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Abstract
Many manufacturing processes of fibrous composites involve fiber movement to obtain a
targeted fibrous preform before the resin is injected or polymerized. The ability of the
fibers to move within the yarn can be named “cohesion.” To obtain a correct preform, it
is of great importance to know and master yarn cohesion. As there is currently no
available method to characterize yarn cohesion upstream, the process parameters have
very often to be tuned using lengthy trial and error strategies. This paper proposes to
address this issue, demonstrating that the yarn cantilever bending test is a very promising
and efficient candidate to characterize and quantify yarn cohesion. In addition, the test can
be easily performed in an industrial context and is sensitive enough to discriminate small
variations in cohesion, even small discrepancies resulting from the yarn manufacturing
process. Above all, thanks to real manufacturing tests on different yarns, this paper shows
that the upstream identification of cohesion using the proposed cantilever bending test
achieves the goal of predicting the yarn processability.
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Introduction

Carbon yarns are widely used in several industrial applications, especially in the aero-
nautical and space industries. In structural parts, composites with long quasi parallel fibers
are usually used for their interesting mechanical properties. The fibers are initially or-
ganized in yarns or tows and then assembled to obtain woven fabrics, nonwoven fabrics,
or stitching fabrics. To obtain composite parts, different manufacturing processes can be
used during which the fibrous microstructure that forms the yarn is modified. It can be
slightly modified, for example, by simple compaction leading to an increase in the fiber
volume fraction, or it can be strongly impacted by fiber transfers during processes such as
tufting, cracking, needlepunching, yarn placement, etc. In all cases, it is the fibers’ ability
to move relative to each other which is highlighted. This property can be named the
“cohesion” of a fibrous network. Many manufacturers observe that this property has a
significant impact on the smooth running and the result of the manufacturing process. At
the macroscale, that is the cohesion of woven or stitched fabrics, numerous studies can be
found in the literature1–7 but with different approaches from the one presented here.
Likewise, the cohesion between fibers and matrix has also already been studied.8

However, although the intra-yarn cohesion is fundamental for some manufacturing
processes which directly involve fiber mobility, to our knowledge, only a few
publications9,10 have studied this problem. While some studies have been conducted on
twisted yarns,11–14 none concern the untwisted yarns considered in this study. Our
previous study15 focused on this question and demonstrated the relation between
“processability,” that is the smooth running of the manufacturing process, and cohesion. It
is therefore crucial to be able to characterize this property finely and reliably to allow the
manufacturer to anticipate that the process will proceed with optimal settings and without
a long and expensive tuning campaign. Nowadays, the most common method used is
tuning by trial and error campaigns, correcting the parameters empirically. Currently,
therefore, there is no way to predict the process results before testing in the real industrial
application. The present study enables two major industrial problems to be overcome:

· firstly, it demonstrates that yarn cohesion is the parameter that drives the process
results. This makes it possible to propose a material property that anticipates the
process behavior and hence the results.

· secondly, and most importantly, the present study proposes a very simple and
sensitive test to characterize yarn cohesion: yarn bending. This test can be very
easily used, even within the production zone, to perform material incoming in-
spection before the yarn is processed. The test can also be used in the lab in order to
source new materials, structures, etc.
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To better master processes, however, it is first necessary to consider the relation
between cohesion and mechanical properties.

A yarn or a fabric is by definition a fibrous structure. Its mechanical behavior results
from the behavior of the constitutive fibers and also from their tangling and interactions.
Several mechanical tests are strongly influenced by cohesion and can be used to highlight
it. Among them, a potential candidate is the shear test, which directly involves fiber
sliding. A previous study15 showed the ability of the shear test to reliably characterize
cohesion but also the numerous drawbacks of this strategy, particularly the great difficulty
of conducting the tests, especially for broad yarns; another drawback is the great vari-
ability of the results, requiring a large number of tests to converge to a consistent average.
Thus, it would be useful to propose another strategy.

A possible alternative would be to resort to a fiber/fiber or yarn/yarn friction test, but
these tests do not reveal the influence of the internal microstructure. Another alternative is
to resort to a bending test. This test is simple to perform and exhibits at first order the
cohesion in the longitudinal direction of the fibrous network. In a multiply or multifiber
structure, the bending behavior results from two parameters: the first one is the bending
behavior of the constituents (layers, fibers); the second one is the cohesion between layers
or fibers. This can be illustrated with a simplified two-dimensional diagram of a rect-
angular section beam (Figure 1). If the assembly is composed of parallel layers or fibers,
not linked to each other, the bending behavior of the whole is equivalent to the bending
behavior of the components; in this case the straight section remains in the initial plane
(Figure 1(a)). Contrarily, if the layers are completely linked, without any possible
mobility, the mechanical behavior is, in a first approximation, that of the equivalent
homogeneous structure (Figure 1(b)).

