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ARTICLE INFO ABSTRACT

Handling Editor: Marino Quaresimin This paper introduces an innovative finite element (FE) modelling approach for fibre dynamics in a staple spun
yarn based on the geometrical model derived from X-ray microcomputed tomography (uCT) images. The FE
model retains crucial in situ information on fibre anisotropy, length, and continuity while employing advanced
stitched scanning technique to reconstruct a 15 mm yarn length containing individual fibres with ~10 pm
diameter. The research focuses on 100 % polyethylene terephthalate (PET) staple ring-spun yarn as a case study,
conducting both single fibre and yarn tensile tests to characterise material properties and validate the FE model,
respectively. Beyond examining the mechanical response at the yarn level, the model facilitates the investigation
of individual fibre’s tensile stress, frictional forces, and extent of migration, thereby enhancing the understanding
of fibre interactions during yarn tensile loading. Furthermore, the model enables parametric studies through
manipulation of inter-fibre friction coefficients allowing assessment of their impact on overall mechanical
behaviour. This innovative modelling approach demonstrates significant potential for exploring the constitutive
and failure mechanisms for formation of microplastics from textiles and textile materials in general as well as
fibre-reinforced composites. It addresses the critical research gaps in simulating anisotropic behaviours of ma-
terials containing textile fibres, paving the way for advanced material design and analysis.

Keywords:

Finite element method

Image-based modelling

X-ray microcomputed tomography (pCT)
Staple spun yarn

Microplastics

1. Introduction properties of constituent fibres, as well as the structural architecture of

fibrous materials, play a crucial role in influencing fibre dynamics under

Fibrous materials, as well as their derivative fabrics and fibre-
reinforced composites, play significant roles in driving innovation
across various engineering and scientific disciplines. Their versatility
and unique properties have led to extensive adoption across a broad
spectrum of industries including aerospace, automotive, construction,
medical, and consumer goods, among others, where they contribute
significantly to advancements in technology and product development
[1-3]. The release of fibrous microplastics, also known as fragmented
fibres, from all textiles poses a significant global environmental concern.
Throughout their lifecycle, textiles shed fibre fragments (fibrous
microplastics), contributing to the growing issue of microplastic pollu-
tion [4]. The underlying mechanisms leading to generation and release
of fragmented fibres are yet fully elucidated. The intrinsic material
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various stress conditions during textile manufacturing, use, and service.

Fibrous materials are distinguished by their slender and elongated
morphology typically characterised by diminutive diameters at micro-
scale. Their formation processes involving stretching or spinning,
impart a pronounced anisotropy along the fibre direction [5,6]. Conse-
quently, fibrous materials typically exhibit higher strength and stiffness
when subjected to tensile forces, while displaying increased pliability
and susceptibility to deformation in the transverse direction. The frac-
ture of fibre fragments from constituent fibres and their release to
environment causes fragmented fibre pollution. Moreover, their aniso-
tropic properties extend beyond mechanical performance, influencing
other functionalities such as optical transmission, thermal conductivity,
and electrical conductivity [7-10]. Understanding these intricacies in
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material behaviour underscores the crucial importance of considering
material orientation and structural geometry, beyond fragmented fibres
pollution, in design and engineering applications enabling the optimal
exploitation of their unique properties and potential.

To comprehend the performance intricacies of fibrous materials and
refine their structural design, numerical simulations have become
increasingly pivotal. These simulations delve into the intricate in-
teractions between fibres and fibre/matrix, aiming to unravel the
mechanisms governing fibre action and reinforcement at the microscale
[11,12]. However, the accuracy of these simulations hinges largely on
the geometric models utilised, encompassing aspects such as fibre po-
sitions, orientations, relative fractions, and continuity. In the past, in
simplifying the derivation of geometric models, some researchers
employed a simplification strategy, representing fibrous materials as
ideal structures [13,14], abstracting away from their complex
real-world characteristic. These structures portrayed each fibre in the
yarn following a constant helical path around the yarn axis [15-17] or
continuous straight fibres uniformly dispersed in fibre-reinforced com-
posite materials [18,19]. Nonetheless, the actual geometric configura-
tions of fibrous materials prove exceedingly intricate and irregular. They
encompass features such as fibre disorder and breakage, often precipi-
tating stress concentrations and subsequent failure [20].

To address these challenges, some researchers have endeavoured to
develop more robust geometric models by incorporating statistical or
distributional parameters to accommodate irregularities [21,22]. They
developed random geometric models based on these statistics and ma-
terial distributions, coupled with finite element analysis, to predict the
mechanical behaviour of fibrous materials with more accuracy [23].
However, the process of establishing random geometric models through
statistical distributions inevitably leads to some loss of geometric spec-
ificity, resulting in distortions during analysis. These distortions are
further exacerbated when multiple irregularities are combined [24]. For
instance, the complexity of staple spun yarn structure is influenced by
multiple factors, including fibre migration, variable twist, variations in
packing density across the cross-section, and discontinuous fibre lengths
[25]. The cumulative effect of these irregularities diminishes the effec-
tiveness of randomly generated models in simulating fibrous materials,
highlighting the need for more sophisticated approaches.

