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Abstract
This paper investigates the manufacture of biaxial carbon fiber braids and the influence that different machine settings have on
variability of the textile architecture produced. In parallel, numerical simulations of the braiding process with these different
machine settings have been conducted. For these studies yarn tension and process speed are varied to generate cylindrical biaxial
braids with an average braid angle of±45°. The overall preform quality is characterized by means of variability in braid angle,
yarn width, cover factor and fiber damage, using a variety of experimental techniques. Furthermore, from the final infused
composite variations in yarn cross-section dimensions have been measured. A method is presented to transfer braid process
simulation results to a detailed three dimensional finite element model of the architecture using a technique based on thermal
expansion and compaction simulation. This method also allows the possibility to introduce experimentally observed variability in
yarn cross-section dimensions. Such a model provides a valuable starting point for mesoscopic infusion or mechanical analysis of
the textile composite. A comparison between experimental and numerical results shows that the process simulation can well
reproduce the real braid angles in terms of mean value and scatter under different machine configurations and that the meso-scale
textile model gives a good reproduction of the true textile architecture.
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Introduction

Braiding is a traditional hand craft used to produce ropes dat-
ing back to prehistoric times. During the past two centuries
braiding machines have been developed that have continuous-
ly matured into modern highly automated systems. One im-
portant application of these machines is found in the compos-
ites industry to produce biaxial and triaxial braids by mixing
stationary yarns for axial (0°) reinforcement with off-axis
yarns created by the movement of radial bobbins. Today,
braiding is an important manufacturing option for textile pre-
forms that offers numerous advantages over conventional
draped fabrics: Near net shaped preforms can be produced,
that can be open or have a closed form section with variable

shape and diameter along its length. Over-braiding is possible
to build-up reinforcement layers, and considerable flexibility
in yarn architecture is achieved by control of the ratio of active
axial to off-axis yarns, and control of the relative speed of
circumferential bobbins to the axial take-up velocity.
Mechanical properties of braided composites can be compet-
itive with other textile composites. Indeed, the high degree of
yarn interlacing does improve certain properties such as de-
lamination toughness, damage tolerance and energy absorp-
tion for impact and crash applications. In short, braiding is an
efficient, cost effective means to manufacture open or section-
al preforms for advanced applications in engineering, sports
equipment, marine, automotive, aerospace and other sectors.

The design of a braided structure is usually a ‘trial and
error’ process involving trial manufacture, resin infusion and
mechanical testing to determine stiffnesses and failure limit
loads. Alternatively, numerical methods can be applied which,
today, is feasible by undertaking three main steps as illustrated
in Fig. 1. The first step involves the braiding process itself,
where numerical prediction of the yarn architecture is pro-
duced [1]. If a mechanical analysis of this architecture is re-
quired it is first necessary to extract and compact the
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architecture so it approximates its compressed state in RTM
infusion tooling prior to infusion, so that it represents the
architecture in the final composite. Next a finite element mesh
of the superimposed matrix must be added. This can be chal-
lenging and will often lead to poor element quality and unre-
alistic results in damage modelling [2]; consequently, other
investigators have used superposition to overlay a stiffness
representation of the cured resin [2, 3]. Finally, with appropri-
ate constitutive models this idealisation of the composite can
be used to estimate mechanical properties like stiffness and
failure. The first two steps of this process chain can result in a
large number of process induced variations, which can have a
considerable influence on the mechanical properties [4, 5].
The present paper therefore focuses on a representation of
braids that includes manufacturing defects that can be applied
at the component level.

General information and process variabilities

Braid manufacture involves opposing sinusoidal rotation of
bobbins that cause yarns to slide over each other in opposing
directions and to interlace, possibly combined with the
interlacing of standing yarns. These motions cause frictional
sliding that does result in surface fiber damage. Internal yarn
fiber damage will also occur due to bending as yarns move
over the bobbin rings and interlace over the braiding ring and
on to the mandrel. Other defects mostly involve variability of
yarn dimensions, variability of braid angles and irregular cov-
erage leaving a poor distribution of inter-yarn gaps. The main
causes for these defects are roving tension, unwinding angle,
friction, take-off speed and braiding ring position [6].

Heieck [4] developed a measurement system to capture and
analyze manufacturing variabilities in the final preform archi-
tecture for braids. The yarn tension, type of braid, braid ring
diameter and braid angle were all varied and the visual pre-
form characteristics, such as braiding angle, cover factor and
undulation were investigated with regard to their influence on
mechanical properties. The ratio of braiding ring to core di-
ameter was identified as the strongest factor influencing pre-
form quality. The specimen-specific fiber angle information
enables a significantly better prognosis quality with regard to

the braid strength. Heieck also investigated the influence of
the cover factor on in-plane mechanical properties of biaxial
and triaxial braids [5]. It was also shown that mechanical
properties are greatly influenced by the type of braid and the
testing direction, with biaxial braids showing a moderate var-
iation and triaxial braids shown a much stronger variation. In
both references [4, 5] the influence of process conditions on
fiber damage was not taken into account.

Ebel [7] performed some first investigations to study the
effect that different braiding yarn tensions has on process in-
duced fiber damage. This research mainly concentrated on
yarn tension and the number of contact points, without con-
sidering other influencing factors like take-up speed and
braiding ring position. For a qualitative measurement of fiber
damage a water absorption test was used [7], but it was noted
that this test is approximate and has a high standard deviation,
caused by the necessity to have ten probes to obtain a mean-
ingful quantitative measure of broken fibers within a yarn.
Matveev [8] investigated the variability of mechanical prop-
erties of woven textile composites. His work focused on the
variability of single fiber strength, fiber orientation and layer
shifting. The variability of the single fiber strength leads only
to a very small variability of the final composite strength.
Variations in fiber angle only showed a small influence on
the composite stiffness but, similar to [4], a larger influence
on the composite strength was observed. The layer shifting
was found to cause a change in the shape of the stress-strain
curve. The influence of the process parameters was not exam-
ined in this work. From μCT scans, Matveev [8] also noted
that no variation was measurable at unit cell level. He there-
fore suggests that it is necessary to investigate at a large di-
mension scale in order to detect variations in the preform
architecture.