If there is no interaction between the fibers, the bending stiffness of fibrous media is
framed by the bending behavior of the fibers; this is defined as no yarn cohesion. If no
movements are possible between the fibers, the bending stiffness is framed by the
equivalent homogeneous material. The difference between these two cases is consid-
erable, particularly when the fibers are numerous. Consequently, the yarn stiffness value
depends on the ability of the fiber to move and slide within the fibers, which is, in this

Figure 1. Simplified scheme of a multilayer bending assembly. (a) Free sliding between the layers.
(b) No sliding between the layers.
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paper, defined as the yarn cohesion. This intuitively simple principle makes the bending
test an interesting candidate to highlight the cohesion of a fibrous network. This point will
be developed in the following section.

Potential of the bending test to characterize yarn cohesion

To ascertain the interest of the bending test, it is first necessary to evaluate the sensitivity
of the relation between cohesion and bending behavior. This can be achieved by studying
the bending stiffness ratio between the extreme cases (fibers completely linked and fibers
without any interaction) on a simple example of a regular rectangular stacking (Figure 2).
As this is merely an introductory calculation intended to show the potential of the method,
it can be done within the context of infinitesimal strain theory. The ratio between the
quadratic moment of the fiber I IGixðfiÞ (fibers without any interaction) and that of the solid
equivalent to the set of fibers IOxðyaÞ (fibers totally linked) is fully calculated in Appendix
1 and the result is given by equation (1).

IOxðyaÞ
IGixðfiÞ

¼ nþ 16

3
nbkhðkh þ 1Þð2kh þ 1Þ (1)

with n, the number of lines of fibers, nb, the number of fibers in a line and kh given by
n ¼ 2kh þ 1.

The yarn is embedded on the one hand, and, on the other hand, it bends under its own
weight. In the case of totally independent fibers, an approximation of the curvature is
given by:

cfi ¼
Mfi

Ef IGixðfiÞ
(2)

and of the overhanging length by:

yMi ¼
pil4f

8Ef IGix
(3)

Figure 2. Example of a rectangular fiber bundle.
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with pi ¼ ρf πd
2
f

4
In the case of totally linked fibers, the yarn curvature and overhanging length can be

expressed by:

cya ¼
Mfya

Ef IOxðyaÞ (4)

yMya ¼
pyal4f
8Ef IGix

(5)

But in this case, the load linear density includes the number of fibers, then:

Mfya ¼ nMfi (6)

pya ¼ npi (7)

And the curvature or overhanging length ratio is:

cya
cfi

¼ yMya

yMi

¼ 1þ 16

3n
nbkhðkh þ 1Þð2kh þ 1Þ (8)

with n ¼ nbð2kh þ 1Þ
cya
cfi

¼ yMya

yMi

¼ 1þ 16

3
khðkh þ 1Þ (9)

The ratio between the quadratic moment of a set of totally consistent fibers (no possible
mobility) and a set of free fibers increases quadratically with the number of fibers in the
thickness of the yarn. Moreover, depending on the cohesion of the fiber network, the
bending stiffness may vary between the two extreme behaviors defined by the two
quadratic moments expressed above.

Thus, the greater the number of fibers, the more sensitive the bending stiffness is to
cohesion. In the case of fiber yarns, the number of fibers is often in the order of several
thousand (50k for most of the yarns presented here). This is therefore a very favorable case
to link bending stiffness and cohesion and that is what will be experimentally demon-
strated in this study. For example, considering a theoretical yarn close to those studied
here, the above equations give:
n ¼ 50000, df ¼ 6 μm, 2nhnb

¼ 1
9

nb ¼ 3
ffiffiffi
n

p
≈ 671

nh ¼
ffiffiffi
n

p
6

≈ 37

cya
cfi

¼ yMya

yMi

¼ 7500
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Obviously, this is an ideal case, and the cohesion can never reach these theoretical
extrema; however, this calculation illustrates the strong link between bending and
cohesion.

