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Abstract
This master thesis examines the design and manufacturing of a three-dimensional structure using bio-based
materials and Coreless Robotic Filament Winding (CRFW) technology. The primary material used in this
study is flax, chosen for its sustainability and availability, and impregnated with partly bio-based epoxy
resin. The research addresses two significant issues in the construction industry: environmental impact and
labor shortages. By using CRFW technology, the study aims to optimize the design and manufacturing
process of a structural element withstanding axial compressive forces.

The digital design process was executed using Rhinoceros and Grasshopper software, with optimization per-
formed using the Karamba3D and Octopus plugins. Several design variants have been explored, focusing
on achieving optimal structural performance while minimizing material usage. The optimization in Octopus
resulted in three final design options, all based on consistent mass.

Before manufacturing, the existing filament winding setup was updated. The three design options were man-
ufactured using the ABB IRB 1200-5/0.9 robot. This manufacturing process involved winding impregnated
flax rovings into a 3D structure without the need for auxiliary structures with the CRFW technology. First,
a trial run of winding the first option was done to verify and optimize the manufacturing setup. After this,
the three design options were successfully manufactured without any issues. Post-manufacturing, the fiber
composite structures were stored for a maximum of 24 hours at 20 degrees Celsius, followed by post-curing
at 40 degrees Celsius for 8 hours.

After curing, the structure was calibrated using a numerical model created in Oasys GSA. This part of the
research involved generating a staging analysis with the Oasys GSA software. The analysis simulated the
step-by-step construction process to understand the structural behavior at different manufacturing stages.
The GSA model was calibrated with the manufacturing process using photographs taken during manufactur-
ing and measurements of the final structure. Also the material properties of the final design were calibrated
with the final model. Afterwards, Karamba3D was used to simulate the compression tests of the structures.
These test results were compared with the axial compression tests, performed in the SED laboratory.

The manufactured fibre composite structures were tested in axial compression, which resulted in a maximum
compressive force of 28.5kN for option 1, 15.34 for option 2 and 16.69 for option 3.The numerical result for
the buckling load factor was respectively 2.41, 7.45 and 12.96 times higher than the average force at which
buckling started to occur. Since the filament-winded columns are not one single element but an interaction
of multiple elements, local buckling occurs before the column buckles globally. The difference between the
numerical model and the laboratory test can be addressed to the material properties and assumptions, fab-
rication errors leading to imperfections and test set-up and boundary conditions.

Based on this research, it is feasible to create an optimized design by robotic filament winding using bio-based
flax fibers. The fabrication process was successfully optimized to use (flat) flax fibers in robotic manufactur-
ing at TUe. The research shows that it is possible to simulate the fabrication process and verify test results
using a numerical model in Oasys GSA and Karamba3D. Despite some imperfections, the structural perfor-
mance of the winded structures is promising. However, there are important considerations and challenges
in manufacturing these elements, including ensuring consistent quality, dealing with variability in material
properties and achieving precise control over the winding process. In addition, analyzing the structural per-
formance of these structures is complex because of the variability and potential for imperfections. Further
research is needed to address these imperfections, improve the reliability of the fabrication process and de-
termine whether robotic winding of filaments with flax and epoxy resin is suitable for large-scale structural
applications.
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1 Introduction
In modern construction industry, the aim to use sustainable materials and techniques has become essential,
driven by the need to reduce environmental impact and greenhouse gas emissions, as buildings consume up to
40 percent of the world’s energy and the construction industry is responsible for half of global greenhouse gas
emissions [3]. Governments are looking at ways to accelerate investment in net-zero/low-carbon buildings,
and the essential role of the building sector is well recognised as an element to achieve the Paris Agreement’s
goal of limiting global warming to below 2 degrees Celsius. [8] Traditional building materials often contribute
significantly to these emissions. The preference for traditional materials is mainly due to expertise in their
use and cost-effectiveness.

In the context of traditional building materials, a common problem relates to the limited use of structural
components, as can be seen in various research papers about topology optimization of concrete structures [34],
allowing for material savings and a shift to environmentally friendly alternatives. One such promising route
lies in the innovation of coreless robotic filament winding, particularly using natural fibers, as a tool to
revolutionize the construction industry and address the shortcomings of conventional materials. Bio-based
materials, such as natural fibers, offer a potential solution to the problem of energy-related pollution in
the construction industry. Materials derived from renewable resources, such as flax, jute and hemp, have
properties that make them both environmentally sustainable and easily available. [13].

In addition, labour shortage in the construction industry is a growing problem worldwide. Increasing demand
for construction projects and ageing staff have resulted in an insufficiently skilled workforce. This shortage
affects project delays, increased costs and highlights the need for investment in training and recruitment to
support the sector. There is a shortage of construction staff in the Netherlands. For instance 28 percent of
vacancies in the construction sector are not filled, according to the UWV Netherlands [1]. Solving the labour
shortage in the construction sector can be helped by introducing advanced manufacturing methods. By
integrating automated processes, such as 3D printing, prefabrication and robotics. Robotic manufacturing
methods for bio-based fibers are Filament winding with auxiliary structures and Coreless filament winding.

Previous studies on University of Technology in Eindhoven have demonstrated the feasibility of robotically
winding structure with resin-impregnated sisal rope and auxiliary structures. The research of L.P.J. Krij-
nen [22] resulted in a three-dimensional column which was tested on axial compression. In Stuttgart, The
research of Marta Gil Perez et al. [13] showed the possibility of natural fibers used in Coreless filament
winding. Coreless robotic filament winding (CRFW) offers a manufacturing method without using auxiliary
structures, providing an innovative solution for sustainable construction.

