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Abstract. Accurate prediction of forming behavior in dry textile reinforcements requires constitu-
tive models that capture both in-plane and out-of-plane deformation mechanisms. This work presents
the development and validation of advanced bending models for unidirectional non-crimp fabrics
(UD-NCFs) that exhibit two distinct characteristics: side-dependent behavior arising from asymmetric
stitching and glass fiber backing, and nonlinear behavior characterized by decreasing bending stift-
ness with increasing curvature. Based on cantilever bending tests with optical moment—curvature mea-
surement, five mathematical formulations (piecewise linear, polynomial, power law, logarithmic, and
exponential) used to describe the moment-curvature relation were systematically evaluated using the
coefficient of determination 2. The piecewise linear and logarithmic models achieved the highest ac-
curacy, with R? values approaching unity across all fiber orientations and bending directions. These
models were implemented in Abaqus/Explicit via the VUGENS user subroutine and validated through
virtual cantilever tests, demonstrating good agreement with experimental deflection curves within the
standard deviation bands. Application to hemispherical forming simulations revealed significant dif-
ferences in wrinkle prediction between linear and nonlinear models. While the classical linear model
based on Peirce predicted a single pronounced wrinkle in fiber direction, the nonlinear models cap-
tured additional wrinkles in the transverse direction and wider wrinkle patterns in fiber direction. Side-
dependent models exhibited slightly increased wrinkle amplitudes compared to non-side-dependent
models, particularly in fiber direction. The developed framework allows for a more accurate virtual
process design than the current state of the art for composite forming operations by accounting for the
side-dependent and nonlinear bending characteristics of UD-NCF materials.

1. Introduction

Finite element simulations have become a proven tool for analyzing process-induced deformations
of textile reinforcements. They enable virtual process design and the prediction of forming defects
such as wrinkles and fiber misalignment [1]. The predictive accuracy of these simulations strongly
depends on constitutive models that describe both in-plane and out-of-plane deformation mechanisms.
A detailed understanding of the forming behavior of engineering textiles is essential for minimizing
forming defects during manufacturing and achieving optimal structural performance.

To simulate the forming behavior of textile reinforcements, experimental characterization must
be performed. A standard test to characterize the bending behavior of textiles is the cantilever test
according to [2]. This test provides a single bending stiffness value based on the overhang length of a
fabric strip. When using optical measurement techniques, the bending moment-curvature relationship
can be determined more accurately compared to the Peirce method [3]. The curve exhibits an initially
linear region corresponding to elastic bending, followed by a degressive region at higher curvatures
indicating nonlinear behavior. The Peirce bending stiffness, therefore, provides a reasonable approx-
imation for small curvatures, while the nonlinear, degressive behavior at larger curvatures requires
more advanced modeling approaches.
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The ratio of bending stiffness to membrane stiffness is critical for the formation of wrinkles and
other out-of-plane defects [4, 5]. This ratio governs the transition between in-plane deformation and
out-of-plane buckling and is therefore a key parameter for forming simulation. The influence of bend-
ing stiffness on preforming has received increasing attention in recent years. [6, 7] and [8] showed that
curvature-dependent, nonlinear bending laws are essential for predicting realistic wrinkle formation.
[9] further observed a strong dependence of bending stiffness on curvature, temperature, and strain rate
in unidirectional prepregs. These studies underline that nonlinear bending behavior must be included
for a physically consistent representation of textile forming.

Despite these advances, most conventional bending models for dry reinforcements assume con-
stant and side-symmetric stiffness. However, experimental findings on UD-NCFs reveal two key phe-
nomena that are not captured in conventional models: a side-dependent bending response due to top-
side asymmetric stitching and bottom-side glass fiber backing, and a pronounced nonlinear stiffness
reduction at increasing curvature. These effects substantially influence wrinkle initiation and evolution
during forming and must therefore be considered.

