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Abstract
A numerical description of dry non-crimp fabrics is proposed at the scale of the filaments
using a commercially available finite element software package. Deviations in the
filament orientation of the fibrous layer is a dominant factor in the occurrence of local
defects, which influences the mechanical response of the textile. Therefore, the introduc-
tion of variability in the orientation distribution is proposed in this paper. This approach
enables to capture the entanglement of the filaments and models all interaction mecha-
nisms. A stepwise generation of the numerical non-crimp fabric is proposed considering
the main manufacturing steps to reproduce the local defects in the fibrous mat appropri-
ately. Averaged periodic boundary conditions are developed ensuring an overall period-
icity of the model while allowing reorientation at the scale of the filaments. Two various
non-crimp fabrics are investigated and modelled. The distribution of the filaments in the
simulation results correlate well with measurements of the filament orientation performed
on the textiles. Moreover, a detailed comparison of the local defects shows a good
agreement with measurements on the specimens. The presented approach can be used
to generate geometries for subsequent virtual characterization.
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1 Introduction

The use of Carbon Fiber Reinforced Plastic (CFRP) in structural applications has been
increasing constantly over the last decades due to their unique lightweight potential.
Besides the utilization in aerospace components, CFRP has been established for automotive
structural parts, which requires high production rates and, therefore, challenges the tradi-
tional manufacturing techniques in terms of quantity and reproducibility. Remedy is the use
of dry carbon reinforcements in automated processes (e.g. resin transfer molding or wet
compression molding) enabling suitable short cycle times. Moreover, the quest for stiffer
and lighter parts requires adapted reinforcement textiles. Multilayer multiaxial Non-Crimp
Fabrics (NCFs) are very attractive because they are constituted of single or multiple
unidirectional layers stitched together with a binding yarn, which enables to tailor the
stiffness and strength of the laminate. Compared to woven fabrics, the out-of-plane
undulation of the filaments is widely reduced, leading to superior mechanical performance
compared to woven fabrics, while offering comparative good handling capabilities [1].
However, the introduction of the binding yarn induces complex deformation mechanisms
during the draping of flat preforms into the desired part shape. As introduced by Creech and
Pickett [2], the deformation mechanisms of dry NCFs during preforming steps result from
various interactions, which can be gathered into three groups: the inter-filament, the inter-
stitch [3, 4] and the stitch-to-filament interactions. The relative importance of each inter-
action mechanism varies for each individual NCF configuration, resulting in different
deformation behavior of the textile [5]. Two different NCFs, which are representative of
the high variety of textile configurations, are illustrated in Fig. 1: a biaxial 0°/90° tricot-
chain stitched NCF from SGL KÜMPERS® and a biaxial ±45° tricot stitched NCF from
SGL Group®. Their respective characteristics are listed in Table 1. In the following, they
are referred to as the “0°/90° NCF” and “±45° NCF”, respectively.

These two NCFs are representative of the differences between the NCF configurations,
which lead to different deformation behaviors. Firstly, the orientation of the layers influences
the shear behavior: ±45° biaxial NCFs show a potential asymmetric shear behavior due to the
stiffness of the stitching yarn introduced in the bias direction [3, 6]. Moreover, the stitching
pattern may influence the deformation mechanisms of the textile considerably [5, 7, 8].
Furthermore, studies focusing on the alignment of the filament [9, 10] have shown consider-
able deviations from the global direction, which might influence the inter-filament interactions
and therefore the overall behavior of the NCF. Moreover, the fibrous layer exhibit local defects
at the stitching points, deviating locally the filament path from the theoretical layer orientation.
These defects can be a continuous gap that connects many stitching points (referred to as
“channels”) or local fish-eye distortions, commonly defined as “cracks” [11]. The type and
size of these defects may also have an influence on the interaction mechanisms, modifying the
mechanical behavior of the textile. A detailed identification of these defects on the 0°/90° and
±45° NCFs is proposed in section 3.

The development of numerical approaches to model the complex behavior of NCFs
represents an attractive method to understand and predict their deformation behavior.
Predictive models can be implemented – as proposed by Harrison et al. [12] – in order to
reduce costly and time-intensive material characterization. Moreover, they enable to study
the influence of manufacturing process parameters in a wide range. For example, the
influence of the stitching length, stitching gauge or stitching pattern on the deformation
behavior of the textile can be investigated. The overall goal of the present work is the
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development of a model capable of numerically describing the filament architecture and the
interaction mechanisms of NCF that can be used in further simulation steps to predict the
mechanical behavior of a large range of NCF configurations.

