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The increasing demand for automated manufacturing processes for carbon fiber-
reinforced polymers necessitates accurate forming simulations. For that purpose, the
multi-purpose finite element solver Abaqus provides the phenomenological *Fabric
material model. While it is designed for woven materials, both structural directions and
shear properties can be independently adjusted. We aim to quantify its applicability to
model forming of UD semi-finished prepregs in a diaphragm forming station. We describe
the material characterization and modeling and compare the simulation results to
experiments using accurate laser scans of manufactured parts. Various simulation
aspects are methodically altered to better gauge their impact on the simulated forming
result. An accurate calibration of the bending behavior was found to be most important for
the forming results. This is realized in the *Fabric material model by softening the
compressive stiffness and the limitations of this workaround must be investigated in
more detail. Other aspects, like rate-dependent modeling of the transverse direction and
anisotropic properties for friction should be considered. Overall, a good agreement with
experimental results including regions with fiber bridging or the formation of folds and the
contour of the part could be achieved.
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1 INTRODUCTION

Manufacturing of continuously fiber-reinforced plastic (CFRP) parts in automotive and aircraft
industries is increasingly automated. One of these automated processes is diaphragm forming,
i.e., draping of the semi-finished products by using a silicon membrane pulled in by vacuum. The
process was originally invented for thermoplastic composites, but could also reduce the part costs for
thermoset composites significantly, compared to manual lay-up (Bersee et al., 2007), especially when
used in combination with out-of-autoclave curing prepregs (Sun et al., 2012; Bian et al., 2013;
Alshahrani and Hojjati, 2017). A major advantage is that only a one-sided tool is required, thus
reducing investment costs compared to, close-tolerance, double-sided tools for the press processes
(Alshahrani and Hojjati, 2017; Chen et al., 2017).

An accurate and reliable finite-element (FE) draping simulation can help to prevent forming defects
and optimize forming results, without the need for manufactured prototypes, resulting in an accelerated
development process. If followed by a subsequent curing simulation and virtual testing, a complete virtual
process chain, allowing for a simulation “as built”, can be established (Henning et al., 2019).
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Toward these goals, various modeling approaches exist.
Kinematic draping simulations, neglecting the material
properties, based on geometric mapping techniques can
provide reasonable results only for dry and balanced fabrics
(Pickett et al., 2005) and are still the state of the art in aircraft
industries. However, accurate results and especially for
impregnated semi-finished products (prepregs) with various
textile types, other than plain weave fabrics and complex
tooling geometries, necessitate the use of FE approaches.

Macroscopic FE modeling, using smeared (homogenized)
material properties for the composite, allows for time-efficient
computations, despite the large-scale parts commonly used in
automotive and aerospace industries. Macroscopic models need
to account for large fiber rotations and non-orthogonal material
properties, which requires hypo- or hyperelastic non-linear
constitutive models (Kärger et al., 2020). One main aspect of
interest is the bending behavior for fiber-reinforced materials and
an overview of recent developments is given in Boisse et al. (2018)
(Boisse et al., 2018a). Using single-layer shell elements with classic
bending theories for such applications implies a deficit for modeling
the out-of-plane bending behavior in conjunction with high tensile
stiffness (Boisse et al., 2018a; Boisse et al., 2018b). To decouple
bending and in-plane behavior, classic shell andmembrane elements
can be superimposed (Haanappel et al., 2014) and the bending
properties can additionally bemodified via subroutines, e.g., defining
a non-linear relationship (Schirmaier et al., 2017) or including a
dependency on the curvature (Yu et al., 2020). Alternatively, the shell
formulation can be modified to include the decoupling (Dörr et al.,
2018) or modified shell formulations such as the Ahmad framework
(Ahmad et al., 1970; Liang et al., 2017) or a three-node shell (Hamila
et al., 2009) can be used to better simulate the ending behavior. Also,
numerical effects like shear locking need to be considered and
avoided for macroscopic FE modeling (Yu et al., 2006).

The multi-purpose FE-solver ABAQUS provides a built-in
material model for forming simulations, without the need for
additional user subroutines or software add-ons. The hypoelastic
*FABRIC material model, available in ABAQUS/explicit,
captures the mechanical response of a woven fabric
phenomenologically. The two structural directions are
independent of each other and the shear behavior only
depends on the angle enclosed by the two principal directions
(Abaqus 6.11-1, 2021). The model is able to consider rate-
dependent, non-linear anisotropic behavior. It is well
established for forming simulations of dry woven fabrics
(Kärger et al., 2020), however, its applicability for other semi-
finished CFRP types and a roadmap on how to obtain the
required test data is not shown in detail so far. In this work,
we demonstrate the use of the *FABRIC material model for a UD
prepreg and elaborate on the impact/necessity of several
important simulation parameters.