Numerical process simulations

In recent years considerable interest has focussed on numeri-
cal analysis of the braiding process to predict yarn architecture
and to detect possible imperfections such as poor compaction,
bridging at sharp changes in geometry, insufficient fit to the
mandrel or unacceptable spacing of yarns. This numerical
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Fig. 1 Virtual braiding process chain from braid architecture to mechanical properties
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work has used either approximate kinematic methods or more
sophisticated finite element (FE) based approaches.

In the literature numerous publications provide analytical
formulae to estimate yarn paths [9–12]. Some attempts have
been made to improve accuracy of these analytical methods
by incorporating process effects; for example van Ravenhorst
et al. [13] provides an analytical solution that approximates
friction effects between the yarns. However, all these methods
are based on kinematic assumptions and can therefore only
approximate yarn geometry since mechanical properties of
yarns, their interaction during processing and proper account
of friction are all ignored. A finite element simulation can
overcome these limitations and several approaches are found
in the literature. The most common model uses single bar or
beam elements to describe the yarns [1, 3, 14–16]. However,
this method does not accurately model the true yarn dimen-
sions; consequently, other researchers have considered a multi
beam approach [17], or a representation using membrane ele-
ments [18]. Since these methods cannot accurately model yarn
bending stiffness, they are only conditionally suitable for a
valid process simulation. Böhler [19] investigated several
modelling techniques for the yarns in braiding process simu-
lation. This work found that a shell-based approach provides
the most realistic compromise, since it is able to approximate
the yarn dimensions and also capture the correct bending and
friction behavior of the yarn, which are essential features for
an accurate simulation of the braiding process.

Textile compaction behavior

After the final preform is manufactured it needs to be prepared
for resin infusion, which usually takes place within RTM
tooling. This operation compacts the textile, which should
be considered in the numerical process and model preparation
since it also represents the final composite textile architecture.
Numerous methods can be found in the literature to describe
this compaction behavior. In [20] the authors assumed an elas-
tic transversal isotropic material behavior and used a ratio of
E11 to E22 of 100:1 to represent the low stiffness in the yarn
transverse direction. In accordancewith [20], Gasser et al. [21]
concluded that a yarn behaves as a three-dimensional material
if the elastic shear modulus (G12, G13, G23) and the Poisson’s
ratio (ν12, ν13, ν23) are zero and if the transverse Young’s
modulus (E22, E33) are very small compared to the longitudi-
nal Young’s modulus E11. Potluri et al. [22] compared this
approach with test results and observed a high sensitivity of
the assumed E22 and E33 values; consequently, they developed
an energy based approach to describe yarn deformation be-
havior which yielded a good agreement between test and anal-
ysis results for the compaction of a number of single layer
tests, as well as for multi-layer fabrics. In [23], Green et al.
used a multi-chain approach for 3D woven fabrics which ide-
alized each yarn by 61 chains of beam elements. A

comparison of the model with CT scans showed a very good
agreement for compaction as well as for the flattening behav-
ior. Another approach has been presented by Thompson et al.
[24], who developed a hyper-elastic constitutive model based
on a relationship between the intra yarn volume fraction and
the applied compressive load. This enabled an individual cal-
culation of the intra yarn volume fraction and also enabled the
possibility to numerically capture an intra yarn volume frac-
tion gradient. Vinot et al. [25] used an elasto-plastic yarn ma-
terial behavior with an artificial low yield strength to achieve a
realistic textile geometry. Both authors [24] and [25] were able
to realistically model yarn deformation and were able to show
a good agreement with CT images.

Estimation of mechanical properties

This paper focuses on process simulation and the determina-
tion of models of the braided architecture that include process
induced defects. The aim of this ongoing research is to com-
plete the virtual process chain and link process simulation to
mechanical analysis. It is therefore important that the process
models developed are realistic for mechanical analysis.
Considerably research has investigated the mechanical behav-
ior of textile composites; however, a review of literature in this
field finds that most work is restricted to constitutive behavior
at the scale of the textile Representative Volume Element
(RVE). The concept of a RVE assumes the textile structure
to be periodic and representative for the entire composite
structure. The starting point for all simulations is a geometric
description of the textile, whereby kinematic descriptions such
as [26] or [27] were primarily used. The resulting models are
then meshed and used in a FE simulation [28–31] to calculate
stiffness and strength. The limitation of this approach is that
the process induced defects are not periodic and cannot there-
fore be represented at the RVE scale [8]. This is evident, for
example, for the distribution of defects that can be seen in
Fig. 2.

Other authors, such as [32, 33], have used μ-CT scans of
textiles as a basis to generate numerical models; however, the
resolution of these scans has also restricted these

Fig. 2 Variations in a biaxial carbon fiber braid with a non-periodic
distribution
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investigations to small samples and RVE elements. In the
present work larger models are constructed so that the distrib-
uted effects of defects can be realistically included. Work on
the coupled mechanical analysis is ongoing research that will
be presented in a separate publication.

Experimental investigations

This section describes an experimental test program that has
been undertaken to produce biaxial braids under different ma-
chine settings and tests that have been conducted to character-
ize the influence that these machine settings have on fiber
damage, braid angle, yarn width and cover factor. Different
methods like optical diffraction, scanning electronmicroscopy
(SEM), computer tomography (CT) and simple optical mea-
surements have been performed to evaluate the preform qual-
ity. After infiltration and curing, further tests have also been
conducted using microsections (MS) to determine the yarn
geometry of the final composite.