The present work addresses these limitations by developing and validating advanced bending mod-
els for UD-NCFs that explicitly account for side-dependent and nonlinear curvature-dependent behav-
ior. Several mathematical formulations, including piecewise linear, polynomial, power-law, logarith-
mic, and exponential functions, are evaluated based on experimental cantilever bending tests. The
most accurate models are implemented in Abaqus/Explicit using the VUGENS user subroutine and val-
idated against experimental results. Hemispherical forming simulations are performed to analyze the
influence of the new models on wrinkle formation and stiffness distribution.

2. Model Development for the Bending Behavior

Material characterization of the bending behavior. The investigated material is a unidirectional
non-crimp fabric (UD-NCF) without binder, produced by Zoltek™. The reinforcement consists of
PX35-50K continuous carbon fiber heavy tows, consolidated by a 76 dtex polyester (PES) yarn ar-
ranged in a tricot stitching pattern as shown in Figure 1 a). The fabric exhibits an areal weight of
approximately 300 gm~2. Additionally, a thin layer of glass fiber yarns is integrated on the back-
side of the aligned fibers to enhance the fabric’s stability and handling characteristics during forming
operations (cf. Figure 1 b)).

a) Front view b) Back view

PES tricot stitching  Glass fiber backing

Fig. 1: Unidirectional non-crimp fabric from the a) front and b) back.

Cantilever bending tests were conducted by [10] to characterize the bending behavior of the UD-
NCF material. The tests were performed on specimens with a width of wy = 100 mm, following the
procedure outlined in the [11]. Each specimen was moved with a constant speed. The specimen bent
under its own weight due to gravitational force. The specimen was moved until the first contact with
the inclined surface with an incline angle of # = 41.5° was established. The experiment was repeated
six times for each configuration, using a new specimen for each repetition. The bending behavior was
investigated in fiber direction (0°) and transverse to fiber direction (90°). Additionally, the tests were
conducted with the front and back sides facing upwards. The back side is defined as the side with the
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backing of glass fibers. The average experimental deflection curves for the different configurations
are included in Figure 2.

To measure the nonlinear bending behavior, an optical measurement of the curvature and calcula-

tion of the bending moment was performed. This was done by [10] using an optical evaluation method
proposed by [12]. The bending moment-curvature curves determined from the experimental deflection
curves are included in Figure 3 for the configurations 0°-orientation front up and (0°-orientation back
up. Detailed information regarding the experimental setup and evaluation procedure can be found in
[10].
Modeling the side-dependent bending behavior. The 0°-orientation test resulted in a significantly
higher bending stiffness compared to the 90°-orientation test. In the 90°-orientation test the load 1s
mainly transmitted via the glass fiber backing and the stitching. It can be seen in Figure 2 that the
overhang length is consistently higher when the front side is facing upwards.

a) 0°-Orientation, front up b) 90°-Orientation, front up
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Fig. 2: Cantilever deflection curves: experimental (solid) and simulated (dashed) with different linear
and nonlinear bending models for 0° (a, ¢) and 90° (b, d) orientations. The solid black line indicates
the inclined surface of the cantilever test setup.

This can be attributed to the zigzag pattern of the stitching, as shown in Figure 1 a), which is under
tension in these configurations and actively contributes to the bending stiffness. This is in contrast to
the negligible stiffness of the stitching under compression. Therefore the experimental results indicate
a side-dependent bending behavior of the material. This behavior is characterized by different bending
moments and curvatures for the front and back sides of the material as shown in Figure 3 a) and b) for
the 0°-orientation.

To capture the side-dependent bending behavior, a piecewise function is proposed. This model
assumes different bending stiffness values for positive and negative curvatures, which correspond to
the front and back sides of the material respectively. The mathematical description of the proposed
model is summarized in Table 1.
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a) 0°-Orientation, front up b) 0°-Orientation, back up
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Fig. 3: Bending moment over curvature (a, b) and bending stiffness over curvature (c, d) for 0°-UD-
NCF front up (a, ¢) and back up (b, d). Experimental data (solid) and model fits (dashed).