2 MATERIALS AND METHODS

2.1 Prepreg Material
The material used for this research is a carbon UD prepreg
(HexPly® M79/34%/UD300/CHS), using a low-temperature cure

epoxy resin with recommended cure cycles of 70–120°C and
curing times of 8 hours to less than 1 hour, respectively. It can be
processed at pressures from 0.3 to 5 bar. In uncured condition,
the material thickness is approximately 0.35 mm. The material is
suitable for preforming in the single diaphragm forming process.

2.2 Material Characterization
2.2.1 Uniaxial Extension
We used a uniaxial test setup inspired by ISO 527-5 and applied it
to uncured prepreg specimen to test the mechanical response in
(single ply 136 × 15 mm, n = 5, Zwick/Roell Z020, 20 kN load cell)
and perpendicular (4 plies, 25 × 60 mm, n = 6, Zwick/Roell Z0, 5,
500 N load cell) to the fiber direction without cap strips. The
enlarged width and multiple plies for the latter are necessary to
ensure a force response well detectable with the 500-N load cell.
Tests were performed at three loading rates of
100–500–1,000 mm/min, for n = 5 at each speed, longitudinal
and 100–1,000–2,000 mm/min, for n = 6 at each speed,
perpendicular to the fiber direction, i.e., equally spaced over
the range of possible loading rates for the corresponding
testing machine.

A silicon membrane (MS2-3 mm; RAPHA Systems), with a
specified failure strain of 700%, is used in the diaphragm station.
Tests were performed according to ISO 527-2 (specimen type 5A)
at velocities 50–500–2000 mm/min, for n = 6 at each speed, on a
uniaxial testing machine (Zwick/Roell Z0, 5).

The highest applied deformation rate, i.e., 2000 mm/min,
corresponds to 70% of the median process velocity,
determined via simulation.

2.2.2 In-Plane Shear
We used a 10° off-axis tensile test similar to NASA technical note
(TN) D-8215 and recorded the deformation with a digital image
correlation (DIC) system [cf., Wang et al. (2020)]. Multiply
specimens (three plies, 25 × 260 mm) were speckled with
white matting spray and mounted to a uniaxial testing device
(Zwick/Roell Z0,5, 500 N load cell). Specimen dimensions
ensured that the fibers are not clamped at the top and bottom
and thus allowing for a shear band (Figure 1) to form. Tests were
performed at 150−1,500–2000 mm/min, for n = 6 at each speed
(the adaptation toward higher rates accounts for the findings of
the uniaxial extension tests).

The tests were recorded with a two-camera system (Aramis
12M, GOM) at a frame rate of 8 Hz or 84 Hz for higher speeds,
respectively, and the strain fields were calculated (Correlate
V2019, GOM). Strain values were exported from the localized
shear band and the resulting shear strain was calculated according
to NASA TND-8215. The corresponding stress data are obtained
by synchronizing data from the tensile testing machine with the
respective Aramis strain field data by aligning the measured and
applied axial strain.

2.2.3 Bending
To determine the bending behavior, we built a test apparatus
inspired by ISO 9073-7, i.e., a manual cantilever beam bending
test (cf., Figure 2A). Application of this method for uncured
composite materials is challenging, as prepregs tend to twist
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slightly out of plane due to irregularities in the material and
samples tend to stick to the apparatus due to the tacky surface,
thus cannot slide. To overcome these drawbacks, the test
procedure is converted into a freefall test, i.e., the specimen is
positioned with an overhanging section and a pin (135 mm from
the edge) is removed. In case of a specimen exceeding a length of
140 mm, additional support at the end is used to avoid initial sag
of the specimen. The length of the overhanging section, required
to reach the declined plane within a specified time, is measured.
To account for the highly time-dependent response, due to the
viscosity of the resin, two timescales are considered. Reaching the
plane within 10 s is considered the instantaneous response and
within 10 min, the long-term response. These configurations
defined a lower and upper bound for the bending length,
respectively.

Single ply specimen (0°: 25 × 350 mm, n = 6 for instant and n =
6 for long-term; 90°: 25 × 30 mm, n = 6 for instant and long-term)
were placed with varying overhanging sections until the minimal
length was found for the specified time. The result was considered
reliable when the outcome could be repeated for six consecutive
specimens. Preliminary tests were performed to narrow down the
bending length.

2.2.4 Friction
A test setup inspired by ISO 8295 with a carrier system (200 g
sled) is used for friction testing. Single-ply specimens (60 ×
60 mm, n = 6 for each configuration) are used and tested at
100 mm/min test speed. All occurring contact pairs (tool with
release agent Frecote 700-NC, 0° and 90° ply, membrane, PTFE
separation film) involved in the single diaphragm preform

process are tested in and transverse to the fiber direction,
resulting in a total of 10 configurations.

2.3 Fabric Material Model
The test-data-based *FABRIC material model in ABAQUS/
explicit requires the stressF02Dstrain behavior for both
structural directions in tension and compression, as well as
shear properties. The model is readily available in ABAQUS,
but cannot be selected via the CAE interface but must be assigned
by editing the input file. This material model can be adjusted to
mimic the behavior of a broad spectrum of materials because the
directional properties can be altered independent of each other,
despite being originally designed for woven fabrics. In the case of

FIGURE 1 | Illustration of the localized shear band within a 10° off-axis test sample, recorded with the Aramis DIC system.