Experimental setup and manufacturing

Biaxial braids were manufactured at the Institut für
Textiltechnik (ITA) of the RWTH Aachen University using a
Herzog RF1/64–120 radial braiding machine. In accordance
with [6], the braid pattern is a regular braid, which is achieved
by using a fully occupied machine. For this work a simple
cylindrical mandrel with a diameter of 85 mm was used, in
order to avoid a negative effect of a complex mandrel geom-
etry on the fiber architecture. The yarn material used is
Tenax®-E HTS40 F13 24 K with 1600 tex [34]. The range
of machine settings investigated are shown in Table 1. The
values for yarn tension are based on the available springs at
ITA, whereas the springs in the lever-balanced carriers are
varied from 1.0 N up to 7.0 N in equidistant intervals. From
weaving technology it is commonly known that a reduction of
fiber damage for processing technical fibers such as glass or
carbon, is achieved by reducing the machine speed by up to
75% compared to normal textile operation speeds [35]. From
experience of the authors practical processing speeds for tech-
nical fibers are between 80 and 100 rpm. Consequently, for

this study 100 rpm is taken as the mean value, with other
limiting speeds of 50 rpm and 150 rpm. A total of three indi-
vidual layers per configuration were manufactured and
analyzed.

In order to remove the braids from the mandrel for the
preform characterization both ends were fixed on the mandrel
with tape and a length of tape was applied along the longitu-
dinal axis to prevent unwanted movements during the cutting
process. In these operations great care was taken to ensure the
preform was not improperly deformed during handling.
Lastly, the circular preform was carefully flattened so that
measurements could be taken of the textile architecture.

Preform characterization

The preforms created by the machine settings in Table 1 were
analyzed. This involved a variety of techniques to assess fiber
damage and an optical technique to measure variations in the
architecture. In order to determine the influence of the process
parameters on each individual characteristic effect diagrams
were used. In general, these diagrams describe the impact that
a factor has on the system, which is characterized by the so-
called ‘effect’. It is defined as the difference between two
mean values and quantifies the average registered change of
the quality characteristic when switching from the highest to
the lowest machine configuration [36]. These values were
then considered to identify the machine parameters that lead
to the highest overall preform quality, which was defined by a
global quality index.

Fiber damage

To determine the amount of fiber damage, optical diffraction,
high-resolution computer tomography (CT) and scanning
electron microscopy (SEM) were used.

Optical diffraction The experimental setup for optical diffrac-
tion is shown in Fig. 3. In this technique a laser emits a light
beam which is broadened by a first set of lenses to create
parallel light beams. The damaged yarn is mounted on a sam-
ple holder and positioned in the area of parallel light. A
Fourier lens is located behind the sample at a distance f to
converge the parallel beams on to the focal plane. The focal
plane is positioned at a distance f from the Fourier lens and a
sensor is placed at this distance to record the diffraction pat-
terns generated.

The broken filaments protruding from a roving are gener-
ated as a consequence of production induced fiber damage;
this is referred to as yarn hairiness and creates a distinctive
diffraction pattern depending on the level of fiber damage.
The damage quantification is based on an image processing
algorithm that isolates and quantifies the diffraction patterns
generated as a consequence of yarn hairiness. Therefore, the

Table 1 Machine configurations for the braiding process

Yarn tension [N] Horn gear rotational
speed [rpm]

Mandrel take-up
speed [mm/s]

1.0 50 14

1.0 150 40

3.5 100 30

7.0 50 14

7.0 150 32
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captured images of the laser beam with an empty sample
holder (Fig. 4a) and a yarn in pristine condition (Fig. 4b) are
captured. Taking an average of 10 images, these patterns are
used as a reference for analysis. By comparing Fig. 4b) and
Fig. 4c) it can be observed that the presence of protruding
filaments influences the diffraction pattern captured. With in-
crease fiber breakage the greater is the diffraction points that
are created, leading to a more intense dispersion on the dif-
fraction patterns.

An image-processing algorithm written in Python gener-
ates differential images of the diffraction patterns in order to
isolate the diffraction pattern that occurs as a result of yarn
hairiness. In the first step the diffraction patterns from the
empty sample holder and a pristine yarn are subtracted from
the damaged yarn pattern, which eliminates the circular high
intensity region at the center and the typical pattern of the yarn
in pristine condition. Subsequently, the images are converted
to normalized grey scale images with a pixel range from 0
(black pixel) to 1 (white pixel). For the fiber damage analysis,
10 different samples for each configuration were treated. One

diffraction pattern was taken for each sample. The image pro-
cess algorithm takes theses 10 images and produces one aver-
aging all 10 images. The differential images are then obtained
from these averaged images. The isolated diffraction patterns
of the damaged yarns can be seen in Fig. 5.

The intensity of the diffraction patterns is used to determine
a fiber damage index (FDI), which is defined as the mean
pixel value. From Fig. 5 it can be seen that the diffraction
pattern appears in lighter grey shades (closer to white) when
the amount of fiber damage increases. Values for the effect of
fiber damage depending on individual machine settings are
listed in Table 2 and plotted in the effect diagram in Fig. 9a).

From Table 2 and Fig. 9a) it is found that the damage
indices increase for different yarn tensions independent of
the process speed. This can be traced back to higher inter-
yarn friction forces when increasing the yarn tension. Also,
the process speed shows an influence on the FDI. A higher
process speed tends to increase the fiber damage; this is also
known for weaving of technical fibers [35]. This effect is
amplified by a higher yarn tension. The type of braid does
not appear to have a significant effect on fiber damage.

