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1. INTRODUCTION AND OBJECTIVES 
 
The early 2000s marked the emergence of the widespread use of composite materials in industry. The 
volume of parts made from composite materials has been steadily increasing year after year. It is, of course, 
the excellent mechanical performance, relatively easy manufacturing solutions, and production costs that 
compete with those of metal materials that have driven the rise of composite materials. 
However, the upcoming arrival of Industry 5.0, which encourages, among other values, eco-friendly and 
sustainable manufacturing practices such as the use of renewable energy sources, material recycling, and 
waste reduction, could slow the widespread use of composite materials, which are considered to be poorly 
recyclable. While composite materials have proven their technical performance up to now, they must now 
demonstrate their recyclability in order to integrate into a greener industry of tomorrow. In this context, 
the MC4 project aims at developing and validating new recycling techniques for composite materials. 
 
This deliverable concerns the evaluation of parts made from recycled materials developed during the 
project. To prove the validity of each recycling method addressed in the project, demonstrators are 
designed and manufactured. A prototype of a real part is an important phase to validate the viability of a 
project at a pre-industrial scale. It also helps to resolve doubts on many issues, not only from a theoretical 
perspective regarding profitability or environmental impact, but also, and most importantly, from a 
practical aspect. The feasibility of the design, mechanical performance, and manufacturability are essential 
points that are evaluated during the prototype development phase. In this perspective, demonstrators are 
created to validate the short- and long-term recycling technologies of composite materials made with glass 
fibre and carbon fibre. 
 
This deliverable outlines the key steps in the use of recycled materials in the development of the various 
demonstrators. It also provides a review of the use of these materials compared to virgin materials from a 
technical and economic standpoint, along with conclusions and feedback on the use of these recycled 
materials. 
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From the testing, with the Distitron resin, it was clear that if the bending strength was not reached then the 
tensile test was not reached. For this reason, only the bending strength and Youngs modulus were tested 
first. If the results were promising, the tensile tests and water absorption tests were then completed.  

The plates made from different resins, described in chapter 2.2, were tested through a three point-bending 
test. For this test, the plate was cut into samples from 100 mm X 25mm and the thickness of the samples 
was 5 mm. From each sample five were tested. Figure 3 shows the samples while Figure 4 presents the set 
up for bending tests. 

Out of all the plates, enough samples could be cut for the bending and the tensile testing, as it is apparent 
from Figure 3. To be time efficient, first the bending test was conducted. Here it is visible that the Youngs 
modulus is very low and for this reason, only the bending test was conducted. In the earlier testing it was 
clear that if the bending strength and Youngs modulus were low, the Tensile test would also be too low. 
 
Table 2 Results of three-point bending test. 

Samples Bending strength 
N/mm2 

Youngs Modulus 
N/mm2 

Maximum load 
N 

1. Epoxy foam resin 12,3 +/- 1,9 957 +/- 114 53 +/ -7 
1. Epoxy foam resin.  

with CFM 
61,9 +/- 6,9 3312 +/- 422 259 +/- 21 

2. PUR resin 46,6 +/- 8,4 1412 +/- 444 219,8 +/- 29,5 
3. PUR resin.  

with CFM 
138,7 +/- 7,8 3938 +/- 115 637,9 +/- 35 

4. PET resin 57,3 +/- 17,5 3508 +/- 499 230,7 +/- 73 
5. PET resin  

with CFM 
109,9 +/- 21,9 4961 +/- 749 501,6 +/- 93 

6. Distitron VE370SC 65,5 +/- 9,5 3956 +/- 442 282,8 +/- 49 
7. Distitron VE370SC 

with CFM 
140,9 +/- 2,8 6019 +/- 511 555,3 +/- 35 

 
As visible in Table 2, none of the tested resin reaches the required mechanical properties. For the 
automotive use the product needs to be lightweight and have a good surface quality. Even though the epoxy 
foam resin had the lowest mechanical properties, it had the best surface quality, lowest density and less 
resin is required for the full fibres covering. For these reasons, the epoxy foam resin was chosen for further 
research on reaching the necessary mechanical requirements. 

 
Figure 4. Set up for the 

three-point bending test 

 
 

 
Figure 3. Samples of the different resin test 
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Table 3 Results bending test different virgin glass fibres. 
Samples  Bending strength 

N/mm2 
Youngs modulus 

N/mm2 
Maximum load 

N 
1. Plate with 

unidirectional 
1200g/mm2 

 219,0 +/- 31,4 18053 +/- 1282 914,6 +/- 119,9 

2. Plate with 
unifilo. 
640g/mm2 

 132,5 +/- 25,0 6077 +/- 1489 554,4 +/- 110,3 

3. Plate with 
quadrax. 
1200g/mm2 

 116,9 +/- 10,3 6114 +/- 287,9 478,5 +/- 50,1 

 
After the tests, it was determined to use the unidirectional 1200g/mm2 fibre mat for the automotive part 
from the table above, but for the sample for the water absorption, the test 640 g/mm2 mat was used. The 
reason is that the virgin fibre mat does not have an impact on the water absorption. 

Samples of epoxy foam resin plates with gelcoat and sealed edges and samples of epoxy foam resin without  
gelcoat and sealing were sent to Windesheim, a university that also specializes in recycling of composites 
in Zwolle. The plates were tested on water absorption by submersing the sample in a water bath at 23 °C 
and at 38 °C for 51 days. In Figure 5, the notation SE stands for the samples with only epoxy resin and 
recycled fibres without a seal. The notation C is for the samples with a gelcoat and sealed edges. 

Table 4 Results water absorption testing 
Sample Time (h) 0 5 10 13 16 19 26 
SE 23 C % of 

moisture 
0 0,8 2,4 3,1 5,7 6,1 11,4 

SE 38 C 0 1,7 5,0 6,7 9,8 11,4 16,8 
C 23 C 0 0,6 1,0 1,5 1,9 2,7 3,1 
C 38 C 0 1,2 2,1 2,7 3,4 4,6 5,4 

 
From the table above, the water uptake is quicker and goes to a higher lever at 38 °C than at 23 °C. The 
results at 23 °C are more representative for the application in a side skirt of a bus. 
Furthermore, the large effect of sealing is clear: 3,1 % uptake when sealed but 16,8 % (and not at the 
saturation) when not sealed. Although a permanent immersion in water is not representative for the 
application in automotive products, it is clear that the sealing is important for protecting the composite 
against water ingress.  
 
 
 
 
 
 

  
Figure 5 Test set up and sample for water absorption testing. 
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Figure 6. skirt skirts with different colours attached to the bus 

Working with recycled fibres presents several challenges, particularly related to dust generation and the 
uniform distribution of fibres within the mould. To address these issues, a collaboration with Windesheim 
University was undergone to develop effective solutions. In addition, achieving a uniform distribution of 
fibres in the mould is essential to ensure the quality of the final product. Uneven distribution can lead to 
defects, dry spots and waving surface.  
Furthermore, the prototype mould, with dimensions of 1000mm x 500mm, had limited capacity, restricting 
the ability to conduct proper testing on a bus side skirt part. Based on these difficulties Windesheim 
University provided a solution involving a shaker machine equipped with a belt conveyor. This system 
automates the process of moving the shaker up and down, ensuring the fibres are evenly dispersed within 
the mould.  Additionally, the upside of the technology is that at the beginning of the process the right colour 
can be added to the mould, resulting in the part being produced in the right colour.  
To mitigate dust generation, the automated line must be housed in a room with good air flow and vacuum 
filtration. This will help to maintain a safe and clean working environment. Another difficulty is that a hook 
part, is required to be attached 
later to the side skirt. The 
presence of this hook part makes 
impossible the side skirt to 
demould.  
By implementing these solutions, 
the aim is to improve the 
efficiency and quality of the 
production process, ensuring that 
the recycled fibres are handled 
safely and distributed evenly 
within the moulds. 
 

