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Fiber reinforced composites (FRC) are an interesting alternative for numerous applications
due to their lightweight character. However, there are currently several challenges for a
serial production. The manufacturing process still requires a high percentage of manual
labor which greatly restricts the reproducibility. Additionally, high-quality standards neces-
sary for many applications cannot be met due to the low displacement resistance of the tex-
tiles. Structural fixation could greatly improve the displacement resistance and therefore the
handling of the material layers. This paper reports on a model used for draping simulations
of nonfixed and fixed multilayer knits using the commercial finite element software
LS-DYNA®. The aim of this model is to improve the development process of FRCs. With
a standardized specification, the basic macromechanical properties can be modeled with
finite shell elements. A material model is introduced that accounts to the characteristic
mechanisms of the deformation of biaxial fibrous structures. A fixation of the fabrics is
achieved by melting the thermoplastic hybrid yarns embedded in the textile structure with
infrared radiation. This process improves the handling of the textiles. It is of great benefit
when such a structural fixation is applied locally. The process of choosing local fixation
zones is described in this paper and the applicability of this process is illustrated.

Keywords: fabrics/textiles; preform; finite element analysis (FEA); forming; drape
simulation

1. Introduction

The need for innovative lightweight engineering solutions is greater than ever before. Eco-
nomic and ecological imperatives drive the search forward for new high-performance materi-
als. Increasingly, composite materials are gaining attention in the fields of engineering. With
these materials, a higher efficiency in mass-specific material to component stiffness can be
achieved. The anisotropic characteristics of fiber reinforced composites (FRC) allow the
designer to optimize their load-bearing capacities. Components made of FRC can be molded
into complex forms designed to carry heavy loads. The ability to mass produce such FRC
components would pre-destine their increased application in the automotive and mechanical
engineering industries. To date, the manufacturing chain of continuous FRC includes the step
of preforming. In this intermediate step, quality standards, as required in high-technology
fields cannot be met at present. Due to inadequate stiffness and consequent shifting of the
yarns in their placement to one another, the handling of the preforms during the pre-cutting
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process or shipment can cause massive changes in the geometry of the fiber layers.
The placement of the fiber layers plays a key role in the end performance of the component
as the mechanical potential of the continuous fiber reinforcement depends on the crimping of
the yarns and the force-oriented arrangement of the individual fiber layers. Specifically, for
components that are formed three-dimensionally, it is necessary to know where the fibers are
located after the draping process to ensure a correct force-oriented design.

The application of thermoplastic-based multilayer knits as a basis for FRCs has proven to
be advantageous.[1] To lend the group of continuous reinforced composites a competitive
edge, computer simulations can be used in the development phase. The focus lies on improv-
ing the preform handling by performing a prefixation of the fabric. Hybrid yarns can be
incorporated during the construction of the textile structure without additional steps or effort.
The thermoplastic threads can be incorporated either in a grid pattern or over the entire area
depending on the type of preform desired and can be melted directly after the knitting pro-
cess. Through the localized fixation, a positive effect on the stiffness and the stability of the
yarn is achieved and in turn, the handling properties and the drapability of the textile are
improved.

In selecting the areas for local fixation, later-shaping processes must be considered. For
this purpose, local fixation models created with the knowledge of the final textile’s drapability
characteristics are necessary before the actual production of the textile begins. Determining
the fixation zones with an experimentally-based trial-and-error method would involve exorbi-
tantly high production costs, efforts, and long development times. To solve this problem, the
aim is a simulation-supported development of hybrid yarn-based preforms that can be pre-
consolidated for structure fixation. Therefore, this paper deals with special problems in drape
simulation. Many efforts were made in this field of research in the last decades. A compre-
hensive summarization on this topic was made by Gereke et al. [2].

2. Structure fixation by incorporating hybrid yarns

Hybrid yarns are mixed yarns made of different types of material. In this study, an air-textur-
ized glass/polypropylene (GF/PP) yarn was used. The incorporation of the hybrid yarns in the
multilayer knit occurs directly during the production process in the form of reinforcement
and/or knitting threads. The fusion of the thermoplastic yarns is accomplished using infrared
radiation. The fusion stiffens the thermoplastic part of the multifilament yarns and bonds the
reinforcing thread with the adjoining threads at the points of intersection. The effects deemed
from this type of fixation can be seen in Figure 1. A significant increase in the rigidity of the

non-fixed fixed

Figure 1. Increase in textile rigidity by a holohedral fixation of the textile structure.
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Table 1. Deformation mechanisms in textile semi-finished goods according to [3,4].

