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ABSTRACT

Additive manufacturing with continuous fibre-reinforced thermoplastic composites offers
significant potential for producing high-strength, lightweight structures. In this research, a
novel 3D printing device was developed to print thermoplastic composites reinforced with
continuous fibres, embedded directly within the printed bead. Unlike conventional continuous
fibre 3D printing methods that require costly pre-manufactured filaments, this approach allows
the direct use of standard unidirectional tapes ranging from 6 to 10 mm in width, eliminating
an additional production step and reducing costs. The key innovation of this technique lies in
its cost-effectiveness and scalability, making large-scale 3D printing with continuous fibres
more accessible for industrial applications. This study presents an overview of the developed
printing process, focusing on the integration of continuous fibres within thermoplastic
materials, process optimisation, and the resulting mechanical performance. Experimental
results demonstrate significant improvements in the mechanical performance of printed
components compared to unreinforced 3D printing techniques. This work contributes to
advancing large-scale additive manufacturing by providing a more economical and efficient
method for printing high-performance composite structures.

1. INTRODUCTION

The demand for lightweight, stiff, and durable structures continues to grow across sectors such
as transportation, aerospace, marine applications, and tooling. In this context, additive
manufacturing (AM) is particularly attractive because it enables the production of complex
geometries and customised components with high design freedom, without the lead times and
tooling investments commonly associated with conventional manufacturing routes. Fibre-
reinforced polymers (FRPs) are of particular interest, as they can provide higher specific
stiffness and strength than unreinforced thermoplastics while also offering corrosion resistance
and design flexibility [1]

Within AM, an important distinction can be made between discontinuous fibre-reinforced
composites and continuous fibre-reinforced composites. Short-fibre systems can improve
stiffness and strength, but control over fibre orientation and distribution remains limited, often
resulting in pronounced anisotropy and only moderate improvements in structural performance
[2]. Continuous fibres, by contrast, offer the possibility of placing reinforcement along load
paths, thereby enabling substantially higher stiffness and strength at low weight. In material
extrusion AM, continuous reinforcement is typically introduced through pre-impregnated
filaments, multi-nozzle strategies, or in situ impregnation, in which dry fibres are impregnated
with the polymer matrix during deposition [1]. These approaches, however, remain highly
sensitive to insufficient impregnation, inaccurate fibre placement, and incomplete
consolidation, which in turn lead to porosity and weak interlayer bonding that compromise
mechanical performance [3,4].
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Various strategies have been proposed to improve impregnation and consolidation, including
the combination of thermoset and thermoplastic matrices, pressure-assisted or compaction-
assisted deposition, and post-processing consolidation steps [5,6]. At the same time, Large
Scale Additive Manufacturing (LSAM) based on pellet or granulate extrusion has gained
increasing attention because of its high deposition rates and relatively low feedstock costs for
meter-scale components [7]. Recent review studies show that, in large-scale polymer extrusion,
thermal management, residual stresses, shrinkage, and interlayer bonding remain the dominant
barriers to part quality, making process planning and control at least as important as material
selection itself [8,9].

Despite these developments, there is still limited systematic knowledge on the direct integration
of commercially available, cost-effective glass fibre-reinforced polypropylene tapes into
existing large-scale extrusion platforms, such as robotic or gantry-based systems used in
industry. Current continuous-fibre AM solutions still rely predominantly on specialised
filament feedstocks, which increase material and processing costs and can limit scalability [1].
Tape-based semi-finished products, by contrast, are already widely used in textile and tape
placement processes and are attractive because of their availability, affordability, and handling
characteristics.

This study addresses that gap by presenting a cost-effective retrofit tape-feeding unit that
introduces a glass fibre-reinforced recycled polypropylene (GFRRP) tape into the melt flow
upstream of the nozzle of an extruder. The objectives are threefold: first, to assess the technical
feasibility of this concept and identify key integration challenges, including nozzle blockage,
tape guidance, impregnation, and deposition stability; second, to define the process window in
terms of feed rate, preheating, and cooling behaviour in order to minimise porosity and improve
interlayer bonding, with a targeted printing speed of 40 mm/s; and third, to quantify the
resulting mechanical effects of tape integration. The remainder of the paper describes the
design of the module and its integration into an LSAM extruder, the experimental
methodology, the microstructural and mechanical results, and a discussion of scalability and
future research directions.

2. DESIGN AND EXPERIMENTAL SETUP

2.1 Hardware Configuration

The set-up was built around a CEAD E25 extruder fitted with a custom tape-feeding and
circularisation module. This setup was designated the COALA module: COntinuous fibre Add-
on for Large-scale Additive manufacturing of polymers.