 
  

 
Figure 7. Automate pilot line 
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2.4 Economical evaluation 
 
From Table 5, the cost comparison between the recycled side skirt and the current aluminium side skirt 
shows a notable difference in overall expenses. The recycled side skirt costs 90.48 euros per part, whereas 
the current aluminium side skirt costs 110 euros per part. This represents a cost saving of 19.52 euros per 
side skirt when choosing the recycled version. 
 
The lower cost of the recycled side skirt is primarily due to the use of inexpensive recycled materials (0.25 
euros per side skirt) and leftover virgin unidirectional fibres from production, which effectively reduces 
material expenses. Additional materials, such as foaming epoxy resin (16 euros per kg), gel coat (10-20 
euros per kg), and 3D-printed parts (1 euro per side skirt), contribute to the total cost. However, labour and 
processing costs amount to 50 euros per side skirt, per hour, which influences significantly the final cost of 
the production.  
 
In contrast, the current aluminium side skirt relies on more expensive raw material, costing 8 euros per side 
skirt and 2500 euros per ton. The labour and pultrusion process costs are not explicitly detailed, however 
the final price of 110 euros per side skirt is known from the supplier.  
 
Overall, the analysis suggests that the recycled side skirt is a more cost-effective and sustainable alternative. 
 

Table 5: Economic evaluation of recycled and current side skirt. 

 Recycled side skirt 
Material Cost 
Recycled material 250 euro per ton / 0.25 euro per side 

skirt 
Foaming epoxy resin 16 euro per kg 
Virgin unidirectional Left over from production 
Gel coat  10 to 20 euro per kg 
3D printed part 0.5 euro per part/ 1euro per side skirt 
Labouring/ Process  50 euro per side skirt / 1h 
Profit 10% per side skirt 
Total 90.48 euro per side skirt  

 
 
 
 
 

 

 Current Side skirt 
Material  Cost 
Aluminium  2500 euro per ton / 8euro per side skirt 
Pultrusion process/ 
Labouring  

? 

Total 110 euro per side skirt 
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process, various types of reinforcement materials can be used to enhance the mechanical properties of the 
final product.  These reinforcements can be selected based on the specific requirements of the part being 
manufactured, such as strength, stiffness, weight, and cost. 
The availability of materials such as recycled glass fibre depends on the suppliers. Recycling companies face 
several challenges including working conditions, material quality and economic viability. These conditions 
require ongoing attention and innovative solutions to ensure the sustainability and efficiency of recycling 
operations. 
 
Potential Applications in the Automotive Industry 
 
The MC4 project (Multi-level Circular Process Chain for Carbon and Glass Fibre Composites) has shown 
promising results in developing effective and economically viable recycling methods for composites made 
from thermoset materials, including both carbon and glass fibres. Recycled glass fibres are gaining traction 
in the automotive industry due to their sustainability and compliance with regulations such as the European 
End-of-Life Vehicles regulation. 
Sectors such as public transport, including buses and trains, show great promise for incorporating recycled 
materials into their vehicles to reduce environmental impact. This includes interior panels and passenger 
equipment like tables and chairs. Additionally, building construction and urban furniture, such as joining 
collets, building facades, urban benches, and information poles, can also benefit from the use of recycled 
materials. 
In conclusion, the project demonstrates that with the necessary adaptations, recycled materials can be 
effectively utilized to produce high-quality products. This not only enhances the efficiency of the production 
process but also maximizes the potential of recycled materials, contributing to a more sustainable and 
resource-efficient manufacturing model. 
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After studying the behaviour of these reinforcements during the different stages of manufacturing process 
and analysing the mechanical performance of the final composites, the BT300 nonwoven with a grammage 
of 300gr/m2, was selected to produce the two demonstrators. 

 
Figure 9 Flow chart of manufacturing process of prepregs and final parts manufacturing 

In the following images is shown the design of the simple part from the automotive sector: an insulating 
top cover for the back seat part of a bus.  Due to limitations of textile availability the dimensions of the 
demonstrator were reduced from initial dimensions to width of 750mm and length of 850mm. 

 

Figure 10 Cast mould plane of automotive part 

3.2 Technical specifications assessment 
 
Qualitative visual inspections were conducted at stages of the manufacturing process to identify potential 
defects and assess the quality of the prepreg and final part obtained. Specific focus was given to defects 
like porosity, non-impregnated areas, microbubbles and compaction. 
 
This analysis confirmed that a high grammage vinylester formulation had to be applied to the films during 
prepreg manufacturing to achieve a homogeneous and adequate impregnation of the BT300 textile.  It is 
necessary to modify the parameters of the prepreg manufacturing process in order to optimise the 
impregnation of the textile by minimising the formation of defects. 
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After improving the manufacturing process of the prepreg, its mechanical performance were studied. The 
following Table 6 shows the performance of the material developed for the manufacture of automotive and 
marine parts. 
 

Table 6. Properties of developed CFC material with recycled textile vinylester prepreg. 

 BT300 

 Average Deviation 

Tensile Strength (Mpa) UNE-EN ISO 527-4/2/2 38.7 8.35 

Tensile Modulus (Mpa) UNE-EN ISO 527-4/2/2 8520 1251.37 

Flexural Strength (Mpa) UNE-EN ISO 
14125/AC:2002/A1 

159 50.60 

Flexural Modulus (Mpa) UNE-EN ISO 
14125/AC:2002/A1 

6530 1374.13 

Interlaminar shear strength (Mpa) UNE EN ISO 
14130 

19 2.61 

Density (gr cm-3) UNE 53 020:1973 1.2463 0.0036 

 
 
The insulating top cover for the back seat part of a bus was manufactured stacking two layers of prepreg 
based on BT300 according to the process described above.  The visual inspection reveals proper compaction 
and impregnation of the material throughout the entire area of the part. Similarly, it is observed that the 
prepreg conforms correctly to the mould, achieving the required part geometry without the presence of 
defects or fibre clusters in the areas of the part with 120° angle, see Figure 11. 
 

 

Figure 11 Detail of automotive part manufactured, 120 ° angle. 
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3.3 Virgin materials product comparison 
 
The resin formulation based on vinylester resin was used to manufacture new prepregs with a nonwoven 
recycled carbon fibre (benchmark) available on the market, with chain stitching and a grammage of 317 
g/m². This prepreg was moulded to obtain coupons for mechanical characterization. The results of this 
characterization revealed significant differences in tensile behaviour with prepreg based on BT300, see 
Figure 12. However, the bending properties and interlaminar shear strength were not affected by the type 
of nonwoven reinforcement, see  Figure 13 and Figure 14. The differences observed in the density of the 
cured material suggest a lower presence of porosity, likely generated by a higher compatibility of the 
vinylester formulation with the carbon fibre in the case of the commercial system, see Figure 14. 
 

 
Figure 12 Comparative graph of tensile strength properties of composite materials. 

 

 
Figure 13 Comparative graph of flexural strength properties of composite materials. 

 

 
Figure 14 Comparative graph of interlaminar shear strength properties and density of composite materials. 

 
It is important to note that the production of the prepreg material with Chomarat's nonwoven was similar 
to that of the benchmark nonwoven, indicating its suitability for pre-impregnate fabrication. 
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4. BOAT COMPONENTS MADE FROM RECYCLED 
MATERIALS 

4.1 Recycling and manufacturing process description 

Amura's objective within the MC4 project is to design and manufacture a demonstrator for the nautical 
sector using sustainable composite materials. This demonstrator aims to assess the feasibility of integrating 
recycled carbon fibre into marine applications, ensuring that the material meets industry standards in terms 
of durability, resistance to the marine environment, and mechanical performance. 