To accurately capture the complex full real-life geometry of mate-
rials, it is imperative to utilise characterisation methods that probe their
internal three-dimensional (3D) structures. Among these methods, X-ray
micro-computed tomography (puCT) stands out as a powerful method,
employing X-rays to generate precise cross-sectional images of physical
objects, thereby enabling the creation of virtual 3D models without
destroying the original sample [26]. This technology allows for imaging
at pixel sizes as small as 100 nm, rendering it well-suited for detailed
fibre tracking and structure analysis of fibrous materials [27]. Previous
research has developed algorithms based on skeletonisation to track
individual fibres in low-density fibrous materials [28,29] which were
then extended for yarn analysis [30]. Furthermore, the high-fidelity
geometric models extracted from pCT images were integrated with
finite element analysis of yarn structure using beam elements, intending
to investigate the behaviour under axial and transverse loads [25].

Despite advancements in fibre tracking algorithms and pCT-based
modelling of fibres and yarns, as mentioned in the previous sections, a
critical knowledge gap exists. To the authors’ best knowledge, the
generated yarn geometric models have not adequately addressed the key
features of fibrous materials, namely the anisotropy and the interaction
between fibres and fibre/matrix. Furthermore, a fundamental trade-off
exists between achieving high-resolution cross-sectional images for
precise fibre tracking (at the micrometre level) and capturing a repre-
sentative length of slender yarn (at millimetre level). Consequently, only
a model with a sufficient length and microscale fibre details can accu-
rately simulate the fibre interaction within specific yarn structure,
thereby bridging this knowledge gap.

To address the above research gap, this study aims to propose a novel
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numerical method for developing high-fidelity and anisotropic finite
element models based on in-situ pCT images of fibrous materials, thus
enabling the image-based modelling. The method considers yarn struc-
tures longer than 10 mm and tracks individual fibres within the yarn
body with diameters ~10 pm, facilitating the analysis of the micro-
behaviour of individual fibres and their interactions. In this paper,
100 % PET ring-spun yarn is selected as the research subject as PET is the
most commonly employed textile polymer and ring spun yarns are the
most common yarn structure employed. Two pCT datasets, i.e., a 0.8 mm
segment and a 15 mm stitched dataset, are utilised to develop high-
fidelity and anisotropic models, facilitating a comparative analysis.
Through simulations of yarn stretching and experimental validation, the
impact of parameters such as friction behaviour on the models is stud-
ied. The successful identification of individual fibres also enables the
anisotropic models to conduct a detailed analysis of stress distribution at
the microscale, fibre migration during dynamic processes, and inter-
fibre frictional behaviour. This innovative numerical approach pre-
sents a valuable tool for the micro-analysis of yarn structure, with po-
tential applicability to other fibrous materials and fibre-reinforced
composites exhibiting anisotropy enabling a deeper understanding of
their complex behaviours.

2. X-ray microcomputed tomography and reconstruction

This section provides an overview of the scanned ring-spun yarn
samples and the pCT scanning setup. As previously mentioned, a stitched
scanning technique was employed to accommodate yarn structure
models with lengths surpassing a helical cycle. We detail the image
processing involved in stitching an extensive pCT dataset exceeding 10
mm in length, along with the data processing methods for tracking fibre
centrelines using Avizo software.

2.1. uCT scanning

100 % polyethylene terephthalate (PET) staple ring-spun yarn, from
a commercially relevant short staple spinning system, was selected for
RCT scanning and microstructural analysis. The yarn was produced with
a nominal linear density of 29.53 tex (20.0’s Ne). The twist level was
kept at 7.04 turns.cm ™+ (17.88 turns.inch1). The surface topography of
ring-spun yarn is shown in Fig. 1¢ which shows that the ring yarn has a
helical arrangement of fibres in the yarn body.

The Zeiss Xradia 620 Versa in the National X-Ray Computed To-
mography Centre at the University of Manchester, UK, was employed to
conduct pCT scanning. As shown in Fig. 1b, the yarn samples for pCT
scanning were carefully prepared by mounting yarns in the centre of a
Kapton® tube (5 mm internal diameter) along its length and applying an
appropriate pre-tension to remove slackness and are held stationery
during scanning. The scanning process was started by mounting the
Kapton® tube in the pCT scanning stage vertically with respect to inci-
dent X-ray beam and aligning it along the field of view of pCT scanning
system. Fig. la shows the scanning setup in Zeiss Xradia 620 Versa
system. For a regular scanning, the yarn specimen was fully rotated by
360°, resulting in 3201 projections collected on a noise-suppressed
2000 x 2000 pixels charge-coupled detector. Further, the stitched
scanning was performed, which involved 11 times regular scanning
along the yarn length, with a slight overlap between adjacent segments.
Table 1 presents the technical specifications for pCT scanning and details
of scanning results are shown in Figs. 2 and 3. In comparison, the
stitched scanning technique requires more scanning time in total and
greater stability of Zeiss system, as well as additional data stitching of 11
scanned segments (with more than 1.5 mm length for each). As a result,
it allows the acquisition of pCT datasets with the length exceeding 10
mm for the yarn and the resolution to 10 pm for each individual fibre,
which also makes the scanning results more reliable and representative.
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Fig. 1. (a) Scanning setup in Zeiss Xradia 620 Versa (b) Yarn specimen mounted in the Kapton® tube (c) Surface topography of 100 % PET staple ring-spun yarn used

in the study.

Table 1
Detailed specifications of pCT scanning.

