
orientation, packing heterogeneity, and porosity on
the global mechanical response. The combination of
image-based modelling and FE computation thus
provides a powerful tool for linking microstructural
features to the macroscopic tensile behaviour of
textile yarns.
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Experimental Results /

Figure 3 shows typical results of 3D imaging using
X-ray micro-tomography imaging. Figure 3a shows
the cross-section views of the three studied yarns.
The degree of fibre packing and void content varies
among the samples, with Ul showing a more
dispersed arrangement, whereas U3 and U5 display
denser, more compact fibre bundles. The
longitudinal views (Figure 3b) suggest that sample
Ul presents a relatively loose structure with fibres
less aligned, while U3 exhibits a highly compacted
and entangled configuration. U5 demonstrates
intermediate alignment and compactness, suggesting
structural variability across the yarn cross-section.
More quantitative analysis shows that the measured
overall cross-sectional areas of the yarn samples
were as follows: sample Ul exhibited a cross-
sectional area of 0.302 mm?, Sample U3 showed a
larger area of 0.599 mm?, and Sample U5 had an
intermediate value of 0.517 mm?.

(b)

Figure 3. (a) Cross-sectional X-ray microtomography
images of yarn samples Ul, U3, and U5, highlighting the
internal fibre distribution and porosity within the yarn
structure  (red circles). (b) Corresponding 3D
reconstructions of the yarns showing the overall fibre
alignment and packing density.

Simulation Results

Figure 4 presents the contour plot of the
displacement component (w) for the analysed yarns.
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Figure 4. Finite element results showing displacement
component w (Uzz) for all studied yarns.

The results reveal a heterogeneous displacement
field along the yarn length, which can be attributed
to the varying stretchability of individual fibres
within each yarn structure. Such non-uniform
behaviour likely arises from variations in fibre
tension, orientation, and inter-fibre friction, which
collectively influence how local regions of the yarn
accommodate applied loads and deform under strain.
The comparison of the displacement components
Ul, U3, and U5 reveals clear directional differences
in the deformation behaviour of the yarn structure.
The Ul sample exhibits a relatively uniform
displacement distribution along the yarn length, with
predominantly yellow to red coloration, suggesting
that most of the fibres are subject to tensile loading.
In contrast, the U3 sample shows a heterogeneous
displacement field characterized by alternating red
and blue regions, indicating incomplete load
transfer. This pattern suggests stronger inter-fibre
interactions and anisotropic deformation, likely
arising from variations in fibre alignment and
contact conditions within the yarn. The U5 sample
presents the largest heterogenous behaviour,
displaying distinct gradients along the yarn length
but with fewer fibres being effectively subject to
tensile loading compared to U3. This implies a lower
load transfer.

Figure 5 shows the von Mises stress distributions for
a 1% of loading applied in the longitudinal direction.
This quantity is a scalar measure of the distortion
(shear) energy in a material caused by a multiaxial
stress state. It combines the three normal stresses and
the shear stresses into one value that predicts
yielding for ductile materials under complex
loading. Based on the von Mises stress distribution,
the analysis reveals a significant stress concentration
with a peak value of 150 MPa, localized at the most
constrained points on the top and bottom surfaces.
This intense "hot spot," visualized in red, indicates
the primary location where fibre rupture is most
likely to initiate, driven by a combination of tension,
bending, and inter-yarn friction. The stress dissipates
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along the length of the primary load-bearing yarn,
creating a gradient through yellow and green. Yarn
US remains relatively unstressed, shown in blue,
indicating it carries minimal load.
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Figure 5. Finite element results showing von Mises stress
counterplots for all studied yarns.

This result identifies a structural vulnerability at the
millimetre scale, which likely contributes to
significant variability in the material's measured
mechanical properties. Although yarn Ul sustains
comparatively higher stress levels than its
neighbours, its internal stress state remains strongly
heterogeneous, indicating localized concentrations
rather than uniform load distribution.

Conclusions

This work successfully demonstrates the application
of COMSOL Multiphysics software for the
structural analysis of complex textile materials. By
seamlessly integrating the geometric heterogeneity
revealed by X-ray micro-tomography directly into
the finite element environment, COMSOL enabled a
multi-physics investigation that would be difficult to
achieve otherwise. The finite element model was
instrumental in translating the nuanced structural
differences such as, the loose fibre packing versus
the dense entanglement, into predictive simulations
of their mechanical behaviour. This capability
directly revealed how variations in fibre alignment
govern critical performance aspects, such as the
heterogeneous  displacement fields and the
localization of von Mises stress hotspots up to 150
MPa, pinpointing likely failure initiation sites.

This study provided insight into the internal load
transfer mechanisms, explaining why Ul deformed
more uniformly while U3 exhibited anisotropic
behaviour and incomplete stress distribution. For
future work, this approach will be extended to the
macroscopic scale to identify a Representative
Volume Element (RVE). This will enable the
accurate scaling of these yarn-level properties to full
fabric simulations, thereby bridging the gap between
micro-scale structure and macro-scale textile
performance.
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