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Abstract. Some composite preforms lose dimensional stability after mandrel removal during tube
winding, leading to pronounced longitudinal expansion and radial contraction for specific layup
configurations. This work presents an experimental method for tracking the reorganization of
individual wound tapes during mandrel release and uses these measurements to validate a finite
element (FE) model designed to capture the underlying deformation mechanisms. The experiments
reveal a nonlinear dependence of ribbon elongation on the initial winding angle. Complementary FE
parametric studies investigate the effects of tape geometry and mechanical properties, demonstrating
that increased mechanical anisotropy amplifies the elongation response. The study also introduces a
layer-equivalent stiffness formulation and concludes with FE simulations of multi-tape preforms.
Together, these results support the development of improved winding strategies aimed at reducing
defects, lowering production costs, and enhancing the structural performance of tubular composite
components.

Introduction

Tubular composite structures are increasingly utilized across sectors such as oil and gas, civil
engineering, automotive, and aerospace, owing to their high specific strength and stiffness, which
make them well suited for lightweight load bearing applications [1]. Their corrosion and chemical
resistance further enable use in demanding environments, including fluid-transport pipelines and
storage vessels. Industrial adoption has grown rapidly in the past decade, driven by the need for
durable, high-performance, and lightweight components.

A variety of manufacturing techniques are employed to produce tubular composites, ranging from
manual fabrication to highly automated processes [2-5]. Established methods such as filament
winding, Automated Fiber Placement (AFP), and Pull winding provide different benefits in terms of
fiber control, production speed, and geometric versatility. Despite this progress, key challenges
persist, including maintaining consistent part quality (e.g., minimizing voids and fiber misalignment),
reducing overall manufacturing costs, and mitigating the environmental impact of composite
fabrication and disposal.

To address these manufacturing challenges, new process concepts are being developed to enhance
efficiency, quality, and sustainability. Among them is OLLOW’s tape-winding approach [6], which
draws inspiration from filament winding and automated fiber placement. In this method,
unidirectional thermoplastic tapes are helically deposited onto a solid mandrel at prescribed angles
withoutimmediate matrix consolidation. The process is illustrated in Figure 1. Local weld pointsat the
preform ends provide sufficient stability for handling. After winding, the preform is removed from
the mandrel and transferred into a rigid metallic mold, where high pressure using an internal silicone
membrane, and temperature are applied to produce the final straight or curved tube (Figure 2).

This decoupled winding/consolidation workflow offers notable advantages over traditional
techniques. Automated tape winding improves repeatability and dimensional accuracy, while
separating consolidation from deposition shortens production cycles and supports high-throughput
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manufacturing. The reliance on thermoplastic matrices further decreases cycle times [7] and enables
recyclability, reducing the overall environmental impact. As a result, this process shows strong
promise for scalable, cost-efficient, and sustainable production of tubular composite structures across
diverse industrial sectors.

Tape winding )) Mandrel removal )) Consolidation
Spot Welding o , \ \ \ \ \ \

Z
N

Fig. 1. The manufacturing process involves two main stages: dry winding onto the mandrel and
thermoforming inside a rigid die, using heat and pressure.

Fig. 2. A bicycle handlebar constructed from several consolidated tubes, each featuring a different
cross-sectional shape

Although the technology offers clear advantages, it is not without challenges. A key issue
examined in this study is the loss of dimensional stability that occurs when the preform is removed
from the mandrel. Certain layup configurations, particularly specific combinations of winding angles,
exhibit pronounced instability upon release: the preforms undergo significant axial expansion and
radial contraction, triggering a rapid geometric collapse. This sudden deformation forces the
individual tapes to reorganize, disrupting the intended fiber orientations and compromising the
mechanical properties of the final part. In severe cases, as illustrated in Figure 3, the preforms become
unusable and must be discarded. While industrial mitigation strategies exist, they typically require
adding extra tape layers to stabilize the layup, which increases cycle time, defect risk, and final
component weight. A deeper understanding of the instability mechanisms of helically wound tapes is
therefore essential for reducing scrap and improving overall manufacturing efficiency.