Computer tomography Further detection of fiber damage had
been investigated using high-resolution CT-scans which were
kindly performed at the European Synchrotron Radiation
Facility (ESRF) in Grenoble. Due to the limited amount of
radiation time available only three samples could be evaluat-
ed, which were manufactured using the following machine
settings:

& 50 rpm with 1.0 N yarn tension
& 100 rpm with 3.5 N yarn tension
& 150 rpm with 7.0 N yarn tension

The enormous amount of data generated by CT did not
allow manual detection of broken filaments, and therefore an
evaluation algorithm developed by the Fraunhofer Institut für
Wirtschaftsmathematik (ITWM) was used. For the machine
configuration with 150 rpm and 7.0 N yarn tension, broken

Fig. 4 Diffraction pattern: (a) from laser and empty sample holder; (b) pristine yarn; (c) damaged yarn
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light without
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Fig. 3 Schematic representation of the measurement setup (top) and ex-
perimental setup (bottom)
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filaments can be detected as depicted in Fig. 6. Fiber damage
appears in every area of the yarn and can be found directly on
the surface between two yarns (Fig. 6a), inside the yarn but
near the surface (Fig. 6b, c) and inside the yarn itself (Fig. 6d).
However, since only one sample per machine setting could be
examined a valid quantification of the broken filaments was
not possible.

Scanning electron microscopy In addition to broken filaments
damage to the filament surface sizing also occurs. This has
been investigated with a scanning electron microscope
(SEM). Fig. 7 displays the same yarn material under different
conditions. Fig. 7a) shows the undamaged yarn, whereas
Fig. 7b) indicates removal of the sizing after the rewinding
step. Fig. 7c) shows a braid sample manufactured with
150 rpm and 7.0 N yarn tension, where it can be observed that
there is considerable damage to the sizing, which is caused by
excessive friction during the braiding process. A quantifica-
tion of these defects has not so far been taken into account.

Yarn architecture

For the preform characterization the samples were digitalized
by scanning them with a CanoScan LiDE 200 flatbed scanner.
The images were then analyzed with regard to distributions of
braid angle, yarn width and cover factor. The braid angle is
determined by using a tool provided by Faserinstitut Bremen
e.V. (FIBRE), whose measuring principle is based on a

frequency distribution of the edge orientation [37, 38]. For
this work the original image is subdivided into smaller seg-
ments and the braid angle is calculated for each section, as
shown in Fig. 8a). For the chosen subdivision size, each braid-
ed layer contains about 600 measuring points for the braid
angle. The cover factor is evaluated by using a MATLAB-
script, which converts the original image into a grey-scale
image containing only black and white pixels Fig. 8b). The
correct allocation of the pixels is done by manually setting a
threshold, which enables the pixels to be counted and assigned
either to the yarns (black) or gaps (white). The ratio of the
black pixels to the overall sum of pixels is defined as the cover
factor. An automated measurement of the yarn width is not
possible, and therefore this distribution has been determined
manually using the open source software GIMP. A scale with
the same resolution as that used for the preforms was scanned,
which enables the conversion from the pixels into a length
unit. A total of 150 measuring points per manufactured layer
was captured for this textile characteristic.

The results of this preform characterization are listed in
Table 2. The present work aims to identify the optimum ma-
chine settings to produce a braid that is as homogeneous and
undamaged as possible, so the chosen quality criteria for the
braid angle as well as for the yarn width are the mean of the
standard deviation of these two values. As a fully covered
braid corresponds to the highest possible quality, the mean
of the cover factor itself is chosen as a quality criterium.
Most work in this study has focused on the influence of the

Table 2 Preform characterization results

Machine Setting Type of Braid [−] Braid Angle [°] Yarn Width [mm] Cover Factor [%] Fiber Damage Index [−]

50 rpm & 1.0 N biax. 44.87 ± 0.64 5.59 ± 0.47 99.89 ± 0.05 0.303

150 rpm & 1.0 N biax. 43.66 ± 1.47 5.45 ± 0.56 99.66 ± 0.34 0.321

100 rpm & 3.5 N biax. 42.69 ± 0.27 5.64 ± 0.40 99.72 ± 0.09 0.310

50 rpm & 7.0 N biax. 44.65 ± 1.11 5.60 ± 0.41 99.86 ± 0.07 0.318

150 rpm & 7.0 N biax. 44.76 ± 1.48 5.52 ± 0.41 99.76 ± 0.12 0.340

100 rpm & 3.5 N triax. 39.99 ± 0.97 4.72 ± 0.40 98.18 ± 0.47 0.315

Fig. 5 Diffraction pattern of damaged yarns manufactured with: (a) 50 rpm & 1.0 N; (b) 150 rpm & 1.0 N; (c) 50 rpm & 7.0 N
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yarn tension and the process speed for biaxial braids, however,
one set of triaxial braids was also manufactured to study the
influence that additional standing yarns have on the braid
quality.

The effect diagram for the braid angle is shown in Fig. 9b).
By comparing the influence of the yarn tension it can be seen
that for a low process speed a high yarn tension increases the
standard deviation of the braid angle, which results in a loss of
preform quality. However, by using a high process speed, no
significant influence of the yarn tension on the evaluated
values can be observed. In general, it can be stated that a
higher process speed will increase the scatter of braid angle,
which is explained by high oscillations during manufacturing
causing a poor preform quality. For this limited study the
comparison between different braid types shows that the stan-
dard deviation of the braid angle is much higher for a triaxial
braid compared to the biaxial braids. This is attributed to the
0° standing yarns in the triaxial braid, which induce greater
undulations and higher friction effects, which in turn causes
higher variations in the braid angle.

The effect diagram for the yarn width is displayed in Fig.
9c), where it can be seen that regardless of the process speed, a
higher yarn tension always reduces the scattering of the yarn
width. This is related to a higher cohesion of the single fila-
ments within a yarn when applying a high tension. A differ-
ence between a biaxial and a triaxial braid cannot be observed.

In both cases the process parameters are kept constant and the
standard deviation of the yarn width is nearly the same. It can
be stated that this preform characteristic only seems to be
influenced by the process itself and not by the type of braid.
The effect diagram of the cover factor is shown in Fig. 9d),
which shows no clear tendency by comparing different yarn
tensions, however, different results can be seen when looking
at the process speed. Independent of the yarn tension, a higher
process speed seems to lower the cover factor. In this case the
type of braid has the greatest influence on cover factor. As the
triaxial braid has a higher level of undulation due to the addi-
tional set of standing yarns, the cover factor decreases as a
result of an increased number of gaps.