FIGURE 2 | (A) Modified free-fall cantilever beam bending test and (B) representative FE results of the calibrated model.

FIGURE 3 | Schematic of the tension-compression nonlinearity in fiber
direction to model the bending behavior. The highlighted points T, C11, C12,
and C2 indicate the points specified in the input file.
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UD prepregs, one yarn direction is governed by the mechanical
properties of the fiber and the other by the properties of the
uncured resin.

Because the uncured resin provides almost no structural
support to the prepreg, even small compressive loads cause
buckling effects, posing a challenge to determine compressive
properties experimentally. Thus, it is recommended to use a
compressive behavior which reinstates stiffness after a short
range of very small resistance near zero (Abaqus 6.11-1, 2021).
This is modeled with a bilinear approach, indicated as path 1 in
Figure 3. There is an initial step with a small stiffness up to a
critical strain value, followed by a section with significantly higher
stiffness. As such the compressive behavior in the *FABRIC
model is crucial for modeling the bending behavior.

To determine the input parameters, we used a purely
phenomenological approach to match the experimentally
determined bending length with our simulation (cf.,
Figure 2B). The definition of the initial step in compression
direction is freely selectable by the operator and was adjusted
until the bending test simulation matched experimental results.
Additionally, we tried an alternative approach to adjust the
bending properties by just using a linear approach with a
reduced stiffness for the compression phase, i.e., without
reinstating the stiffness (cf., path 2 in Figure 3).

The transverse shear stiffness is derived from the shear
modules by applying a shear correction coefficient (typically 5/
6 for isotropic materials (Abaqus, 2021a)). Determining an
approximated mean value for the shear stiffness and assuming
a coefficient of 5/6 resulted in K11 � 24.4 and K22 � 12.2.

The test-data-based *FABRIC material model can either
capture non-linear elastic behavior considering rate
dependency or damage, i.e., softening of the unloading path,
or non-linear plastic deformations.

In light of the strong rate dependency of the transverse and
shear properties, we decided to include this aspect and neglect the
others. This decision also strongly depends on the modeled
application. Since we aim to simulate a manufacturing process,
the effect of damage under repetitive loading and plastic
deformations, i.e., deformations exceeding save strain limits,
can be neglected because those scenarios shall be avoided for
manufacturing.

Friction properties were found to be anisotropic and were
modeled accordingly. *FABRIC requires the use of ABAQUS/
explicit and thus, a workaround by editing the input file has to be
used for implementation. First, the use of the general contact
option is mandatory. Then individual property assignment for
surface pairs can be defined. Both static (slip rate 0) and dynamic
(corresponding to 100 mm/min) friction coefficients for the
respective surface pair are defined as Coulomb friction within
the CAE interface. However, an additional surface property
assignment can be added, which enables to assign an
orientation for frictional preference in ABAQUS/explicit
(Abaqus, 2021b). This option uses an elliptical friction
distribution on the defined surfaces, capturing the two
preferred directions. The detailed interactions between
anisotropic friction pairs can further be adjusted with
weighting and summation options (Abaqus, 2021c).

2.4 Diaphragm Forming
For experimental comparison, a generic double sine tool is used
(245 × 245 × 90 mm, Figure 4A). For the single diaphragm
forming station, a tenter frame concept was developed, enabling
reproducible and exact positioning of the blanks. The concept
consists of a frame (with a separate seal on the lower side and a
sealing surface on the upper side), placed slightly beneath the
membrane frame (Figures 4A,B). The experiments are
performed with prepreg sheets of 260 × 220 mm. The 0° fiber
direction is aligned with the direction of the movable struts, as
shown in Figure 4A and the position is centered above the tool. A
25-µm PTFE separation film is used to prevent sticking of the
prepeg blank to the membrane. In open condition, the blank and
the separation film are held in place on adjustable (along fiber
direction) metal strips by neodym magnetic strips. The position
in cross-fiber direction is adjusted with two movable struts. The
magnetic strips are placed in each corner of the blank, whereas
each magnet applies a pressure of ~0.06 MPa on 1 cm2 contact
area (estimated according to the datasheet).

To initiate forming, the membrane frame moves from its
parking position lateral, until it is above the tooling. Then it
moves down with the tenter frame until they reach the table and
vacuum is applied (Figures 4B, 5A). During forming, the blank
slips out of the magnetic clamps. Immediately after the
preforming process, the separation film is removed and the
preform geometry is scanned (Figures 5B,C) with a portable
RS6 laser scanner system mounted on a Romer Absolute-Arm 85
(Hexagon). Additionally, sections of the tooling are scanned to
allow for precise alignment of measured and reference geometry
in the evaluation software.