Modeling the nonlinear bending behavior. In addition to the side-dependent bending behavior, a
nonlinear bending behavior is observed for both orientations of the UD-NCF material. This nonlin-
ear behavior is evident from the experimental bending moment-curvature curves shown in Figure 3
a) and b). The bending stiffness-curvature curves in Figure 3 ¢) and d) further illustrate the nonlinear
behavior, as the bending stiffness decreases with increasing curvature for the shown 0°-orientation.
The experimental stiffness—curvature curves were obtained by numerical differentiation of the mo-
ment—curvature data. To capture this nonlinear bending behavior accurately, several mathematical
functions are evaluated. These functions include a piecewise linear function, a second-order polyno-
mial function, a power law function, a logarithmic function, and an exponential function. The mathe-
matical descriptions are summarized in Table 2. The parameters of the different models are
determined by fitting the bending moment-curvature curves obtained from the cantilever tests.

Table 1: Side-dependent bending models.

Bending moment ) (k)
B?u K1, K1 < 0
B{u K1, K1 Z 0

Bgu Ko, Ko <0
B;ulig, K9 Z 0

Fiber direction

Transverse direction {
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Table 2: Nonlinear bending models.

Bending moment M (k)

Bk, K < Kg
Piecewise linear

B*(k — ks) + Bks, K > ks
2nd order polynomial ark?+bk
Power law a k®
Logarithmic aln(l+bk)
Exponential ab®

Model validation and parameter identification of the developed bending model. A common mea-
sure of model accuracy is the coefficient of determination, 2. It quantifies the proportion of variance
in the observed data that is explained by the model and is defined as

SSR _ SSE

R=1-2" =222
SST ~ SST’

6]
where SST denotes the total sum of squares, SSE the explained sum of squares, and SSR the sum of
squared residuals. These quantities are given by

n n

SSE=) (5~ 7). and SST=3 (y—9)" )

i=1 i=1

Here, y; represents the observed value at data point ¢, ¢; the corresponding model prediction, ¢ the
mean of all observed values, and n the total number of data points. An R? value of 1 indicates a
perfect model fit, meaning the model fully explains the observed variation.

In Figure 4 the R? values for the different developed bending models are presented for both fiber
orientations and bending directions. The results indicate that the linear and the exponential functions
are not suitable for capturing the nonlinear bending behavior of the UD-NCF material, as they yield
low R? values across all configurations. Only for the 90°-orientation with back side up a reasonable
performance is observed because the bending moment-curvature curve in this configuration is almost
linear. The other evaluated functions achieve consistently high R? values, indicating their capability to
represent the nonlinear bending behavior accurately. Due to their consistently high performance for all
configurations, the piecewise linear function and the logarithmic function are selected for description
of the nonlinear bending behavior.

1.00
UD-00 fu

0.96
UD-00 bu | 0.9029 N
0.92 =

0.88
0.84

Fig. 4: Validation of the developed bending model in terms of the coefficient of determination R2.
A higher R? value indicates a better agreement with the experimental data.
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The bending moment-curvature curves fitted with the piecewise linear function and the logarith-
mic function are shown in Figure 3 a) and b) for the 0°-orientation with front side up and back side
up, respectively, confirming the good agreement with the experimental data. Additionally, the linear
bending moment-curvature curve obtained from the bending stiffness calculation according to [2] is
included. The corresponding bending stiffness-curvature curves are shown in Figure 3 ¢) and d). For
moderate curvatures, the derivation of the logarithmic model shows a better agreement with the experi-
mental bending stiffness than the piecewise linear model. For low and high curvatures, the logarithmic
model shows deviations from the experimental bending stiffness. The piecewise linear model exhibits
constant bending stiffness up to the switching curvature x,, followed by a discontinuous stiffness drop
at higher curvatures.