Parameters Regular scanning  Stitched scanning
Resolution/voxel (pm) 0.81147 0.827
Number of segments/blocks 1 11
Total cross-sectional images along 960 19710
the length
Total scanned length of yarn (mm)  0.7782 (1 x 15.574 (11 x 1.5 with
0.7782) overlap)
X-ray energy (KV) x (pA) 80 x 125 80 x 125
Exposure time (seconds) 3 3

2.2. Image processing and uCT data stitching

Due to significant displacement of the scanning field when tran-
sitioning between segments (as shown in Fig. 2a), automatic stitching of
uCT datasets with more than 10 segments using the Zeiss system is not
feasible. To address this issue, a Python algorithm was developed based
on the analysis of central points of the yarn obtained from the cross-
sectional images. The initial step in image processing involves noise
removal using Median Filter followed by the application of Watershed
Separation to generate the binary image for fibre areas, as shown in
Fig. 2b & c.

The central point of the yarn body is determined using the ‘Measure’
function in ImageJ and marked in red. These central points of multiple
cross-sectional images are then connected to form the yarn’s centreline
along the z-axis. For two adjacent segments, a slight overlap of 10 cross-

Overlap'area’
& Shifting

Slight overlap
with 10 images

(when wrang overlap)

SD of position
difference >> 0

sectional images (approximately 8 pm in length along the z-axis) is
initially introduced.

The algorithm calculates the differences in the x-y plane coordinates
of the central points between upper and lower segments within this
overlap area (resulting in 10 differences during the first calculation),
and the standard deviation of these differences is recorded. The overlap
area is then extended with additional cross-sectional images, and a new
standard deviation is recorded. The corrected overlap area is identified
when the standard deviation reaches a minimum (nearly zero), indi-
cating that the centreline of upper segment in this overlap area aligns
with the centreline of lower segment in the x-y plane. Since the yarn’s
centreline is a microscale curve, a coordinate standard deviation close to
zero can only be obtained when the overlap area along z-axis is correctly
identified, as shown in Fig. 2d. Consequently, the overlap dataset can be
removed using the above algorithm, and the x-y plane coordinates be-
tween the two adjacent segments are corrected. This method of stitching
the two adjacent segments allows for the merging of pCT datasets into a
yarn exceeding 10 mm in length, facilitating the further tracking of each
individual fibre.

2.3. Centreline tracking

To track the centreline of each individual fibre, the X-Fibre module in
Avizo software is employed, which involves following four sub-steps:

i) A visual cylinder template is created by selecting a fibre segment
in a slice and adjusting its length and radius to fit the cross-
section, as illustrated in Fig. 3a. The template’s length and

until correct overlap)

l

SD of position
difference ~ 0

=

Large overlap
& more images

Fig. 2. The approach of image processing and pCT data stitching: (a) Overlap and shifting between two adjacent scanned segments (b) Original cross-sectional image
(c) Fibre areas after Threshold and Median Filter (central point marked in red) (d) Determination of overlap area with minimum standard deviation (SD) of position

differences.
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Fig. 3. Cylinder template in (a) 2D, (b) 3D view and (c) tracked centrelines for individual fibres (d) Details of stitching area.

curved angle are defined by the Cylinder Length and Angular
Sampling parameters. The Outer Cylinder Radius and Mask Cyl-
inder Radius set the upper and lower limits of the radius range
(4-6 pm) for detecting cylinder structures, with an approximate
5 pm radius used of individual fibre in this study. And Inner
Cylinder Radius is set to O reflecting the solid nature of the fibres.

ii) The Cylinder Correlation module correlates the fibre template
with the pCT datasets in all orientations, assigning each fibre
segment a score (Seed Correlation).

iii) The Trace Correlation Lines module maps the centrelines of
cylinder-like structures. It begins at a fibre segment with a cor-
relation value exceeding the Minimum Seed Correlation. Two key
parameters, Minimum Continuation Quality and Direction Coef-
ficient, determine the continuity and directionality when con-
necting fibre segments into a continuous fibre. To prevent
excessive tracking, a minimum distance of 7 pm is set between
two centrelines, and a minimum length of 250 pm is established
to disregard ultra-short centrelines. The Avizo software auto-
matically configures parameters for the Search Cone of centreline
connection. Table 2 provides a detailed list of all parameters used
in these modules.

iv) The Trace Correlation Lines module outputs Spatial Graph re-
sults, as depicted in Fig. 3c. Essential statistics, including chord
length, curved length, and coordinates of each point in the cen-
trelines, are extracted from the Spatial Graph. These data are then
compiled in an Excel spreadsheet, with each set of statistics
linked to its corresponding fibre number.

3. Development of image-based FE model and experimental
setup

Moving beyond the traditional numerical models with uniform

Table 2
Parameters used in fibre centreline tracking.
Modules in Avizo Parameters Value
Cylinder correlation Cylinder Length (pm) 20
Angular Sampling 5
Mask Cylinder Radius (pm) 5.5
Outer Cylinder Radius (ym) 4
Inner Cylinder Radius (pm) 0
Trace Correlation Lines Minimum Seed Correlation 80
Minimum Continuation Quality 40
Direction Coefficient 0.5
Minimum Distance (pm) 7
Minimum Length (pm) 250
Search Cone Length (um) 30
Angle (degree) 20
Minimum Step Size (%) 10

alignment and continuous fibres (as shown in Fig. 4a), this section in-
troduces the stepwise development of high-fidelity FE model based on
the pCT characterisation. This includes defining the material anisotropy,
characterising the properties of individual fibre, specifying the contact
behaviour, and establishing the boundary conditions. The stretching of
the yarn is simulated using Abaqus/Explicit and validated with experi-
ment tests according to ASTM D2256 standard test method for tensile
properties of yarns by the single-strand method.