Fig.3. Upon removal from the mandrel, some preforms undergo significant axial expansion and
a reduction in their inner diameter

Helical stability of slender structures has been investigated in the literature. It has been
demonstrated that certain helical configurations of elastic rods remain stable only when their length
is sufficiently short, typically for helices comprising less than one full revolution [8-10]. Borum et al.
[11] analyzed the stability of helical equilibria of inextensible, isotropic Kirchhoff rods clamped at
both ends, employing the conjugate point method to determine the maximum stable length of a helical
equilibrium. The stability of strips/rods with asymmetric cross sections has also been addressed in
previous studies. Goriely et al. [12] showed that only configurations without intrinsic twist, with the
principal bending direction aligned with either the normal (fr, in figure 2) or binormal vector (frs in
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figure 2) of the local Frenet frame, can form helical equilibria from an initially straight state. In this
context, wound ribbons can be interpreted as binormal strips. According to Goriely et al. [13],
infinitely long binormal strips bent into a helical configuration are inherently unstable, whereas finite-
length strips can attain stability if their cross-section is sufficiently flat, that is, if the thickness to
width ratio is small. Additional studies have explored instability in helically deformed structures
arising from mechanical anisotropy, where geometric or material parameters govern spontaneous
shape transitions [14-15]. The stiffness of helices under tension has also been quantified: Starostin et
al. [16] derived an expression for the equivalent spring stiffness as a function of helix angle and cross-
sectional properties, later validated experimentally by Prévost et al. [17]. These findings collectively
indicate that helix stiffness decreases with unwinding length, helix angle, and torsional-to-bending
stiffness ratio.

Despite these advances, the stability of helically wound ribbons composed of anisotropic materials
remains largely unexplored. The mechanical response of such ribbons upon release of winding
constraints is, to date, insufficiently studied.

This study examines how wound tapes reorganize during preform release, focusing first on the
displacement of individual tapes under varying properties. An experimental setup is developed to
replicate mandrel removal, and its results are used to validate a numerical model. The work also
introduces the concept of layer equivalent stiffness to clarify how multi-layer behavior emerges and
concludes with simulations of full multi-layer preforms to assess their global stability during release.

Stability of the Individual Composite Tape

Before qualifying the instability problem on the scale of the preform, the phenomenon is studied
at the scale of an individual carbon fiber reinforced polymer (CFRP) tape. Numerical as well as
experimental procedures are designed in this work to reproduce this behavior. An original
experimental setup was built and used to simulate the winding and releasing of the tapes. Its results
were then compared to numerical ones using the Finite element (FE) software ABAQUS. The stress
state and deformation mechanisms were also evaluated using the numerical model, which was later
used to conduct a parametric study of the tape geometric and mechanical properties.

Fig. 4. An individual tape wound onto a mandrel, along with the corresponding geometric
properties

The considered geometric properties of the tapes are the following: tape winding angle o, winding
radius R, tape width w, tape thickness t, tape unwound length L, number of revolutions Nrev, and tape
wound height H. The parameters o, R, and H will evolve once the mandrel is released. For this reason,
quantities referring to the as-wound configuration (prior to mandrel removal) are denoted with a
subscript 0. The initial winding angle ao (cf. Figure 4) is defined as the angle between the tape’s
tangent vector (expressed in the conventional Frenet frame of the helix shown in the figure) and the
mandrel axis. Consequently, ao= 0° corresponds to a tape laid flat and parallel to the mandrel axis,
whereas a0 = 90° corresponds to a tape wound into a closed ring. These parameters are related through
the helix geometry given in Eq. 1, which hold for any regular helix.
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Experimental procedure. The experimental setup presented in Figure 5 was specifically designed
to simulate the releasing phase of the preforms from the mandrel. It consists of two plastic wire
supports through which nylon wires are threaded. The wires are fixed to one support (the left support
in Figure 5) and tensioned at the opposite end using a wire-tensioning mechanism. This mechanism
includes a disc to which the wires are bolted; the disc is actuated by a pulley system to apply tension.
Under tension, the wires form a quasi-mandrel onto which the tapes are wound. The design of both
the wire supports and the tensioning system enables the creation of a fully collapsible mandrel.