Mechanism Scheme Mechanism Scheme

Extension Shear
0000 ~eecse - ﬁ

Elongation Sliding

Slippage Bending
N [ /— Q

fixed textile can be observed with just a small ratio of fixation threads (Figure 1 shows sam-
ple M1.7 according to Table 2). This leads to better handling and offers many advantages in
the transportation and relocation of the preform. Furthermore, this effect can be used to
achieve the desired drapability properties.

3. Deformation mechanisms in textile materials

The following mechanisms in the draping behavior define the types of in-plane deformation
occurring in textile materials. They will be used to characterize the macroscopic deformation
behavior. The individual deformation modes are the basis for the requirements on the material
model. They aid in understanding and describing the complex in-plane deformations. The
mechanisms can be evaluated for their relevance according to the design of the textile. In
Table 1, the most important deformation mechanisms for the draping simulation are listed
according to references [3,4]. The character of the individual mechanisms can be defined
using engineering constants. The constants can be determined using standardized textile tests.
Extension and elongation are examined as an entity and registered as the tensile rigidity
observed in the main reinforcing directions. Due to the shear strain, especially with less rigid
textiles, the potential for deformation is very high. The resistance against shearing can be
specified with a modulus of rigidity. Sliding and slippage are in-plane deformation mecha-
nisms and are largely dependent on the microscopic composition of the fabric. Multilayer
knits with a loose-knitting thread system are prone to increased deformation due to slippage.
Sliding is somewhat restricted by the knitting threads. The resistance to sliding depends on
the knitting thread tension. Bending is the only out-of-plane deformation mechanism.

4. Mechanical analysis of the textile structures

Various samples of biaxial knit fabrics were analyzed to investigate the mechanical properties
of fixed and nonfixed multilayer knits. Table 2 lists the parameters of the individual textile
semi-finished products. The amount of reinforcing GFs is identical in all the samples. The
sample VS is a multilayer knit composed of pure glass yarns and is included as a reference
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Table 2. Parameters of the multi-layer knit samples (EC—electric glass fiber, GF—glass fiber, PP—
polypropylene).

Sample Biaxial knit VS’ Biaxial knit ‘VS2’ Biaxial knit ‘M1.7’ Biaxial knit ‘M4’

Warp Yarns 2, 4 out of 5:

system EC-GF 900tex

EC-GF 900tex EC-GF+PP 1200tex Yarns 1, 3, 5 out of EC-GF+PP 1200tex

5:
EC-GF+PP 1200tex

Weft Yarns 2, 4 out of 5:

system EC-GF 900tex

EC-GF 900tex EC-GF+PP 1200tex Yarns 1, 3, 5 out of EC-GF+PP 1200tex

5:
EC-GF+PP 1200tex

mg:gg EC-GF 3x 34tex =~ EC-GF+PP 137tex = EC-GF 3 x 34tex EC-GF 3 x 34tex
Scheme = e N B
of the m
mmﬂmm: :
illr' %ﬂ
Glas fiber:
Hybrid yarn: NI (900tex GF + 300tex PP)
Picture PRI : N TR
of the . ¥ T X ¥y ] : '. Y [r . LA}
sample 2

sample. This sample cannot be fixed. To evaluate the deformation mechanisms listed, standard
testing methods were used. The strip tensile method (DIN EN ISO 13934-1) was used to test
the elongation and extension in the direction of the alignment of the main reinforcement
threads. Figure 2 presents the results of the strip tensile tests for nonfixed and fixed samples
in the 0° direction up to 1% strain. It was observed that the tensile modulus decreased as the
amount of hybrid yarn in the structure increased.

Swirls form during the yarn commingling process. Applied axial tensile forces compen-
sate those swirls. This leads to a rather low-tensile modulus in the beginning of the loading.
The effects of tensile rigidity are negligible in technical textiles comprised of high-perfor-
mance fibers, such as glass or carbon. As shown in Figure 2, the rigidity of sample VS2 does
not change significantly after the thermofixation. This is due to the small amount of hybrid
yarns in the VS2 fabric which were inserted as knit yarns only. There is no amount of hybrid
yarns in the main reinforcement directions. An interesting effect can be spotted when compar-
ing the samples M1.7 and M4. The influence of the fixation on the tensile modulus is the
most significant in samples M4. This is due to the thermofixed hybrid yarns in the warp and
weft directions. The hybrid yarns are consolidated and an elastic material behavior of the PP
and glass hybrid yarns replaces the strain due to swirl compensation in the nonfixed samples.
In the fixed M1.7 samples, the hybrid yarns are consolidated and they are bounded to the
glass yarns where they cross each other. Thus, each reinforcing glass yarn is in some points
fixated by the thermoplastic matrix. Local stress peaks at those crossing points of glass yarns
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Figure 2. Tensile force — elongation curve of nonfixed and fixed samples in the 0° direction.

and consolidated hybrid yarns lead to a significantly lower tensile modulus compared with
the nonfixed M1.7 samples.