3.1. Centreline-based model

Model development commences with the fibre centrelines obtained
through pPCT scanning. Given the quasi-circular cross-section and uni-
form diameter of approximately 10 pm for PET fibres, as shown in
Fig. 2b, the fibre entities were generated in SolidWorks by sweeping the
cross-section along their traced centrelines. These entities were then
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Fig. 4. (a) Traditional numerical models with uniform alignment [16], (b) Schematic diagram and workflow for the development of image-based model (one--
segment data as example), (c) Numerical model of stitched-scanning data (with a highlighted through-length fibre).

imported into the finite element analysis software Abaqus, treating each
fibre as an individual component. The purpose of creating discrete en-
tities was to facilitate the meshing of three-dimensional solid elements
in Abaqus, thereby enabling the analysis of interactions between fibres.
During the batch import process of fibre entities, the material orienta-
tion of each fibre was determined using the Discrete Definition method,
which relies on the normal axis for the outer surface and the primary
axis for the fibre centrelines. Subsequently, the fibre entities underwent
meshing using C3D8R elements with a global seed size of 15 pm, as
illustrated in Fig. 4b. To ensure convergence in dynamic simulations,
Distortion Control was employed with a length ratio of 0.1, and Hour-
glass Control was set to Enhanced.

3.2. Setting in FE model

In this study, PET fibres are characterised as anisotropic materials,
with their material properties and contact behaviour outlined in Table 3.
Due to the challenges in experimentally measuring properties transverse
to the fibre direction for individual fibres, only the modulus in the fibre
direction, denoted as E;, was obtained through tensile tests on single
polyester fibres (detailed in next section). Other material properties
were sourced from previous literature and reasonable assumptions. The
normal contact behaviour between fibres is defined as ‘Hard’ contact,
with the tangential behaviour specified by a friction coefficient of 0.3.
Contact initialisation is configured as ‘Resolve with Strain-Free Adjust-
ments’ to prevent surface intersections of fibre entities in the initial
state.

Boundary conditions (BCs) play a pivotal role in our simulations,
dictating whether the helical structure of yarns twists or untwists under
loading. The BCs are illustrated (in Fig. 6a) together with dynamic
response in the discussion section. In this simulation, the cross-sections
of fibres at the top and bottom sides are coupled to the central point of
the section, with the bottom point fixed and a displacement applied to
the top point along the yarn direction. Inspired by previous literature
about yarn simulation [31,32], two distinct boundary conditions are
investigated to simulate the stretching of a segment of the yarn without
direct gripping: one with restricted rotation of the central points,
simulating the stretching with clamped ends of the yarn model, and the
other without restricting rotation, simulating the displacement-induced

Table 3

The material properties and contact behaviours [32-36].
Parameters Value

Material properties Density 1.38 g/cm?®

E; 7.02 GPa
E; & Es 1.14 GPa
V12 & Vi3 0.34
Va3 0.3
G2 & Gi3 0.85 GPa

Gos = E2/2(1+v23)
Normal behaviour
Tangential behaviour

0.41 GPa
Hard contact
Friction coefficient = 0.3

Contact properties

tension of a segment in long yarn structures. Aligned with the loading
speed of 100 mm/min in the experimental setup, the yarn model is
stretched to 20 %-30 % strain in the finite element simulation, executed
in Abaqus/Explicit for the dynamic process. To expedite computation, a
mass-scaling factor of 1 x E+9 is applied, and the computation is per-
formed in single precision on a workstation equipped with 40
processors.

3.3. Experimental tests

Tensile properties of individual PET fibres were determined using
Dia-stron® LEX820 extensometer, as shown in Fig. 5a. The PET single
fibres were mounted from both ends on specially designed plastic
mounting tabs using UV setting glue (Dymax Ultralight weld). The
detailed procedure of sample preparation is given elsewhere [37]. The
prepared fibre samples were carefully transferred to the measuring unit
of the instrument with the help of a special lifting device. The tensile
tests were carried out with a 20 mm gauge length at an extension rate of
6 mm/min. The diameter of PET fibres (used in calculation of tensile
stress) was determined with the help of scanning electron microscope
(Jeol JSM-6610, Japan). The results, illustrated in Fig. 5b, reveal a
stiffness of 7.02 4 0.42 GPa, which would be used as the elastic modulus
in fibre direction in subsequent FE modelling. It is important to mention
that PET fibres exhibit viscoelastic behaviour, characterised by hyster-
esis in the stress-strain curve, as evident in Fig. 5b. Given the complexity
of modelling the viscoelastic and plastic properties of anisotropic ma-
terials and the significant computational demands involved, this simu-
lation simplifies the material properties by treating the PET fibres as
purely elastic. Additionally, tensile tests yielded an average tensile
strength of 658 + 52 MPa, but the failure criteria for anisotropic fibres
are not fully understood yet. Determining relevant failure parameters in
different material orientations is still challenging. Therefore, the
following numerical study focuses exclusively on the elastic behaviour
and dynamic migration of fibres, using the tensile strength as a bench-
mark for comparison with the maximum principal stress, serving as a
reference for potential failure.