4.1.1 Recycling Process 

Although the initial plan was to use solvolysis-recycled carbon fibre from Gaiker, delays in the chemical 
recycling process led to the exclusive use of recycled carbon fibre sourced from Non-Crimp Fabric (NCF) 
production offcuts at Chomarat for the manufacturing of the T-Top demonstrator. These offcuts originate 
from the cutting and trimming stages of structural carbon fibre fabrics prior to resin impregnation, allowing 
for their reuse without significant degradation of their mechanical properties. 

The recycling process involved the collection and classification of these carbon fibre residues, which were 
subsequently processed using mechanical stabilisation techniques. Specifically, polyester stitching 
consolidation methods were employed to produce non-woven reinforcements with a structure suitable for 
impregnation in vacuum infusion manufacturing processes. This process ensured the production of a 
recycled reinforcement with properties suitable for integration into composite manufacturing, 
guaranteeing compatibility with the production methods employed in the project. 

4.1.2 Manufacturing Process 

 
Figure 15. T- Top design 

The T-Top was manufactured using an optimised vacuum infusion process with bio-based epoxy resin. The 
process was carried out using a Vacmobile V2HD vacuum system, applying a pressure of 100 kPa to ensure 
uniform laminate impregnation. During manufacturing, environmental conditions were monitored and 
maintained within optimal process ranges, with atmospheric pressure values between 1023.5 and 1026.3 
hPa and a controlled relative humidity between 53% and 66%, preventing adverse effects on resin 
impregnation. The gelation time varied between 2 and 5 hours, depending on the catalyst used, ensuring 
precise control of curing kinetics and dimensional stability of the laminate during infusion and polymer 
matrix consolidation. 



















MC4 101057394 

28 

hybrid applications or in products where sustainability is a key criterion. In sectors such as inland water 
vessels, lake boats, or projects with environmental certifications, recycled material presents a viable 
alternative, offering the advantage of reducing environmental impact while remaining compatible with 
industrial processes such as vacuum infusion. In conclusion, its incorporation into a sustainability and 
circular economy approach expands its potential applications within the nautical industry and other 
environmentally driven sectors. The project has validated that, with the necessary adaptations, it is possible 
to manufacture high-quality products using recycled materials, optimising their processing and maximising 
their potential within a more efficient production model. 
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5. BOAT COMPONENTS MADE FROM RECYCLED 
MATERIALS AT LAB SCALE 

5.1 Recycling and manufacturing process description 
 
The recycling process carried out is the same as the one described in section 4.1.1. A pedestal base was 
manufactured according to the manufacture process described in section 3.1 based on the vinylester 
preimpregnated material manufactured with BT300 reinforcement. The design of this part can be observed 
in Figure 18. 
 

 
Figure 18. Drawing and design of pedestal base 

5.2 Technical specifications assessment 
 
The mechanical properties assessment of material developed prepreg is descripted in section 3.2. 
 
Regarding the manufacture of pedestal base, the visual inspection of the manufactured part revealed 
significant limitations in adapting the prepreg to the complex geometry of the pedestal base. The 
compaction of the prepreg was heterogeneous in the part, with limited compaction and significant defects 
in the vertical areas, see Figure 19. 

 
Figure 19. Detail of pedestal base manufactured with recycled prepreg 
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5.3 Virgin materials product comparison 
 
Materials are the same as described in 3.3. 
 

5.4 Design and manufacturing lessons learnt 
 
The pedestal base presented greater challenges due to the complexity of its geometry. Although the 
nonwoven material had a stitching pattern to supply some consistency and direction to the carbon fiber, it 
was not ideal for parts with intricate shapes like the pedestal. The chain-tricot stitching used by Chomarat 
made it difficult for the textile to conform to the mould, which impacted the subsequent compression step 
with the silicone membrane. In contrast, the same part was manufactured using a commercially available 
recycled carbon fibre nonwoven with chain stitching (benchmark), which adapted better to the mould, 
resulting in better compression and aesthetic properties. 
 
As a general conclusion the prepreg developed based on recycled reinforcement provided by Chomarat is 
suited for manufacturing simple, flat components. However, the use of this new material for production of 
parts with complex geometries is limited. 
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6. AEROSPACE COMPONENTS MADE FROM 
RECYCLED MATERIALS 

6.1 Recycling and manufacturing process description 

6.1.1 Aerospace use-case 

This study focuses on demonstrating the manufacturing feasibility of aerospace parts from reused materials 
developed within MC4 project. For this purpose, a semi-structural part of the Airbus A380 was selected a 
as a use-case: the leading-edge front rib. This part is placed on the leading-edge of the horizontal stabilizer, 

as shown in Figure 20. The stabilizer is a fixed aerodynamic surface designed to enhance the aircraft's 
stability and maintain a straight and level flight. The vertical stabilizer plays a crucial role in counteracting 
unwanted lateral movements, effectively preventing excessive side-to-side, or yawing, motion of the 
aircraft's nose. A key aspect of this study is the utilization of reused and calendered material, which 
undergoes a controlled thickness reduction process to optimize its mechanical properties and ensure 
uniformity. 

6.1.2 Scrap transformation process 

This research starts with the stringers manufacturing for the Airbus A320, and with the reusing of its scrap. 
Initially, a flat panel laminate with a predefined layup is produced to cut the stringer preforms. Once the 
preforms are cut, the remaining waste from the flat panel laminate is processed to obtain homogeneous 
rectangular strips with a width of 20 mm and a thickness of approximately 2.2 mm. It is important to 
highlight that this waste accounts for 20% of the total raw material used for each flat panel laminate (Figure 
21: Typical view of the off-cuts generated by the ATL). Subsequently, these strips undergo calendering 
technology to reduce their thickness from 2.2 mm to 1 mm, with a tolerance of ±0.2 mm. 
 
The calendering process aims to reduce 
the thickness variations in carbon fibre 
(CF) scrap and align fibres 
predominantly in the 0° direction, 
which enhances material performance. 
This process follows an initial cutting 
step where scrap is prepared into 
manageable strips. These strips are 
processed through a calendering 
machine equipped with compacting rollers. After sorting and classifying the prepreg scrap and cutting it to 
the desired strip widths, the calendering process begins. This stage focuses on reducing the thickness of the 

 
Figure 20: Rib geometry placed on the leading edge 

 
Figure 21: Typical view of the off-cuts generated by the ATL 
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material from 2mm to approximately 1 mm. The calendering process involves feeding the prepreg strips 
into a pre-heated calendering machine, where the roller gap is gradually adjusted with each pass to achieve 
the target thickness (Figure 22). 

 
 
The bar chart below (Figure 23) illustrates the relationship between the width of CF prepreg strips and their 
final thickness after the calendering process, using the same number of calendering steps. As the graph 
shows, wider strips consistently result in greater final thickness compared to narrower ones, which aligns 
with the technical explanation previously discussed. 
 

 
 
The increase in final thickness with strip width is evident from the trend in the graph, where strips of 4 mm 
width achieve the lowest final thickness, while strips of 20 mm width retain the highest. This directly 
correlates to the distribution of pressure across the rollers: the wider the strip, the more the pressure is 
diluted over the surface, reducing the compaction efficiency. Additionally, the limited lateral flow of 
material in wider strips and their greater inherent stiffness contribute to the observed trend. 
 
In this process, the fibre continuity and its length is crucial for ensuring uniform mechanical properties. If 
the strip width is too narrow, the alignment and continuity of fibre orientation within the laminate can be 
compromised, potentially leading to localized variations in stiffness, strength, and overall material 
performance. A narrower strip may introduce discontinuities or gaps between adjacent layers, affecting 
load transfer efficiency and structural integrity. Therefore, the 20 mm width was chosen to maintain a 
consistent and homogeneous laminate structure. 