2.5 Process Model
A schematic view of the FE model is shown in Figure 6. The
draping simulation of the UD prepreg was modeled in ABAQUS/
explicit (CAE 2019) using the test-data-based *FABRIC material
model and shell elements. The flexible parts of the fixation system
(metal strips with magnets, c.f. Figure 4) and the separation film
are modeled as linear elastic materials and the membrane with a
second order hyperelastic Ogden model (Ogden, 1973). The
material parameters, element types, and element size ranges
are specified in Table 1. An element size of 5 mm for the
prepreg showed a good compromise of resolution and
computational cost and was considered sufficient (Chen et al.,
2017). Reducing the size of the element to 2.5 mm resulted in a
more detailed expression of wrinkles, but provided no additional
information about the forming result beyond that, while
increasing the simulation time four-fold.

The flexible fixation system was modeled with aluminum
properties, despite being steel, to increase the stable time
increment and thus, significantly reduce computation time.
This change results in neglectable deviations of the final part
contour. The size of the membrane elements is adjusted locally,
transitioning from a fine (6 mm) mesh in the proximity of the
composite sheet and a coarse mesh (up to 50 mm) in the
periphery. The remaining components are modeled as rigid
bodies. The element size was adjusted depending on the
required local level of detail, e.g., the radii of the tool are
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modeled with 2 mm elements, while the vacuum table is modeled
with a single 1,000 mm element. The material and model
specifications are summarized in Table 1. All computations
are performed on a workstation with an Intel Xeon Gold 6146
CPU, with 96 GB DDR4 RAM, distributed over 12 cores with
Abaqus. The simulation is executed with three steps, i.e., 1)
initialization, 2) downward movement of the frame, and 3)
vacuum application.

The interaction of the magnetic clamping system with the
blank is modeled with cylindrical connector sections between the
magnets and the metal strips. Clamping pressure (as defined in
the experimental setup) is applied from the top of the magnets
and from reverse direction on the metal stripes in order to clamp
the UD-prepreg plies and the separation film in between (red
arrows Figure 6). Gravity is applied throughout the simulation
and a vacuum pressure of 0.096 MPa is applied during the
vacuum step. Mass-scaling with up to 30% weight increase is
used to reduce computation time.

2.6 Model Variation
To better understand the effect of the different modeling
approaches for various aspects of the problem on the
outcome of the draping simulation, a sensitivity analysis
was performed. An overview of the investigated variations is
given in Table 2. The setup that was considered to have the
best outcome and thus, serve as a benchmark for comparison,
is underlined.

2.7 Comparison With Draping Experiments
To verify the accuracy of our simulation, we compare the shape of
the virtually draped ply with scans of the experiments (cf.,
Figures 5B,C) and the designed tooling using Control X
(V2020.1, Geomagic). Further, comparing the simulated

FIGURE 4 | (A) Experimental setup at the diaphragm forming machine prior to the forming step, (B) schematic cross-section view prior and during the forming step.

FIGURE 5 | (A) Forming step with vacuum application at the diaphragm machine, (B) 3D scanning of the deformed double sine geometry immediately after the
forming step, (C) 3D scan data.

FIGURE 6 | Schematic FE model of the single diaphragm forming
process. A quadrant of the membrane is removed to have a better view onto
the layup, the clamping system, and the tool. Magnetic clamping pressure is
indicated with red darts. Vacuum pressure is indicated with pink darts.
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shapes generated by altering the simulation parameters against
the benchmark simulation allows us to quantify their effect on the
outcome. The scanned point clouds of the draping experiments
are meshed with triangular elements, i.e., an STL is created,
within Control X. The simulation results are exported to STL
from ABAQUS. The tooling coordinate system serves as a
reference for the simulation, providing an ideal alignment for
comparison. To align the scans of the experiments with the
reference tooling geometry, only sections not covered by the
ply are considered for the best-fit. To calculate the deviation of the
different experiments and simulations, the function 3D Compare
is used. This allows us to efficiently quantify the position and
magnitude of bridging and wrinkles. Additionally, we extract the
contour line of simulation and experiments and compare it using
Curve deviation to visualize the agreement of the 3D edge
indentation. A tolerance field of ± 0.5 mm is chosen as
allowable deviation, i.e., colored green in the subsequent result
plots, in order to compensate slight deviations from the
alignment process and the discretization error from meshing
the surfaces.

3 RESULTS

3.1 Material Characterization
3.1.1 Longitudinal and Transversal Tensile Properties
Due to slight inhomogeneities in the raw material, the
longitudinal tensile strength varied between 800 and
1,090 MPa (895 ± 95 MPa, mean ± STD) at a fracture strain
of 0.83 ± 0.16%. No significant rate dependency was observed and
thus, all speeds were pooled (Figure 7A). The mean stress and
strain serve as modeling input. The mechanical response
transverse to fiber direction was both strongly non-linear and
rate-dependent (Figure 7B). Peak stress values were three orders

of magnitude smaller than in fiber direction. Fracture of the
prepreg typically occurred at ~60% strain and data are cut off
accordingly. Each curve is represented by 20 points, distributed
over the curve depending on the local slope, which serves as input
for the *FABRIC model.