Tensile tests of 100 % PET ring spun yarn were carried out following
ASTM D2256 standard test method with a little modification on James
Heal Titan Universal Strength Tester using 100 N load cell (as shown in
Fig. 5¢). This study aimed to experimentally investigate the effect of
gauge length on the tensile behaviours of yarns. A sophisticated testing
instrument, operating on the constant rate of extension (CRE) principle,
was utilised, ensuring consistent performance regardless of the gauge
length of the test specimen. The instrument’s advanced load cell
continuously recorded the applied force in real time as the specimen
underwent deformation at a constant rate, enabling precise measure-
ment of strain against applied force or stress. In accordance with the
ASTM D2256 standard, the instrument automatically adjusted the
extension rate to ensure the specimen’s time to break was 20 + 3 s. For
20’s Ne staple-spun ring yarns, the typical extension rate for a 20 & 3 s
time to break was approximately 100 mm/min. Consequently, yarns
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Fig. 5. (a) Tensile tests of single polyester fibre, (b) Experimental results of single-fibre tension and (c) Standard test method for tensile properties of yarns.

were tested at gauge lengths of 30, 50, 100, and 250 mm, all at a con-
stant extension rate of 100 mm/min. Twenty specimens were tested for
each gauge length to compute the average values.

4. Results and discussion

To visualise the dynamic response of yarn stretching and fibre
migration, models from a single scanning segment are initially pre-
sented. Following this, the numerical results derived from the models
based on the stitched scanning dataset are compared and validated
against the experimental tests of ring-spun yarn. Crucially, the simula-
tion offers valuable insights into the analysis and interaction between
individual fibres, including stress, migration, and fibre-to-fibre friction.
Finally, a parametric analysis is conducted using the developed image-
based models to explore the influence of the friction coefficient be-
tween fibres on the yarn’s mechanical response.

4.1. Dynamic response of yarn and fibre

Two distinct boundary conditions (BCs), one with restricted rotation
at both ends and one without, were applied to a single-segment model
measuring 0.8 mm in length. As illustrated in Fig. 6, only one segment
was chosen to facilitate clearer visual comparisons due to its fewer,
shorter fibres.

Without restricted rotation: The yarn exhibits untwisting behaviour.
At 5 % strain, no significant increase in fibre stress is observed. By 10 %
strain, the untwisting process is nearly complete, and an increase in
stress is seen in fibres near the centre of the yarn structure. Subse-
quently, the fibres are gradually stretched and straightened, stabilising
the overall yarn structure, while discontinuous ‘hair fibres’ progres-
sively move away from the main yarn body.

With restricted rotation: The yarn shows enhanced twisting. An in-
crease in fibre stress is noticeable at just 5 % strain, with a more uniform

Fig. 6. (a) Boundary conditions of yarn structure in two ends (b) Yarn dynamic response of one-segment uCT data without and (c) with restricted rotation of

end points.
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stress increase observed between 10 % and 20 % strain. The yarn’s
midsection diameter is significantly reduced, with some discontinuous
fibres being trapped within the core due to the enhanced twisting, while
only a few ‘hair fibres’ move away from the body.

The FE models also offer valuable insights into individual fibres
within yarn structures, and a level of detail unattainable through
experimental tests. Fig. 8 illustrates the interaction between dynamic
fibre migration and their stress evolution. Seven representative fibres
(RFs) are randomly selected across a range of stress values, with their
highlighted morphologies at 0 % (Fig. 7a) and 20 % (Fig. 7b-d) yarn
strain. The mean values of maximum principal stresses for individual
fibres are calculated to show the progressive evolution during tensile
tests. Additionally, the percentage of fibres experiencing stress values
exceeding 658 MPa is depicted, serving as a reference for potential fibre
breakage.

In the BCs without end-point rotation restrictions, RF1 experiences
abnormal tension due to the opposing untwisting of the yarn structure,
leading to extremely high stress values. As the yarn reaches 20 % tensile
strain (as shown in Fig. 7b), fibres RF2 to RF6 become increasingly
stretched and straightened with those closer to the yarn’s centre
exhibiting higher stress values. The stress-strain curve for RF2 shows a
steep and stable slope almost from the beginning, as RF2 is centrally
located within the structure and undergoes minimal migration. Conse-
quently, its stress value rises rapidly during stretching, eventually
exceeding the tensile strength of a single fibre. Some outer fibres, such as
RF5 and RF6, display a gradual increase in stress during the initial stage
of yarn untwisting, followed by a more pronounced stress increase after
10 % tensile strain. This indicates that fibres near the centre, with lower
initial migration, are more likely to break first, with failure gradually
progressing to outer fibres as the yarn untwists and tightens. RF7,
located at the outer edge, behaves like a hair fibre within the yarn
structure. Without end-point restriction, one of its ends gradually moves
away from the main body during untwisting, experiencing almost no
stress increase throughout the stretching process.

For comparison, the mechanical responses of the same RF1-RF7 fi-
bres are presented in Fig. 7d for the model with restricted rotation. A
similar pattern emerges, with centrally located fibres like RF2 and RF3,
which exhibit lower migration, showing rapid stress increase. Despite
being at the outermost edge, RF1 exhibits a smaller stress value than RF6
due to its lower migration. Unlike the previous boundary condition, the
fibres are under tension but not fully straightened, with the yarn’s
twisting structure significantly enhanced (as shown in Fig. 6¢). After
dynamic fibre migration, most fibres concentrate in the centre of the
main body at 20 % tensile strain. Additionally, the hair-like RF7 fibre
does not detach from the main body due to the enhanced twisting.
Friction between fibres causes RF7 to record a higher stress value than in
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the model without rotation restriction.