 
Figure 22: Calendering method considering scrap as raw material, strip compaction and strip results 

 
Figure 23: Evolution of final thickness with increasing width and same number of steps 
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As a summary, Figure 23 serves as a clear visualization of these effects, reinforcing the importance of 
optimizing strip width during the calendering process to achieve the desired thickness reduction 

6.1.3 Use-case manufacturing description 

Regarding the leading-edge rib manufacturing, the hot-press technology was selected to process it using 
this reused material because the strip thickness is much higher in comparison with conventional aerospace 
prepreg plies. Considerable compaction pressure is needed to reach the required tolerance of the thickness 
part. The sequence of the hot-press technology using the reused material is as shown in Figure 24. 
 

 
 
In the Figure 25, it is possible to observe the whole process of the curing press cycle, obtained after the 
manufacturing of the demonstrators. It has been obtained by placing a thermocouple between the 
laminated layers of carbon. The cycle starts at room temperature and rapidly ascends to a temperature of 
around 180 °C in 25 minutes. The curing cycle is set to 2 hours at 180 °C. The key is for the CF to first reach 
80 °C to ensure the material's malleability and moldability. Then, a compaction pressure of around 8 bar is 
applied. After that, the temperature of the CF needs to go up to 180°C, to make sure that the curing process 
starts. These conditions need to remain constant for a set duration, 2h in this case, allowing the material to 
cure and create a strong bond, obtaining a uniform curing. Finally, the pressure is gradually released and 
proceed to hot demolding. 
 

 

6.1.4 Full circular process chain 

The full circular process chain of the production of the leading-edge rib use-case can be observed in Figure 
26. It consists of several steps, starting from waste production and ending up in manufacturing reused 

 
Figure 24: Manufacturing methodology for hot-press technology using reused material 

 
Figure 25: Curing press cycle 
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aerospace products. Four main steps have been identified, plus the end user, allowing for a circular, 
repeatable process. 
 
Initially, the waste generators are responsible for ensuring that waste is provided in an optimal condition 
for reprocessing. Currently, prepreg scrap is discarded directly into a container, resulting in a compacted 
mass of material. To improve waste management, the disposal process should be adjusted to maintain the 
scrap as aligned and flat as possible. In this case, this role is represented by aerospace component 
manufacturers, either OEMs or Tier 1 companies. In a second step, the waste management company should 
look after the prepreg scrap, ensuring proper collection, followed by accurate cutting and storage. A 
specialized waste management organization should handle it due to the specific requirements for handling, 
transport, and storage, particularly the need for frozen conservation. 
 
In further processes, two actors not currently present in the chain are required. The first one is 
transformation process responsible, in charge of the calendering process and the flat panel production from 
calendered strips. At this stage, panels can be supplied to the composite parts manufacturer for using as 
raw material for the hot-press technology. Lastly, the composite part manufacturers, as the end users, 
should apply the hot-press technology for the manufacturing of the reused material. The main reason of 
the selection of this process was due to the higher thickness of the strips compared to the conventional 
aerospace prepreg plies 
 

 
 

6.2 Technical specifications assessment 
This section of the deliverable will provide a detailed analysis of the various fabrication methods studied to 
carry out the leading-edge rib use-case. Four technology demonstrators have been manufactured using 
both virgin carbon fibre (Demonstrator 0) and different manufacturing techniques with the recycled carbon 
fibre strips (Demonstrator 1-3). 

6.2.1 Demonstrator 0: Leading-edge rib use-case developed by RTM technology 
(baseline) 

The main objective of manufacturing the technology Demonstrator 0 using the RTM (Resin Transfer 
Molding) technology is to serve as a baseline (Figure 27). This demonstrator serves as a reference for 
comparing results as the physicochemical and mechanical properties, manufacturability, and cost-
effectiveness of the process compared to other fabrication methods. 

 
Figure 26: Overview of value chain approach for the reused material production focused on leading-

edge rib application 
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RTM is a manufacturing process in which a 
liquid thermoset resin is injected into a closed 
mould containing a fibre preform. This 
method allows to produce complex composite 
structures with high fibre content and precise 
dimensional control. The process begins by 
placing a dry fibre reinforcement, carbon fibre 
in this case, into a mould cavity. Once the 
mould is closed, resin is introduced under 
pressure, permeating the fibre preform and 
filling the mould. After the resin cures, the 
composite part is finished. RTM offers 
advantages such as improved surface finish, 
reduced void content, and the ability to 
incorporate complex geometries and 
integrated components. However, it requires 
careful control of processing parameters, 
including resin viscosity, injection pressure, 
and mould temperature, to ensure complete 
impregnation of the fibres. 
 

6.2.2 Demonstrator 1: Leading-edge rib use-case developed by hand lay-up & 
vacuum bag 

The main objective of manufacturing the 
Demonstrator 1 by hand lay-up and vacuum bag is to 
study the influence of the compaction pressure on 
the material quality. In this case, the compaction 
pressure applied is only the vacuum pressure 
whereas in the following case, Demonstrator 2 
(detailed in the chapter 6.2.3), a compaction 
pressure provided by hot-press (around 8 bar) was 
considered. Figure 28 presents demonstrator 1 
result. 
 
The hand layup and vacuum bag process begins by 
heating each strip with an industrial dryer to 
increase flexibility, allowing it to conform to the 
convex tool. Once the preform is manually 
completed, the release film and vacuum bag are 
applied. Vacuum pressure is then applied to ensure 
the preform fully conforms to the mould shape. 
Finally, the curing cycle is carried out for two hours 
at 180°C. 
 

6.2.3 Demonstrator 2: Leading-edge rib use-case developed by hot-press process 
and 3 plies 

The primary objective of manufacturing Demonstrator 2 using the hot-press process was to assess the 
impact of high compaction pressure on the quality of the composite material. This demonstrator was 

 
Figure 27: Demonstrator 0 manufactured using RTM 

technology (baseline) 

 
Figure 28: Demonstrator 1 manufactured by 

hand lay-up & vacuum bag 
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Visual inspection revealed that demonstrator 3 exhibits higher quality than demonstrator 2, with fewer dry 
spots and areas of resin deficiency (see Figure 32). Areas marked in red represent dry spots (i. e. areas 
where there is not enough resin impregnation after the hot-press process), that could lead to reduced 
mechanical properties, increased porosity, delamination and inconsistent performance. 
 

 
 

6.2.5 Characterization Results: Fibre Volume Fraction (FVF) & Void Content 

The figure shown below (Figure 33Figure. 34) illustrates a comparison of fibre volume fraction (FVF) values 
for various demonstrators, including data obtained from flat panel samples. The flat panel samples 
represent the baseline FVF before shaping and serve as a reference point. The FVF values for all 
demonstrators shown in the figure, except for Demonstrator 3, exceed the nominal fibre volume fraction 
of 57.4%, reaching approximately 65%. This increase in FVF for most demonstrators suggests resin loss 
during the calendering process. This resin loss likely contributes to the formation of dry spots and areas of 
resin deficiency observed on the demonstrator surfaces, as stated before. Specifically, the calendering 
process, which involves compacting the material, may have expelled excess resin. 
 

 
Figure 31: Demonstrator 3 manufactured 

using hot-press process and 2 plies 

  
Figure 32: Comparison of dry spots and resin deficiency on the 

surface of Demonstrator 2 (3 plies, left) and Demonstrator 3 (2 plies, 
right) 
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Void content (the percentage of empty space within the material) was measured for each demonstrator, 
showing that Demonstrator 0 meets the aerospace standard of <2% void content. However, Demonstrators 
1 and 2 show higher levels of 10% and 4%, respectively, as could be inferred due to the resin loss. While the 
hot-press process reduces voids through compaction, Demonstrator 3 only marginally complies with the 
2% limit, while the void content in the other reused material demonstrators would render the material 
unsuitable for the intended application. This indicates a need to refine the manufacturing process, 
addressing resin loss as a key factor influencing void formation (see Figure. 34). 
 