2 Background

2.1 Numerical Modelling of Non-crimp Fabrics

Various simulation strategies to model dry NCFs are reported in the literature. Three modelling
scales can be identified depending on their discretization level and will be detailed in this paper
for biaxial NCFs. First, models implemented at the macroscopic scale homogenize the
properties of the reinforcement with a continuum description and account for various process
parameters [7, 13–15]. Those simulations can predict the occurrence of out-of-plane wrinkles
or filament reorientation if properly calibrated. However, important deformation mechanisms
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Fig. 1 Example of two representative biaxial NCF configurations with their respective layer orientations
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listed above are not modeled (e.g. relative sliding between the tow and stitches) limiting the
predictive capabilities. Moreover, time-consuming materials characterization is required to
generate the appropriate inputs. A refined model accounting for the influence of the stitching
yarn on the deformation modes has been recently proposed by Steer et al. [16] in which the
deformation energy induced by the deformation of the stitching threads and the inter-stitch
interactions is computed analytically. While this approach can predict the influence of the
stitching pattern and some manufacturing parameters on the overall mechanical response, local
defects or stitch-to-filament interactions and their influence on the deformation behavior
cannot be considered. On the other hand, Bel et al. [17] proposed an approach discretizing
the NCF with one continuum element per layer and modelling the stitching yarns separately.
This enables to account for inter-layer interactions and the interaction of the layers with the
stitching yarn. Thus, the tow-sliding can be simulated. In the second modelling scale, models
that describe the meso-structure of the reinforcement can predict the occurrence of gaps or in-
plane waviness if the layers are discretized in tows [2, 18–21]. Despite an enhanced description
of the deformation mechanisms, a homogenization of the tow behavior is still necessary to gain
results on part level within an acceptable calculation time span. This makes this approach
inflexible, as adaptations are necessary for any new NCF configuration even with only slight
changes (e.g. other stitch length). Moreover, the definition of tows and their discretization
remains a challenge for NCFs with ±45° layer orientation if the ratio between the stitching
gauge and length are not appropriately selected. Finally, descriptions of the textile at the scale
of filaments or group of filaments can be proposed, also referred to as discrete modelling or
multifilament approaches [19, 22, 23]. This level of refinement describes the relative motion
between the filaments. The predictive capabilities are improved, since the homogenization is
reduced to a lower amount of real filaments and all relevant interaction mechanisms are
considered. Such approaches have been mainly reported for the simulation of textiles with
well-defined tows. Applied to NCF, discrete modelling enables to account for the inter-
filament, the inter-stitch and the stitch-to-filament interactions. Moreover, the local defects
listed in section 1 (cracks, channels) can be reproduced.

2.2 Discrete Modelling of Fibrous Materials

First discrete modelling approaches of dry textiles using Digital Chain Elements (DCE) have
been presented by Zhou et al. [24]. They consist in chains of rod-elements connected with

Table 1 Material data from the non-crimp fabrics considered in this study

0°/90° NCF ±45° NCF

Description Biaxial carbon fabric Biaxial carbon fabric
Total areal density [g/m2] 300 308
Orientation of the plies [°] 0°/90° +45°/−45°
Filament material SGL Sigrafil CT24–4.8/240 SGL Sigrafil CT50–4.4/255
Filament count in tow [−] 24 K 50 K
Filament tensile modulus [GPa] 240 255
Filament density [g/cm3] 1.81 1.78
Stitching pattern Tricot-chain Tricot
Stitch gauge [needles per inch] 5 5
Stitch length [mm] 2.8 2.2
Stitching yarn PES 7.6 tex PES 5.0 tex
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frictionless pins. The frictionless hinges between the rod-elements ensure a free rotation at the
connecting nodes. It is assumed that the forces induced by the bending deformation of the single
filaments are negligible compared to the forces induced by the interactions within the textile. The
modelling technique has been used to study the geometry of woven fabrics and braids through a
detailed stepwise manufacturing process, leading to high computation time. More recently,
Huang et al. [25] proposed to start from an idealized geometry of the weaving pattern and applied
tension to the yarns to generate the woven geometry. This approach enables to reduce the
computation time while reaching a realistic model of the microscopic geometry. However, this
method is limited to textile architectures with a high level of interlacing, such as 3D-woven
fabrics. In addition, Durville proposed the modelling of reinforcement textiles at refined scale. In
[26] many filaments are merged in a single element. Using an enriched kinematic beam model, it
enables to account for the bending stiffness and the deformation of the cross-section of filament
bundles. This approachwas applied to woven fabrics and rovings for braided textiles [27] in order
to study the shear and compression behavior, respectively. The approach presented by Durville is
based on a progressive resolution of interpenetration of the bundles to generate the textile
geometries. The calculation method relies on an implicit integration scheme, which requires
intensive development efforts of the contact algorithms to reach a reasonable convergence rate
with commercial FE solvers. A further discrete modelling technique of textiles was proposed by
Green et al. to study the compaction behavior of 3D woven preforms using conventional beam
elements [28]. However, merging many filaments in one conventional beam element would lead
to an overestimation of the bending stiffness. To tackle this problem, Green et al. used an elastic-
plastic model in order to reduce the bending stiffness of the bundles when a deflection threshold is
exceeded. The simulation results correlated well with computed tomography scans even though
they concluded that this approach is not able to reproduce the forces in the woven fabric
accurately when deformed. Moreover, the results are sensitive to the yield strength used to reduce
the bending stiffness of the chains.