When the components are neither totally free nor totally linked, the bending behavior is
in between these two extrema. Moreover, the greater the number of subsets, the more
distant the extreme behaviors are and the more sensitive the bending stiffness is to
cohesion. This is typically the case for long fiber yarns or nonwoven fabrics where:

· Yarns are composed of a high number of fibers in both section directions, especially
for the yarns studied here (50k fibers).

· Fibers are neither free nor totally united; this is all the truer with a low average
sizing rate.

The cohesion between fibers depends on numerous parameters among which: fiber
section (shape, surface condition), tangle, sizing, fiber material, etc. The aim of this study
is not to focus on the origin of the cohesion but to analyze the bilateral relation between
cohesion and yarn mechanical behavior. The goal is twofold: on the one hand, to find a
way to characterize cohesion and on the other hand, to understand some specificities of the
yarn mechanical behavior in terms of cohesion.

In conclusion, the bending stiffness appears to be a good candidate to account for and
characterize yarn cohesion. The aim of the present study is to confirm this potential and
highlight the few drawbacks of this type of test.

Material and methods

Material

To carry out this study, seven batches of yarns, of different types and compositions, were
used to characterize cohesion. As mentioned above, all the studied yarns are made with of
quasi-parallel fibers and will be called roving yarns or rovings in this article. The yarns
were chosen to illustrate twomain goals: the first one is to be able to illustrate the ability of
the strategy to performmaterial incoming inspection, predicting the process behavior for a
given batch without a lengthy trial and error procedure, even with slight changes in the
sizing rate. The second one is to be able to source other materials (fibers, structures, etc.).
In that case, since many different types of yarns and fibers exist, it is all the more important
to have a simple test that can be applied to select the few of them that might be usable
without having to undertake the manufacturing process.

In the present study, each batch of roving yarns was assigned an alphabetical letter: A,
B, C, D, E, F and G. The seven batches are made of two different types of roving yarns. In
yarns F and G, the fibers are smooth, straight, and have less tangling and tortuosity than
the other rovings. Roving F is of aeronautical quality (high quality) whereas roving G is of
intermediate quality. The second group comprises the roving yarns of the other batches A,
B, C, D, E, that have an industrial quality, that is a rougher and more irregular surface and
more tangling and tortuosity than roving yarns F and G. The fibers of the different batches
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underwent a sizing process using different rates of two sizing materials (Table 1): an
epoxy for roving yarns A and F and an antistatic sizing in the other batches (B, C, D, E,
and G).

For confidential reasons, the composition and the characteristics of these roving yarns
have been replaced by normalized values, as presented in Table 1. It must be mentioned
that the sizing ratio is very small with very low variations especially for batches B, C,
E. The roving’s processability, that is, the ability of a roving yarn to be formed with the
considered process, is represented by a cohesion factor (inverse to the processability)
between 0 and 3 where 3 means a high cohesion and a more difficult processability and 0 a
low cohesion and an easier and more efficient processability. This classification was
defined by the manufacturer as a function of the quality of the obtained part and the time
needed to tune the process when using these materials.

Observation and analysis made it possible to establish that roving yarn cohesion, that
is, the ability of fibers to move relative to each other, can be the origin of the differences in
behavior during the forming process. The processes used involve the mobility of fibers
(sliding, transfer, etc.) to a significant extent. Some complex and crucial problems then
arise:

· As there is some variability between material batches, how can an efficient material
incoming inspection be implemented to ensure the smooth running of the process?
Slight variations in the average sizing rate can lead to notable differences during the
process; that is why several batches of the same material with different sizing rates
(B, C, D, E) were compared here.

· How should a change in sizing type (batch A) or fiber type (batches F and G) be
made, without implementing a long and uncertain test campaign?

· More generally, defining and intrinsically measuring the cohesion of fibrous re-
inforcements is still an issue whereas it is crucial for their mechanical behavior; this
should be all the more useful in the case of roving yarns with different structures.

To answer this threefold issue, it is essential to have a simple, fast and reliable test for
the determination of roving yarn cohesion. The preliminary study above indicated that the
bending test may be the answer. Thus, the question is: does a bending test determine with
sufficient accuracy the cohesion between different roving yarns, making it possible to
anticipate their processability? In other words, does this test enable an intrinsic measure of
fabric cohesion to be determined?