With the knowledge of the completed projects and in view of the aforementioned challenges, This research
aims to design and manufacture a three-dimensional structure using bio-based materials and CRFW tech-
nology. By optimizing the design and manufacturing process, this study addresses the environmental impact
and labor shortage issues in the construction industry. The primary material used is flax, chosen for its
sustainability and availability, impregnated with partly bio-based epoxy resin. The research aims to develop
a structural element capable of withstanding axial compressive forces, demonstrating the feasibility of using
CRFW with bio-based materials for large-scale structural applications. It is important to conduct research
of new materials since the building industry is doubtful to apply these materials in the built environment
without thorough testing [2].

The research question of this graduation thesis is formulated as follows:

”How can a three-dimensional optimized parametric structural element, constructed with bio-based flax
fibers, be manufactured using Coreless Robotic Filament Winding (CRFW) technology, and how do

structural desk studies relate to lab testing?”
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This thesis is organized into several chapters, each addressing different aspects of the research:

• Digital Design of the Structure - Digital design process using Rhinoceros and Grasshopper software,
including the optimization of the structure using the Karamba3D and Octopus plugins.

• Manufacturing Method - The manufacturing process of the structure, including the setup of the filament
winding and curing processes.

• Materialization - The materials used in the structure, particularly natural fibers and resin matrices,
and their properties.

• Manufacturing of the Structure - The step-by-step manufacturing process, including the setup and
testing of the new robotic filament winding method.

• Numerical Model - Presents the numerical model used to simulate the manufacturing process and the
calibration of the model with the actual structure.

• Testing the Element - This chapter discusses the testing of the manufactured structure under axial
compression and compares the results with the numerical model.

• Discussion - A discussion of the results, including the limitations and implications of the research.

• Conclusion - This chapter concludes the thesis by summarizing the findings and suggesting directions
for future research.

• Recommendations - Recommendations for further research and potential applications of the findings.

By following this structure, the thesis provides a exploration of the design, manufacturing, and testing of
a bio-based, robotically manufactured structural element. This graduation research aims to integrate new
insights into constructing structures with bio-based materials with existing knowledge from previous studies.
Specifically, this research is innovative for Eindhoven University of Technology by applying a new type of
fiber with a flat cross section instead of a round one, requiring new applications in the manufacturing pro-
cess. In addition, it uses a new manufacturing method to make structures without using internal formwork.
Simultaneous impregnation of multiple fibers, allowing them to be bundled after impregnation, is also in
development.
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2 Digital design of the structure
This project focuses on designing a one-meter
fiber composite 3D structure that is simply sup-
ported at both ends. The main objective is to op-
timize the structure to withstand axial compres-
sion. The structure will be manufactured with
bio-based Flax fibers. Figure 1 illustrates the re-
search focus, with the dashed line indicating the
anticipated design for the filament-winded struc-
ture.

Figure 1: Schematization research question

2.1 Reference projects

In the construction industry, much research is done on new initiatives to optimize the use of materials. For
example, research is done on the use of composites in construction. Figures 2-6 show reference projects for
this research, where a structure or part of a structure is designed using digital design processes and robotics.
Figures 2 - 5 show reference projects where research is conducted at the University of Stuttgart, especially
the reference project showed in figure 5 is interesting since this pavilion is build with flax fibers.

Figure 2: BUGA Fibre Pavilion [14] Figure 3: Elytra Filament Pavilion, 2016 [25]

Figure 4: ICD/ITKE Research Pavilion 2013-14 [9] Figure 5: ICD/ITKE LivMats Pavilion [13]
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Figure 6 and 7 show the previous research done at Eindhoven University of Technology. The research of
L. Krijnen [22] resulted in a structurally optimized column which is manufactured with auxiliary structures
and the research of T. Pannekeet [35], which resulted in an optimized roof beam created with the coreless
filament winding technique.

Figure 6: Filament Winded Column [22] Figure 7: Coreless Filament winded roof beam [35]

2.2 Reference Study

From these reference projects a lot of information is gained. The University of Stuttgart identifies crucial
factors in the design process utilizing filament winding techniques for structures. Firstly, robotic filament
winding is a tension-driven process with fibers spanning between anchor points or contact points with other
fibers. Since fibers are stronger in tension and prone to buckling in compression, the fiber use in tension
should be maximized at all times. Secondly, the fiber span should be reduced to increase the buckling
strength, which can be done using fiber interlocking. Thirdly, adding surface curvature perpendicular to the
stress direction increases the buckling strength. [7] [22]

Since the final form will be a compressive structural el-
ement, it is crucial to think about the possible failure
modes. Slender structures under axial compression of-
ten fail due to buckling, as depicted in Figure 8, which
illustrates the critical buckling shape and Euler’s for-
mula for predicting the critical load of a simply sup-
ported column. Given that the column’s length is fixed
at one meter, its critical length also remains at one me-
ter. To accommodate manufacturing constraints of the
robotic coreless filament winding technique, the opti-
mal shape must be determined through a shape study,
focusing on anticlastic shapes.