As reported above, discrete modelling approaches have been mostly applied to fibrous
material with woven or braided architectures. Thompson et al. [23] proposed a workflow to
predict the mesoscopic geometry of the tows of a biaxial 0°/90° NCF with the use of the
multifilament approach. The virtual description of the NCF was generated starting from an
idealized periodic alignment of the chains with predefined gaps between the tows. A negative
temperature was subsequently applied to the stitching yarn to reproduce the manufacturing
process. To the author’s knowledge, the study presented by Thompson et al. in [23] is the only
work published so far focusing on the application of discrete modelling to NCFs. Nevertheless,
their approach is limited toNCFs constituted of 0° and 90°-layers, in whichwell-defined tows can
be identified. Also, the assumption of periodic and perfect alignment of the chains do not account
for local deviations of the chain orientation from the idealized path. Therefore, it fails to model the
occurrence of various local defects and, thus, might underestimate the interactions in the textile.
Further development is necessary to apply the discrete modelling approach on NCFs with various
layer orientations that do not exhibit a purely periodic structure at the level of the filaments, as it is
generally the case for ±45°-layers. Moreover, local deviation of the filament orientation from the
theoretical orientation is essential for the reproduction of the local defects in the fibrous.

2.3 Objective

The present study proposes a new method to apply the discrete modelling approach to a large
panel of NCFs in which not only well-defined yarns are observed. The variability of the
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filament orientation is introduced resulting in fibrous layers that account for the entanglement
of the filaments and the local defects in the fibrous mat. The three-dimensional generation of
the numerical model is based on the manufacturing parameters of the stitching machine and on
the variability in the fibrous mat before the stitching process instead of usual geometrical
inputs generated by micrographs or computed-tomography. Moreover, the proposed approach
enables the consideration of any layer orientation and stitching pattern. First, an experimental
quantification of the filament orientation distribution and local defects is proposed. Then, the
approach to model the fibrous structure of the NCF including the variability of the filament
orientation is detailed and applied to the ±45° and 0°/90° NCF configurations. Finally, a
detailed comparison of the numerical NCFs with real samples is presented. It shows a good
correlation of the resulting filament orientation distribution and local defects generated in the
fibrous layers. The numerical description of the NCF based on this approach can be used in
further mechanical analysis to investigate its deformation behavior.

3 Measurement of the Distributions of the Filament Orientation
and Defect Formation in NCFs

3.1 Filament Orientation

A characterization of the distribution of the filament direction was first performed to quantify the
actual deviation of the filaments from the theoretical path and to study local defects in various
NCF configurations. The orientation measurements were performed using an optical F-Scan
Sensor from Profactor GmbH [29] on both sides of the 0°/90° and ±45° NCFs introduced in
section 1. In this way, each layer can be observed separately. The results are depicted in Fig. 2,
showing the local deviation of the filament orientation from the theoretical layer orientation. The
stitching yarn and the underlying fibrous layers are excluded from the measurement in order to
consider each layer separately. This also emphasizes the local defects in the fibrous layers. In
a 0°/90° NCF, the filaments should theoretically align with the stitching points, resulting in
channels only. Nevertheless, it can be observed in Fig. 2(a) that a few filaments of the 0°-
layers are crossing the channels between the stitching points and that cracks are generated
in the 90°-layer (see Fig. 2(b)). Therefore, the types of defects depend not only on the
orientation of the layers with regard to the stitching points but also on the distribution of the
filaments resulting from the spreading process (i.e. the waviness and fiber misalignment
present in the fibrous layers prior to the stitching process). Moreover, cracks are observed
in both layers of the ±45° NCF, as illustrated in Fig. 2(c) and Fig. 2(d). The distributions of
the filament orientation are illustrated in Fig. 3 using the nominal layer orientation as a
reference. While comparable distributions are measured on both +45° and −45°-layers,
significant differences can be observed for the 0°/90° NCF. The 0°-layer exhibit a narrower
distribution than the 90°-layer, which correlates well with the previous observation of the
local defects. Therefore, it is identified that the types of defects are closely related to the
orientation distribution of the fibrous layers. Moreover, it is expected that a higher spread
in the distribution of the filament orientation leads to a higher degree of entanglement of
the filaments (i.e. inter-filament interactions) and to an increased interaction with the
stitching yarn. As a result, it is expected that the filament orientation distribution influences
the overall deformation mechanisms of the textile and must be accurately modelled in the
numerical description of the textile.
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3.2 Defect Size