 

 
Figure 33: Comparison of FVF between demonstrators 
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Figure. 34: Comparison of voids content between demonstrators 
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As shown in the figure above (Figure 35), in the case of the Demonstrator 1, a significant thickness variability 
can be observed. Therefore, it can be concluded that calendered material requires high compaction 
pressure, due to the high thickness per ply. Many large size voids, with inconsistent shapes are also noted. 
Regarding Demonstrator 2, less voids are found, although a more severe lack of resin is present. In this case, 
the layup leads to an excess of compaction and thus, resin is forced out from the demonstrator. On the 
other hand, the thickness is very uniform due to the rigid metallic tooling. 

6.3 Virgin materials product comparison 
 
The following table (Table 9) details the thermal, physical-chemical, and mechanical characteristics of the 
new reused material developed within the MC4 project.  These properties, determined using aerospace 
standard testing methods, are essential for evaluating the material's performance and ensuring it meets 
application requirements.  Key properties include the glass transition temperature (Tg, critical for thermal 
stability), fibre volume fraction (FVF, directly influencing mechanical performance), and tensile and 
compressive properties (Young's Modulus, strength, and elongation at break) in both 0° and 90° fibre 
orientations, providing a complete picture of the material's mechanical response. 
 
Table 9. Properties of uncured reused material developed within MC4 project 

 Properties (unit Values 

Thermal Tg (C) 248.85 

Physical - chemical FVF (%) 64.5 

Tensile 0° Young Modulus (GPa) 77 

Strength (MPa) 480 

Elongation at break (%) 0.6 

Compression 0° Young Modulus (GPa) 62 

Strength (MPa) 673 

Elongation at break (%) 1.8 

 
Figure 35: Micrograph analysis for void magnitude and shaping for 

Demonstrator 1 (up) and Demonstrator 2 (down) 
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In the circular process, the manufacturing cost emerges as the overwhelmingly dominant factor, 
contributing over 90% to the total life cycle cost, while the cost of raw materials accounts for approx. 10%. 
Conversely, in the conventional demonstration, the manufacturing phase remains the primary cost 
contributor, though at a comparatively lower level of 62%. Additionally, raw materials represent a 
significant cost component in the conventional process, contributing 38% to the total LCC. This stark 
contrast underscores the differing cost structures between the two approaches. 
 

 
 
Focusing on the manufacturing phase (Figure 38 above) where raw material costs are included in the 
calculations, the breakdown analysis reveals that labour is the dominant cost factor, contributing 66% to 
the total manufacturing cost (reduced to 50% in the improved productivity scenario). Depreciation cost, 
that take into account the machinery investments, is the second-largest cost category, accounting for 16% 
(rising to 19% for the alternative scenario). Raw materials cost comes in third contributing 6% and 7,5% for 
the base and alternative scenario respectively. In the conventional demo, raw materials and depreciation 
are the main cost factors with 38% and 31% contribution respectively. Depreciation represents a significant 
cost, accounting for 20% of the final cost. 
 

 
Figure 37: LCC break-down analysis 

 
Figure 38: Manufacturing cost break-down analysis 
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The comparative analysis in Figure 40, using normalized values, shows that under the operational 
parameters applied during the manufacturing of the MC4 demo, the life cycle cost (LCC) is 88% higher than 
the conventional process. This is primarily attributed to the higher labour cost. However, when the 
improved productivity scenario is considered, the LCC of the circular demo decreases, becoming 8% lower 
than that of the conventional process. 

 
 

6.5 Design and manufacturing lessons learnt 
 
A key advantage of using reclaimed prepreg is the significant cost reduction achieved in manufacturing. 
Reusing this material optimizes resource utilization, minimizes raw material waste, and lowers overall 
production costs without substantially compromising component mechanical performance. Furthermore, 
the modified material properties can be advantageous in applications where high 0° strength is not critical, 
enhancing the process's economic viability. 
 
Despite the economic benefits, the process presents several critical challenges. First, strict monitoring of 
exposure times is required, as the reused material is prepreg and therefore highly sensitive to temperature, 
humidity, and aging effects. Failure to control these parameters could result in material degradation, 
leading to suboptimal mechanical and physicochemical properties. Moreover, the management of scrap 
material must be highly meticulous, ensuring that only viable material is reused to maintain consistency 
and reliability in manufacturing. Another major concern is the excessive resin loss during the calendering 
process, which directly affects the final FVF. This loss can lead to reduced matrix content, impacting 
interlaminar properties and increasing the risk of defects such as porosity or delamination in the final 
component. 
 
Industrial-scale implementation of this process faces two key challenges. First, managing the CFRP prepreg 
scrap requires specialized handling by waste management companies (as illustrated in Figure 26). This 
includes collection, sorting, cutting, and storage, notably the need for freezer storage to maintain the 
uncured prepreg's properties. These specialized waste management companies must adapt their facilities 
to meet these specific storage requirements, including investing in appropriate freezer capacity and 
handling equipment. Second, securing an enough volume of reclaimed CFRP prepreg to justify investment 
in the new calendering technology is crucial. This requires the collaboration with major aerospace 
companies like AIRBUS, EMBRAER, LEONARDO SpA and BOEING, as well as their Tier 1 suppliers such as 
AERNNOVA, ACITURRI and SONACA, to establish a reliable supply of scrap material. 
 

 
Figure 39: LCC comparative analysis 
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Regarding the manufacturing process, one of the fundamental conclusions learnt during the project is the 
minimum thickness limitation imposed by the calendering process. It has been determined that the 
thickness of the calendered material cannot be reduced below 1 mm due to the structural requirements of 
the laminating process. Any attempt to go below this threshold results in compromised fibre alignment and 
insufficient matrix distribution, leading to difficulties in achieving the desired mechanical properties. 
Consequently, this limitation has directly influenced the manufacturing strategy for the rib component, as 
the previous approach led to severe demoulding challenges due to excessive pressure buildup in the mould 
radii. The adjustment in the laminating sequence was necessary to facilitate easier demoulding and prevent 
damage to the component, ensuring a more efficient and reliable production process. 
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7. SPORT EQUIPMENT MADE FROM RECYCLED 
MATERIALS 