Figure 8: Euler formula for pinned column [28]

The research by Bodea S. et al. [5] applied the coreless multi-layered fiber system principle in their design
logic, which is also utilized in the design of the Buga fiber pavilion, as illustrated in Figure 9. This principle
uses a relatively structurally weak layer (glass fibers that are significantly weaker than the carbon fibers) as
a lattice creating a surface, where the structurally stronger layer is winded where needed (flow of forces).
The model of the this fiber lay-up system is set-up as follows: From the boundary frames and winding pins
the global geometry is defined and the glass fibre lattice layup is simulated. Afterwards, the body produced
by glass fibers is used to generate a surface. This surface is the base on which the carbon fibre layup is
projected using the geodesic of the curve connecting winding pins. [14]
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Figure 9: Coreless multi-layered fiber system principle [5]

2.3 Digital design

The digital design of the structure is performed in the parametric moddeling software Rhinoceros in coop-
eration with the plugin Grashopper (RG). The first part of the grasshopper script defines the geometrical
part of the 3D structure. This geometrical part is composed in two stages. First, the shape is found which
winding lines will serve as a supporting structure of the diagonals that are winded around this shape in the
second stage. By defining the structure in RG several parameters are used to construct the element.

The shape is found to be a hyperboloid by using the skew line principle as demonstrated in the research
paper of F.Maden et al [24]. This principle uses straight lines which are skewed at an angle and revolved
about a vertical axis of the structure. Figure 10 shows the parameter set-up for generation of the design. The
parameters which were needed to define this structure geometrically are: firstly two identical base curves
with a radius of r (b) spaced at a distance h (a) are constructed on two horizontal planes. Secondly these
base curves are segmented into n equal parts through points (c). The minimum number of points is limited
to three, because the hyperboloid can be defined with at least three skewed lines. The segment angle is
calculated by dividing 360 degrees (or 2π) by the number of segments. First, straight lines are made between
these points before skewing (d). In mathematical terms the hyperboloid is created by rotating the points (c)
a defined angle on the circumference of the base curves. Since these points are the winding pins, this angle
is predefined by the segmentation. By rotating only the bottom points both clockwise and counterclockwise
a hyperboloid shape emerges (e). However, a limit is defined to the angle that can be rotated, as the
hyperboloid must remain a one sheet hyperboloid. When the points are rotated about the vertical axis, it
will become a cone at 180 degrees and a two sheet hyperboloid at more than 180 degrees. The lines that
form the hyperboloid represent the first winding sequence of the flax fibers. This winding sequence creates
a formwork for the next layer. For simplicity, this layer is named the ’lattice layer’.
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Figure 10: Parameter set-up

The hyperboloid body of lines of the lattice layer is transformed into a surface of revolution by using the
intersections of the skew lines. This body serves as the base of the diagonal curves, which will form the
next layer of winding lines. The next sequence of winding lines is called ’reinforcement layer’ for simplicity.
This layer is created by diagonal (spiral) lines. The generation of the diagonals follows the NURBS-based
methodology, explained in the paper by A. Deetman et al. [15] This approach involves the implementation
of small geodesic lines to achieve an optimal spiral pattern around the surface. Figure 11 shows the steps
to create these curves. First, the surface of revolution is reparametrized, constraining both its vertical and
horizontal domains within the 0 to 1 range. Subsequently, the surface is divided into sections along its length
(a). For optimal results, it is advisable to divide the cross-section into numerous segments. Increasing the
number of sections helps to minimize errors in the diagonals generation, leading to a more seamless spiral
outcome. The starting point of the winding line is then defined at one of the two edges. From this starting
point, the endpoint of the line is approximated using the Pythagorean theorem, taking into account the
initial angle θ and the height of the first layer. Following this, a geodesic line is formed between the starting
point and the estimated endpoint. This step is repeated up to the other side of the structure.

Figure 11: Generation of diagonals with Python component
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When creating these diagonals, it is important to
understand that they are referred to as ’locally
geodesic.’ Essentially, this means that within the
segment where the diagonal is formed, it behaves like
a geodesic line (shortest path between two points).
However, when considering the entire surface, this
line will not be globally geodesic. This is necessary to
create a spiral. Because if it were a global geodesic
line, this line would follow the shortest path from
the begin to the end point across the surface. For
example, consider a structure with 12 points forming
a surface. A diagonal line is required from point 0
to point 12, where point 12 is equivalent to point 0,
see figure 12. The geodesic connecting these points is
parallel to the seam line of the structure and is not
forming a spiral around the structure.

Figure 12: Geodesic line shortest path

When forming the structure, a shift is determined. The shift is the number of points that the upper point
is shifted relatively to the bottom point. For example, when referring to a shift of 1, the top point is shifted
either 1 point to the left or right to create the diagonals. With a higher value for the shift, the more slanted
the diagonal will be across the surface.

The diagonals are generated using Python within the RG software. Initially, a code is written to calculate
diagonals for all possible angles. A starting angle θ = 0°gives a fiber path confined within the boundary,
while the paths do not touch the other fibers for a starting angle of θ = 90°. Extreme angles represent cases
where fibre interaction cannot take place effectively, making them unsuitable for winding. Therefore, these
angles are considered non-windable, the range for windable angles is set to a minimum of 10°and a maximum
of 89°. To address the issue of generating diagonals between known start and end points (the winding pins),
the Python script assigns an angle to each endpoint. This approach avoids relying on random endpoints and
ensures precision in the design process.

The script collects data for a range of 11 to 16 points, as fewer points may lead to insufficient contact points,
while more points may restrict the robot’s movement along the winding pins. After gathering the data for all
points and their corresponding angles, the script uses an if-loop to match each endpoint with its designated
angle. This method improves the accuracy and efficiency of the design generation process (c). The Python
script starts by generating a single diagonal. This diagonal is then duplicated, rotated, and mirrored to
construct a network of diagonals.