The size of the local defects was measured in each layer with a minimum of 40 measurement
per layer. In the 0°-layer of the 0°/90° NCF, the width of the channels was evaluated in the
middle of the tricot segments. Due to the presence of the stitching yarn, the width of the cracks
in the 90°-layer could not be evaluated accurately. Therefore, only the crack length of the 90°-
layer was measured. In the ±45° NCF, cracks are observed in both layers. As showed in Fig. 2,
the fibrous mat of the +45°-layer covers the stitching yarns at some locations and prevent the
measurement of any defect. This happened in 35% of the selected locations. In this case,
further points were selected to achieve a minimum of 40 measurements in each layer. The
results of the defect measurement are listed in Table 2. The local defect in the fibrous layers
vary considerably in width and length. In addition, the angular tilt of the loops was investigated
in the −45°-layer to quantify their deviation from the machine direction. A mean angle of 14.9°
with a standard deviation of 1.3° was determined. These observations correlate well with the
results reported by Lomov et al. in [11], where the cracks induced in various NCFs and the
angular tilt of the stitching loops were characterized extensively.

These experimental observations will be used to validate the numerical description of the
NCFs developed in section 4.

4 Generation of the “as-Manufactured” Geometry

4.1 Numerical Description of the Filaments

In the present work, digital chains using truss elements have been implemented in the
commercially available finite element software package Abaqus/Explicit. Using this type of
elements, the bending stiffness of the chains is neglected. Within this approach, the forces
result from the axial deformation of the truss elements and from friction between the chains. A
conventional Coulomb friction law is used to calculate the frictional forces. Moreover, it is
expected that the deformation behavior of the textile in thickness direction mainly derives from
the rearrangement and relative displacement of the filaments. Since DCE exhibit a constant
cross-section, the discretization level of the fibrous mat should be sufficiently refined to
reproduce the rearrangement and interaction between the chains accurately. This approach is
especially attractive because it reduces the amount of degrees of freedom and requires few
inputs.
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Fig. 2 Local deviation of the filament orientation from the theoretical layer orientation on the 0°/90° NCF (a), (b)
and ±45° NCF (c), (d) with identification of the local defects
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4.2 Generation of the Fibrous Mat

Depending on the manufacturing technics and the layer orientations, uniformly distributed
fibrous layers are used during the knitting process to manufacture the NCFs. In this case, the
needles do not penetrate the layers between precisely laid tows but pierce the fibrous mat [30,
31]. Therefore, it is proposed to generate fibrous layers homogeneously distributed in order to
consider a wide variety of multiaxial NCFs and to reproduce the manufacturing process
accurately.

In a first step, the variability of the filament directions is introduced with digital chains
initially modelled straight with an angle randomly sampled based on a Gaussian distribution
located at the reference layer orientation. Each chain is modeled at a various out-of-plane
coordinate to avoid any non-physical interpenetration of the chains. If a chain crosses the
border of the modeled volume element, it is projected on the corresponding face on the other
side of the volume element (see Fig. 4(a)). Hence, the amount of digital chains is kept constant
for any cross section of the modeled fibrous mat. Subsequently, a simulation step using two
rigid plates is necessary to compact the chains to the final homogeneous fibrous mat. Thereby,
the displacement of the end-nodes of the chains is allowed only in the vertical direction. This
simulation step enables an efficient resolution of the potential interpenetration with an explicit
solver and leads to the onset of undulation and entanglement of the chains – as illustrated in
Fig. 4(b). The compaction step is performed until the distance between the plates reaches a
predefined value. Since the thickness of the NCF material in a relaxed state is a priori not
known, a coefficient similar to the Fiber Volume Fraction (FVF) is introduced to characterize
the packing state of the relaxed material. The thickness tL of the generated layers after
compaction is calculated as follows:

tL ¼ A
VL � ρ f

ð1Þ

where A corresponds to the areal weight of the layers, VL is the prescribed FVF and ρf the
density of the filaments. The thickness of the fibrous mat before the stitching is calculated
based on an overall FVF of 20%.