Experimental method

Characterizing textile bending behavior has been the subject of study and development for
several decades. Peirce was one of the first to study the bending properties of textiles16 by
developing an approach which assumes that the bending moment has a linear dependence
on the curvature and in which bending stiffness is calculated at a single deflection
position. This approach has been used by several studies17–19 and improved by adopting a
vertical position of the fabric in order to overcome the effect of sample twist.20–22 Other
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characterization methods inspired by 3-point bending of homogeneous materials have
been proposed.23–25

However, the specimen remains fixed on one side, which potentially generates a
cantilever effect, and the test only gives a stiffness at one deflection length. In addition, it
has been shown that the bending behavior, whose stiffness is very low, is highly non-
linear due to its multi-scale architecture and that it depends on time and loading
history.18,21,26,27 It is therefore necessary to use other characterization techniques. The
Kawabata Evaluation System (KES)28 captures the moment-curvature curves under
cyclic loading. However, this technique, which is viable for clothing textile, is not suitable
for technical reinforcements, which are thicker and stiffer. Therefore, De Bilbao et al.15

proposed a technique based on the generalized cantilever, where the reinforcement bends
under its own weight, at different overhang lengths, and the deflections are captured by
optical means to evaluate the bending stiffness. This principle has been adapted for the
case of prepregs by combining the test with a temperature-controlled environment.19 It
should be noted that other techniques have also been developed for the bending char-
acterization of reinforcements at the mesoscopic scale.26,29

The principle of the bending tests chosen for this study is the Generalized Cantilever
Test instrumented by optical measurements, developed by De Bilbao18 and shown in
Figure 3. This test has been shown to be effective in studying the bending of textile
structures as it enables different bending lengths to be studied, thus making it possible to
consider the whole bending behavior. The textile structure is embedded on one side and
left free on the other side to bend under its own weight. The test is carried out for different
lengths of yarns and repeated several times (at least 10) to ensure reliable results.

The instrument has two main parts: mechanical and electronic. The mechanical part
includes a rectangular support made of PVC (Polyvinyl chloride), on which a rectangular

Figure 3. Bending device.
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polymer chenille is placed and moved horizontally by a crank. A counterweight is at-
tached to the other side of the chenille to stabilize it. Then, a yarn is laid gently on the
chenille and a transparent plate is carefully placed on the yarn, at a variable height
depending on the thickness of the yarn to avoid any pressure being applied on the yarn.
The plate is just used to overcome the initial curvature of the yarn and to ensure full
contact between it and the chenille. During the experiment, the chenille and the yarn
displace horizontally at the same speed, without any relative sliding between them, and
consequently, without any friction between the yarn and the chenille. The displacement of
the yarn is ensured by the rotation of a crank and measured by a ruler which is fixed on the
PVC support. When the yarn advances, it bends under its own weight. The yarn bending
increases continuously when the overhang length increases. Images of the bending are
captured by a CCD camera (Allied Vision Manta G504-B, 12 Mega Pixels) at different
steps of displacement of the yarn. All the tests were performed with controlled and
measured temperature (between 18°C and 25°C) and hygrometry (between 40%
and 60%).

Results and discussion

Experimental characterization of the bending, consequences on the
measurements, observations and first conclusions

The bending tests were initially analyzed for five overhang lengths: 70 mm, 90 mm,
100 mm, 120 mm and 150 mm. For each length, an image was captured by the digital
camera. The image was then analyzed by a MATLAB program, developed in the
Laboratory of Mechanics Gabriel Lamé, to reconstruct the bending profiles by scanning
pixels of the image.With this program, three bending profiles were extracted and inverted:
upper, lower and medium, as shown in Figure 4.

The three bending profiles are due to the twisting of the yarn during bending. The
difference between the upper and lower profiles represents the amount of twisting during
bending, whereas the medium profile represents the average of the upper and lower
profiles. While this point is interesting, the analysis of this phenomenon is not the topic of
the present publication and will be dealt with in a following study. As shown below, the
sensitivity of the bending test means that this point can be neglected in the context of the
present study.

Figure 4. Bending profiles.
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From a practical point of view, the upper profiles appear more robust for the post-
processing and reconstruction; these profiles were therefore used for the rest of the study
(Figure 5).

As the number of configurations was very high (7 batches, 10 tests per batch, 5 lengths
per test), and a similar behavior was observed on all batches, the complete results for all
batches at each length will not be presented. The analysis was done based on the complete
results of a configuration and the comparison of different batches to a given test con-
figuration. The results obtained for the upper profiles of batch B with a repeatability of
10 tests are presented on Figure 6 for all overhang lengths and the results for all the
batches with a 150 mm overhang length are presented on Figure 7. The average deflection
and the associated standard deviations are given in Table 2.