Evaluation of the preform quality

Since all of the above mentioned factors influence preform
quality, it is convenient to combine these using a single quality
index as presented in [4]. Furthermore, this index is extended
here by adding a factor for fiber damage. The final relation for
quality index is

Qtot ¼ 2Q sγ
� �þ Q sbð Þ þ Q cfð Þ þ Q FDIð Þ� �

⋅
1

30
ð1Þ

where Q(sγ) and Q(sb) describe the quality index of the braid
angle and yarn width distribution as a function of their

a)

b) c) d)

Fig. 6 Fiber damage: (a) on the surface between two yarns; (b) and (c) inside the yarn but near the surface; (d) inside the yarn

c)

40 µm

b)

20 µm

a)

9 µm

Fig. 7 (a) undamaged yarn surface; (b) microcracks on the surface after rewinding; (c) wear of the sizing after braiding
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standard deviations sγ and sb respectively. A fully covered
braid corresponds to the highest quality, so its quality in-
dex Q(cf) is a function of the cover factor cf itself. The
quality index for the fiber damage Q(FDI) is a function
of the FDI, which is explained in “Model pre-processing
and thermal expansion” section. In Eq. (1) a weighting

factor of 2 is applied to the braid angle since this is con-
sidered to be the most important factor for stiffness perfor-
mance, which in most cases is the basis for structural di-
mensioning. The individual quality indices can vary from 1
(poorest quality) to 6 (highest quality), so the overall qual-
ity index is normalized to obtain a value between 0 and 1,

a) b)

+

-

Fig. 8 Fiber architecture analysis:
(a) braid angle; (b) cover factor
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Fig. 9 Effect diagrams for: (a) fiber damage index (FDI); (b) braid angle; (c) yarn width; (d) cover factor
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whereby 1 corresponds to 100% and indicates the highest
preform quality possible.

The values from Table 2 are used to assign the individual
quality indices by rating them from 1 to 6, where the highest
and lowest values are used for the limiting values (Table 3).
Using Eq. (1) the overall preform quality is obtained, which is
depicted in Fig. 10. From these results it can be concluded that
higher process speeds lead to a lower preform quality. This
can be traced to the high influence of the standard deviation of
the braid angle, which is increased due to higher oscillations
when applying a faster process speed. Using a high process
speed in combination with a high yarn tension will lead to the
poorest overall preform quality as additional fiber damagewill
occur. For the present study, the best preform quality is
achieved with a medium yarn tension and a medium process
speed. This seems to be contradictory, since a reduction in the
preform quality would be expected when considering the re-
spective extreme values of yarn tension and speed. However,
an increase in yarn tension is also accompanied by an increase
of the friction forces inside the roving, which has a positive
effect on the cohesion of the single filaments during the pro-
cess. A tension value of 3.5 N is found as an optimum for
these studies in order to ensure a homogeneous braid while, at
the same time, reducing fiber damage. The increased process
speed causes an increase in the scattering of braid angle and
yarn width, whereby the effect of lower cohesion forces at
lower yarn tension is even more pronounced. This can be

partially compensated by a higher yarn tension, whereby a
too high value leads to an increase of fiber damage and thus
to a decrease of the preform quality.

Composite characterization

In this section the architecture of the final textile composite is
analyzed in terms of yarn width and height. These values
provide important information for the numerical simulations
to be presented later and are therefore of particular interest.
The preforms are infiltrated with an epoxy resin EPIKOTE™
Resin MGS™ RIMR 135 with hardener EPIKURE™ Curing
Agent MGS™RIMH 137. AVacuumAssisted Process (VAP)
is used to infuse the resin and minimize porosity. The process
is done on a heated table at 30 °C to lower resin viscosity and a
glass plate is placed on the top surface to obtain a good quality
finish on both sides of the samples. After degassing the resin,
the final infusion pressure is set to 30 mbar. From the cured
composite, microsections are prepared to measure the yarn
geometry and dimensions by means of light microscopy. An
example micrograph section is shown in Fig. 11. The stacking
of several layers will cause nesting so that some warp/weft
yarns will merge with a warp/weft yarn from the adjacent
layer. These merged yarns are highlighted in red in Fig. 11
and are not used for the evaluation process.

Yarn cross-section

The distribution of yarn cross-section dimensions is ana-
lyzed only for separated yarns, which are marked in green
in Fig. 11. The height and width are measured and evalu-
ated for at least 40 yarns per machine setting. These results
are listed in Table 4, with values given for the mean as
well as the standard deviation of yarn dimensions plotted in
Fig. 12.

By comparing the results for the different machine set-
tings no clear tendency can be observed and the variation
for both the yarn width and the yarn height are in a similar
range. It can be concluded that the coefficient of variation
(CV) of the yarn width is approximately 7%, whereas the
CVof the yarn height is nearly twice as high at about 14%.
These results match observations from [39] for a biaxial
±45° carbon fiber braid using a Tenax®-E HTS40 F13
12 K yarn with 800tex.

Table 3 Assignment of the
individual quality indices Individual

quality index Q
6 5 4 3 2 1

sγ [°] ≤0.27 0.28 − 0.57 0.57 − 0.88 0.88 − 1.18 1.18 − 1.48 >1.48

sb [mm] ≤0.40 0.41 − 0.44 0.44 − 0.48 0.48 − 0.52 0.52 − 0.56 >0.56

cf [%] ≤99.89 99.88 − 99.83 99.83 − 99.78 99.78 − 99.72 99.72 − 99.66 >99.66

FDI [−] ≤0.303 0.304 − 0.312 0.312 − 0.322 0.322 − 0.331 0.331 − 0.340 >0.340
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Fig. 10 Influence of process parameters on the overall preform quality
indices Qtot
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Numerical investigations

This section describes numerical simulations to obtain a real-
istic braided architecture that includes variabilities of braid
angle and yarn cross section dimensions. After some general
information on the braiding simulation, the calibration of the
material model is described, followed by procedures used to
generate the yarn architecture similar to the compacted form
that it will have in infusion tooling and the final cured com-
posite part.