In the case of a purely periodic material (i.e. without variability), the chains are directly
distributed homogeneously within the volume element with a thickness tL. Since the
stitching process induces local shifting of the filament directions from the reference path,
the sampling of the homogeneous fibrous layers cannot directly rely on the measurement
presented in Fig. 3. Therefore, various standard deviations are implemented and only the
orientation of the chains of the final “as-manufactured” geometry are compared to the

Table 2 Size of the local defects measured on the NCFs

Designation Layer Defect type Characteristic Mean value [mm] Standard deviation [mm]

0°/90° NCF 0° channels width 0,50 0,24
0°/90° NCF 90° cracks length 2,30 0,70
±45° NCF 45° cracks length 3,19 0,81
±45° NCF 45° cracks width 0,21 0,09
±45° NCF −45° cracks length 3,58 0,89
±45° NCF −45° cracks width 0,22 0,09
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experimental measurements. Figure 5 illustrates the resulting architecture of the fibrous
layer for an exemplary 0°-layer without variability an with normally distributed filament
orientations featuring standard deviations of 0.3°, 1.0° and 3.0° respectively. It can be
observed that the standard deviation significantly influences the interlacing of the chains
and confirms the ability of the approach to reproduce the entanglement of filaments.

4.3 Averaged Periodic Boundary Conditions

Due to the high refinement scale of the presented approach, the simulation of a whole textile
sample usually required in mechanical characterization would lead to unfeasible calculation
time. Therefore, a representative substructure is modelled using adequate boundary conditions
to reproduce the behavior of the whole sample. The manufacturing process of multiaxial NCFs
is a continuous process [30] in which the stitching process leads to a periodic network of the
stitching yarns. Depending on the stitching pattern, the knitting cycle repeats exemplarily after
each cycle (pillar pattern), two cycles (tricot pattern) or four cycles (tricot-chain pattern). In this
study, the textile is modelled with a Representative Volume Element (RVE) based on the
periodicity of the stitching pattern. The smallest RVE, defined as the smallest repetitive unit
cell of the stitching yarn network, is referred to as the “elementary RVE”. The size of the RVE
can be derived from repetitions of the elementary RVE and denoted rW × rL, where rW and rL
correspond to the amount of repetitions perpendicular to the machine direction and in machine
direction, respectively.

After introduction of the variability, the generated digital chains do not exhibit any
periodicity at the edge of the RVE. Therefore, appropriate boundary conditions must be
applied on the fibrous layer to ensure the representativeness of the model for a continuous
textile. The implementation of symmetric boundary conditions would enable a free move-
ment of the chains at the boundary causing their non-physical rearrangement. On the
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Fig. 4 Resolution of the interpenetration in fibrous layers including variability in the filament orientation
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contrary, fixing the transverse displacement of the end nodes would add an artificial
transverse stiffness and would not be able to represent the onset of larger defects, such as
gaps in a 0°-layer. Therefore, the authors propose the implementation of averaged periodic
boundary conditions. To that end, a discretization of the RVE with a regular rectangular
mesh is introduced at its boundaries, as illustrated in Fig. 6. Reference Points (RPs) are
subsequently defined in the middle of each mesh element. The end nodes of the digital
chains located in each mesh element are connected to the corresponding RP with averaged
displacement boundary conditions as follows:

uRP ¼ ∑n
i¼1

ui
n

ð2Þ

Where uRP represents the displacement of the reference point, ui the displacement of node i,
and n the total amount of nodes in the mesh element.

Since the mesh of the RPs is regular, usual periodic boundary conditions can be applied on
the RPs. Thereby, the displacement of periodic nodes, i.e. nodes at corresponding positions on
opposed cross sections, are constrained to be equal. The size of the mesh elements is an
important parameter of the model and is calculated to ensure that – on average – one end-node
is located in a mesh element. This approach is selected to enable a direct comparison with a
purely periodic material, which reduces in this case to the application of usual periodic
boundary conditions. If no end-node is located in a mesh element, the element is progressively
merged with the closest non-empty element. Thereby, the size of the mesh elements may
change but still remains periodic. Moreover, contact surfaces are introduced at all faces of the
volume boundary to model the fictive neighboring material and restrain the chains within the
modelled volume. Note that standard periodic boundary conditions are applied to the stitching
yarn chains since the RVE size correlates with the periodicity of the pattern. Using this
approach, the overall periodicity of the material is ensured while allowing relative movements
of the digital chains within the RVE. Moreover, any global deformation of the RVE can be

Contact surface

RP

Mesh element
with reference point

2

RP

4 6 8

1 3 5 7 9

Fig. 6 Regular rectangular mesh defined at the boundary of the RVE with corresponding reference points (RPs)
and contact surfaces (for better clarity, only the lateral surfaces are illustrated)

(a) Periodic (b) σ = 0.3° (c) σ = 1.0° (d) σ = 3.0°

Fig. 5 Fibrous layers homogeneously generated without variability of the filament orientation (a) and with
normally distributed filament orientations featuring standard deviations up to 3.0° (b) to (d)
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generated by applying relative displacements to the RPs and, thus, enables a virtual charac-
terization of the material.