3. Validation on Coupon Test

Simulation setup. The cantilever bending tests are simulated using Abaqus/Explicit. The side-dependent
and nonlinear bending models are implemented in the user-subroutine VUGENS previously developed
by [12, 13]. The VUGENS subroutine enables direct specification of the moment-curvature relationship
at each integration point. Given that the cantilever tests represent a pure bending load, membrane ef-
fects are not considered in the simulations. The Young’s modulus £ . | required for the VUGENS

analytical
user subroutine is derived from the bending stiffness B(x) according to classical beam theory as

[pcant _ B(KJ) (3)

analytical — Ji

with I being the area moment of inertia of the cantilever cross-section. The model geometry cor-
responds to the average experimental overhang length for each configuration. The specimen is dis-
cretized with SR3 shell elements of approximate size 5 mm. Boundary conditions are defined with one
edge fully fixed and the opposite edge free. Loading is applied as a gravitational force, represented by
equivalent concentrated forces acting on all mesh nodes, reproducing the distributed specimen weight
observed experimentally.
Comparison of experimental and simulation results. The deflection curves obtained from the can-
tilever tests for both 0°- and 90°-UD-NCF specimens are presented in Figure 2. The experimental
results (solid lines) are compared to the simulation results (dashed lines) using the developed side-
dependent, nonlinear bending models. The side-dependent, piecewise linear, and logarithmic bending
models predict nearly identical deflection curves for all configurations. In contrast, the linear model
following [2] consistently overestimates the deflection. Notably, at higher curvatures (correspond-
ing to smaller values of the x-coordinate), the side-dependent, nonlinear models provide noticeably
improved accuracy compared to the linear bending model. Overall, the simulated deflection curves
lie within the experimental standard deviation bands, confirming the accuracy of the implemented
bending formulations.

4. Demonstration on a Complex Forming Geometry

Simulation setup. The hemisphere forming tests are simulated using Abaqus/Explicit. The hemi-
sphere forming test is a common benchmark for evaluating forming simulation approaches [13—15].
The simulation model is shown in Figure 5. The setup consists of a hemispherical punch with a radius
of 75 mm (green) and a flat die featuring a circular opening of radius 80 mm (blue). No blankholders
are used to intentionally promote the development of wrinkles during forming. Both the punch and
die are modeled as discrete rigid surfaces. The punch motion is prescribed by a Dirichlet displacement
boundary condition of u3 = 60 mm in direction of ez, while the die is fully constrained in all trans-
lational and rotational degrees of freedom. The ply specimen is represented as a quadratic sheet with
an edge length of 280 mm. The fibers are oriented in e;-direction. Therefore, due to symmetry of the
problem, the setup can be simplified to model only one quarter of the entire configuration using sym-
metry boundary conditions along the planes defined by the e;- and es-axes, as illustrated in Figure 5.
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The edge length of the quarter-ply (beige) is 140 mm. The ply is discretized using a superimposed
mesh of 3136 M3D3 and 3136 S3R elements with an element edge length of 5 mm. The superimposed
element formulation with shared nodes is chosen to decouple the membrane and bending behavior
of the fabric material [16]. The elements of the meshed ply are aligned along the fiber direction to
prevent numerical intra-ply locking [17]. The ply represents a single layer of the UD-NCF material
with a thickness of 0.4959 mm.

Fig. 5: Hemisphere forming simulation setup without blankholders, adopted from [10].

The membrane material response is modeled using a pseudo-invariant-based hyperelastic formu-
lation according to [15], implemented via the user-defined material subroutine (VUMAT) and applied
to the M3D3 elements. The bending behavior is described using the standard linear bending model of
[2] as well as the developed side-dependent, nonlinear bending models, both implemented through
the VUGENS subroutine and applied to the S3R elements. The tool-ply interaction is defined using the
built-in general contact algorithm of Abaqus/Explicit.

Comparison of simulation results. The simulations were performed on an AMD EPYC 7313P system
with 16 cores and 256 GB of RAM.

Each simulation was executed in parallel using 4 cores, resulting in an average computation time
of approximately 2 min per simulation.

Figure 6 shows a comparison of the resulting displacement fields w3, contrasting the models with-
out side-dependency in a) with the models considering side-dependency in b). Due to symmetry, the
result of the linear bending model in I is mirrored to fill the upper half. The nonlinear models II and
I predict very similar wrinkle characteristics in terms of both location and amplitude. In the linear
model I, a pronounced wrinkle appears in the e;-direction, caused by the fibers being aligned along e,
whereas in e,-direction only a slight indentation can be observed. In contrast, the wrinkles predicted
by the nonlinear models in e;-direction are wider than those of the linear model, and the nonlinear
models now predict a clearly developed wrinkle in es-direction. The wrinkle amplitude is increased
for the piecewise linear model II compared to the logarithmic model III, especially for the wrinkle in
e;-direction. When comparing side-dependency effects, the non-side-dependent models in Figure 6
a) and the side-dependent models in Figure 6 b) show similar overall wrinkle patterns. However, the
side-dependent models in Figure 6 b) exhibit a slightly increased wrinkle amplitude compared to the
non-side-dependent models in Figure 6 a), with this effect being particularly noticeable for the wrinkle
in e;-direction.