Braiding process simulation

For braiding process simulation the explicit finite-element
code LS-DYNA R10.1.0 from Livermore Software
Technology Corporation (LSTC) is used. The model set-up
has the same geometry and configuration as the real machine
with a total of 64 yarns rotating on a sinusoidal path around the
mandrel’s longitudinal axis, whereby one set rotates clockwise
(warp yarns) and the other set rotates counter-clockwise (weft
yarns). The model creation follows similar methods to those
discussed in [1], giving the final model shown in Fig. 13.

The yarns are guided through a braiding ring and are at-
tached to the end of the mandrel, which moves with a constant
axial velocity. The other end of each yarn is attached to a
spring element which simulates the function of the carrier
and is used to apply a yarn tension force. In accordance with
[6] the main function of the carrier is to keep the yarn tension
as constant as possible during the braiding process. From [6] it
is known, that the yarn tension depends on the weight and the
radius of the bobbin which both decrease during the unwind-
ing process of the yarn and therefore result in a decreasing
yarn tension throughout the braiding process. However, for
the presented study no detailed information on the yarn ten-
sion fluctuation is available, and therefore yarn tension is as-
sumed to be constant. This is done using a non-linear elastic

spring formulation (*Mat_Spring_Nonlinear_Elastic in LS-
DYNA) with an assigned constant force versus displacement
curve.

The braiding ring and mandrel are modelled as rigid bodies
and discretized using quadrilateral shell elements. The yarns
are discretized with triangular shell elements, since this ele-
ment type does not suffer from hourglassing modes and pro-
vides a good compromise between accuracy and computation
speed. For an accurate simulation the yarn element dimen-
sions length l and width w are carefully chosen. The yarn
width can be taken from its experimental value. The element
length is selected to try and have a minimum number of ele-
ments in the model, without compromising the accuracy of
yarns to deform to fit to curved surfaces. In this study, a max-
imum discretization error of ≤3% is demanded. Taking the
smallest occurring radius of the process into account, which
in this case is the braid ring radius of r = 10mm, the minimum
required element length l can be calculated by dividing the
discretized area by the actual area (Eq. (2)).

Adiscretized

Aactual
¼

m⋅r2

2
⋅sin

2π
n

� �

π⋅r2
≤3% ð2Þ

Equation (2) gives the minimum required number of
elements m. By entering this value to Eq. (3) the minimum
required element length l for a discretization error of ≤3% is
obtained giving l = 4.16mm. This value is used for meshing of
the yarns.

l ¼ 2r⋅sin
π
m

� �
ð3Þ

The contact is treated with a global general contact between
all parts (*Contact_Automatic_Single_Surface in LS-DYNA)
with an assumed constant friction coefficient of μ = 0.2. As
the shell elements do not have a geometrical thickness, the

Fig. 11 Microsection with
separated yarns (green) and
merged yarns (red)

Table 4 Statistical results of the
yarn geometry Machine Setting Yarn width Yarn height

μ [mm] σ [mm] CV [%] μ [mm] σ [mm] CV [%]

50 rpm & 1.0 N 5.80 0.46 7.87 0.361 0.048 13.18

150 rpm & 1.0 N 5.68 0.44 7.70 0.377 0.050 13.16

100 rpm & 3.5 N 5.60 0.47 8.35 0.393 0.054 13.71

50 rpm & 7.0 N 5.74 0.36 6.23 0.335 0.051 15.29

150 rpm & 7.0 N 5.61 0.39 6.99 0.384 0.055 14.24
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distance between the two interacting yarn systems is con-
trolled by the contact thickness. This value mainly influences
the undulations within the final braid and therefore must be set
to a realistic value, which is equal to the physical yarn thick-
ness. From Fig. 12 this value is set to 0.40 mm. A small
amount of viscous damping is applied in the contact definition
to damp contact forces and minimize unwanted oscillations.

Yarn bending behavior

A difficulty for a realistic braiding process simulation is the
correct definition of the yarns bending stiffness, since this
value is usually very low in comparison to the high yarn ten-
sile stiffness. A cantilever bending test was carried out in
accordance with DIN 53362 to determine yarn bending

behavior. In order to model the measured bending behavior
in the numerical model a user-defined integration rule through
the element thickness is used. As one integration point would
lead to a constant bending and tensile stiffness [40], a mini-
mum of three integration points is necessary to decouple bend-
ing and tensile stiffness. This is done by using the
*Integration_Shell keyword in LS-DYNA, where the distance
s of the individual integration points as well as their weighting
wf (see Fig. 14) are variables to be calibrated so that the model
bending stiffness compares to test results. The theory of the
presented method can be explained with the bending theory
according to Euler-Bernoulli or Timoshenko. The latter, as an
extension of the Euler-Bernoulli theory, additionally considers
the shear resistance under bending load. In the work of [41] it
has been shown that the shear influence is negligible for the
bending behavior of a single yarn. Therefore, the following
explanation is based on the Euler-Bernoulli theory. For a uni-
formly distributed load q0 acting on a cantilever with a free
edge and length l, the deflection w(x) can be expressed for
small deformations as

w xð Þ ¼ q0l
4

EI
⋅ 6

x2

l2
−4

x3

l3
þ x4

l4

� �
; ð4Þ

where EI describes the bending rigidity of the cantilever with
E being the Young’s modulus and I the second moment of
inertia [42]. As the Young’s modulus remains constant, the

spring-elements

mandrel

braiding ring

weft yarns

warp yarns

Fig. 13 Braiding process model

Shell 
midsurface

Fig. 14 Calibrated bending behavior for a yarn and the simulation yarn
model

Fig. 12 Results of the yarns cross-section measurement

Table 5 Values for user-
defined integration rule Integration point s wf

1 0.0 0.9676

2 0.2358 0.0162

3 −0.2358 0.0162
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bending rigidity can only be influenced by the secondmoment
of inertia I, which can be done by changing the lever arm
distance s or weighting wf of the integration points. From
[41] it is also observed, that the yarn cross-sectional shape
changes during deflection which is indicated by flattening of
the yarn. Although this effect is increased by smaller bending
radii, the authors from [41] show that the flattening has a
negligible influence on the bending rigidity, which is why
the bending stiffness is assumed to be constant throughout
the whole process simulation.