4.4 Stepwise Model Generation

The manufacturing process must be reproduced accurately in order to generate a realistic
mechanical model of the “as-manufactured” geometry. In this work, it is proposed to simulate
the piercing of the fibrous layers by the needles at all stitching points in a single step. Thereby,
the digital chains are pushed apart when the needles penetrate the layers, as shown in Fig. 7(a)
and 7(b). Subsequently, the stitching yarns are idealized using sharp edges at the location of
piercing points (see Fig. 7(c)). Since the digital chains of the stitching yarn have no bending
stiffness, the sharp geometries do not induce stress concentrations. The last simulation step
consists of the pretension of the stitching yarn. To that end, a negative thermal load is applied
to the stitching yarn chains to reproduce the tension induced by the knitting unit during the
stitching process, as illustrated in Fig. 7(d). This approach allows for the reproduction of the
defects induced during the stitching process and enables to account for manufacturing
parameters (e.g. the tension in the stitching yarn) with reduced computational cost compared
to a simulation of the whole stitching process. Moreover, the simulation approach is applicable
using conventional contact algorithms and avoids potential numerical issues due to contact
overclosure resolution.

4.5 Simulation Parameters

Due to the high amount of filaments in the textile, it is not possible to model each of them
separately. Therefore, many filaments are grouped in a single digital chain. In order to generate
comparable models with varying refinement level, the amount of filaments is first calculated
based on the areal weight of each layer and on the density of the filaments. A packing
coefficient is introduced as suggested in [31] to account for the packing of the filaments in
the relaxed state. This numerical parameter can be approximated as a FVF in each chain.
Finally, the refinement level and, thereby, the amount of digital chains is directly related to the
chain diameter. In this study, the diameter of the DCE modelling the filaments is set to 69 μm,
which represents a good compromise between calculation time and discretization level. With
these parameters, each digital chain models about 49 filaments. It should be noted that the
stiffness and the density of the chains are calculated depending on the packing coefficient and,
thus, depending on the amount of filament grouped in the chains. Moreover, mass scaling is
introduced in order to speed up the simulation. Table 3 summarizes the input parameters used
for the numerical description of the NCFs. Although the stitching yarns are also constituted of
many filaments, they are modeled with one single digital chain. According to [11], the actual
diameter of the stitching yarn varies spatially due to the various compaction states of the yarns
(i.e. compacted at the loops or flattened at the top surface). Nevertheless, a unique cross-
section of the stitching yarn is assumed in the whole model, since the location of the chain
elements may change during the application of the stitching yarn pretension. In order to model
the stitching yarn at the region of inter-stitch interaction accurately, the diameter of the chain is
calculated assuming a hexagonal packing (as suggested in [11]). The friction coefficients
between the chains is set to a constant value of 0.3. It is representative for the values that can
be found in studies focusing on the characterization of friction of carbon filaments at tow or
filament level [32–34].
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5 Results

5.1 Numerical Description of NCFs with Variability of the Filament Orientation

The two biaxial NCFs (0°/90° and ±45° NCFs) are considered in this section in order to show
the ability of the approach to model various defects in the fibrous mat depending on the layer
orientations and the standard deviation of the Gaussian distribution used to sample the
orientation of the chains. First, various “as-manufactured” geometries of the 0°/90° NCF are
illustrated in Fig. 8. The simulations are based on the parameters listed in Table 3 with
different orientation variability in the layers (from a purely periodic fibrous mat up to a
standard deviation of 3.0°). It can be determined that the purely periodic material (Fig. 8(a))
exhibit straight chains and that only channels are formed. With increasing variability (see Fig.
8(b) to 8(d)), the channels are progressively closing, starting from a few filaments crossing the
channels and evolving to localized cracks. This correlates well with the conclusions drawn
from the scans of the textile presented in section 3.1. Moreover, the onset of the gap over the
whole length of the RVE shows the capability of the averaged periodic boundary condition to
model local defects that propagate periodically beyond the RVE.

The numerical description of the ±45°NCFmaterial is illustrated in Fig. 9, where local cracks can
be observed at the stitching points and a waviness is induced in the chains orientation. This shows
that the modelling approach is able to reproduce various types of defects already using the
elementary RVE. A detailed comparison is proposed in the following subsections to assess the
accuracy of the simulation approach.