Each support contains a set of evenly spaced holes along the perimeter of a circle corresponding
to the desired winding radius. When the wires are tensioned, they assume this circular geometry,
whereas releasing the tension causes the mandrel to collapse entirely. The winding radius used in all
experiments is 20 mm.

The tape is secured in the wound configuration at two fixation regions. At segment A, the tape is
rigidly clamped using a bolted fixture, constraining all degrees of freedom (DoF). At segment B, the
tape is mounted on a linear slide and fixed with bolts such that only axial translation along the mandrel
direction (the z-axis) is permitted. After winding, the wire tensioning system is released, allowing the
mandrel to collapse and enabling the tape to translate along the linear slide. Depending on the winding
angle and tape geometry, this results in either an increase or a decrease in the tape height.

The test 1s performed 3 times and the elongation of the ribbon AH is then averaged. Finally, the
relative elongation AH/Ho is then reported for each winding angle.

Wire supports

Composite tape specimen

Wire tensioning system with
Fixing segment A Fixing segment B Linear slide simultaneous release

Fig.5. Experimental setup for releasing individual wound tapes

Carbon fiber reinforced thermoplastic tapes with a polyamide-6 matrix (CF-PAG6) are investigated
in this study. They are referenced to as CF6 tapes in this work. The transversely isotropic elastic
properties and cross-sectional geometrical characteristics of the tapes are summarized in Table 1,
where Vr denotes the fiber volume fraction. The mechanical properties of the constituent fibers and
matrix were obtained from literature sources [18,19] and from manufacturers’ datasheets. These
properties were subsequently used to derive the effective transversely isotropic properties of the
unidirectional tapes using classical rule of mixtures formulations, which provide an adequate
representation for unidirectional composite laminates [18].

Experimental tests were conducted for initial winding angles oo ranging from 20° to 70° with a single
revolution (Nrev =1). Smaller winding angles could not be investigated for larger values of Nrev due
to geometric limitations of the experimental setup. Moreover, for increasing oo, a higher number of
revolutions significantly amplifies ribbon instability, rendering the post-release response highly
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sensitive to experimental conditions such as release rate, ambient vibrations, and small variations in
the initial angle. As previously reported in [11,12], helically wound structures exhibit pronounced
instability as their length increases. Consequently, instability becomes a limiting factor for
experiments involving large Nrev. To mitigate these effects, the mandrel was released quasi-statically
during the experiments to promote the formation of the elongated ribbon configuration. Rapid release
of the wire-tensioning system was found to introduce vibrations that strongly affect the response in
highly unstable configurations. Gradual release of the applied tension effectively suppresses these
unwanted vibratory effects.

Tape specimens were cut to the exact required length using the geometric relations given in Eq. 1.
Prior to winding, the samples were kept straight under applied weights to ensure an initially straight
configuration. The tapes were then mounted onto the experimental setup by bolting their extremities
at fixing segments A and B. The initial winding angles were measured using a protractor in these
fixing regions. Before mandrel release, the wound height Ho and mandrel radius Ro were also
measured to verify the accuracy of the prescribed initial winding angle.

Numerical model. A finite element model is developed using the commercial software ABAQUS to
simulate the mechanical response of individual composite tapes. The numerical results are
subsequently compared with the corresponding experimental observations.

A dedicated pre-processing stage is implemented using a Python script to generate the spatial
trajectories of the tape nodes and to construct the finite element mesh. Based on this information, an
ABAQUS input file is automatically generated, containing all geometric, material, and boundary-
condition data required for the simulations.

The analysis is performed using two quasi-static steps with geometric nonlinearity enabled to account
for large displacements and rotations. Both steps are solved using an implicit time-integration scheme.
In the first step, the initially straight, stress-free tape is clamped at one extremity, corresponding to
segment A in the experimental setup, while prescribed displacement boundary conditions, computed
by the Python pre-processing code, are applied to impose the wound configuration. This winding step
is illustrated in Figure 6.