3.1.2 Tensile Properties of the Membrane
The average rate-dependent stressF02Dstrain response of the
membrane is shown in Figure 8. Modelling with the
coefficient-based hyperelastic odgen model of second order
without viscoelastic properties in ABAQUS, unfortunately,
does not allow for rate dependency. Therefore, the test data at
2000 mm/min, which is closest to the process speeds, is
considered for the simulation and resulted in the fitting
parameters µ1 = 0.24, α1 = 2.915, µ2 = 1.175, α2 = 0.327 (R2

= 0.998).

3.1.3 In-Plane Shear Properties
The average rate-dependent in-plane shear response is shown in
Figure 9. Starting at approximately 10% shear strain, out-of-
plane buckling of the specimen became dominant and as a
consequence data are cut off, as it no longer represents the
required deformation mode.

3.1.4 Bending Properties
For the immediate response, an experimental bending length of
240 mm longitudinal and 10 mm transverse to fiber direction is
measured. For the long-term response, the bending length was
reduced to 140 mm in fiber direction and remained virtually
unchanged at 8–10 mm in transverse direction. The input
parameter to match the experimental results with the iterative
calibration procedure is listed in Table 3. The compression
behavior in the transverse direction is modeled analogous to
the non-linear behavior in tension. Thus, point C12 represents the

TABLE 1 | Model specifications.

Component Material mode; Element type Element size (mm) Input parameter

Prepreg *Fabric S4 Shell 5 Test data
Metal strips and magnets Linear elastic S4 Shell 20 E = 70000 MPa

] = 0.33
Separation Film Linear elastic S4 Shell 5 E = 420 MPa

] = 0.46
Membrane Second order Ogden M3D4R Membrane 6–50 µ1 = 0.24 α1 = 2.915 µ2 = 1.175 α2 = 0.327
Rigid components Rigid R3D4 2–1,000 —

TABLE 2 | Investigated modeling approaches. Benchmark setting is underlined.

Parameter Condition

Bending properties 0° Linear instant/linear long-term/bilinear instant/bilinear long-term
90° Linear/bilinear

Mass scaling On/off
Rate dependency On/off
Clamping pressure 0.06 MPa/0.04 MPa
Friction Anisotropic/isotropic 0°/isotropic 90°
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first value of the tension curve and 19 more points, to describe the
non-linear behavior, follow.

3.1.5 Frictional Properties
The results for static and dynamic friction coefficients are shown
in Figure 10. Friction testing between two plies of prepreg results
in mean static friction coefficients above 20 and mean dynamic
coefficients above 3. Thus, a tied connection between plies in a
laminate stacks can be assumed during the diaphragm forming
process. Hence, only friction at the interface to the tooling and the
separation film are relevant for the forming simulation. In the
dynamic stage of the friction test, the coefficients were typically
much lower and a pronounced stick-slip-effect occurred for
friction pairs with prepreg involved. This led to mechanical
damage in some specimens, i.e., deviation of the fibers or
accumulations of resin and those specimens were excluded
from the analysis. In these cases, the specimen size was
increased to ensure at least six valid experiments. All contact
pairs not specified in Figure 10 are assumed to have a static and
dynamic coefficient of friction of 0.3.

3.2 Process Simulation
The procedure described in the experimental setup and the
process model leads to a forming simulation (cf., underlined
settings in Table 2), which is used as a benchmark to investigate
the effect of modifications to critical simulation aspects. In all
plots, the fiber direction (0°) is aligned with the X-coordinate,
i.e., along the horizontal axis. The plots in Figures 11A,B show
the deviation of the respective draping geometry obtained from
the experiment and the benchmark simulation, compared with
the tooling geometry. Areas, where the ply is directly in contact
with the tool, are colored green, positive and negative deviations
red and blue, respectively.

Similar phenomena are visible in both figures, i.e., bridging
areas in the upper and lower left corners and a big vertical wrinkle
in the lower right corner. Figure 11C provides a direct 3D
comparison of the simulated and experimental ply geometries
using the simulation geometry as reference. On the upper left
side, the simulation underestimates the extent of the bridging
(positive deviation, i.e., red area) and on the lower left side the

FIGURE 7 | (A) Longitudinal and (B) transverse tensile stressF02Dstrain curves of uncured HexPly® M79/34%/UD300/CHS prepreg.

FIGURE 8 | Rate-dependent stress F02D strain curves of the MS2-3
silicone membrane.

FIGURE 9 |Rate-dependent shear stress F02D strain curves of uncured
HexPly® M79/34%/UD300/CHS prepreg.
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extent is slightly overestimated (negative deviation, i.e., blue
area). Magnitude and the extent of the wrinkles are both
underestimated in the simulation (red area). The average
deviation of the edge contour (cf., Figure 11D) is 1 mm with
a standard deviation of 2 mm and localized maximum deviations
of ±11 mm.