4.2. Yarn mechanical performance and individual fibre analysis

The tensile testing of the ring-spun yarn samples was examined using
a range of gauge lengths, spanning 30, 50, 100 and 250 mm, and their
results are shown in Fig. 8a. It can be observed that all the yarn samples
failed at a similar maximum load, but the ones with shorter gauge
lengths exhibited larger failure strains. This is because, for the tested
yarn with shorter gauge length, the most of fibres were gripped at both
ends by the two jaws. This reduced the fibre slippage when the overall
yarn structure failed [38]. As a result, these gripped fibres were able to
bear the load even after the yarn structure was destroyed, significantly
increasing the failure strain of the tested sample [39].

The numerical simulations based on one-segment models exhibit
stiffness values significantly higher than those obtained from experi-
mental results. This discrepancy can be attributed to the fact that the 0.8
mm length is substantially shorter than the each turn of yarn twist in
ring-spun yarn, rendering these pCT-based models are inadequate for
accurately predicting the yarn’s mechanical response. To improve the
representativeness of the uCT dataset, especially for anisotropic fibrous
materials, the implementation of a stitched scanning technique is rec-
ommended. In contrast, the numerical results derived from the stitched
LCT dataset show trends consistent with experimental data, with a slope
closely matching that of the force-strain curves for ring-spun yarn
samples with 30 mm and 50 mm gauge lengths. This consistency in-
dicates that pCT-based models from stitched scanning can reliably pre-
dict mechanical performance and offer robust basis for in-depth analysis
of dynamic fibre migration.

The model without restricted end-point rotation (free end-point
rotation), displays a small section with no recorded force due to slack
in the yarn samples. As tension increases, the reaction force rises, and
the unrestricted ends allows the twist in the ring-spun yarn to unwind,
causing the outer fibres near the ends to detach the main yarn body and
gradually straighten (Fig. 8b and c). This process is accompanied by an
increase in the slope of the force-strain curve. At 15 % tensile strain, the
untwisting of the ring-spun yarn is completed, and most fibres are fully
stretched, resulting in a stable slope of the curve and stiffness of struc-
ture, with the yarn’s main body maintaining a consistent diameter along
its length.

The model with restricted end-point rotation (fix end-points), shows
a stable slope of force-strain curve after the initial slack in the yarn is
eliminated. As the samples are stretched, the twist in the yarn structure
is further intensified, leading to a significant reduction in yarn diameter
during the tensile test (as shown in Fig. 8d and e). Fig. 8 f further
compares the yarn cross-section between different strain stages of this

eakage ratio (%)

Max. Pincialsress = 658 WPy

Fig. 7. One-segment model: (a) original morphology (b) & (c) fibre migration and stress evolution without restricted rotation (d) & (e) fibre migration and stress

evolution with restricted rotation.
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¢ |—— Experiment-30 mm
—— Experiment-50 mm
—— Experiment-100 mm
—— Experiment-250 mm

Strain = 15%

Strain = 7.5%

Strain = 15%

Strain =22.5%  Strain = 30%

Fig. 8. (a) Force-strain curves with validation of experiment results and analysis of stitched-scanning model and detailed fibre migration (b) & (c) without and (d) &
(e) with restricted rotation of end points (f) Comparison of yarn cross-section between different strain stages (with restricted rotation).

case, showing the contraction effect on yarn structure and the concen-
trated stress on the fibres located inside the yarn. This enhanced twisting
also results in a higher recorded reaction force compared to the model
with free ends. Additionally, the numerical results for the restricted
rotation model demonstrate a dynamic fibre migration similar to that
observed in the experimental test. This phenomenon is consistent with
the previous research [40], which noted that there is enough friction
between fibres to resist tensile load at higher twist level preventing fibre
slippage until fibre breakage occurs (fibre breakage failure mechanism).
Therefore, the following discussion will focus on the models with
boundary conditions that restrict the rotation of end points, exploring
their implications for yarn behaviour and performance.

Unlike traditional numerical simulations that rely on simplified

assumptions of uniform twisting geometry, nCT-based models offer a
more refined approach by capturing the distinct behaviour of each fibre
as it migrates within the yarn. The analysis of stitched scanning datasets,
enables the investigation of stress evolution, frictional force develop-
ment, and dynamic migration progression, shedding light on their
intricate relationships. The subsequent discussion focuses on the model
with restricted rotation, owing to its better representativeness and
similarity to experimental tests.

The morphologies of six representative fibres at 0 % and 30 % yarn
strain highlighted in black and other colours respectively are presented
in Fig. 9b. The most stress-strain curves of individual fibres show a small
initial slope (as shown in Fig. 9a), as no fibre consistently maintains
position at the centre with a low original migration throughout the
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lengthy yarn. For instance, although RF1 is partially centred, it migrates
to the outer edge during dynamic loading with the yarn’s partial spin-
ning. Notably, the long but discontinuous RF1 experiences greater stress
than continuous fibres RF2 and RF3 because of its lower original
migration, whereas there is a greater migration factor for RF2 and RF3
fibres and they wind along the yarn length with constant cycle. The
enhanced twisting prevents RF1’s free end from leaving the main yarn
body, highlighting that a fibre’s original migration and position signif-
icantly impact its stress and breakage probability more than its length
and continuity. A comparison of short, discontinuous fibres RF4 and RF5
reveals that RF4’s free end remains within the main body during
stretching, resulting in higher stress whereas RF5’s free end moves
away, influencing its stress distribution. Fig. 9 explains this phenome-
non which indicates that the position of the free end and its dynamic
migration significantly influence a fibre’s stress distribution. Consid-
ering that continuous fibres are rare in longer yarn structures (over 100
mm in length), RF1, RF4, and RF5 are more representative, underscoring
the importance of migration analysis. The extremely short and discon-
tinuous RF6 experiences negligible stress throughout the process,
gradually moving away from the main body. Such hair-like fibres when
released or fractured may lead to microplastic pollution in the subse-
quent manufacturing, use, and service life of textiles.