Initially straight state Intermediate state Wound state

Top view

— -s

Fig. 6. The tapes are helically wound in the first step using displacement control of each node

Yo

In the second step, the prescribed displacement boundary conditions are removed to simulate mandrel
release. The node set at the left extremity of the tape (segment A) is constrained in all DoFs. The right
extremity of the tape (segment B) is then constrained in all DoFs except for translation along the
mandrel axis (the z-direction), reproducing the experimental boundary conditions during release. The
boundary conditions on the tape after completion of the winding step are chosen in accordance to the
experimental ones. The tapes are meshed using quadrilateral shell elements. The mesh is constructed
such that all element edges have equal length, ensuring uniform discretization. The number of
elements across the tape width, denoted Nelementsiwidth, 15 selected as the primary meshing parameter.
A mesh convergence study is therefore performed to determine an appropriate discretization level.
Convergence with sufficient accuracy is achieved for Nelements/width = 14, which is retained for the
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remainder of the study as a compromise between numerical accuracy and computational cost. Linear
elastic law with lamina anisotropic material section is created for transversely isotropic materials.
The material properties used are taken from table 1 for model validation and for further parametric
analysis.

Table 1. Tape geometric and mechanical properties
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Fig. 7. Experimental (left) and numerical results validation (right) of the CF6 tape

Results Figure 7 shows the results of releasing of the tape CF6. As shown in Figure 7 (left), the
reported experimental results predominantly exhibit a positive relative elongation following mandrel
release. Small negative elongation is observed only in a limited number of cases, primarily for small
initial winding angle ao = 20°, where measured elongation reaches -0.04%. A pronounced increase
in the elongation response is observed with increasing ao indicating a strong dependence of the post-
release deformation on the initial winding angle. In addition, increasing the number of revolutions
Nrev leads to a larger elongation response, manifested by higher curves. The response also becomes
progressively smoother and less affected by experimental noise as Nrev increases.

Because both extremities of the ribbon are rotationally clamped, the achievable elongation is
constrained by boundary effects. However, increasing the number of revolutions introduces a larger
central region of the helix that is less influenced by these constraints and can deform more freely.
Consequently, the influence of the boundary conditions is progressively reduced as Nrev increases. To
validate the numerical model, finite element (FE) results are compared with experimental
measurements for the case Nrev =1, which remains numerically stable across all investigated winding
angles.

The numerical and experimental results are plotted together in Figure 7 (right). A good agreement is
observed between the FE predictions and experimental measurements of relative elongation, both
qualitatively and quantitatively, supporting the validity of the proposed numerical model.

Upon release from the mandrel, the ribbon evolves toward a configuration that minimizes its internal
strain energy. Under the imposed boundary conditions, this relaxation occurs through changes in the
helix height H, radius R, and winding angle a, which are the only geometric parameters free to evolve.

Effect of geometric and mechanical properties of the tape. The study has concluded the following
after a parametric study of the tape mechanical and geometric properties:

e The initial winding angle ao has a strong influence on the mechanical response of the ribbons.
For the composite tape considered in this study, the response becomes increasingly sharp as oo
increases. The relative elongation—winding angle curves exhibit a pronounced nonlinear behavior.
In particular, for larger winding angles, the composite tapes undergo significantly higher
elongation.
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e The cross-sectional geometry of the tape significantly influences its mechanical response. An
increase in tape width is found to reduce the relative elongation, particularly at larger winding
angles. In contrast, variations in tape thickness within the investigated range do not produce a
noticeable effect on the elongation response.

e The winding radius has a positive influence on the elongation response of the composite tapes,
particularly at larger winding angles. Analysis of the post-release angular profiles for tapes with
different initial winding radii indicates the presence of a preferred equilibrium angle in the high
angle regime. The equilibrium angle depends on the mechanical and geometric properties of the
tape, and is typically in the range of 20° to 30°. Reaching this equilibrium configuration requires
larger axial elongation than that of smaller radii, which explains the increased elongation observed
for larger winding radii.