3.2.1 Effects of Bending Calibration Method
The following figures display a comparison of the experiment
with simulations, where selected critical simulation aspects are
adjusted to investigate their effect, respectively, and their
importance for the simulation result. The 3D comparison in
Figure 12 shows the deviations occurring for different

TABLE 3 | Input values to describe the bending properties for the bilinear and linear modeling approach (cf., Figure 2). The immediate and long-term responses for the 90°

orientation are identical.

Orientation Approach Param. Immediate Long-term

Stress (MPa) Strain (%) Stress (MPa) Strain (%)

0° Bilinear C11 0.1 0.2 0.1 0.39
C12 895 0.83 895 0.83

Linear C2 8 0.83 2 0.83
90° Bilinear C11 0.001 4 0.001 4

C12 0.0818 7.6 0.0818 7.6
Linear C2 0.05 60 0.05 60

FIGURE 10 | Static and dynamic friction coefficients for the individual contact pairs occurring in the single diaphragm process: Tool (T), Membrane (M), Ply-0° (0),
Ply-90° (90), and PTFE film (P).

FIGURE 11 | 3D comparison of forming results from (A) the experiment against the tool, (B) the benchmark simulation against the tool, (C) direct comparison of
experiment and benchmark simulation and (D) the deviation between the contour of the experiment and the benchmark simulation. The distance between the
experiment and simulation is color coded, where green areas are ±0.5 (1) mm, yellow to red areas are > + 0.5 (1) mm, and blue areas < −0.5 (1) mm apart for (A–C) and
(D), respectively.
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investigated bending stiffness calibration methods. The bending
stiffness of the benchmark simulation is modeled with a linear
approach with reduced stiffness and the long-term bending
response (short bending length), which leads to the softest
configuration and represents a lower bound for the bending
stiffness. As displayed in Figure 12A, the immediate response
(increase in bending length) leads to a better mapping of the
bridging extent in the upper left corner and a slight shift of the
wrinkle position in the lower right corner. The disadvantage of
the immediate response is depicted in the lower-left corner, where
a slight increase of the edge indentation is visible, due to the stiffer
bending behavior. Thus, bending stiffness calibration with
reduced compression strength and the immediate response can
be regarded as an upper bound. The two variants, which reinstate
stiffness after a small step near zero (see Figures 12B,C),
overestimate the extent of the bridging area by far. For these
variants, the wrinkle in the lower right corner is shifted far-right
and changes into a bridging area. Further, bridging occurs at the
lower right edge, indicating that the bending stiffness is too high.
Therefore, we cannot recommend to use the bending stiffness
calibration method suggested by the ABAQUS documentation in
fiber direction. As displayed in Figure 12D, a change of the
calibrationmethod to the bilinear approach in the transverse fiber
direction has only minor impact on the forming result.

3.2.2 Effects of Rate Dependency, Mass Scaling and
Clamping Pressure
Figure 13A shows the impact on the simulation if rate-dependency
is omitted and properties from the slowest test speeds are used. The
extent of the bridging area in the upper left corner is depicted slightly
better than in the benchmark simulation, but the magnitude is
overestimated. However, the most important deviation for this
variant appears along the upper edge contour and the upper
right corner, where a continuous deviation of the edge with up to
8 mm appears due to the soft properties.

Figure 13B shows the forming result without mass-scaling.
The big advantage of mass-scaling, up to 30%, is a reduction of
the computation time by a factor of 7. The extent of the bridging
area and the vertical wrinkle in the lower right corner are depicted

slightly more accurately than in the benchmark simulation,
however, the magnitude of the bridging is overestimated even
more. The edge indentation is not affected by this change. Thus,
the reduction of the computation time clearly outweighs the
improvement of the depicted bridging area.

Figure 13C shows the impact of reduced magnetic clamping
pressure on the blank from 0.06 to 0.04 MPa. This parameter is
derived from the datasheet and dependent on the exact position
of the magnets. Thus, a slight variation of the magnet positions is
investigated. This change mainly leads to a reduction of the
bridging magnitude in the upper left corner and to a slight
shift of the wrinkle in the lower right corner, while the overall
edge indentation is not affected.

3.2.3 Effects of Anisotropic Friction Properties
The benchmark simulation uses anisotropic friction behavior,
which affects the contacts between tool and prepreg and between
the PTFE separation film and the prepreg. Figure 14 shows the
discrepancy occurring if simple isotropic friction models are used
instead with friction properties measured either in fiber direction
or transverse to fiber direction.

Apparently, the position of the vertical wrinkle in the lower
right corner is not affected if isotropic properties in fiber direction
are considered but is shifted rightward if transverse friction
properties are applied. This leads to the conclusion that the
exact position of this vertical wrinkle depends not only on the
bending behavior and the clamping situation but to a certain
amount also on frictional properties transverse to the fiber
direction. The frictional properties also play an important role
in the magnitude and the extent of the big bridging area in the
upper left corner, where high frictional properties in fiber
direction enlarge the extent and the magnitude while lower
transverse isotropic friction properties reduce it.