The lattice layer, without any supporting structure, will act as a support for the reinforcement layer, which
will be winded around it. However, it seems that the flax fibers in the lattice layer deform during the winding
process. As a result, the model in RhinoGrasshopper is mainly used for the production of the structural
elements, recognizing the deviation from reality. As mentioned previously, the structure constructed by
the robots will be compared and calibrated with a numeric model. Using this geometrical model, various
design variations can be generated. Figure 13 illustrates some examples that can be achieved with this model.
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Figure 13: Possible design variants of geometrical model

2.4 Optimal form study

As described in section 2.2 slender structures loaded in compression are often prone to buckling. Research
by L. Krijnen [22] shows that performing the construction synclastic is advantageous for stability, due to
buckling because of the narrow construction. Since no core or auxiliary parts are going to be used in this
project, it is impossible to filament wind a synclastic structure. Therefore, a shape study is considered for
the optimal shape that will be used to wind the final element.

Three different shapes are used, see figure 14.
The traditional circular column shape with no
curvature (1), an anticlastic shape (2) and a
combination of two anticlastic shapes generat-
ing a synclastic shape (3). First, these shapes
are made as shell models. Keeping the surface
of these shapes the same as a parameter (A).
This comparison of shapes considers the buck-
ling factors following from a Karamba3D calcu-
lation with a load of 1 kN. If it is considered as
a shell structure to reduce the influence of the
material arrangement of the winding lines, the
combination of two anticlastic shapes appeared
as the stiffer structure. The results of this cal-
culation are displayed in Table 1. (The circu-
lar structure is only mentioned for comparison
purposes, as the coreless filament winding tech-
nique cannot replicate this structure, because
the flax fibers will deform by placing the rein-
forcement layer).

Table 1: Bfacs comparison

Nr. Name Bfacs (-)
1 Circular (no curvature) 119.42
2 Anticlastic structure 56.96
3 Combination (synclastic) 109.21 Figure 14: Three different shell models shape study
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However, the analysis shows that the material and manufacturing technique used have a major impact on
the performance of the structure. This is because more material tends to accumulate at the weaker points of
the shape (e.g. more material in the centre of the anticlastic variant). As a result, when comparing different
variants, the anticlastic variant is found to be the most effective in terms of material properties rather than
relying only on shell structures for comparison. When comparing the two structures, both anticlastic and
combination configurations are used to determine their respective performance. Different set-ups are tested
while maintaining a consistent mass (equal to the length of the fibers to be used). Table 2 shows the results
of the different configurations, these results show that when the same mass value and buckling factors (Bfacs)
are used for comparison, the anticlastic variant shows better performance against buckling failure.

Table 2: Bfacs comparison anticlastic and combination variants

Option BFacs (-) Mass (kg) Displ.(mm) Length(m)
Anticlastic, 45°, 5mm 7.87 2.33 0.047 102.56*
Anticlastic, 45°, 8mm 46.89 6.22 0.016 102.56*

Anticlastic, 24.47°, 8mm 110.94 7.75 0.017 127.87*
Anticlastic, 11.31°, 8mm 196.58 12.49 0.018 203.48*

Combination, 45°, 5mm 7.42 2.33 0.080 102.79*
Combination, 45°, 8mm 39.93 6.22 0.023 102.79*

Combination, 24.47°, 8mm 68.60 7.63 0.021 125.26*
Combination, 11.31°, 8mm 113.90 11.81 0.021 193.79*

* If the required diameter cannot be achieved with just one winding sequence, the length will increase as
additional sequences are needed to reach the desired diameter.

2.4.1 Structural behavior

Figure 15: FEA and analytical solutions [17] Figure 16: Local- versus Global buckling [4]

With these results, the behavior of the structure remains unidentified, especially whether it fails due to local
buckling or global buckling. With local buckling, specific components within the structure fail, while with
global buckling, the entire structure fails. Figure 16 shows the difference between local and global buckling.
Analysis of the results shows that the structure is prone to local buckling under compressive loads. Regardless
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of whether the structure is configured in an anticlastic or combination variant, the structure consistently fails
due to local buckling. This is consistent with existing literature, which generally indicates that structures
with winded filaments are prone to failure due to local buckling. Structural failure due to local buckling
makes sense when considering the surface properties of the winded filaments. Local buckling often occurs in
structures with complex laminates and an-isotropic materials such as fiber reinforced polymers, which have
specific stiffness directions that vary across the surface of the structure. This variability in stiffness can lead to
local stress concentrations that cause buckling in restricted areas, rather than across the entire structure. [29]

The study by Guo et al. [17] investigates the buckling behavior of cylindrical shells under axial compression.
The shells are divided into groups with different heights and different inverse slenderness ratios (ratio of
diameter to height). Both analytical solutions and Finite Element Analysis (FEA) are used to investigate
and compare the buckling behavior. Figure 15 shows one of the studies performed in this paper of FEA and
analytical solutions providing the maximum critical buckling stress for circular cylinders under a compression
force of 1 Newton.

Important points of interest in this study are: 1) For higher inverse slenderness ratios (closer to 1.0), there
is a closer agreement between FEA results and analytical solutions. This suggests that FEA results become
more reliable the more the scale resembles a long and wide cylinder. 2) For very low inverse slenderness
ratios, FEA results show significant deviations from analytical solutions. For example, at an inverse slen-
derness of 0.2, an asymmetric waveform is observed in the scale, while at even lower ratios global buckling
of the entire cylinder occurs. 3) A threshold δ is identified on the inverse slenderness axis of the FEA curve
separating the buckling behavior. Within the interval [δ, 1.0], the normalized buckling stress decreases with
increasing inverse slenderness. Outside this interval, the FEA results deviate from the analytical solution
and global buckling is more likely.