e The influence of the mechanical properties in the longitudinal and transverse directions was
investigated through a parametric variation of the material constants. In the longitudinal direction,
an increase in the Young’s modulus Ei enhances the bending stiffness of the tape, thereby
amplifying the elongation response. Conversely, increasing the transverse modulus E2 has a
mitigating effect on the response.

e The in-plane shear modulus Gi2 is found to significantly limit the elongation for larger initial
winding angles ao. Since Gi2 directly contributes to the torsional stiffness of the tape, increasing
its value enhances the resistance to reductions in the helix angle during release, a deformation
mode associated with higher torsional strains. Consequently, larger values of Gi2 suppress the
elongation response in the high angle regime.

Layer Equivalent Stiffness

According to the results observed experimentally and obtained numerically, the wound strips behave
like a loaded spring, either in tension or compression. When the mandrel is released, these springs
return to their length at equilibrium. It would be interesting to evaluate the equivalent stiffness of
these springs keq, which would allow us to predict the behavior of a preform when several tapes
coexist. At first approximation, it can be assumed that the multi-tape preform consists of several
springs in parallel, with different stiffnesses and equilibrium lengths. Starostin et al. [16] derived an
analytical expression for the equivalent axial stiffness of a helical spring, expressed as a function of
the helix angle as well as the cross-sectional geometric and mechanical properties. Their formulation
accounts for the coupling between torsional and bending deformations inherent to helical geometries,
thereby providing a comprehensive description of the global mechanical response under axial loading.
Subsequently, Prévost et al. [17] experimentally validated this theoretical model, confirming its
predictive capability across a range of geometrical configurations. The combined theoretical and
experimental results demonstrated that the effective stiffness of a helical coil systematically decreases
with increasing unwound length, increasing helix angle (winding angle), and with reductions in both
torsional and bending stiffnesses of the constituent material. In the context of the present work, this
framework is adapted to describe the stiffness of helically wound ribbons, wherein similar geometric
and mechanical dependencies govern the effective stiffness response. The corresponding expression,
tailored to the assumptions and boundary conditions of the current study, is presented in Eq. 2.
-1

Kribbon = [Z‘I-[I\Ireeré(‘)Sin2 (ao) (% sin? (0‘0) + % cos? (0‘0)>] (2)

where B and C represent the bending and torsional stiffness, respectively. The equivalent spring
stiffness krinbon relates the force that the ribbon exerts in its extremities in its wound state, to the
displacement in the axial direction when the winding boundary conditions are released. This
expression reveals that the equivalent stiffness of the strips decreases as oo increases. Consequently,
using smaller angles in the preform results in a ‘stiffer’ tape that stretches relatively less. In order to
compare this expression to our case, a study was conducted using the FE model. After winding, a
reference point in kinematically tied to the fixing segment B. The axial reaction force of the Reference



28 Composites Forming Processes

Point (RP) at the end of the ribbon RF3 is measured in the as wound state. It represents the force that
the ribbon exerts in the axial direction when wound.

Fixing segment A Fixing segment B Fixing segment A

After Winding Last step
* Clamp end segments * Allow axial translation of segment B
*  Measure reaction force of RP (RF;) * Measure displacement of RP (U,)

Fig.8. Method for calculating the equivalent wound tape stiffness

The displacement Us of the same RP is measured after release of the winding boundary conditions.
The equivalent stiffness kre is calculated using the following formula:
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Fig. 9. Evolution of the equivalent stiffness of wound strips: comparison of the analytical and
numerical models.

Figure 9 shows a comparison of the analytical stiffnesses calculated by [16] and [17] and that
calculated by the finite element model. We can see the same non-linear decreasing trend in stiffness
with the winding angle. This clearly shows that the larger angles that elongate the most have the
lowest stiffness. On a complete preform, smaller angles that elongate less and have greater stiffness
would need to be combined to prevent or limit this elongation.