Figure 7 illustrates the stiffness distribution F; in the fiber direction e; without differentiating
whether the stiffness is used for positive or negative curvatures. For the linear model I in Figure 7
a), the stiffness remains constant because side-dependent and nonlinear effects are not captured. In
contrast, the nonlinear models II and III in Figure 7 a) and b) show a stiffness variation depending on
the curvature. Due to the continuity of the logarithmic function, the stiffness distribution of model III
1s smoother than that of model I1, which is based on a piecewise definition. For small curvatures, the
higher stiffness of model III compared to model II, as shown in Figure 3 c) and d), can be attributed
to the shape of the underlying functions of the bending models. Overall, the results confirm that re-
gions with low curvature exhibit lower stiffness values, whereas areas with higher curvature display
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Displacement w3 in mm

a) Without side-dependency b) With side-dependency

Fig. 6: Displacement field u3 for the hemisphere forming test, comparing a) non-side-dependent and
b) side-dependent bending models (I: linear Peirce, II: piecewise linear, III: logarithmic).

Stiffness £ in MPa

0.0 750.0

a) Without side-dependency b) With side-dependency

Fig. 7: Stiffness distribution F; (front-up/back-up) for the hemisphere forming test, comparing bend-
ing models a) without side-dependency and b) with side-dependency
(I: linear Peirce, II: piecewise linear, III: logarithmic).

increased stiffness, as expected. When comparing side-dependency effects, the side-dependent mod-
els in Figure 7 b) show slightly lower stiffness values compared to the non-side-dependent models
in Figure 7 a). The lower stiffness values for the side-dependent models correlate with the slightly
increased wrinkle amplitudes observed for the side-dependent models in Figure 6. The logarithmic
model is preferred over the piecewise linear model because it avoids stiffness jumps and is therefore
more physically plausible.
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5. Conclusion

This study presents the development and validation of advanced bending models to accurately rep-
resent the mechanical response of unidirectional non-crimp fabrics (UD-NCFs) during forming. Two
key characteristics were identified and modeled: side-dependent behavior arising from the glass fiber
backing that contributes to bending stiffness, and nonlinear bending behavior characterized by de-
creasing stiffness with increasing curvature. Several constitutive formulations were evaluated, among
which the piecewise linear and logarithmic models achieved the highest accuracy, with R? values
approaching unity across all fiber orientations and bending directions.

The models were implemented in Abaqus/Explicit via the VUGENS subroutine and validated against
cantilever bending tests. The simulations showed good agreement with measured deflection curves.
Both nonlinear formulations reproduced the experimental response within the experimental standard
deviation, while the classical linear model by [2] consistently overestimated deflections, confirming
the necessity of including nonlinear and side-dependent effects.

Application to hemispherical forming simulations demonstrated significant differences between
the linear and nonlinear bending models in predicting wrinkle formation. While the linear Peirce model
predicted a single pronounced wrinkle exclusively in fiber direction (e;), the nonlinear models cap-
tured additional wrinkles in the transverse direction (e3) and exhibited wider wrinkle patterns along
e;. The piecewise linear and logarithmic models showed very similar wrinkle characteristics, with the
piecewise model predicting slightly larger wrinkle amplitudes, especially along e;. The comparison
of side-dependency effects revealed that side-dependent models exhibited slightly increased wrinkle
amplitudes compared to non-side-dependent models, particularly in fiber direction. The predicted stiff-
ness distribution reflected the expected curvature dependence, with the logarithmic model providing
smoother transitions due to its continuous derivative.
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