The study by Guo et al. illustrates that for designing structures under axial compression, it is crucial to
carefully consider the ratio of diameter to height.

2.5 Optimized Final design options

As described in section 2.3, the lattice layer acts as a support for the reinforcement layer, which will be
winded around it. However, The flax fibers in the lattice layer deform during the winding process. As a
result, the model in Rhino Grasshopper is mainly used for the production of the structural elements. There-
fore, an approach featuring three different designs, each representing a different configuration or angle, is
adopted. In order to ensure design consistency across the three variants, attention is paid to determining the
required fiber length and therefore maintaining the same mass for three different variants. It is necessary to
ensure uniformity in fiber length among the variants, so an examination of multiplies within each configura-
tion of the design is conducted. In particular, fiber length depends on three key design input parameters: 1)
the radius of the top and bottom circles, 2) the number of points distributed along these end circles, and 3)
the angular orientation of the reinforcement layer relative to the axis of the structure. Of note is the fixed
nature of the lattice layer within each design, which maintains a consistent shift of 1 point. (Consequently,
changes in the radius and number of points may affect the fiber length, but the fixed position of the lattice
layer ensures uniformity in all three designs.)

Given the diversity of parameters affecting this length, performing a numerical analysis in a tool such as
Excel would require unnecessary effort. Therefore, to determine the optimal design options, an optimiza-
tion script was developed using the Octopus optimization plug-in. Octopus is a Grasshopper plug-in that
applies evolutionary principles to parametric design and problem solving. It allows to search multiple goals
simultaneously, producing a set of optimized compromise solutions between the extremes of each goal. [30].
The optimization procedure involves generating two different designs in which the radius and number of
points remain consistent while the angle of the diagonal lines varies. This process produces two designs
characterized by different total fiber lengths. A script was written to maximize the length of one design and
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minimize that of the other. Moreover, an additional function was incorporated to ensure that only solutions
that satisfy a specified criterion are generated; namely, the lengths of the designs must be within a tolerance
range of 0.5 units, by means of a true boolean condition. This condition specifies that the length of one
design always closely matches twice the number of meters of the other design, so that there is a consistent
relationship between the two designs and thus they are multiples of each other. The octopus set-up is shown
in figure 17.

Figure 17: Octopus optimization set-up

Figure 19 shows the final result of the Octopus optimization, where the solutions closest to the origin rep-
resent the best design options. The design parameters associated with the solution are as follows:

Height of structure 1000 millimeter
Radius top and bottom 124 millimeter
Number of points 11 Points
Shift option 1 5 shifts (angle β = 65.680°)
Shift option 3 27 shifts (angle β = 22.185°)

Figure 18: Octopus overview Figure 19: Octopus chosen option
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Due to the complexity of identifying three feasible options within the existing Octopus script, Microsoft Ex-
cel was used to select the third option. All relevant data regarding the lengths of the optimized design were
exported to an Excel spreadsheet. Through empirical analysis, an appropriate shift of 14 was determined
that could be included as the second design option.

Table 3: Shift options

Shift Length (m) No. of winding layers
5 23,27 4x
14 30,58 3x
27 46,48 2x

Table 3 provides the meters required to generate each option, focusing only on the reinforcement layer since
the lattice layer remains consistent across all options. To ensure the same fiber mass is used for each option,
the option requiring the least amount of fiber will be winded more times than the other options, as indicated
under the ’no. of winding layers’ in Table 3. This process is visually represented in Figure 20.

Figure 20: Visual representation No. of windings

This results in the following total length of meters needed to theoretically manufacture the reinforcement
layer of the structure shown in table 4. After manufacturing the final structures, the elements will be weighed
to determine if the model generation matches reality.

Table 4: Total amount of meters

Option 1 Option 2 Option 3
Meters Total** 93,10 91,73 92,96
Difference in m 1,37 0,14
Difference in % 1,46 0,15

** The total amount displayed in this table is only the amount of meters needed for the reinforcement layer
of the structure.
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2.5.1 Geometrical final design options

The final geometric design resulted in three options that will be manufactured by the ABB IRB 1200-5/0.9
robot. The three options require the same length of fiber for the lattice layer, this length is approximately
22.1 meters. Figure 21 shows the design options as these will be manufactured with corresponding angles of
the lattice layer (α) and reinforcement layer diagonals (β). Where in the figure (α) is given a black colour
and (β) a red colour.

Figure 21: Final three design options

2.6 Assumptions

In creating the final design, several assumptions were used to design a structure that was feasible for manu-
facturing:

• Deformation of the flax fibers: M. Gil Pérez’s previous research on manufacturing composite structures
using flax fibers [13] revealed that the fibers are easily deformed and lack stiffness during winding in a
wet state. This causes challenges in replicating structures exactly as modeled in Rhino Grasshopper.
To address this issue, a new approach was considered. A manufacturing method based on the length
of the fibers was devised, along with the corresponding manufacturing constraints (like amount of
winding pins, height of the structure and radius of the top and bottom plate) . Consequently, a plan
to translate the fabricated structures back into a numerical model is needed. This process aims to
validate the model against the manufactured structure.
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• Same length of fibers, same mass: Design choices are made based on the total length required for
manufacturing, assuming equal fiber lengths and mass across options. However, the actual outcome
may differ due to the deformability of fibers during winding. It is hypothesised that option 3 produces a
more anticlastic structure compared to option 1 because of this effect. By evaluating the weight of each
option after manufacturing, it can be verified that the structures indeed have the same mass and the
hypothesis will be validated. This review will determine the validity of the mass-based comparability
assumption.