The first observation that can be made is the huge variability of the bending behavior
for the same yarn or for each test configuration, regardless of the batch or the length, as can
be clearly seen on Figures 6 and 7 and Table 2. This variability is even greater for batch F
(Figure 6), which is due to several reasons, among which the fiber arrangement along the
yarn, but the most important one is undoubtedly the heterogenous distribution of the
sizing inside the yarns. Therefore, a minimum repeatability of 10 experiments, at least,
seems to be necessary during this type of test to ensure a correct definition of the average
bending behavior. Secondly, the medium curves of the upper profiles of all batches are
presented on the same graph to illustrate the average bending trend of each batch, as
shown in Figure 8. This enables comparison between the bending profiles of the different
batches and shows that the bending profiles are, as expected, very different, even for yarns
with a very similar constitution.

However, the bending stiffness of a sample depends not only on the material behavior
and properties but also on the sample geometry (quadratic moment). In addition, the
bending profile also depends on the loading, that is in the present case, imposed by the
sample density, depending on the number, size and material of the fibers. In the present
study, the yarns of batches A, B, C, D, E are of the same type and have the same section
shapes. They will therefore be considered first and analyzed to evaluate the link between

Figure 5. Profiles of 10 bending experiments of batch B, at an overhang length of 150 mm. (a)
Upper profiles. (b) Lower profiles.
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cohesion and bending behavior. The other two batches will then be analyzed, using a
different post-processing strategy.

Relation between bending profile and cohesion

Figure 9 presents a comparison between the bending stiffness of batches of the same type
(A, B, C, D, E), at three selected overhang lengths. First, it can be seen that the bending
test successfully discriminates the differences between different batches of the same
nature. Some yarns have a stiffer behavior whatever the length (A) whereas others are
more flexible (B and C). They can therefore be classified as follows: C < B < D < A. Batch

Figure 6. Profiles of different bending lengths of batch B. (a) 70 mm. (b) 90 mm. (c) 100 mm. (d)
120 mm. (e) 150 mm. (f) Comparison of all lengths.
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Figure 7. Bending profiles for each batch with a 150 mm bending length.(a) Batch A. (b) Batch
B. (c) Batch C. (d) Batch D. (e) Batch E. (f) Batch F. (g) Batch G.

Hivet et al. 13



E appears to be different, with a stiffer behavior for a low length and a rough relaxation.
This can be explained by a heterogeneous distribution of cohesion along the yarn.
However, when the high overhang lengths are taken into consideration, these results
correspond to the initial classification of the yarns’ processability, as presented in Table 1.
Batch A does not bend easily under its own weight; its bending behavior is very stiff,
which corresponds to a high cohesion factor and thus a low processability. On the
contrary, batches B, C and E are more flexible for the same overhang length; their
cohesion factor is low and thus they can be more easily processed. In between, batch D
presents an average behavior and this batch also has an average cohesion factor and thus
an average processability. Hence, it can be concluded that the sensitivity of the bending
test is very good and that it can be directly used to distinguish the cohesion of yarns with
an identical structure.

To conclude, variations in average bending stiffness on batches A, B, C, D, E can be
clearly observed. Despite the intrinsic variability due to the yarns’ structure, the average
bending behaviors discriminate the cohesion of the different batches very clearly, en-
abling batches with very close sizing rates to be distinguished. The most interesting fact,
however, is that the discrimination is very clear between batches with different

Table 2. Average deflection and standard deviations for each batch with 150 mm of bending
length.

Batch
A Batch B

Batch
C

Batch
D

Batch
E Batch F

Batch
G

Average deflection (mm) 64.9 120.2 132.5 101.0 117.3 62.5 104.7
Standard deviation (mm) 10.8 8.35 7.1 10.6 9 31.0 7.0
Standard deviation (% of the
average value)

17.2 6.9 5.4 10.5 7.7 49.6 6.7

Figure 8. Medium profiles for each batch with 150 mm of bending length.
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processabilities especially for high overhang lengths of bending. This confirms that the
bending test is an excellent candidate to bring out the differences in yarn cohesion. Thus,
for batches with identical structures, for example, a simple comparison of the profiles at a
defined length before launching production, or upon material receipt, is sufficient to
discriminate and/or qualify the batches in terms of cohesion and therefore their proc-
essability. The first objective outlined in the previous section (“Material and mathods”),
namely material incoming inspection, and part of the second one, that is making changes
in sizing type without having to undertake a lengthy test campaign, have thus been
attained. Concerning the third objective, that is comparing the cohesion of yarns with
different structures and compositions, the high sensitivity of the relation between bending
behavior and cohesion and processability is clearly evidenced, confirming the great
potential of bending to characterize the cohesion of a fibrous fabric. Beyond process-
ability, however, the test is able to discriminate very few sizing rate variations. This test
could possibly be used to estimate the sizing rate to within an order of magnitude from the
bending behavior.