The parameter calibration has been performed automatical-
ly as an optimisation problem using LS-Opt. The results of
this optimization are listed in Table 5, whereby 1 indicates the
integration point at the shell mid-plane and 2, 3 are integration
points in the +s and −s directions respectively, relative to the
mid-plane. Figure 14 compares the deformation of the exper-
imental yarn and the calibrated numerical model for the can-
tilever bending test. In both cases the dashed and dotted lines
represent the deformed yarn as it extends from a cantilever to
strike an inclined surface that is at 41.5° to the horizontal,
where a good agreement is obtained between simulation and
test results.

Validation of the process simulation

An intermediate view of the shell model process simulations is
shown in Fig. 15, where a properly formed biaxial braid with
an average braid angle of ±45° has been achieved.

Numerical simulations to predict preform quality were car-
ried out using the same machine settings as listed in Table 1.
For the evaluation of the braid angle, a section of 100 mm
length was selected over the region where the braid is properly
formed, from which the variation in braid angle can be accu-
rately measured. This is done by referring the elements 1-
direction (which is equal to the yarns longitudinal direction)
to the mandrels longitudinal axis. These results are plotted in
Fig. 16 together with test measurements, where a good agree-
ment between the two sets of results is found. These results

also show that the influence of different machine settings can
be captured in the numerical models, even though the simula-
tion does slightly overestimate the braid angle, except for the
machine configuration with the lowest yarn tension and pro-
cess speed (50 rpm & 1.0 N). It is also noted that these results
show similar trends for scatter of the test and simulation re-
sults. Many of these variations in the simulations occur due to
the dynamic nature of the explicit analysis combined with
effects like stick-slip due to friction. This can be observed,
for instance, from the separation distances between yarns as
they move over the braiding ring in Fig. 15.

As discussed in “Preform characterization“ section fiber
damage is caused by excessive friction due to interaction of
the yarns during manufacture. This is most strongly influ-
enced by the yarn tension forces and to a lesser extent by the
processing speed. Simulation of the braiding process is indi-
rectly capable of identifying potential fiber damage by exam-
ining the dissipated frictional energy in the inter-yarn contact.
Figure 17 shows results of frictional energy as a function of

Fig. 15 Final deformed shell mesh of the braiding process simulation
Fig. 17 Frictional energy of different machine settings in consideration of
fiber damage

Fig. 16 Comparison of numerical and experimental braiding angle
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formed braid length for the braid process simulation model
using the different machine settings defined in Table 1.
These results clearly show that larger yarn tension and faster
process speeds (LS-DYNA uses a velocity dependent
Coulomb friction model [43]) both increase contact friction
energy, which are known experimentally to cause greater fiber
damage (see Fig. 9a). Presently, this information can only
provide a useful indicator of fiber damage; a larger study will
be needed to try and quantify a link between friction energy
and fiber damage.

Textile 3D representation

For accurate stress or infusion modelling of the textile a geo-
metrically correct 3D solid model is essential, that should
incorporate process variability. Consequently, a method is de-
scribed to convert shell process simulation results to a 3D
solid representation of the architecture. This 3D models can
include defects, such as variability in braid angle and yarn
section dimensions, and will approximate the architecture af-
ter compaction in the RTM tooling. Important information
such as the material assignment and the control of the forming
process are discussed and a final validation is done by com-
paring the resulting yarn architecture with an experiment.

Model pre-processing and thermal expansion

Performing a braiding simulation using solid elements is not
feasible today, and therefore the approach adopted here is to
use shells for the braiding simulation and convert these to
solids for the textile model. For this conversion the pre-
processor ANSA v18.1.1 from BETA CAE Systems is used.
In a first step the region of interest is identified and two splines
per yarn are created running through nodes along the yarns
longitudinal direction (Fig. 18). An ellipse cross-section is
then defined that is oriented perpendicular to the mean of the
normal vector of the first two shell elements. The dimensions
of the cross-section is slightly smaller than the final yarn

geometry to avoid initial penetrations of solid elements be-
tween different yarns as the elliptical cross-section is extruded
along the two splines.

The final step of the pre-processing is correct material as-
signment, as this is crucial to control the thermal expansion
process that will modify yarn solid elements to the true phys-
ical yarn dimensions. This expansion can include effects of
yarn dimensions variability. In [44] the authors used a 1D
centerline inside the solid elements to assign the material ori-
entation of a plain weave. This will only be valid if the yarn
path can be described bymeans of trigonometric functions, but
it will fail when dealing with a more complex architecture,
since the 1D centerline does not provide sufficient information
for a defined arrangement in space. Consequently, this work
uses two splines for the solid generation process. The elliptical
cross-section is cut along its major axis and meshed with an
even number of elements through the thickness, since this en-
ables the generated midsurface to be used for assignment of the
3-direction. In combination with the edge along the longitudi-
nal 1-direction, the material orientation can be fully defined
(Fig. 18). Finally, the ‘old’ braid shell elements are deleted.