A picture frame test, as described in reference [5], was conducted to record the resistance
to a change in the angle of the reinforcement in relation to one another. The result of the
shear force for a sample size of 200 x 200 mm? can be seen in Figure 3. A fabric’s resistance
to shear is decisive in determining the draping behavior and handling properties of a textile
layer. On one hand, a fabric’s tendency to be less stiff translates positively to its drapability
but on the other hand, greater stiffness allows the handling of the fabric without the danger
of a critical thread displacement. The properties of the biaxial knit samples are compared with
a woven fabric having the same warp and weft thread count and density. The excellent
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Figure 3. Shear force vs. shear angle for nonfixed samples.
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Figure 4. Shear force vs. shear angle for fixed samples.

draping behavior of the multilayer knits as compared to similar woven fabrics is clearly evi-
dent. As illustrated in Figure 3, the resistance to shear forces increases as the hybrid yarn
count increases. This effect can be explained by the rough surface and the larger volume of
the swirled hybrid yarns, which provides higher friction when in motion as compared to sim-
ple multifilament yarns made of glass. The graph depicts the shear angle at which the thread
structure becomes so compact that a jump in the stiffness is recorded. After this angle has
been reached, the shear forces typically cause wrinkles in the fabric. The critical shear angle,
Yait» Decomes smaller with an increased hybrid yarn count. The angle can be determined
using the tangent method. A tangent is constructed at the beginning of the linear range. At
the point where the curve deviates from the tangent line, the nonlinear stage is entered.
At this point, wrinkles begin to occur in the fabric.[6]

Figure 4 depicts the results of the picture frame tests conducted on the fixed samples. A
clear increase in the shear forces is seen as compared to the nonfixed samples from Figure 3.
Because a stiffer fabric equates to better handling, it can be seen in this example that
localized pre-consolidation of the embedded hybrid yarns offers a suitable method of structure
fixation.
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Figure 5. Bending stiffness of the nonfixed samples and the fixed sample VS2 (bars show mean values
and whiskers show standard deviation).
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The flexural rigidity of the fabrics was recorded using the cantilever test (as described in
the DIN 53362). To determine the mechanical differences in the samples with a structural
fixation, tests were conducted with both fixed and nonfixed samples. For the nonfixed
samples, tests were carried out in the 0° and 90° directions because of the unsymmetrical
assembly of multilayer-knitted fabrics. The fixed samples achieved such a high flexural
rigidity that the test could not be carried out according to the DIN standards. Figure 5 depicts
the flexural rigidity of the nonfixed samples. Since the VS2 sample, with the hybrid yarns
integrated as the knitting threads, exhibited the lowest increase in flexural rigidity among the
fixed samples, it could be tested using the cantilever test device. Slippage and sliding were
disregarded for the tests. Preliminary testing showed that these mechanisms proved to be neg-
ligible on the samples in this study.

5. The derivation of a material model
5.1. Applied shell element

Simulating textiles pose several challenges. The microscopic construction from which the
mechanical properties are derived is extremely complex and must be homogenized.[6] To
achieve this, a discretization with shell elements is applicable. The thickness of the textile is
much smaller than the other two in-plane dimensions. Shell elements can deal better with
contact problems than beam elements. Due to the reduced number of nodes, they offer numer-
ical advantages as compared to solid elements. In the commercial FEM program LS-DYNA,
a wide selection of various shell elements is offered. For the simulations conducted in this
study, fully integrated shell elements were chosen. These elements are less susceptible to
numerical problems, such as hourglassing or locking effects.[7]

The size of the chosen shell elements used for the simulation depends on the warp and weft
thread count (in this paper, it is 3.56 mm for every sample in the warp and weft directions).
With orthogonally-constructed reinforcing layers, the position of the reinforcing threads can be
determined by the position of the elements. This allows a prediction of the position of the rein-
forcing yarns after draping. Three integration points in the thickness direction were chosen.