As previously mentioned, the comparison of overhanging length and profiles is not an
intrinsic measure of the material as it depends on the yarn geometry. Thus, it is necessary
to consider another post-treatment of this test to be able to discriminate and compare the

Figure 9. Comparison of medium curves of upper profiles for comparable batches at 3 different
lengths. (a) 70 mm. (b) 100 mm. (c) 150 mm.
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cohesion of yarn batches with different structures (density, geometry, etc.). The next
section proposes a first approach.

Comparison of yarns with different structures

While the previous strategy, based on comparing profiles, is very efficient, it does not
enable batches A, B, C, D, E to be compared with batches F and G because the dimensions
and the structures are different. These structural differences, given in Table 1, are il-
lustrated on Figure 10. Thus, it is necessary to define a bending equivalent stiffness
intrinsic to the fibrous structure and independent of yarn dimensions. This problem is
inherently complex because of the heterogeneous nature of the yarn; hence, the definition
of bending stiffness in terms of homogeneous material is ill-adapted.

Some authors focused on modeling the bending behavior, integrating enriched physics
and cinematics in the model (Cosserat, 2nd gradient30–32). The objective of the present
study is not to solve the problem of the definition of a behavior law or of bending behavior
parameters, but rather to determine a reachable strategy which can be quickly im-
plemented, especially in an industrial context. The strong sensitivity of the bending/
cohesion relation, combined with the high variability obtained on the bending behavior,
means that an approximate strategy based on homogeneous continuum mechanics can be
considered. To achieve this, the notion of cohesion must be defined as the ability of the
fibers to move relative to each other. During bending, this sliding can be expressed in the
longitudinal direction and, considering homogeneous continuum mechanics, by the shear
stiffness G13. This is well illustrated by the angular orientation of the section presented in
Figure 1.

Considering the overhanging length, which is an important element of the discrim-
ination, it seems possible to reproduce the yarn bending behavior approximately driven by
the shear coefficient with an infinite strain calculation and an anisotropic material.
Moreover, comparing the bending profiles in order to classify the bending stiffness of
yarns is not always easy because the distribution of the sizing along the yarns is not always
homogenous. Thus, some bending profiles appear to be more rigid at the beginning of
bending and suddenly become less rigid after a defined overhang length of bending. The

Figure 10. Yarns structure.
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main difficulty with this experiment remains its inability to compare the bending profiles
of yarns of different natures in order to classify their cohesion. Therefore, another intrinsic
parameter needs to be defined to accomplish the comparison correctly.

Finite element simulations of the bending test

Usually, yarns have a heterogenous structure, in which the bending stiffness is related to
two main physical parameters: the longitudinal modulus of fibers and their capacity to
displace in the longitudinal direction during bending. This displacement represents the
shear occurring during bending, which is related to the shear modulus of the yarns.

In this study, in a first approach, we considered the yarns as a homogenous orthogonal
equivalent material. Under this assumption, the ability of yarns to be sheared during
bending is directly related to the shear modulus G13 (the 1 refers to the longitudinal
direction of the yarn). Nevertheless, this approach does not consider the internal crimping
of the fibers that constitute the yarn. Therefore, the simulation cannot accurately re-
produce the real bending profiles as they are observed experimentally. For more accurate
simulations, another theoretical approach, using a micro-polar structure, could be used.
However, setting up this approach requires more investment and is therefore more
difficult to implement in an industrial context. The use of G13 nevertheless makes it
possible to reproduce numerical profiles of bending close to the experimental ones, at
certain overhang lengths. With the identified G13 using this inverse approach, the sought-
after medium bending profile can be defined and used to compare the bending stiffness of
different batches. Using this approach, finite element simulations were performed by
Abaqus® software, with C3D20 elements, as shown in Figure 11.