The finite element model exports the frictional force at each node,
allowing the calculation of the mean frictional force for each fibre. This
calculation considers only the nodes with fibre-to-fibre interaction,
defined as nodes where the normal contact force is greater than zero.
Specifically, the mean value of the frictional force is determined by
dividing the total frictional force on the fibre or yarn with the number of
contact nodes. This approach ensures a more accurate comparison of the
frictional behaviour among fibres of varying lengths. Additionally, it
eliminates the influence of hair fibres, further refining the analysis. The
red dotted line represents the mean frictional force across all nodes,
serving as a measure of the overall structure’s frictional behaviour.
Initially, the frictional force increases rapidly as the yarn’s slack is
replaced by stretching as shown in Fig. 10a, and fibres in the twisted
structure come into full contact and move relative to each other. As the
curve’s slope decreases, fibres press against and lock each other during
enhanced twisting, reducing relative movement as most fibres tend to
stretch collectively in the later stages. Notably, among individual fibres,
RF1 shows the highest mean friction force due to its central position and
the strong compression within the yarn structure. RF2 and RF3 exhibit
similar values, despite significant differences in their principal stress as
their relative position along the yarn length renders their frictional
behaviour, more dependent on location and interactions with neigh-
bouring fibres. In contrast, discontinuous fibres RF4 and RF5 display
similar values until 5 % yarn strain, after which differences emerge as
RF5’s free end moves away from the main body, reducing fibre-to-fibre
interaction and frictional behaviour. Fig. 10b illustrates the normal
contact behaviour of individual fibres and the yarn. The observed trends
in the normal contact forces of representative fibres closely resemble
their frictional behaviour, confirming that mutual squeezing between
fibres during yarn stretching is a critical factor in enhancing friction. The
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notable difference lies in the fact that the normal contact forces of
certain fibres do not begin at zero. This is attributed to the model’s mesh
adjustment mechanism for handling fibre overclosure, which leads to
the presence of initial contact pressure.

The fibre migration represents the relative movement of a fibre with
respect to its neighbouring fibres and its ultimate radial position along
the yarn length [41]. Traditionally, fibre migration analysis has been
limited to studying the geometrical arrangement of fibres in the initial
state of yarn structure as captured from the produced textile. However,
the more interesting and dynamic evolution of fibres’ position and
movement overtime remains unclear primarily due to the challenges in
micro-characterising the fibres under loading conditions. Driven by the
image-based model in this study, the dynamic migration analysis of each
individual fibre can be performed, providing a new perspective for
studying the mechanical response mechanisms of the yarn structure.

In this study, the dynamic fibre migration is calculated by adopting
the parameters suggested by John Hearle in a study [42]. The descrip-
tion of location variations of fibre segments begins from the fibre posi-

tion Y = (r/R)* along the yarn length, where R is the yam radius and

r= \/ (xi — xc)* + (yi — yc)2 is the distance between the observed fibre
segment/point and the yarn’s centreline. The fibre centrelines’ segments
and their corresponding coordinates (x;, y;, 2;) of points are obtained
from centreline tracking process detailed above, while the central point
(xc, yc) and the yarn radius are obtained from above analysis along the
yarn cross section. The migration parameters, including mean fibre
position (Y), root mean square (RMS) deviation (mean amplitude of
migration, D), mean migration intensity (I) as introduced by Ref. [42]
and migration factor (K) as proposed by Ref. [43] to represent the total
migration in yarn and plotted in Fig. 10c, can be expressed as:
(r/R)

n
Mean fibre position : Y = Z -
i1

Mean Amplitude of Migration (RMS deviation)

B oy 1/2
:5: n-1 (Yl _ Y)Z
i=1 n

n-1 2 1/2
Yin - Y
Mean migration intensity : [ = {M} / n
1 (21 — 21)

Migration factor : K =D*I

where there are n observations of fibre position Y along the yarn lon-
gitudinal axis z;.

The majority of long fibres tend to migrate towards the yarn’s centre
axis and elongate under tensile loading, leading to a decrease in
migration factor (as seen with RF1 to RF3). A comparative analysis of
these fibres reveals that their original migration factor is crucial to a
fibre’s mechanical response; fibres with lower migration factors expe-
rience a significant stress increase and are more prone to breakage.

Fig. 9. Stitched-scanning model with restricted rotation: (a) Distribution for the

representative fibres when strain = 0 % and 30 %.
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Fig. 10. Evolution of (a) mean value of frictional force, (b) mean value of normal contact force and (c) migration factor for each individual fibre from stitched-

scanning model with restricted rotation.