7.1 Recycling and manufacturing process description 
 
The MC4 project aims at developing new processes to recycle composite materials. It is split into the 
recycling of both carbon and glass fibre in the short and long term. The kayak and paddle were developed 
in the context of long-term recycling of glass fibre components. To demonstrate the feasibility of this 
technique, it was important to develop both the part to be recycled and the recycled part. Indeed, the use 
of vitrimer resin allows, in this case, a reforming into a different geometry from an existing part to give it a 
second life. The main advantage of this technique is that the reformed part exhibits mechanical 
characteristics very close to the original part, thanks notably to the preservation of the fibres. In fact, here 
the fibres are neither damaged nor reduced in size during the reforming process, offering a high-quality 
recycling solution at a lower cost. Fibre-matrix separation processes also provide recycling of fibres while 
maintaining good mechanical properties, but they are far too costly to implement in the case of glass fibre, 
where the recycled fibre could end up being more expensive than virgin fibre. Therefore, the use of vitrimer 
resin is the ideal solution to create high-performance recycled glass fibre parts while being economically 
viable. 
The choice of parts to be developed with the use of vitrimer resin was focused on sporting equipment, a 
field where glass fibre is widely used. It was therefore decided to develop a full-scale kayak made from glass 
fibre and vitrimer resin, and then to create paddles from preforms directly cut from the kayak. 
The kayak is manufactured using the infusion process, which involves stacking various layers of dry 
reinforcements in a rigid mold and placing the whole assembly under vacuum using a sealed membrane. 
The entire stack is impregnated by the migration of resin through a stack of peripherals made up of peel 
plies, drainage mesh, and vacuum bags. The sealing is achieved using a tacky tape. Resin arrival and suction 
are ensured through various accessories: hoses, spiral hoses, fittings, connectors, etc. This process allows 
for a higher fibre volume fraction than wet layup (60% compared to 40% in wet layup) and provides better 
operator protection (fewer VOCs). This method is particularly used for the manufacture of large parts, which 
is ideal for the kayak, which measures about 4 meters in length. 
The epoxy resin, diluent, and hardener mixture that form the vitrimer is infused at a temperature of 60ºC 
to achieve a low enough viscosity for the infusion process. Once the infusion is complete, the mold is heated 
to 130ºC for 1 hour and 30 minutes for curing, then to 150ºC for 1 hour for post-curing. 
Once the kayak is finished, the preforms for the fabrication of the paddle are cut from the hull and deck 
using an angle grinder. If the piece was previously painted, as is the case with the kayak, a sanding step is 
essential to remove any paint. Thermoforming then consists of heating the preform to soften its matrix, 
followed by shaping it into its final form by pressing it into a mold under a press. The material temperature 
is raised to 180ºC and held for 10 minutes at 60 bars. The cooling of the preform is then realized under the 
same pressure to prevent any deformation, such as spring back. The laminate of the reformed piece remains 
identical to the original piece. However, it is possible to stack multiple preforms during thermoforming by 
adding a vitrimer adhesive. This way, the thickness of the reformed piece can be adjusted to ensure its 
mechanical properties. A final trimming is done to obtain the finished part. 
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Figure 40. Flow chart diagram of reshaping 3R resin component 

7.2 Technical specifications assessment 

7.2.1 Kayak 

Mechanical performance validation 
 
The laminate sequence of the kayak was defined to ensure proper mechanical strength. The simulation of 
the kayak was performed in which the load case was representing the weight of a person of 150 kg sitting 
down on a slightly rearward position from the center of the kayak as it is represented in the figure below. 
The worst-case scenario was selected with 2 fixed points at the ends of the hull of the kayak. 

The laminated below was thus validated by this numerical simulation, ensuring that the maximum 
displacement and maximum stress do not lead to any rupture of the material. It is worth noting that the 
mechanical properties used for the simulation come from mechanical tests conducted by CIDETEC on 
samples infused with the same glass fibre and vitrimer resin. 

 
Figure 41. Load case and results of kayak simulation 
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It is also essential to ensure the water tightness at the level of the threaded inserts that serve as 
attachments for the different elements of the kayak. To do this, blind threaded inserts (rivet nuts) are 
installed with adhesive to prevent any water infiltration at 
this level. 
 
Preform extraction for recyclability 
 
One of the key benefits of developing the kayak with 3R 
resin is the ability to give it a second life. It is essential to 
consider this aspect in the design. The preforms extracted 
from the kayak cannot have overly pronounced curves, as 
they would be too difficult to reshape. Therefore, the 
design must prioritize large, flat areas with low curvature. 
Based on the size of the preform needed to manufacture 
the paddle, the kayak design has been optimized to 
maximize the number of preforms that can be extracted. 
10 preforms can be extracted from the deck, and 24 from 
the hull. Preforms were extracted on one half of the kayak 
to demonstrate that. 
 
Manufacturing process validation 
 
One of the important factors to consider in the design is 
the manufacturing method. Here, the infusion process 
chosen to align with the 3R resin characteristics must not hinder the production of the kayak. A few 
considerations need to be taken into account. Infusion is an open-mold process, which means only one side 
is in contact with the mold (side A). This side A will be smooth, while the infusion side, side B, will be rough. 
Therefore, the B-side of each kayak component must be reserved for a non-functional surface. In this case, 
the B-sides are the ones enclosed inside the kayak, while the A-sides are reserved for all the visible surfaces 
of the kayak. Another important point concerns the demolding of the part. In fact, only surfaces with an 
angle greater than 2 degrees can be demolded. This is why a minimum angle is given to the vertical walls of 
the deck seat. The flange has a negative angle relative to the demolding axis, which cannot be achieved 
with a single mold. The manufacturing of the flange was made possible by adding a partition to the mold, 
which can be removed before demolding as shown in Figure 45. Parts after infusion were visually controlled 
and no defects were detected, showing that the infusion process with 3R resin was successful on the kayak. 

 

 
 
 
 
 
 

 
Figure 44. Cutout from the kayak for 

the paddle reshaping 

 
Figure 45. Draft angles for demoulding (left) and Deck mold with the flange partition (right) 
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The finite element analysis iterations validated this new paddle configuration, demonstrating its mechanical 
strength in use. 

To validate physically mechanical properties of the paddle, studies are conducted directly on the geometry 
of the thermoformed paddle derived from the infusion of the entire kayak. These studies aim to validate 
the mechanical properties at the demonstrator scale. The mechanical tests are conducted on a flattened 
preform extracted from the kayak and a flattened preform extracted from the paddle to determine the 
recovery ratio after reshaping. Results are shown in Figure 50. 

 
Figure 50. Properties retention ratio of 3R GFRP, from the primary material (3R Kayak) to the recycled part 

(3R thermoformed paddle) 

These ratios are very good in what regards flexural and interlaminar shear properties, with a full retention 
of the properties. As for the tensile properties, the retention ratio is also good (over 85%), but slightly lower. 
 
DSC and TGA 

 
Figure 48. Adhesive and oar (left), paddle and its reinforcement (right) 

 
Figure 49. Displacement (left) and failure (right) numerical validation 







MC4 101057394 

53 

Manufacturing process validation 
 
Recycling parts made from 3R resin does not 
offer much flexibility in terms of process 
choices. Indeed, thermo-compression is the 
only method that allows for reshaping and thus 
giving the product a new life. Additionnaly, this 
process does have some limitations regarding 
the geometry of the product to be reformed. 
The reshaping of the part takes place in a metal 
mold mounted under a press, where the 
material is gently brought into its final shape 
through the action of pressure. 
 

 
The paddle cannot accommodate overly 
sharp curves or details that would be 
impossible to form. This limitation mainly 
affected the connection between the 
frame and the tube. In fact, a widely used 
solution is to create a hollow section at 
the end of the paddle to insert the tube, 
as shown in the following image. 
 

 
By thermoforming the paddle, this solution may be 
possible to achieve but would require much more 
development in the process. During the project, the 
risk of developing this solution was not taken, as it 
would have resulted in significant additional costs in 
case of failure. This is why the paddle ultimately 
includes a mechanized glass fibre insert, which helps 
absorb the stresses in this highly stressed area, while 
maintaining a geometry that is unlikely to cause 
issues during thermoforming. The final 
thermoforming of the paddle from the preforms of 
the kayak showed that the process was a success 
with this paddle geometry. 
 
Aesthetic finishing 
 
For the same reasons as with the kayak, the finish is an important aspect 
of the development of the paddle. It is crucial to demonstrate that a part 
made from recycled materials can have the same visual appearance as 
one made from virgin materials, and that the user should not have to 
compromise on the aesthetics of the product when choosing the recycled 
version. 
  