Thanks to these simulations, numerical curves were obtained by identification of G13

and compared with the experimental profiles. The numerical curves are relatively close to
the experimental ones, as shown in Figure 12. Depending on the batches, however, they
reproduce the curvature more or less well; this illustrates the limit of a homogeneous
approach with very variable results. Nevertheless, in a first approach, this method is a very
simple and efficient way to compare the G13 values of different batches, which could be
used as an indicator of the bending stiffness of these batches.

The values of G13 of each of the seven tested batches were computed from the
simulations, and are presented in Table 3:

With these values, the bending rigidity of the batches can be classified as follows:

Figure 11. Modeling of yarn by a homogeneous transverse isotropic material.
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G13 F � G13 A � G13 D >G13 E >G13 B >G13 C >G13 G

Globally, the shear modulus is able to reproduce the resetting of the processability, at
least by group: a high shear modulus and low processability for batches A and F, average
modulus and processability for batch D, and low modulus with high processability for
batches B, C, E and G. However, perhaps due to the approximate calculation of the shear
modulus performed for the moment, it is still difficult to discriminate batches within a
group. Although the resetting is approximate, this method can correctly discriminate
small deviations of cohesion, with a difference of 48% between batches D and A, 40%
between batch D and batch B and 33% between batch D and E. Remember that batches A,
B, and D have globally the samematerial characteristics and that their differences lie in the
type and sizing rate as well as the processability. Nevertheless, to analyze the relevance of
this method, batches F and Gmust be analyzed because their structure and dimensions are
very different, which justified the definition and use of a mechanical parameter.

The main problem with batch F is that the bending profile results are widely scattered,
much more so than for the other batches (Figure 7). It is thus unreliable to consider the
average curve. Moreover, batches F and G show a different bending behavior from the
other batches (Figure 7). The bending behavior of fibrous networks has generally a high
and relatively clear non-linearity whose variability can lead to very different profiles. This
phenomenon can be seen on Figure 9. Comparing the average curves of batch E for

Figure 12. Comparison between numerical (blue dotted line) and experimental (maximum,
minimum, and medium) curves (black lines) of bending for batches B and G. (a) Batch B. (b) Batch
G.

Table 3. Modulus G13 identified by finite element simulations.

Batch
A

Batch
B

Batch
C

Batch
D

Batch
E

Batch
F

Batch
G

Longitudinal shear Modulus G13
(10�2 MPa)

6.32 2.47 1.65 3.85 2.75 12.37 1.37

Cohesion factor 3 0 0 1 0 2 0
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different overhanging lengths, one can see that batch E presents a low overhanging length
until 100 mm and then a high overhanging length at 150 mm. As has already been studied
with the shear,15 it seems that two types of cohesion can be distinguished: a static co-
hesion, driven by sticking during which the longitudinal sliding between fibers is low, and
a dynamic cohesion, driven by the residual friction during the fibers’ longitudinal sliding.
Thus, higher quality yarns, that is, more regular and smoother, have a lower residual
friction and therefore a higher non-linearity. It is fundamental to explore even further, in
the future, the relation between bending and cohesion, and to highlight the different
physical phenomena related to cohesion in order to better understand and analyze this
phenomenon.

Lastly, this strategy, although approximate, makes it possible to compare batches with
different structures and to highlight, with a simple test and inverse identification cal-
culation, the behavior variability during the process; this was the third goal of this study. It
is thus possible to define and measure a yarn cohesion indicator, whatever the structure
and constitution of the yarn. Hence, beyond its efficiency in material incoming inspection,
this strategy can be used to study, for example, a change or an evolution of the raw
material used for the process. There currently remains a limit however: the post-treatment
specific to the constitutive material is still difficult to address if we wish to remain within
relatively simple physics.

Conclusion

Although yarn cohesion is of great importance for various manufacturing processes, there
is currently no efficient strategy to evaluate this property upstream of the process. This
paper has therefore focused on the evaluation of the cohesion of carbon fiber yarns using
bending tests, assessing the global cohesion of yarns by means of their bending rigidity.