• Parametricity of the model: The model is essentially parametric and can be easily adjusted as needed
until later stages. However, it is worth noting the parametricity of the Python script. It allows for the
creation of diagonals in models featuring 11 to 16 winding pins. This specific configuration was chosen
due to time and manufacturing constraints. The design process faces limitations like the length of
elements and the radius of end plates, which should not exceed certain values. The structure’s design
considers a minimum radius of 150 and a maximum of 250 millimeters, aligning with L. Krijnen’s
project [22]. It is crucial to ensure enough space for the robot to navigate between the winding pins.
Therefore, a gap of at least 60 millimeters was maintained. With a minimum radius of 150 millimeters
and 16 winding pins, this requirement is met. Hence, 16 winding pins were chosen as the maximum.
For a robust design, 11 winding pins were set as the lower limit, resulting in six possible configurations.
Although the script could be extended to accommodate more configurations and winding pins, it was
considered as unnecessary for this project due to time constraints.

2.7 Output and translation to Robot

After the optimization of the structure, the final design options of the structures are known. To manufacture
the structure by filament winding, an Euler path must be defined to wind the design options in one con-
tinuous session. An Euler path is a path that visits each edge of a graph exactly once. Similarly, an Euler
circuit is an Euler path that starts and ends at the same node of a graph. [11] When designing the winding
path, it is crucial to remember that the lattice layer must be winded before the diagonals, since the lattice
layer acts as a formwork for the diagonals.

The Leafvein plug-in was used to define an Eulerian path. The Leafvein plug-in is a tool used to create
a specific path for arranging layers in a particular order. In one part of the script, the winding path for
the first layer was determined. For this, the ’Custom Graph’ component was used, which uses a set of line
segments of the relevant design as input. These segments were used to build a graph, with the start and
end points of each segment forming the nodes of the graph. The output of this component feeds both the
’Node to Point’ and ’Eulerian Cycle’ components. The ’Eulerian Cycle’ component produces a list of graph
nodes that defines the desired path, while the output of the ’Node to Point’ component allows this list to be
translated into corresponding points. There is an additional option for determining the costum graph. Two
nodes v and w, called endpoints, are attached to each edge. To create the winding pattern, an undirected
graph was chosen. In an undirected graph, the edges are unordered pairs of nodes. In directed graphs, the
edges are ordered pairs (v, w) of nodes, where v is the tail and w is the head of the edge [11].

This method was used to define an Eulerian path for the lattice layer and the reinforcement layer. The wind-
ing sequence is shown in figure 22 (e), where a polyline is drawn through the set of points to visualise the
path. Logically, the second layer starts where the first layer ends. It is important to note that adjustments
are made to the Euler path of the reinforcement layer. Specifically, the opposite diagonal lines are arranged
to be winded consecutively. This arrangement prevents the formation of an asymmetric structure. If all diag-
onals were winded on one side first, the structure will deform irreversibly and lose its symmetry. Therefore,
an extra feature is added to the path to ensure that these mirrored diagonals are always winded consecutively.

To complete the robot path, an Eulerian path was first generated that outlines the winding route (a), the
eulerian path was created and translated into points that are in order of the winding path. At this stage,
the path needs to be modified so that the robot can navigate smoothly around the winding pins. For this
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purpose, semicircles were created around the winding attachment points (b). These semi-circles were inte-
grated into the existing path, preserving the order of the points (c). The resulting path is then displayed as a
polyline for visualisation (d). This process was repeated for the reinforcement layer, with the additional step
of shifting the entire layer slightly outwards to avoid contact with the previously winded lattice layer. Fi-
nally, the lattice and reinforcement layers were combined into a single structure for the robot’s trajectory (e).

The result is a list of points that defines a winding path with a single start and end point. This list of points
serves as the input for the Robot Components script.

Figure 22: Generation of robot path

Several methods exist for hooking the fibers around the pins, as depicted in figure 23. A discussion started
initially regarding the necessity of keeping the sleeves permanently in the structure after winding. However,
it has been determined that this was unnecessary for compression testing, as the sleeves do not play a role in
load induction. Therefore, options (b) and (c) have been neglected. Option (c) offers complete interlocking
of the sleeves, which was unnecessary, while option (b) is only effective with a very sharp winding angle
(angle configuration in Figure 21). Therefore, option (a) has been selected, where the fiber is looped around
the winding pins in a semi-circle.
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Figure 23: Hooking configurations: (a) v-configuration (b) y-configuration (c) o-configuration

2.7.1 Robot Components Script

The Rhino Grasshopper plugin Robot Components (RC) was used to generate the robot script. The output
of the Grasshopper script, consisting of a list of points resulting from the path generation, serves as input
for the RC script. All layers will be winded at once. Within RC, the robot nozzle and a rotating external
axis, known as the ’turning table’, are imported and calibrated.

A start and end point are implemented in the RC module for the robot script. The robot starts from a des-
ignated ’home’ position and moves to the starting point in the sequence. The purpose of these start and end
points is to avoid collisions between the robot and the end plates, the start point is located ten centimeters
above the first point of the list. Once the robot reaches the start point, it can safely move downwards to
continue along the list of points to produce the element.