 
Figure 54. View of the paddle preform and its mould 

 

 
Figure 55. Conventional fibre paddle 

 

 

Figure 56.  Thermoformed paddle with GF insert 

 
 

 
Figure 57. Finalized paddle 
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7.3 Virgin materials product comparison 
 
The use of recyclable materials in the case of kayaks or recycled materials in the case of paddles leads to 
modifications that need to be considered during the product development phase. Indeed, a product may 
have undergone many years of development and improvements with a given material, and a change in 
material inevitably requires some adaptations. In this section, the main considerations are presented to 
take it into account when using 3R resin in kayak manufacturing and recycled preforms in paddle 
manufacturing. 
Vitrimer resins represent a relatively recent advancement in composite materials, first introduced in the 
early 2010s. Vitrimers are a class of thermosetting resins that, unlike traditional thermosets, can be 
reprocessed and reshaped after curing due to their dynamic covalent bonds. 

7.3.1 Kayak 

Regarding the development of the kayak, the 3R vitrimer resin replaces a conventional epoxy resin. In this 
section, we explain the considerations that were taken into account in the kayak development, in terms of 
design, mechanical performance, and fabrication process. 
 
Design considerations 
 
The use of vitrimer resin as a replacement for conventional epoxy resin does not inherently affect the design 
of a component. Indeed, the infusion process remains the same, and therefore no design modifications 
related to the process are required. However, as explained earlier, the use of vitrimer resin is driven by the 
desire to reuse materials at the end of their life in order to reshape them into another product. It is 
therefore essential that preforms can be extracted from the part made with vitrimer resin. CIDETEC has 
clearly demonstrated that preforms with pronounced curvatures can cause material breakage during the 
flattening of the preforms, as shown in Figure 58. 

 
However, it was observed that adding fibres at ± 45º in the 
composite positively affected the reshaping process, 
eliminating the breakage problems during the flattening with 
pronounce curvature. Nevertheless, to minimize the risk of 
mechanical losses in recycled parts, it remains preferable to 
prioritize flat and gently curved areas for the reuse and 
reprocessing of parts made with vitrimer resin. 
In the kayak development, this was particularly taken into 
account, making surfaces flatter and allowing large surface 
without strong curvatures. However, everything was made so 
that the resulting design does not affect kayak performance or 
aesthetics. 

 
 
 
 
 

 
Figure 58. Flattening defect with sharp curvature 

 

 
Figure 59. Finalized kayak 
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Table 13. Kayak performance comparison 

Performance 
under same loads 

Max 
deformation 

(mm) 

Composite 
failure index 
(failure >1.0) 

Weight (kg) 

Virgin 21 0.32 Equal 

Re-shaped 33 0.42 Equal 

 
The simulation allowed us to verify that the model with 3R meets the mechanical criteria, with maximum 
stresses lower than the allowable stresses and maximum displacements that are not critical. The same 
laminate is therefore validated with both versions, meaning that the use of 3R resin in the kayak does not 
result in an increase in thickness and thus weight compared to the epoxy version. 
However, the kayak version with 3R resin does have a greater maximum deformation than the epoxy 
version. In addition, the margin between the maximum stress and the allowable stress is smaller in the 3R 
version than in the epoxy version. This results in a slightly lower safety factor in the 3R version compared 
to the epoxy version. Reducing this safety factor in the epoxy version is not a feasible solution to save weight 
because the displacement and, therefore, the rigidity of the kayak would have been a critical point and 
would not have allowed proper use of the product. 
 
Manufacturing process with 3R resin 
 
The principle of infusion with conventional epoxy resin and 3R resin is very similar. However, there are some 
differences in the preparation of the resin. A conventional epoxy resin for infusion generally consists of part 
A and part B that are mixed in order to initiate the polymerization reaction. In the case of 3R resin, part B 
(hardener) is in a solid state at room temperature. Therefore, it is essential to heat it to 80ºC to liquefy it 
and mix it with the resin itself, which is heated to 60ºC. 

 
This heating and melting step of the hardener adds an additional stage to the entire resin preparation 
process, but its execution is not complicated, which would not hinder its 
implementation in production. 
 
Another important point when comparing conventional epoxy and 3R 
resin is that the infusion process is generally carried out at room 
temperature, especially for large part manufacturing. Infusion is a process 
that does not require significant investments in machinery, even for large 
part manufacturing. On the other hand, the vitrimer 3R resin requires a 
mandatory infusion temperature of 60ºC to be sufficiently fluid, along 
with a curing temperature of around 130ºC. For small or medium-sized 
parts, reaching these temperatures in production is not a major issue. 
However, it becomes more challenging to heat a boat hull or wind turbine 
blades, which can be several tens of meters long, to 130ºC. This adds a 
complexity during production, but once again, the solution does not seem 
impossible. 
 
  

 
Figure 62. Hardener heating 
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7.3.2 Paddle 

 
Thermoforming process 
 
The thermoforming process of the kayak hull is directly linked to the 3R resin. The use of existing preforms 
to reshape them necessarily involves the application of pressure and heat. The preferred process for 
manufacturing from recycled vitrimer materials is then press thermoforming in a metal mold. This process 
closely resembles the stamping of thermoplastic composite materials. Indeed, vitrimer resins are often 
described as having thermoplastic 
behavior once polymerized. This 
process is therefore a well-known 
method that has benefited from many 
years of development, and it is not 
specific to the recycling of vitrimer 
materials. It is widely used today in 
industry. The advantage of this 
process is its relative simplicity in 
implementation with basic equipment 
such as an oven and press, and the 
high production rates it can achieve 
(around 20-25 pieces per hour). 

 
The main limitation of this process concerns the geometry of the part to be reshaped, which cannot have 
too small curvature radii or abrupt changes in geometry, as the laminate would not adapt well in these 
areas. 
In the case of the paddle, a conventional epoxy resin would have allowed for the selection of a different 
process, such as infusion or prepreg molding, to enable a geometry with more complex shapes. As 
mentioned earlier, the thermoforming process was unable to create the joint area between the tube and 
the blade as seen in conventional composite paddles. Once again, it is worth noting that this was a risk not 
taken during the project. Thermoforming complex-shaped parts require more advanced development with 
numerous tests to be conducted, but in the case of the paddle, it does not seem impossible. Therefore, it is 
highly probable that with further development of the product, it will be possible to create a recycled paddle 
with 3R resin that features a joint with the tube similar to paddles on the market made with virgin materials. 
 
No choice of laminated 
 
Another very important point concerning the 
manufacturing of parts from recycled vitrimer 
preforms is the choice of the laminate. Indeed, 
the thermoformed part is directly derived from 
an already existing laminate that was not 
specifically developed for it. The paddle is a 
part that is mechanically highly stressed and 
must withstand greater forces than the kayak 
itself. Therefore, the same laminate used for 
the kayak is not suitable for being reshaped 
into a paddle, as we showed earlier. To address 
this problem, the paddle incorporates the 
kayak laminate twice, which was made 
possible by bonding two preforms from the 
kayak with a vitrimer adhesive. However, it is 

 
Figure 63. Thermoforming of the paddle 

 

 
Figure 64. Assembly of 2 preforms from the kayak 
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8. URBAN FURNITURE MADE FROM RECYCLED 
MATERIALS 

8.1 Recycling and manufacturing process description 
 
LAB23's "Soul Bench" demonstrates a commitment to circular economy principles by utilising recycled Glass 
Fibre Reinforced Concrete (GFRC) in its production. This process minimises waste and reduces reliance on 
virgin materials. 
 
Recycling Process 
 
The recycling process begins with the collection of end-of-life GFRC automotive parts, primarily from buses 
supplied by VDL, LAB23's partner. Future expansion will involve collaboration with local recycling centres, 
manufacturers, and demolition companies. The collected GFRC waste is then processed using an industrial 
granulator, shredding it into smaller flakes or strands. This shredded material is then cleaned via air blasting 
to remove any contaminants or loose fibres, although this step is optional depending on the condition of 
the waste. 
 