RF4’s original migration factor is higher than RF5’s, but RF4’s value
decreases during stretching while RF5’s value increases due to its free
end moving away from the main body. In contrast, RF6’s migration
factor increases rapidly, reflecting the behaviour of short, discontinuous
fibres. These changes in migration factor align with the fibre displace-
ment patterns shown in Fig. 9b, confirming the reliability of fibre
migration statistics and providing insights into stress and frictional force
evolutions in individual fibres. In general, fibre position and migration
are critical determinants of mechanical response. During dynamic
stretching, most discontinuous fibres’ free ends remain within the main
body due to enhanced twisting and fibre-to-fibre friction, ensuring
continuous load transfer and highlighting the complex interactions
governing fibre behaviour.

4.3. Parametric analysis of friction coefficient

The frictional interaction between fibres is a key aspect of yarn
structure influencing its mechanical performance. To study this effect,
three friction coefficients with values 0.1, 0.3, and 0.5 (designated as f1,
3, and f5, respectively) were selected to compare the differences in
mechanical performance, including reaction force, mean principal
stress, and mean frictional force (see Fig. 11). This parametric analysis
focuses on the restricted rotation model, as frictional behaviour has a
more pronounced impact on the enhanced twisting structure. A friction
coefficient of 0.1 shows a significant reduction in fibre-to-fibre friction,
leading to decreased yarn reaction force and individual fibre stress. The
weak friction involves sliding of the fibres in the yarn over each other
under stretching load (so called fibre slippage failure mechanism) [40],
highlighting the importance of fibre-to-fibre friction in yarn structure.
Conversely, a friction coefficient of 0.5 presents similar mechanical re-
sponses to 0.3. The increase in fibre friction from 0.3 to 0.5 does not
influence the reaction force and stress remain much, suggesting that a
friction coefficient of 0.3 is sufficient to support the “mutual locking” of
the yarn structure under enhanced twisting. Here, the mechanical
response depends primarily on the structure itself and the fibres’ stiff-
ness and strength. However, in reality, fibre frictional behaviour is more
complex with factors like fibre cross-sections deformation under pres-
sure during enhanced twisting, leading to inconsistent frictional prop-
erties along their length. This study only alters the overall friction

Stitched-scan fix-f1
Stitched-scan fix-f3
- Stitched-scan fix-f5
- - -Stitched-scan free-f3
—— Experiment-30 mm
—— Experiment-50 mm
—— Experiment-100 mm
—— Experiment-250 mm

250+

Stitched-scan fix-f1
- - - - Stitched-scan fix-f3
-~ Stitched-scan fix-f5
- - - - Stitched-scan free-f3

coefficient for a specific yarn structure, implying that the friction coef-
ficient required for ‘mutual interlocking’” may vary depending on
different textile manufacturing methods and yarn structures. In another
study, it has been demonstrated that altering friction characteristics of
textile materials leads to change in the release of fragmented fibres
(microplastics) from textiles [44].

5. Conclusion

This research presents a pCT image-based model for investigating the
mechanical behaviour of ring-spun yarn utilising datasets of two
different lengths. The longer 15 mm model demonstrated superior ac-
curacy when compared to experimental data. By applying boundary
conditions that restricted rotation at both ends, the model effectively
captured the mechanical response and structural evolution, aligning
with the dynamic processes observed in yarn tensile tests.

Microscopic analysis of individual fibres within the pCT image-based
model revealed that a fibre’s initial position and migration factor
significantly influence its stress evolution. Fibres situated closer to the
yarn’s centre experience a rapid increase in stress during stretching,
potentially initiating fibre breakage at the centre and progressing out-
ward. The location of fibre free ends and their subsequent migration also
significantly affect the mechanical response. In a structure with
enhanced twisting, the free ends near the centre keep locked within the
main body due to inter-fibre friction, facilitating continuous load
transfer. In contrast, fibres near the outer edge tend to detach from the
yarn, exhibiting lower stress and consequently reducing the overall
stiffness of the structure. A parametric study of frictional behaviour
indicated that a friction coefficient of 0.1 was insufficient to support
fibres’ mutual locking for this specific yarn structure, leading to
noticeable changes in mechanical response. However, friction co-
efficients of 0.3 and 0.5 had minimal impact on the results, suggesting
that once the structure is tightly twisted, the mechanical response is
primarily governed by fibre stiffness and strength.

The finite element modelling approach introduced in this paper fa-
cilitates micro-analysis of fibre interactions in anisotropic materials,
utilising in-situ fibre orientation, length, and continuity data obtained
from pCT scanning. These findings enhance our understanding of how
material irregularities impact mechanical performance. The modelling

- Stitched-scan fix-f1
- - - Stitched-scan fix-f3
Stitched-scan fix-f5

- - Stitched-scan free-f3)

oo ] [
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Fig. 11. Parametric study of friction coefficient: (a) Mechanical response of yarn tensile test (b) Mean value of Max. principal stress of fibres, and (c) Mean value of

frictional force of fibres.
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method can be applied to the analysis of underlying formation of
microplastics from textiles and textile materials in general as well as
fibre-reinforced composites textile structures and fibre-reinforced com-
posites, offering valuable insights into material constitutive behaviour
and failure mechanisms. Several scientific challenges remain to be
addressed, including the characterisation of viscoelastic, plastic and
failure properties of anisotropic fibres and definition of complex fric-
tional behaviour through micro/nano testing. Furthermore, when
dealing with non-circular fibres and blended fibres in the textile
manufacturing, new entity generation methods and models need to be
developed based on the improved image processing techniques for pCT
data.
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