Figure 24: Robot set- up with generated path (a) Target plane orientation on movable work object (b)

To ensure accurate placement, all target points are aligned with the movable work object. This requires
matching the planar orientation of the work object with that of the target points. Additionally, the ex-
ternal axis value and planar orientation of each point affect how the robot approaches them. To optimize
movement efficiency, it is preferable for the robot to move laterally, from left to right, without unnecessary
rotation. So, the target points should face outward, facilitating smooth movement along the structure. Once
all orientations are set, the ’Robot Target’ component combines the data to generate a list of robot targets,
see figure 24 for the robot set-up and target planes.

This list, combined with the movable work object, dictates the robot’s movements. A continuous speed of
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100 mm/s is maintained for the winding process, with a joint movement to the first target and subsequent
linear movements.

Figure 25: Robotic visualisation of winding path in robot studio (a) Path generator and Rapid code generator
RobotComponents (b)

These actions are compiled into a list of actions for further processing by the ’Path Generator’ and ’RAPID
Generator’ components. The former calculates the robot’s path and simulates its execution, while the latter
generates RAPID Program Module (PM) and System Module (SM) scripts. The PM script defines robot
movements, while the SM script determines the robot head orientation based on the end effector. The re-
sulting structure after winding path completion is depicted in figure 25. Also referring to Appendix D for
an overview of the Grasshopper scripts and Appendix E for an overview of the RC script.

2.7.2 Robot Studio

While Robot Components path generator is fairly accurate, there is no provided guarantee that the simulated
path does not differ when executed on a real robot. Therefore, the RAPID code is integrated into Robot
Studio to simulate the winding process. Initially, errors appeared indicating that the robot axis was not in
range, indicating that the robot arm was unable to complete the movement. This problem was solved by
accurately defining the external axis values for each target point and ensuring alignment of all target planes,
as described in section 2.7.1. After re-executing the scripts, the programm completed the full path without
errors. With this validation, RAPID code scripts were ready for use in production.
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3 Manufacturing method
This chapter describes the production method for manufacturing of the optimised structure using the robotic
coreless filament winding technique. It includes explanations on the design of the robot end-effector, the
winding procedure and the parameters that determine the curing cycle.

3.1 Robotic coreless filament winding

The manufacturing process of a design using the coreless filament winding (CFW) technique consists of three
steps that produce the final design. First, the process begins with the impregnation of flax rovings in a resin
bath. Through this immersion, the fibers undergo an impregnation process, which completely impregnates
them with epoxy resin. The impregnated rovings are then passed through a robotic nozzle, where the design
takes shape under precise guidance. Finally, the design is finished by curing.

The filament winding technique, a method used in composite manufacturing, has received attention in the
building sector in recent years due to its potential to produce lightweight and high-strength composite
structures. There are several methods to use robots in combination with the filament winding technique:
Filament winding on a mandrel, coreless filament winding and spatial winding. See figure 26.

Figure 26: Various filament winding techniques [10]

This project uses the CFW technique where only the end plates are defined as supporting structure. This
technique is based on layering fibers and is used to create surface-based geometries. The technique involves
the deposition of continuous filaments by winding it around winding pins on both ends connected to an end
plate. By eliminating the core, the aim is to reduce material waste and enhance the efficiency of the winding
process. Other advantages of CFW are design flexibility: the absence of a core makes it easier to wind
complex and asymmetric shapes. This offers design freedom and enables the production of components with
advanced geometries. Using the CFW technique can have also several drawbacks. These include reduced
stability during the winding process, longer production times due to the need to use alternative methods for
making designs in the absence of a core, and challenges in matching actual results with simulations from the
modelling software. Due to the absence of a core, the first layers are constantly subjected to deformation by
subsequent winded layers, which complicates the comparison between the actual result and simulations.

3.2 Robot set-up

3.2.1 Robot

The ABB IRB 1200-5/0.9 robot, with a reach of 0.9 meters, is utilized for manufacturing purposes within the
Structural Engineering and Design lab at TU/e. Appendix C: Product specifications ABB IRB 1200-5/0.9
provides technical information on the specific robot [22]. It is configured with a rotation table as the movable
work object, allowing it to work horizontally on structural elements. Calibration of the robot and rotation
table positions is crucial for accurate operation, feeding data into Robot Components and Robot Studio for
control.
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3.2.2 End effector

An end effector serves as an attachment at the end of a robotic arm, allowing the robot to interact with
its surroundings. In this research, the function of the end effector is to guide resin impregnated fibers to
predetermined target locations.

Previous versions of end-effectors used in similar
projects were based on winding structures with sisal
rope, which has a circular cross-section. However,
given the shift towards using flax fibers in this
project, the demand for a new end-effector arises.
The proposed solution is to develop an ring-shaped
end effector. This design allows the contact area
with the fibers to be minimised, reducing friction
during the winding process. This makes the winding
process smoother and reduces the risk of fiber damage.

The new end-effector is modelled in 3D. Inspired by
L. Krijnen’s project, the same end-effector will be
modified. By inserting threaded holes in the base of
the end effector, an aluminium plate can easily be
attached. This plate acts as a spacer between the end
effector and the ring and prevents collisions between
the end effector and the bolts of the end plates. A 3D
view of the new end effector is illustrated in figure 27

Figure 27: New end effector

3.3 Winding process

A previous study by L. Louer [23] and L. Krijnen [22] used an epoxy resin bath, designed by Louer, for a
project involving sisal rope winding. However, this setup proved unsuitable for use with flax fibers. The
configuration, shown in Figure 28 (a), was specifically designed for impregnating a single sisal rope with a
circular cross-section. The impregnation length was limited to 20 centimetres. The rope was pre-tensioned
via a rubber plate with a four-millimetre opening through which the rope passed.