Stability of Preforms

After studying the stability of ribbons on a simple scale, more complex cases can be examined.
Preforms consisting of several ribbons can be simulated using the same finite element model
described above, in order to analyze the influence of combining different winding angles. In this
study, a preform consisting of two layers of five ribbons is simulated. The initial height of the
preforms Ho is set at 300 mm. The objective is to observe the interaction between layers with different
winding angles. The ribbons used to manufacture the preforms have the same properties as those
given in Table 1. After the winding step, surface-to-surface contact is activated between the two layers
of the preform, and the layers are welded together at their ends using rigid connectors. The purpose
of this welding is to connect all the ribbons in such a way as to prevent excessive isolated
displacement of an individual ribbon, which could lead to numerical instability and divergence of the
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analysis. The winding orientation is alternated for each layer (right-hand helices in the first layer and
left-hand helices in the second layer), and the ribbons are positioned to minimize gaps in the preform.
The smallest angles are always placed in the inner layer.

U, U3
+4.000e-02
+3.662e-02
+3.325e-02
+2.987e-02
+2.650e-02
+2.312e-02
+1.975e-02
+1.6372-02
+1.300e-02
+9.625e-03
+6.2502-03
+2.875e-03
-5.000e-04

(A) (B) (©) (D)

Fig. 10. Overview of the simulated preforms: The layups are laid in pairs of as-wound (left)
and released (right). From left to right the preforms are.

Preform A : [5 % 20°,5 X —=40°] AH = -0.2 mm, Preform B : [5 X 30,5 X —=40°] AH = 5.7 mm,

Preform C : [5 % 40°, 5 x =40°] AH = 9.5 mm, Preform D : [5 X 40°,5 x —=50°] AH = 34.0 mm

The reference preform studied has winding angles of 40° in the inner layer and -40° in the outer layer.
Other preform configurations are compared to this one. The following layups are simulated:
[5 x 20°, 5 x -40°], [5 x 30°, 5 x -40°], [5 x 40°, 5 x -40°] and [5 x 40°, 5 x 50°]. The results are
presented in Figure 10, where each wound preform is illustrated alongside its deformed configuration
after removal of the imposed displacements. As expected, the preform with the most dimensional
stability is the first one, consisting of tapes at 20°(AH = -0.2 mm). As shown previously, small
winding angles result in the lowest elongation values. As shown in Figure 10, axial expansion occurs
gradually for increasingly higher angles. The phenomenon of preform collapse is evident for the last
preform on the right, which has the highest pitch angle (AH = 34 mm). Compared to the reference
preform, the combination of 20° strips limits expansion by up to 99%. By combining different angles,
the structural behavior of the preform can be compared to that of a parallel spring system. By
examining the equivalent spring stiffness of each wound ribbon, the final expansion of the preform
can be estimated. This proves that combining lower angles with higher ones would limit the instability
greatly.

Conclusion

In this work, the post-release behavior of helically wound ribbons was examined through a combined
experimental and finite element (FE) approach. The FE model was validated against the experimental
measurements and subsequently employed to identify the principal factors governing the axial
response of the structure. The results demonstrate that both the mechanical properties and the cross-
sectional geometry of the ribbon play a critical role in determining the axial displacement that
develops following mandrel removal. An equivalent spring stiffness associated with a wound ribbon
was derived, providing a first order approximation of the instability of a multi-layer preform, modeled
as a system of parallel springs with distinct stiffnesses and rest lengths. The validated FE model was
further used to simulate the behavior at the scale of complete preforms, revealing the interactions
between layers wound at different angles. These simulations confirm that the inclusion of layers with
smaller winding angles contributes to an overall increase in the stability of the layup.
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Future research should address multi-layer preforms, as combining tapes of different materials or
cross-sectional shapes offers a potential strategy for controlling structural instability. The influence
of inter-layer friction should also be considered, as frictional interactions may restrict relative sliding
between layers and thus affect the collapse behavior. Additionally, tailored welding strategies, such
as welding unstable layers to more stable ones, could further enhance the dimensional stability of the
final preform.
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