A schematic of the COALA module is shown in Figure 1 and a realisation of this module in
Figure 2. The GFRRP tape was fed from the top of the module, circularised and guided towards
the nozzle, as visible in Figure 3. At the nozzle, the circularised tape converged with the molten
polymer supplied by the extruder. A heating element and a nearby thermocouple were
integrated close to the nozzle in order to control the local temperature and maintain stable
processing conditions. The two material streams exited the nozzle simultaneously, producing
a deposited bead with a continuous-fibre-reinforced core surrounded by molten polymer.
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Figure 1: Design of the COALA module, mounted to a Figure 2: COALA module, mounted to a CEAD E25
CEAD E25 extruder. extruder.
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Figure 3: Schematic overview of the internals of the COALA module.
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2.2 Materials

The matrix material used in this study was Transmare CirQlair GFRRP (Glass Fibre Reinforced
Recycled Polypropylene, r-PP 30GF HFFR UV AB). According to the supplier, the material
has a flexural modulus of 4.95 GPa, a maximum flexural stress of 98.9 MPa, a tensile stress at
break of 67.3 MPa, a tensile modulus of 5.49 GPa and an elongation at break of 3.33%.

Test beams with and without continuous fibre reinforcement were printed. For the reinforced
specimens, a continuous GFRRP UD tape with an approximate width of 6.35 mm and a fibre
volume fraction of 30% was additionally used. This tape was supplied by Comptape and served
as the semi-finished reinforcement feedstock that was circularised inside the COALA module
before entering the print head.

2.3 Pultrusion behaviour

Pultrusion force measurements were performed on a desktop test rig incorporating several
elements of the COALA module, as shown in Figure 4. The purpose of these tests was to define
the processing window before full printing trials. Two inlet conditions were compared: tape
fed at room temperature and tape preheated to 160 °C using hot air. Pultrusion speed was varied
between 6.6 and 53 mm/s, and pultrusion nozzle temperatures between 200 and 300 °C were
assessed. Additional measurements were performed at the target speed of 40 mm/s to compare
tape material based on virgin PP with tape material based on recycled PP.
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Figure 4: Pultrusion force measlurement setup. The tape material enters from the left, moving through the hot and cold
zone, pulled forward by the pulling motor on the right. The pulling motor is mounted on a linear guiding rail, which is
equipped with a force sensor.

2.4 Preparation of Test Samples
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Flexural test specimens were first printed as a four-layer linear geometry, shown in Figure 5,
and were then machined into test beams for mechanical characterisation. Printing was carried
out at 7.8 mm/s using a nozzle temperature of 230 °C and a nozzle diameter of 7 mm, as these
settings resulted a stable printing process from earlier tests. The bending specimens were
prepared in accordance with NEN-EN-ISO 178:2019. Each specimen contained at least four
printed layers in order to provide sufficient structural integrity during testing.

Fig. 5: Test beam in the three-point bending setup

2.5 Flexural testing

Three-point bending tests were performed on the test beams. The support span was 120 mm,
while both the supports and the loading nose had a radius of 5 mm, as shown in Figure 5. Tests
were conducted at a crosshead speed of 10 mm/min. Loading was applied to the top surface of
the specimen, corresponding to the final printed layer.

2.6 Shrinkage

Shrinkage measurements were used to evaluate the dimensional stability of printed tracks after
deposition. Figure 6 shows the experimental set-up. Three material configurations were
compared: (1) unreinforced PP, (2) short glass fibre-reinforced PP and (3) short glass fibre-
reinforced PP containing a continuous glass-fibre core. During the tests, deposition onto a flat
surface was recorded on video and the track length was measured immediately after printing,
during cooling and after cooling.

Figure 6: Shrinkage measurement setup. a track is printed on a flat surface and filmed together with a measuring tape.
Dimensions of the printed track are taken directly after printing, during cooling and after cooling.
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3. RESULTS AND DISCUSSION

The results are presented in the same order as the objectives defined in the introduction. First,
the feasibility of embedding the circularised tape within the deposited bead is demonstrated.
The process window is then discussed through the pultrusion force measurements, after which
the effect of continuous reinforcement on flexural behaviour and shrinkage is reported.