The initial element size of the solids is chosen to discretize
the yarns width with 20 elements and the thickness with 2
elements. The element length in the yarns 1-direction is set
to 1.25 mm, which is assumed to be sufficiently small, how-
ever, no convergence study has been performed yet. For a
biaxial braid with 64 yarns and a cylindrical mandrel with
85 mm diameter and 100 mm length, a total of about
275.000 elements per layer are needed for the discretization.

Initially, the solid elements have smaller dimensions than
the shell elements and there is no inter-penetration of the in-
terlaced yarns. The yarns are then expanded to correct dimen-
sion by applying artificial thermal expansion coefficients. In
order to account for variations in yarn dimensions the normal
distribution of these coefficients is equal to the normal distri-
bution of the yarns cross-section. The thermal expansion is
controlled by the temperature difference and the coefficient
of expansion in the corresponding direction i, whereas the

final thermal strain εnþ1
ii for the time increment n + 1 can be

calculated for a three dimensional solid element using Eq. (5)
[43].

εnþ1
ii ¼ εnii þ αi⋅ Tnþ1−Tn� � ð5Þ

The temperature difference is set constant by default, so the
final thermal strain is only controlled by the thermal expansion
coefficients αi for the principal directions 1, 2, 3 (see Fig. 18).
A Poisson’s ratio of ν = 0 is assumed during this expansion
step to avoid any interaction of the principal material direc-
tions. Even though this value may not be physically correct,
for this procedure it is valid and ensures an exclusive thermal
strain in the desired directions without effecting the other
directions.

shell mesh

elliptical cross
section

spline
interpolation

solid 
mesh

Fig. 18 Generation of the solid structure based on the results of the
braiding process simulation
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Textile compaction

After the thermal expansion has given the yarns their final
geometry, the braid is then compacted in a last step. To
achieve a realistic internal deformation behavior of the textile,
a similar modelling approach to that presented in [25] is used,
where an elasto-plastic material behavior with an artificial low
yield strength is assigned to the yarns. The Poisson’s ratio is
set to a value near ν = 0.5 which ensures that volume conser-
vation is achieved.

In order to compare experiment and simulation the exam-
ple from Fig. 15 is selected which was manufactured with
machine settings of 50 rpm and 1.0 N. After the physical
manufacture of the braid, it was cut from the cylindrical man-
drel and flattened on a table for measurements and infiltration.
Microsections were produced from the cured plates which are
shown in Fig. 19. The simulation model is produced in the same
manner in which the shell braid model is separated from the
mandrel and the flattening is simulated using boundary condi-
tions, so that there is no change to the braid angle. The method
presented in “Model pre-processing and thermal expansion”
section is then applied to the shell mesh and the generated solids
are compacted between two rigid plates, whereby the lower plate
was fixed and the upper platemoved downwardswith a constant
displacement. The contact again uses global general contact
between all parts (*Contact_Automatic_Single_Surface in LS-
DYNA) to avoid penetrations. A comparison of the final textile
architectures is shown in Fig. 19, where it can be seen that the
textile deformation is well captured by the simulation.

For a closer comparison of the test and simulation textile
models the final yarn cross-sections were measured and com-
pared with results from “Evaluation of the preform quality“

section. These are presented in Table 6. The comparison of the
values shows that the presented method is able to accurately
model variabilities with respect to the yarn geometry.

Conclusions

Radial braiding is a relative fast manufacturing process to
produce near net-shape textiles. Due to the dynamic nature
of the process, the preform will have variations in braid angle,
yarn width, cover factor and fiber damage that are not uni-
formly distributed throughout the textile. For any numerical
modeling of the textile, for example for permeability or me-
chanical properties, it is important that these variations are
taken into account. This paper presents experimental investi-
gations that have been carried out to determine the influence
that different machine settings have on the final textile quality.

The experimental studies have shown that two processing
properties that do influence quality of the braid architecture
are machine speeds and yarn tension. Generally, these studies
have shown that high processing speeds lead to oscillations in
the system that increase variations in braid angles. Larger yarn
tension forces appear to improve some qualities of the braid,
but do also increase fiber damage. The presented studies have
shown that a value of 3.5 N leads to a high preform quality due
to lower scatter of the yarn architecture but is still low enough
to result in an increase of fiber damage. In general a low
process speed is recommended for carbon fibers, as it will
decrease variations in the fiber architecture as well as fiber
damage.

Techniques have been presented to include measured
experimental variabilities within numerical models of the
braid. It is shown that variations in braid angles can be
obtained from explicit finite element process simulations
for different machine settings and that these variations
compare well to manufacturing examples. Also, the scatter
of angle variations are well captured, even though the sim-
ulation slightly overestimates the experimental values for
some machine parameters. Furthermore, the process simu-
lation has been shown capable to identify possible fiber
damage depending on machine settings via the level of
contact friction energy. The results of the process simula-
tion are transferred to a forming simulation, which uses a

Fig. 19 Comparison of the final
compacted textile architecture for
50 rpm & 1.0 N; above test,
below simulation

Table 6 Experimental and numerical variability of yarn cross-section
(50 rpm & 1.0 N)

Experiments Simulation

μ [mm] σ [mm] CV [%] μ [mm] σ [mm] CV [%]

Yarn width 5.80 0.46 7.87 5.81 0.44 7.57

Yarn height 0.361 0.048 13.18 0.381 0.048 12.60
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thermal expansion method in combination with a compac-
tion of the textile to achieve a realistic internal fabric ar-
chitecture. Variations of yarn cross-section observed in ex-
periments are taken into account by applying variations in
thermal expansion coefficients. Comparison of test
microsections and numerical models do show a good
agreement for the compressed textile architecture. These
models of the formed textile architecture would provide
an improved basis for permeability modelling with a
CFD code, or for structural analysis for stiffness and
strength which is the aim of ongoing research. Also, the
approach used is not restricted to the textile RVE size and it
is feasible to create far large models that could be analyzed
at the component level.
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