5.2. Planar behavior

As shown in Figures 2 and 3, the tensile and shear behaviors of the textile are strongly non-
linear. This can be explained by the mesoscopic construction of the textile biaxial knit. To
successfully simulate a textile fabric, its nonlinear material behavior must be accounted for in
the material model. Furthermore, it is necessary to introduce an appropriate deformation
strain. Pure shear in textiles does not cause tensile stress in the main reinforcing direction.
The orthotropic deformation properties must be considered in the model. Because the com-
mercial FEM program LS-DYNA does not offer a suitable material model which meets all
the requirements, a customized material routine was implemented for the simulations.

The Green-Lagrange deformation tensor, E, describes the in-plane deformation. This
tensor has previously been used to describe the deformation behavior of textiles.[8] The
derivation from the deformation gradient, F, is as follows:

E=1/2(F" xF-1I) (1)

S=C:E (2)

where the material tensor is given as C and S denotes the second Piola—Kirchhoff Stress.
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The individual membrane and bending components of the material tensor cannot be linked
to one another, so as to ensure that the tensile, the flexural, and the shear rigidity observed
are not coupled. Many technical textiles exhibit a high tensile rigidity with an extremely low
flexural rigidity. Furthermore, the resistance to shear is independent of the tensile rigidity. An
isotropic material make-up cannot properly depict the relationship of these properties. To
properly depict this material behavior, an orthotropic tensor was chosen to decouple this error
and reflect the mesoscopic construction.

Using the listed material tensor C, the nonlinear character as well as the anisotropic struc-
ture of the textile can be described. The individual elements of the tensor used for the elastic
orthotropic description are listed below:

C““ = (1 — V23V32)E1D_1

C2222 = (1 — V31V13)E2D71

C3333 = (1 — V21 V]z)E3D_1

C1122 = (V12 + V32V13)E2D71 (3)

™ = (va3 + varviz)EsD 7!

C¥" = (vi3 + viav23)EsD !

1212 2323 3131
C = G12C = G23C = G31

D =1—vipva1 — Va3va2 — Va1Viz — 2Va1Vi3Va

As shown in Figures 2 and 3, the stiffness components are nonlinear with increasing
strain, especially the components E;, E; and G,,. To deal with this effect, these moduli are
described by a nonlinear approach in function of the actual strain. This is exemplarily
described in Equation (4) for the tensile modulus E;:

Ei(er) =Erg+a-e+b-ef+e o +d-&f+e & (4)

The Green-Lagrange deformation poses several advantages when examining the nonlinear-
ity of the specific engineering constants due to the fact that it considers the current configura-
tion of the element relative to the initial configuration. A comparison of the tested tensile and
shear rigidity with the model is possible at any time step.
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5.3.  Spatial behavior

Defining the spatial behavior of nonfixed and fixed textiles poses several challenges. The flex-
ural rigidity of textile fabrics is influenced largely by yarn-to-yarn friction inherent in the
microscopic construction. The pure flexural rigidity of the reinforcing threads is negligible.
Technical textiles exhibit a high Young’s modulus in the reinforcing thread direction, but mini-
mal flexural rigidity. Moreover, various and multiple levels of flexural rigidity in the fixed and
nonfixed materials must be considered and factored into the definition. During fixation of the
structure, the geometrical parameters remain unchanged. The tensile rigidity is minimally
affected as seen in Figure 2. Despite this fact, the dimensional difference in flexural rigidity of
the fixed and nonfixed samples is considerable, as depicted in Figure 5 with the VS2 specimen.

The geometrical measurements are introduced in the form of a homogenized diameter
with adequate material thickness. In this respect, the Young’s modulus is relatively low due
to the fact that the homogenized diameter with an exact material thickness is much larger than
the actual reinforcing thread diameter.

It is known, that the deflection of a beam can be divided in bending and shear deflection.
[9] Because material thickness and an exact Young’s modulus are nonalterable parameters,
the bending stresses cannot be changed in the model. The resistance to bending deflection
can be defined using the transverse shear moduli G,3 and G;;, to select the flexural rigidity
without the influence of the Young’s modulus or diameter. Control of deflection caused by
shear should be possible. Possible constraints include that the selected bending deflection is
larger than the complete deflection of the fixed sample. However, it can also be the case that
the bending deflection together with the maximal deflection caused from shear is not as large
as the bending deflection reached by the actual textile sample.