The results highlight that when the yarns are of the same nature, they can be very
efficiently classified according to their cohesion by comparing their bending profiles. It
concerns yarns A, B, C and D, which can be classified as follow, from the more rigid (and
thus with higher cohesion and lower processability) to the less one: A > D > B > C. It can
be confirmed that the sizing rate significantly influences the bending rigidity and thus the
cohesion: the lower the sizing rate, the greater the fiber mobility and thus the lower the
cohesion. Therefore, the proposed strategy enables to distinguish between the best batches
as regards processability, that is batches B and C, the intermediate batch D and the worse
batch A. The case of batch E was very interesting as it demonstrates the influence of the
heterogeneity of sizing distribution. However, for high overhang lengths, the results
correspond to the initial classification of the yarns’ processability presented in Table 1.
Moreover, a very interesting point concerning the bending test is that it is very sensitive to
cohesion variation, that is to say it is able to clearly discriminate batches with very similar
and low sizing rates as regards their processability. All these points confirm that the
bending test is an excellent candidate to bring out the differences in yarn cohesion and can
be easily used in an industrial context for yarns of the same nature. It could, for instance,
be used as a very efficient material incoming inspection tool. For yarns of different
natures, even if this point remains a challenge, the bending rigidity was evaluated
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relatively efficiently by the shear modulus of an equivalent transverse isotropic homo-
geneous material (G13). Thus, the targeted classification of all the yarns, whatever their
structure and constitution, with regard to their processability has been achieved using the
proposed strategy. Even if the definition of an intrinsic indicator remains difficult, the
strategy also confirms that bending behavior is undoubtedly the best candidate to analyze
this phenomenon and enables to distinguish the three main groups as regards the
processability: the best batches (B, C, E and G) the intermediate batch (D) and the worse
batches (A and F). Beyond the classification of the batches as a function of their
processability, which was the main goal of this study, the bending test confirms the strong
and very sensitive correlation between the bending behavior of the yarns and their
cohesion, and thus its significant potential to study cohesion. The richness of the results
obtained, that is, a spectrum of bending profiles with different lengths, for different
batches with different structures, opens up an important field of analysis which remains to
be carried out. Observing more precisely the bending responses, it is possible to highlight
specific aspects linked to the yarns’ cohesion and behavior. This will be the subject of
another study, but some initial conclusions can already be drawn. First, the existence of
two steps in cohesion seems to be confirmed and may be the reason for the non-linearity of
the bending behavior of yarns. The first step, which can be considered as static cohesion,
is driven by the sticking of numerous fibers together, while the second one, which can be
considered as dynamic cohesion, is driven by the sliding resistance between the fibers. In
addition, the study has also revealed the influence of the heterogenous distribution of the
sizing along the yarn, inducing a strong dispersion of the bending results. From an
industrial point of view, the method applied here is very simple and efficient but, to go
further in the understanding of the relationship between bending and cohesion, and the
physical phenomena involved during the bending behavior of the batches, considerable
work remains to be done. Moreover, the cohesion of yarns is a highly complicated
phenomenon and one way to better understand this phenomenon might be to evaluate
global cohesion by comparing different tests such as bending but also shear and friction.
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Appendix

Appendix 1

Let’s consider a simple rectangular assembly with an odd number of lines of n fibers, all
identical, with a width b and a height h:

· h ¼ nhdf ; nh ¼ 2kh þ 1
· b ¼ nbdf
· n ¼ nbnf

The yarn comprises 2kh þ 1 lines of nb fibers with a circular section:

IGixðfiÞ ¼
πd4

f

64

IOxðyarnÞ ¼
Xn
i¼1

IOxðfiÞ

If yi is the distance between the ðGi, xÞ axis and the ðO, xÞ axis and according to
Huyghens’ theorem:

IOxðfiÞ ¼ IGixðfiÞ þ Sf × y
2
i

IOxðyarnÞ ¼
Xn
i¼1

�
IGixðfiÞ þ Sfi × y

2
i

�

As all fibers are identical:

IOxðyarnÞ ¼
Xn
i¼1

 
πd4

f

64
þ πd2

f

4
× y2i

!
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IOxðyarnÞ ¼
nπd4

f

64
þ πd2

f

4

Xn
i¼1

y2i

Let j be a particular line of fibers; the yj distance is the same for all the fibers of the line j
and then:

y2j ¼ d2
f ðkh þ 1� jÞ2

IOxðyarnÞ ¼
nπd4

f

64
þ πd2

f

4

Xnb
i¼1

Xnh
j¼1

d2
f ðkh þ 1� jÞ2

IOxðyarnÞ ¼
nπd4

f

64
þ πd2

f

4
nbd

2
f

Xnh
j¼1

ðkh þ 1� jÞ2

After calculating:

IOxðyarnÞ ¼
nπd4

f

64
þ πd4

f

12
nbkhðkh þ 1Þð2kh þ 1Þ

Finally:

IOxðyaÞ
IGixðfiÞ

¼ nþ 16

3
nbkhðkh þ 1Þð2kh þ 1Þ
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