(a) Layers uniformly distributed (b) Piercing of the fibrous mat

(c) Idealization of the stitching yarn (d) Pretension of the stitching yarn

Fig. 7 Detailed view of the stepwise generation of the “as-manufactured” geometry
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5.2 Comparison of the Filament Orientations

The comparison of the simulation results with real samples is performed using larger models,
namely 2 × 2 and 3 × 3 RVEs for the 0°/90° and ±45° NCF, respectively.

First, the chain orientation is compared with the measurements on the NCFmaterial presented in
section 3.1 to validate the modelling approach of the fibrous mat. In order to compare the final
distribution of the chain orientation, the orientation of all DCEs is computed and projected on a 2D-
plane parallel to the NCF. This enables a direct comparison with the measurements and is illustrated
in Fig. 10. Since a random sampling of the chain orientation is used, the final orientation distribution
of the numerical results is averaged from three independent calculations. The standard deviation of
the Gaussian distributions used to generate the two “as-manufactured” geometries are listed in
Table 3. A good agreement with the experimental distributions can be observed, which confirms the
ability of the simulation approach to model a textile including realistic variability in the filament
orientation. A further conclusion is that the standard deviation is a predominant input which can be
used to model differences between two fibrous layers in a same NCF material. Nevertheless, slight
differences have to be reported between the simulation results and measurements. For example, the
distributions of the 0°/90° NCF are able to reproduce the peaks accurately, while small deviations
occur for angles larger than 5 degrees. Further information on the filament orientation before the
stitching process would increase the accuracy of the sampling distribution and, thus, the final
distribution of the filament orientation.

5.3 Comparison of the Local Defects

A comparison of the local defects points out the ability of the approach to model various
deviations induced by the stitching yarn. Using the reflection properties of the carbon filaments,
it is possible to emphasize the defects in the NCFs as shown in Figs. 11 and 12.

As stated in section 3.2, a large variability of the defect size is observed in the fibrous
layers. In the 0°/90° NCF, the type of defects of the “as-manufactured” geometry are well
captured in the model (see Fig. 11). Channels are induced in the 0°-layer with filaments
crossing from one tow to the neighboring one, while regular localized cracks are formed at
the stitching points in the 90°-layer. On the front face of the ±45° NCF (i.e. 45°-layer) the

Table 3 Input parameters for the numerical description of the NCFs

0°/90° NCF ±45° NCF

Filaments Young’s modulus [GPa] 120 127.5
Density [g/cm3] 0.905 0.890
Diameter [μm] 69 69
Packing coefficient [−] 0.5 0.5
Mesh length [mm] 0.2 0.2

Fibrous layers Layer thickness before stitching [mm] 0.41 0.43
Standard deviation for the sampling [°] 1.15 (0°-layer)* 2.0 (+45°-layer)

4.0 (90°-layer)* 2.0 (−45°-layer)
Stitching yarn Young’s Modulus [GPa] 1.81 1.81

Density [g/cm3] 1.25 1.25
Diameter of the chains [μm] 88 71
Mesh length [mm] 0.1 0.1
Magnitude pretension [%] 16 17

*these parameters are not applicable to the simulations performed in section 5.1
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same characteristics as those from real samples can be observed: at some stitching points
almost no defects are noticeable while fish eye deformation with a length of several
millimeters can be observed on the neighboring stitching point (ref. Figure 12(a)). On the
contrary, the back face (i.e. −45°-layer) shows a regular formation of fish eye defects
throughout the layer with various dimensions, as illustrated in Fig. 12(b).

The procedure presented in section 3.2 to measure the size of the defects was applied to the
simulation results. The measured defect sizes are listed in Table 4 and a comparison between
the experimental and numerical results is proposed in Fig. 13.

A good correlation of themean values and their respective scatter can be observed. The size of the
defects measured in the simulation of the ±45° NCF is slightly underestimated. Nevertheless, larger
defects are generated in the −45°-layer than in the +45°-layer, an effect that corresponds to the
experimental observations.Moreover, the cracks were not observable in the +45°-layer at 31% of the
stitching points. This variability in the defect visibility correlates well with the ±45° NCF samples.