 
Manufacturing Process 
 
The manufacturing process involves hand lay-up and casting. First, a mould, fabricated from glass fibre, is 
prepared and coated with a release agent. For hand lay-up, a gelcoat resin layer is applied, followed by 25kg 
of virgin glass fibre. The shredded, recycled GFRC is then mixed with unsaturated polyester resin (55kg per 
bench) and fillers like recycled glass powder. 100kg of this mixture is then applied to the mould in layers, 
ensuring even distribution and consolidation, until the desired thickness is reached. Alternatively, for the 
casting process, the mixture is simply poured into the mould. The composite is then cured under controlled 
temperature and humidity. After curing, the bench is carefully removed from the mould and undergoes 
finishing operations like trimming and polishing. Finally, the bench is ready for installation, with optional 
features like armrests, chargers, or speakers added based on customer needs. 
 
End-of-Life and Circularity 
 
At the end of the bench's life, the GFRC material is collected, and any additional components are separated 
for reuse or recycling. The GFRC itself is then reprocessed by shredding and can be reused in new composite 
products. This may involve mixing with virgin resin, glass fibre, and gelcoat, or using it in less demanding 
applications. Throughout the process, material tracking is maintained to monitor the circular flow, and 
collaboration between stakeholders is emphasized to ensure the process's overall success. 
 
 
 
Material Flow Chart 
 
[End-of-Life GFRC Automotive Parts (VDL)] --> [Collection] --> [Shredding/Grinding (Granulator)] --> 
[Cleaning (Optional)] --> [Resin Preparation (Unsaturated Polyester Resin + Fillers)] --> [Mixing (Shredded 
GFRC + Resin)] --> [Mould Preparation (Glass Fibre Mould + Release Agent)] --> [Hand Lay-Up (Virgin Glass 
Fibre + GFRC Mixture) OR Casting (GFRC Mixture)] --> [Curing] --> [Demoulding] --> [Finishing] --> [Urban 
Bench (Soul Bench)] --> [Installation & Use] --> [End-of-Life] --> [Component Separation] --> [Reprocessing 
(Shredding)] --> [New Composite Products]  
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This circular process chain allows LAB23 to create sustainable urban furniture, minimising waste and 
promoting a circular economy within the manufacturing sector. 
 

8.2 Technical specifications assessment 
 
The Soul Bench has undergone initial testing to assess its suitability for outdoor urban environments carried 
out by the IUAV University of Venice, in order to evaluate the performance and quality of the product.  
 
Structural strength 
The bench is subjected to load tests to verify its strength and stability. Preliminary results have shown that 
the shredded glass fibre, combined with binders, provides high load capacity and excellent impact 
resistance.  
Visual Inspection 
The bench's surface finish and overall aesthetic were evaluated, confirming it meets the design 
specifications. The recycled GFRC exhibits a unique texture that differentiates it from products made with 
virgin materials. 
Load Testing 
Static load testing was performed to simulate real-world use, including seating and weight distribution. The 
bench demonstrated sufficient structural integrity and stability under the applied loads. 
Durability Assessment 
The bench has been exposed to typical outdoor conditions for a limited period. No significant signs of 
degradation have been observed.  
Material Analysis 
Samples of the recycled GFRC have been analysed to determine its composition and mechanical properties. 
 
By implementing this circular process, LAB23 creates sustainable urban furniture from recycled GFRC, 
minimising waste and contributing to a circular economy.  The Soul Bench represents a tangible 
demonstration of our commitment to sustainable design and manufacturing. 

8.3 Virgin materials product comparison 
 
Table 16. Comparison table between the MC4 Soul bench and a standard production bench 

MC4 PRODUCT FEATURES 
Soul bench 

Quantity in units 
KG 

STANDARD PRODUCT FEATURES 
Soul bench 

Quantity in units 
KG 

GFRC 100 kg Construction Stone Grit 84 kg 

Virgin glass fibre 25 kg Virgin glass fibre 25 kg 

Unsaturated polyester 
resin 

55 kg Unsaturated polyester resin 71 kg 
  

Gelcoat 25 kg Gelcoat 25 kg 
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Construction stone grit is a relatively inexpensive material. However, the cost of transport and processing 
into a usable form for furniture manufacturing would need to be factored in. The cost of binding agents 
(cement, etc.) would also be relevant. 
Mould Materials 
The cost of the fibreglass mould is a one-time investment (amortised over the number of benches 
produced). 

8.4.2 Process Costs 

Waste Collection 
Costs include logistics, transportation, and potentially tipping fees or payments to waste providers. 
Shredding & Processing 
Costs include energy consumption for the granulator, maintenance, dust control measures, and labour. 
Composite Preparation 
Costs include labour for resin preparation and mixing, as well as energy for the mechanical mixer. 
Mould Preparation & Casting 
Costs include labour for mould preparation, gelcoat application, hand lay-up/casting, and curing. 
Demoulding & Finishing 
Costs include labour for demoulding and finishing operations. 
Installation 
Costs include labour and transportation to the installation site. 
End-of-Life Processing 
Costs associated with collecting, separating components, and reprocessing the GFRC for reuse. 

8.4.3 Comparison: Recycled GFRC vs. Virgin Materials (e.g., Construction Stone 
Grit) 

Material Cost 
Recycled GFRC could offer a significant cost advantage over virgin materials, especially if a reliable and low-
cost source of waste GFRC can be secured. However, the 25kg of virgin glass fibre per bench will be a 
significant cost. 
Processing Cost 
Processing costs for recycled GFRC (shredding, cleaning) are likely to be comparable to or slightly higher 
than the processing costs for virgin stone grit (crushing, screening). 
Environmental Cost 
Recycled GFRC has a clear environmental advantage, reducing waste and the need for virgin material 
extraction. This can translate into cost savings related to carbon credits or other environmental incentives. 
Performance 
GFRC, whether recycled or virgin, generally offers better flexural strength and durability compared to 
traditional concrete made with stone grit. This could translate into longer lifespan and reduced 
maintenance costs for the "Soul Bench." 
 

8.4.4 Other Economic Considerations: 

Market Demand 
The market demand for sustainable furniture made from recycled materials will influence the pricing and 
profitability of the "Soul Bench." 
Branding & Marketing 
Highlighting the recycled content and environmental benefits of the "Soul Bench" can justify a premium 
price. 
Scalability 
The scalability of the recycled GFRC supply chain will be crucial for long-term economic viability. 
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10. CONCLUSIONS 
 
The parts developed in the MC4 project and presented in this deliverable aimed at demonstrating the 
feasibility of manufacturing product made from recycled composites. Several composites recycling methods 
were developed in the MC4 project such as long term and short term methods for both glass and carbon 
fibre components. Each demonstrator was carefully selected so that the recycling methods and the 
characteristics of the recycled material was in accordance with the requirements of the part. For this reason, 
there is a large variety of sectors represented in the project, such as automotive, boat, aerospace, sport 
equipment, urban furniture or civil engineering. Demonstrators were both assessed from a technical and 
economical perspective in this deliverable. Moreover, they were compared with their equivalent made 
from virgin material so that it was possible to point out their strengths and their weaknesses. 
In all the parts manufactured, process had to be adapted so that it was possible to work with recycled 
materials. While some processes needed only adjustments to incorporate recycled material such as the 
kayak, the boat roof or the bench, some needed to be completely redefined such as for the bus skirt that 
went from a metallic to a composite process, or the aerospace demonstrator from RTM to hot press 
forming. 
In many processes the supply chain issue was pointed out considering the difficulty to get the recycled 
material in a sufficient quantity for production. Also, some products must be very carefully stored and 
tracked as it is the case for recycled prepreg that requires controlled storage temperatures, and a very 
specialized supply chain should be developed. 
At a technical level, the manufactured products met the specifications of the parts, showing that the 
demonstrators were relevant considering their respective recycled material. 