4 DISCUSSION

The presented work investigated the use of the built in *FABRIC
material model in ABAQUS/explicit for application in draping

FIGURE 12 | Effects of bending calibration methods plotted against the benchmark simulation; (A) linear immediate, (B) bilinear long-term, (C) bilinear immediate
response in fiber direction with a linear approach for the transverse direction and (D) linear long-term in the fiber direction and bilinear step for the transverse direction. The
distance between the benchmark simulation (reference) andmodified simulation is color coded, where green areas are ±0.5 mm, yellow to red areas are > + 0.5 mm, and
blue areas < −0.5 mm apart.
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simulations of a single diaphragm process with UD semi-finished
prepreg. A roadmap for possible testing procedures to obtain the
required material parameters was demonstrated. Additionally,
different ways to approximate the bending behavior and other
modeling aspects were quantitatively compared.

Several limitations of this material model are documented in
the recent literature. For example, it cannot capture the
interaction between tension and shear properties or non-
orthogonal bending (Kärger et al., 2020). Further, it is not
possible to consider the impact of large shear deformations on
the anisotropic bending behavior due to the decoupling from
tensile properties. This fact implies that only single-ply modeling
with approximated bending properties is feasible (Dörr et al.,
2017), increasing the modeling expense for multiply laminates.
The used element size of 5 mm represents a compromise of
computational time and resolution and limits the capability of
predicting fine wrinkles and folds (ten Thije and Akkerman,

2009). Overall, the phenomenological nature of the model and the
broad adjustability allow to compensate these shortcomings and
accurate forming simulations could be performed for the
investigated use case.

Comparing the quality of forming simulation results
throughout the literature is quite challenging, on one side due
to the lack of standardized quality metrics and on the other side
due to the different materials, textile types, and layups in use. The
increased availability of 3D scanning hardware, e.g., laser
scanning or structured light systems, might help to improve
the comparability, by means of the presented comparison
against the tooling geometry to visualize bridging and folds.
Other metrics such as the edge contour deviation are readily
available after scanning the entire surface of the part. This allows
a qualitative comparison to the benchmark study by Dörr et al.
(2017) (Dörr et al., 2017) for forming simulations of a UD
thermoplastic material, performed with various solvers. They

FIGURE 13 | Effects of (A) omitted rate dependency, (B) omitted mass scaling, (C) lower clamping pressure at the fixation points plotted against the benchmark
simulation. The distance between the benchmark simulation (reference) and modified simulation is color coded, where green areas are ±0.5 mm, yellow to red areas are
> + 0.5 mm, and blue areas < −0.5 mm apart.

FIGURE 14 | Effects of (A) isotropic friction based on properties in fiber direction, (B) isotropic friction based on properties transverse to fiber direction plotted
against the benchmark simulation. The distance between the benchmark simulation (reference) and modified simulation is color coded, where green areas are ±0.5 mm,
yellow to red areas are > + 0.5 mm, and blue areas < −0.5 mm apart.
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reported a deviation of ±20 mm to the experiment. Other studies
found similar results with the PAM-FORM solver, evaluated at a
few individual points along the edge (Margossian, 2017). The
edge contour presented in the result section is within the same
range, thus underlining the potential of the *Fabric for UD
materials. However, on one side more experimental work with
different geometries and on the other side comparison against
results from other simulation software have to be conducted to
evaluate the performance conclusively. Another major quality
criterion for forming simulations is the formation of wrinkles. A
visual inspection procedure was described in Chen et al. (2017)
(Chen et al., 2017), and applied to a non-orthogonal model for
NCF (Chen et al., 2016), implemented as a subroutine in
ABAQUS. Those aspects, i.e., the amount and position of
macro-wrinkles can be accurately captured by our presented
approach. An automated approach to analyze wrinkles based
on analyzing the local curvatures, by Joppich (2019) (Joppich,
2019), provides even more details on small defects. Using a
combination of membrane and shell elements allows them to
accurately capture the local bending behavior. The *FABRIC
approach is limited in this case due to the material model and
the element types, affecting the depiction of the bending behavior.
Even very fine mesh discretization cannot compensate this
drawback. Thus, it depends on the required level of detail, if
the presented approach is sufficient.

The diaphragm forming process was performed at ambient
temperature. Thus, a characterization of thematerial properties at
elevated temperatures was not necessary. However, many aspects
of the material response, e.g., the shear response (Wang et al.,
2020) or the frictional properties (Sun et al., 2012; Zhao et al.,
2020), show a temperature dependency. Therefore, previous
studies reported that the temperature dependency of the
material has a critical impact on the forming results (Potter,
2002; Wang et al., 2020). This temperature dependency could be
modeled with the *FABRIC material; however, it would
significantly increase the testing effort. No detailed mechanical
data, required for the forming simulation, of the HexPly® M79/
34%/UD300/CHS is, to the authors’ best knowledge, available in
the literature. Therefore, we tested a HexPly® 8,552/IM7 in the
10° off-axis setup, to validate the testing procedure and could
successfully recreate published stress F02D strain curves (Wang
et al., 2017; Wang et al., 2020). The mechanical properties in fiber
direction are mainly driven by fiber properties and as such they
are not expected to vary with strain rates. Furthermore, this value
is often scaled to a certain extent in order to control the explicit
time increment (Margossian, 2017). Concerning transverse
tension, the properties of different carbon prepreg systems
published in Leutz (2016) and Margossian et al. (2016)
determined at temperatures of 65, 5, and 60°C, respectively,
show a similar course of the stress strain curves on an
expectable lower stress level due to higher temperatures and a
slower pulling velocity of 50 mm/min. This comparative data also
provides confidence for the determined data of HexPly® M79/
34%/UD300/CHS at ambient temperature. Finally, comparative
data for the tensile properties of the silicone membrane is
reported in Chen et al. (2017) for a membrane with lower
thickness and similar shore hardness, which supports the