6. Validation of the material model

Before the material model can be applied, a validation simulation must be conducted. The
simulation approves the reproducibility of the material behavior under loading and verifies
the individual deformation mechanisms that are a key in understanding the draping behavior
of the textiles. Figure 6 shows the results from the strip tensile test and the picture frame test
as compared to the simulation model results generated during the modeling of the testing pro-
cedures. In-plane, the material model coincides well with reality. The mechanical values for
E,, E; and G, could be reproduced adequately.

The flexural rigidity of the model is dependent on several parameters, including the thick-
ness of the shell element, the existing Young’s modulus, and the transverse shear module.
Because the thickness of the shell and the Young’s modulus are nonalterable parameters set
in the initial stages of model development, the transverse shear modulus is repetitively
adjusted using simulations of the cantilever rigidity test until the set flexural rigidity reflects
that of the textile being tested.

Figure 7 illustrates the repetitive attempts at finding an approximation of the transverse
shear modulus to the desired results. The cantilever rigidity test was reset using the character-
istic measurements. The desired modulus was recorded when the sample came in contact with
the 41.5° level. As is evident in the diagram, the calibrated material model is too rigid for an
exact characterization of the biaxial knit. The influence of the transverse shear modulus is
minimal. According to [10], an adequate flexural rigidity could be reached by adjusting the
modulus of elasticity. To achieve this, the tensile rigidity must be greatly reduced. Table 3
compares the resulting strain with a homogenized Young’s modulus of 1280 MPa and an
adjusted Young’s modulus to reflect a flexural rigidity of 25.7MPa. The homogenized
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Table 3. Comparison of strain along the main axis after adjusting the tensile rigidity.
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Young’s modulus is the fraction of the measured modulus in function of the ratio of the
actual fiber cross-section to the cross-section of the used shell element as described earlier
(Figure 8).

A complex-forming simulation is used for the model as seen in Figure 10. The reduced
Young’s modulus caused greater strain with identical loading. However, the reduced flexural
rigidity leads to smaller deformation forces in the shell.

The average material strain is extremely low. Despite a greatly reduced Young’s modulus,
the strain remained almost the same. This can be explained by the fact that less flexural rigid-
ity transfers less force into the system. Also, the contact forces which need to be overcome
are less. The maximum strain values can be roughly compared. The strain in the pressure
zones is very low and occurs only in limited areas. The peaks in strain are localized maxi-
mums occurring at the clamp mounts. To provide a conclusive comparison of the two-tension
module levels, the overall displacement at the edges where the textile was pressed through
the extrusion mold was examined (as seen in Figure 10). This comparison reflects the results
of the individual strain areas. Table 4 lists the simulation results for the areas around the
mold’s edges. It is evident in Table 4 that the difference to the overall displacement at the
edge areas is minimal.

To simulate the deformation behavior of the textile, shell element type 16 was chosen in
the LS-DYNA and adapted with a user-defined material law. The element was able to ade-
quately replicate the deformation behavior. However, to accurately reflect the spatial deforma-
tion behavior, the Young’s modulus had to be greatly reduced. This is not satisfactory for a
standard model and can lead to significant errors in complex molding simulations with high
forming forces. Furthermore, the flexural rigidity cannot be accurately simulated with the

xy-strain
j11 2 1

10 it
|ro~¥]
1813080
130801
1t

Rl

Arvaeat
ITIMAT
hine

Figure 8. Simulation of occurring shear forces on a partially-fixed specimen.
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Figure 10. Simulation of the hemispherical punch test.

Table 4. Comparison of displacement at the edges.

x-displacement (mm) y-displacement (mm)
1280 MPa 21.32 21.46
25.7MPa 20.72 22.02

same Young’s modulus for fixed and nonfixed textiles. Therefore, a modified formula for the
material model must be found.

7. Simulation model
7.1.  Varied material properties to account for fixed zones

The fixed zones present a localized change in the material properties. As is evident in the pre-
vious sections, the tensile strength is somewhat affected, whereas the shear strength and flex-
ural rigidity are significantly changed.
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To provide a simple model of these inhomogeneous properties, the existing material
properties of the elements were changed in the areas where no shear occurs. This simpli-
fied method dispenses with complicated parameters and contact conditions and can be
carried out in pre-processing with little effort. Adjoining elements share nodes that pro-
vide for a consistent stress state. Figure 9 exemplifies a partially-fixed shear specimen. A
differentiation in the deformation rigidity of the individual zones can be clearly
identified.