Ya inch GF/rPP tape rPP 30% GF

Figure 7: Cross section of the material as it Figure 8: Printing test: single track with continuous fibre embedded
exits the nozzle: circularised tape surrounded in printing direction
by short-fibre filled polymer

3.1 Pultrusion behaviour

Figures 9 and 10 show how pultrusion force depends on pultrusion speed and nozzle
temperature for tape introduced at room temperature and for tape preheated to 160 °C,
respectively. In both cases, the required force increased with increasing pull speed and with
decreasing nozzle temperature. Figure 11 compares virgin and recycled matrix tape materials
at the target processing speed of 40 mm/s. For the recycled-matrix tapes, the force again
decreased as pultrusion nozzle temperature and preheating temperature increased. The virgin
PP-based tape could not be pulled through the pultrusion nozzle at 40 mm/s without preheating,
indicating that the preheater is essential for robust processing and for widening the material
range that can be handled by the module. A further practical observation was that the
temperature of the circularised filament at the cold end must remain sufficiently low. If the
filament left this region too hot, the pulling assembly compressed it back into a flattened tape.
This shows that cooling is a critical part of the process window, particularly when higher
pultrusion temperatures are used.
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Figure 9: Pultrusion test results: Pulling force as a function of pultrusion nozzle temperature and speed. No preheating,
incoming tape at room temperature.
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Figure 10: Pultrusion test results: Pulling force as a function of pultrusion nozzle temperature and speed. Incoming tape
material preheated to 160 °C using hot air.
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Figure 11: Pultrusion force at 40 mm/s for glass fibre tape material with virgin and recycled PP matrix. Without
preheating it was not possible to pull the virgin tape through the pultrusion nozzle at 40mm/s.

3.2 Flexural testing

Figure 12 presents the flexural modulus of specimens printed with and without continuous
reinforcement. Each condition comprises eight measurements. The unreinforced GFRRP
specimens showed a flexural modulus of 4.22 GPa, which corresponds to approximately 85%
of the supplier value of 4.95 GPa. When continuous glass fibre-reinforced filament were
embedded in the print, the flexural modulus increased to 5.98 GPa. This corresponds to an
increase of about 42% relative to the unreinforced printed specimens and approximately 21%
relative to the supplier value.

Figure 13 shows the peak flexural stress before failure. Again, each condition consists of eight
measurements. For unreinforced GFRRP specimens printed at 230 °C, the average maximum
stress before failure was 84.06 MPa, or about 85% of the manufacturer reference of 98.9 MPa.
Incorporating the continuous fibre increased the peak flexural stress to 126.58 MPa. This
represents an improvement of approximately 51% compared with the unreinforced printed
specimens and about 28% compared with the supplier reference. Together, these results show
that the integrated tape contributes meaningfully to load-carrying capacity in bending.
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3.3 Shrinkage

Figure 14 summarises the shrinkage measurements. Adding short glass fibres to the polymer
already reduced the shrinkage of the printed track relative to unreinforced PP. The introduction
of continuous reinforcement reduced shrinkage further, to below 0.15%. This result is
consistent with the objective of improving dimensional stability and suggests that tape
reinforcement may be particularly beneficial for long printed structures, where thermal
contraction can otherwise lead to distortion.
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Figure 14: Results of shrinkage measurements. Shrinkage significantly reduces by adding short glass fibres to the matrix.
An even further shrinkage reduction is acquired by adding continuous fibres in the printing direction.
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4. FUTURE WORK

The present results establish technical feasibility, but further optimisation of the process
window is still required. Ongoing work therefore focuses on printing dedicated test geometries
over a wider range of process conditions and machining tensile specimens from these builds.
These additional tests will be used to characterise properties both in the printing direction and
in the z-direction, and to quantify the relationships between temperature control, consolidation
quality and structural performance.

Figure 15: Test geometry printed at different speeds, while keeping — Figure 16: Tensile bars in z-direction, milled from
the time between layers constant. the test geometry.

5. CONCLUSIONS

This study demonstrates that commercially available glass fibre-reinforced recycled
polypropylene tape can be integrated directly into a large-scale extrusion process using the
COALA retrofit module. The results confirm the technical feasibility of combining a
circularised continuous-fibre tape with a short-fibre filled melt during deposition, creating a
continuous fibre-reinforced bead in a single printing step. By enabling the use of commercially
available tape feedstock in a retrofit configuration, the COALA approach also offers a more
cost-effective alternative to continuous-fibre printing methods that depend on specialised pre-
manufactured filaments or dedicated equipment.

The pultrusion experiments showed that the processing behaviour is strongly affected by speed,
nozzle temperature and preheating. Preheating proved particularly important for stable
operation at the target speed of 40 mm/s and was essential when processing the virgin PP-based
tape. Stable processing also required sufficient cooling after circularisation to prevent the
filament from reverting to a flattened tape shape.

The addition of continuous reinforcement resulted in clear improvements in performance. The
flexural modulus increased from 4.22 to 5.98 GPa and the peak flexural stress from 84.06 to
126.58 MPa, while shrinkage was reduced to below 0.15%. These findings indicate that tape-
based reinforcement offers a promising and cost-effective route for the scalable manufacture
of structural thermoplastic composites. Further work will focus on expanding the process
window and improving consolidation across a wider range of materials and printing conditions.
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