validity of our test data. The described modified cantilever
beam bending test, i.e., the free-fall test, allows to test the
tacky prepregs with a procedure that can be easily recreated in
FEM to efficiently calibrate the model. Preliminary experiments
led to the definition of the two thresholds for the immediate and
long-term response and, as a consequence, provide and upper and
lower bounds for the bending length in fiber direction. In the
transverse direction, we found no dependency on the investigated
time-scales. The soft material bent immediately with a much
shorter bending length. To provide a reliable calibration, it is
critical to use the same simulation parameters, e.g., mass scaling,
element size, damping, as in the actual forming simulation. An
additional factor, which can affect the bending behavior when
using the *FABRIC material model with shell elements, is the
transverse shear stiffness. As mentioned, this parameter is derived
from experimental shear data by multiplying a shear correction
factor. The non-linear behavior under shear and potentially
different correction factors required for composite materials
result in a range of potential values for the transverse shear
stiffness. Therefore, we performed a sensitivity analysis and found
no significant impact on the bending response for values between
1 and 100, i.e., varying the values by one order of magnitude.
Thus, the influence of transverse shear stiffness was not
considered for iteratively adjusting the bending stiffness in the
presented model. This assumption might not be valid for other
material types or for applications at a higher temperature.
Typically, the influence of gravity is neglected in draping
simulations (Haanappel, 2013; Chen et al., 2017). However, we
include it to accurately simulate the slight sag of the semi-finished
prepreg and the membrane, as this greatly impacts the point of
first contact. Due to the high coefficients of friction at ambient
temperature, this point of initial contact is crucial for accurately
simulating bridging and the formation of wrinkles. This further
implies that we cannot modify the densities freely to accelerate
the simulation (Margossian, 2017) but rather use the mass scaling
option up to 30%.

The most important finding in our study was the impact of the
bending behavior and thus, the calibration method, on the presented
case with an UD thermoset prepreg. Studies on UD prepregs with a
thermoplastic matrix and a QI-layup (Joppich, 2019) (Haanappel,
2013) also found that the bending behavior is favored over in-plane
properties predicting criteria for the general forming behavior and
wrinkle formation, followed by the shear behavior and the frictional
properties. For woven fabrics and non-QI-layups on the other side,
shear has been shown to be equally important to bending for the
accuracy of the forming simulation and the ratio of shear and bending
properties determining the occurrence of wrinkles (Boisse et al., 2011).

For the simulated case, reinstating the compressive stiffness
after a short step with little stiffness (bilinear approach)
overestimated the bending stiffness at both test configurations.
Of course, a bilinear modeling approach could be enforced by
extending the step but appears like an unnecessary modeling
effort in light of our results. Modelling the anisotropic friction, a
feature not readily available in Abaqus CAE, was less critical to
the outcome than the bending behavior but the effect on the final
shape, i.e., the position of wrinkles and the height of birding areas,
was not neglectable. Thus, we do recommend considering it,
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despite the additional modeling and experimental effort. The rate
dependency, mainly affecting the transverse (resin dominated)
direction, had a major impact on the final edge contour and
should be considered. Variations of the clamping force in the
investigated range and of the given magnetic clamping
mechanism, designed to let the prepreg slip out, appear
neglectable. This suggests that slight heterogeneities in the
experimental setup do not reduce the repeatability of our
forming experiments.

However, this cannot be generalized and it is critical to
accurately simulate the clamping or fixation of the prepreg
(Lee et al., 2007; Chen et al., 2015; Chen et al., 2018).
Variations of this modeling aspect might have a greater
impact on less flexible clamping systems.

4.1 Outlook and Conclusion
To further investigate and confirm the applicability of the
*FABRIC material model for forming simulations with UD
prepregs a more detailed validation is required. On one side,
the accuracy of the local fiber angle and on the other side, the
performance for different layups should be investigated. In light
of the phenomenological nature of the material characterization
and modeling, especially for the bending and transverse shear
properties, a detailed investigation to determine the limitations of
this material model is required. The presented work covers

several important simulation and modeling parameters
(bending calibration, rate dependency, anisotropic friction,
mass scaling, and clamping) provide an overview about the
impact and the necessity of these parameters for draping
simulations carried out with the *FABRIC material model.
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