7.2.  Applying the simulation model to select the zones for fixation

The first step in prefixing the textile good to improve the handling and draping properties is
to locally fix areas that remain free of shear during the subsequent forming process.

This type of local fixation provides for improved handling and reduces the risk of
bringing about critical thread displacements. Due to the fact that in the subsequent consol-
idation process of the preform to the end component a thermoset matrix system is
planned, the integration of thermoplastic hybrid yarns throughout the textile should be
avoided. For this reason, the thermoplastic contingent should be reduced to a minimum to
avoid negatively influencing the bonding properties. Selecting fixation zones with empirical
methods can be costly and time-consuming. Therefore, a simulation-aided solution is
advantageous.

In the following section, the focus lies on the prefixing of the structure for the purpose of
improving the handling. The fixation has no influence on the mechanical properties of the
end component. Prefixing to improve the drapability is not part of this study.

After successfully validating the material model, it is possible to numerically simulate the
molding process. At this point, zones can be designated where no shear occurs during the
draping process. This paper describes the molding of a multilayer knit into a hemispherical
shape. A test stand for this purpose is installed at the ITM at the TU Dresden. Figure 9 pic-
tures the test stand, whereas Figure 10 illustrates the results of the hemispherical punch simu-
lation with a nonfixed fabric. The results shown are from the biaxial knit sample VS2.

In Figure 11, it can be observed that little or no shear occurs in the main reinforcing axis
from the middle of the hemisphere outwards. This area is suitable for prefixing due to the fact
that a localized fixation would have no effect on the drape capability in this particular case of
forming. The material feed-in system provides that the areas in the corners of the specimen
remain free of shear.

Shear Angle []

Figure 11. Shear angle after hemispherical formation (left: projection of drape results onto undeformed
fabric; right: hemispherical punch simulation with fixed zones).
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Should the subsequent draping process be conducted on the same molding test stand
under the same conditions, then these areas could also be prefixed to improve handling.

First conclusions can be drawn from the molding simulation as to the area of the speci-
men which will form the end component after draping. A near-net-shaped rough pre-cut can
also be derived from this simulation. The accuracy of the pre-cut depends largely on the ele-
ment size. Because the element size in this simulation is oriented on the warp and weft densi-
ties, the accuracy of the pre-cut is somewhat limited. Figure 12 shows textiles as pre-cut from
the simulation results. The specimen on the right is fixed in the areas as designated in the
simulation from Figure 11. It is clearly evident that the fixed specimen on the right is signifi-
cantly more rigid than the nonfixed specimen pictured left. The cross-like fixation creates a
nearly self-stable and near-net-shaped textile preform which is extremely suitable for further
processing.

Because the local fixation was only executed in those areas which could, in forefront, be
designated shear-free, the fixation had no effect on the thread positioning as compared to the
nonfixed pre-cut. Furthermore, the three-dimensional form can be reproduced with the same
precision and without folds as the nonfixed textile preform. Figure 13 shows the fixed

Non-fixed fabric Partial pre-fixed fabric

Figure 12. Rigidity of the nonfixed and fixed preform cut.

Figure 13. Formed hemisphere from multilayered knit sample VS2 with fixation zones.
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preform after the draping process. The area within the lines shows the zone where the hybrid
yarns were melted for fixation.

8. Summary and outlook

A material model could be successfully implemented into LS-DYNA to picture the significant
deformation mechanisms that occur in-plane in biaxial knits. This was illustrated with simula-
tions. A process was introduced that can be used to select zones for prefixing without influ-
encing the draping behavior. A test demonstrator was created to explain this process in detail.

The position of the reinforcing threads after molding and the areas where wrinkles could
form were successfully predicted using this method. An optical comparison excellently
depicted the consistencies between the drape result and the simulation result.

Future studies should include an analysis of the influence and effects of flexural rigidity.
This is indispensable to better understand and control folding and draping behavior. Further-
more, it should be a future objective to analyze and understand slippage and sliding. These
mechanisms particularly offer potential in the molding and forming process and are manda-
tory for predicting the position of the reinforcing threads after molding.

Moreover, further studies on controlling thread position with fixation are of great interest.
These studies are especially interesting since they would enable load-bearing thread position-
ing on the end component. Additionally, the formation of wrinkles could be avoided or shear
forces could be diverted to noncritical areas of the textile.
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