The defect length of the cracks generated in the 90°-layer is in complete agreement with the
experimental data. In the 0°-layer, the width of the channels is underestimated while the scatter
in the simulation results is significantly smaller than in experiments. It should be noted that the
chain elements of the fibrous layers exhibit a diameter of 69 μm, which represents about 45%
of the crack width in the ±45° NCF and 20% of the channel width of the 0°-layer. Thus, a
single chain can have a considerable influence on the defect width and further refinement of
the fibrous mat could increase the accuracy of the defect width. Also, the assumption of a tight
packing in the chain elements of the stitching yarn throughout the model might lead to an
underestimation of the defect size. Indeed, a reduced packing coefficient would yield larger
stitching yarn and, thus, might increase the size of the defects. Finally, the angular tilt of the
loops is measured in the simulation to 6.7° with a standard deviation of 3.1°. The numerical
angular tilt is significantly smaller than in experiments (ca. 45% of the experimental values).
Nevertheless, it shows that the simulation approach is able to capture deviations of the loop

(a) Periodic (b) σ = 0.3° (c) σ = 1.0° (d) σ = 3.0°

Fig. 8 Elementary RVEs of the “as-manufactured” geometries of a 0°/90° biaxial NCF using purely periodic
chains and with increasing standard deviation of the Gaussian sampling

(a) Front face (b) Back face

Fig. 9 Elementary RVE of the “as-manufactured” geometry of the ±45° NCF
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orientation from the theoretical alignment. It has been found that the magnitude of pretension
of the stitching yarn influences the orientation of the loops, the size of the defects and thereby
the orientation of the chains. Therefore, extended investigation on the pretension in the
stitching yarn might be performed to improve the correlation.

The presented quantitative comparison validates the ability of the simulation to reproduce
the local defects in the fibrous mat and the orientation variability of the filaments. Thus, the
simulation approach proved its ability to generate a realistic numerical model of NCFs that can
be used in further simulations.
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(a) 0°/90° NCF (b) ±45° NCF

Fig. 10 Comparison of the DCE orientation with the measurement on the samples of 0°/90° NCF (a) and ±45°
NCF (b)

(a) Comparison of the 0°-Layer (b) Comparison of the 90°-Layer

2 mm 2 mm2 mm 2 mm

Fig. 11 Comparison of the overall defect formation in the 0°-layer (a) and 90°-layer (b) between observations on
the 0°/90° NCF samples (left) and simulation results (right)
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6 Conclusion

A numerical mechanical description of dry non-crimp fabrics at the scale of the filaments was
proposed. This method enables to describe a wide range of NCF architectures with realistic
description of the local defects in the fibrous layers. Its applicability was demonstrated on two
different configurations (0°/90° and ±45° biaxial NCFs). Variability in the filament orientation
distribution was observed on two specimens and introduced in the simulation in order to model
all interaction mechanisms within the textile (inter-filament, inter-stitch and stitch-to-filament
interactions). A stepwise generation of the numerical “as-manufactured” geometry enabled the
consideration of the main manufacturing steps and, thereby, the manufacturing process
induced local defects in the fibrous mats. Averaged periodic boundary conditions have been
developed to ensure an overall periodicity of the model while allowing reorientation of the
chains at the smallest scale. Varying the orientation distribution in the model, a correlation has
been found with the type of local defects induced at the stitching points. Also, the comparison
of the filament orientation with the simulation results showed a good agreement and the
detailed comparison of the local defects (cracks and channels) confirmed that the induced
defects correlate with the experimental observations.

The presented approach is a mechanical description of the dry textile that includes all relevant
interaction mechanisms. Hence, this framework can be easily integrated in the future in further
simulations to predict the mechanical behavior of any NCF configuration (e.g. compaction or
shear behavior) and, therefore, to study the influence of the stitching length, width or pattern on
the deformation behavior. To that end, a calibration of the interaction parameters will be required
to model the forces resulting from the respective interactions accurately. Moreover, the bending
stiffness of the digital chains can be introduced in the framework if the forces resulting from
bending deformation cannot be neglected compared to the axial forces of the chains and the

(a) Comparison of the 45°-Layer (b) Comparison of the -45°-Layer

2 mm2 mm2 mm2 mm

Fig. 12 Comparison of the overall defect formation in the 45°-layer (a) and −45°-layer (b) between observations
on the ±45° NCF samples (left) and simulation results (right)

Table 4 Measured local defects on the simulation results

Designation Layer Defect type Characteristic Mean value [mm] Standard deviation [mm]

0°/90° NCF 0° channels width 0,31 0,10
0°/90° NCF 90° cracks length 1,97 0,47
±45° NCF 45° cracks length 2,08 0,83
±45° NCF 45° cracks width 0,12 0,05
±45° NCF −45° cracks length 2,62 1,13
±45° NCF −45° cracks width 0,17 0,05
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interaction forces. In that case, the bending stiffness of the chains must be thoroughly studied to
achieve a realistic deformation behavior depending on the amount of filaments modeled in each
chain. Finally, the accurate description of the filament geometry at the refined scale can be used as
input geometry for flow simulations in order to observe the influence of the local defects and
orientation variability on the permeability of the textile.
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