Figure 28: Existing resin bath set-up [23] (a) New resin bath set-up for multiple fibers (b)
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For this project, a new setup that can be used for the CFW process with flax fibers was considered. Based
on the already existing resin baths, a concept is devised to construct the same resin bath set-up with limited
material. In this resin impregnation setup, three fibers can be impregnated simultaneously. Rollers and rings
guide the fibers into the resin bath while maintaining separation. The bath itself will be made from a silicon
container. Sufficient tension on the fibers ensures proper impregnation. Therefore, testing is necessary to
ensure optimal impregnation, as detailed in section 5.4. The new set-up for the resin bath is illustrated in
figure28 (b).

3.4 Curing

After manufacturing, the resin should be cured at elevated temperatures to harden. Appendix A Sicomin
technical datasheet compared three different curing cycles for the SR InfuGreen 810 / SD 8824 system. The
mechanical properties were optimized for a post-curing cycle of eight hours at 40 degrees Celsius. Before
post-curing the structure should be stored at a minimum ambient temperature of 20 degrees Celsius. The
Sicomin technical datasheet does not prescribe the relative humidity for optimal curing.
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4 Materialization

4.1 Natural fibers

Flax fiber is considered a natural fiber. Natural fibers are characterised by its regrowth, fast growth, wide
availability and bio-degradability. Natural fibers are abundant and more affordable compared with syn-
thetic fibers, specifically higher density and energy requirements, renewability, no skin irritation and higher
strength-to-weight ratio. These fibers with great potential are seen as substitutes for glass, carbon or other
synthetic fibers. [5] Moreover, these advantages have led to the use of natural fibers for human needs and
for industrial raw materials such as textiles, pulp and paper, accessories and bio-composites. [21]

4.2 Flax fibers

This research focuses on the application of bio-based natural flax fibers for structural applications, since
it already showed high potential in previous research [13]. Flax is a plant (crop) that grows widely in the
Netherlands, Belgium and France. Its cultivation can be divided into two categories:

• Fiber flax: for linen or fibers

• Oil flax: for linseed oil

Fiber flax is grown for its fiber. Figure 29 illustrates a cross-
section of the stem of the flax plant consisting of the following
parts: The skin of the stem, the bast containing the fiber bun-
dles, the woody core and the lumen (cavity) of the stem. To
obtain natural flax fibers, a process is needed to convert the raw
plant into fibers, shown in figure 30. The first step is sowing
seeds between March and April (1). To harvest flax the plants,
the flax plant is pulled out of the ground root by root to preserve
the longest possible fiber, and the flower heads are removed by
rippling (2). Next the plants are spread over the ground for ret-
ting. During retting the pectin layer that binds the fibers to the
bast and the flax stem is broken down (3). After the fibers are
detached from the stem, the stem is broken on a so-called brake,
by guiding it between ribbed rollers. The broken stems are then
removed from the fiber bundles in the scutching turbine, which
in effect scrapes the fibers, removing the broken ligneous fibers
(4). The scutched fibers are called fiber bundles and are still
relatively coarse and thick. The coarse fiber bundles are then
combed in the hackling process, refining the ribbon-shaped fiber
structure into fiber rovings which can be used in composites. [6]

Figure 29: Cross-section flax stem [6]

Figure 30: Flax roving production stages [16]
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Because flax fibers are made from plants, the size and quality of fibers can be affected by environmental
conditions such as growth, location, nutrients, temperatures and seasons. The harvesting stage, thickness
and bonding between these fibers also affect their quality, while the shape, size, orientation and thickness of
cell walls affect the properties of a single fiber. [6]. The presence of hydroxyl groups gives the fiber a strong
hydrophilic character. The low moisture resistance results in weak fiber-matrix bonding, which compromises
the mechanical properties of the composite and makes it very sensitive when exposed to the environment. A
60 % increase in relative humidity will reduce the modulus of elasticity of flax fibers by 35 %. It is essential
to protect the fibers by means of coupling agents or suitable resin coating. [13].

Depestele flax fibers, specifically FR 2400 are used for this project. This choice was primarily guided by
availability issues, as these were the only fibers available at this stage of the project. An important parameter
when evaluating fibers is the tex value, which stands for textile linear density. Tex is a unit of measurement
that represents the mass in grams per 1,000 meters of the fiber. This unit of measurement is important to
understand the weight and thickness of the fiber, which in turn affect the mechanical properties and behavior
during the winding process. FR 2400 represents a tex value of 2400. Where therefore 2400 is grams per
1000 meters of density. These Depestele fibers are bundled to a roving of about 11 mm (± 2 mm) wide
and minimum to maximum thickness of 0.3 to 0.5 mm respectively. Which characterizes the rovings as
”flat” rovings. Flat rovings made from flax fibers are generally preferred over twisted rovings for composite
structures because of several important advantages such as:

• Improved mechanical properties: because flat rovings offer better mechanical properties, such as higher
tensile strength and stiffness. This is because the fibers are aligned in a parallel manner, allowing more
effective load transfer and less stress concentration compared to twisted rovings, where twisting can
create weak spots.

• Better resin impregnation: Flat rovings allow for more efficient resin impregnation. The even distribu-
tion of fibers facilitates better wetting and impregnation by the resin, resulting in a more homogeneous
composite material with fewer weak spots.

• Less voids: The use of flat rovings reduces the voids in the composite structure. Twisted rovings can
trap air and create voids during the manufacturing process, leading to potential defects and reduced
structural integrity. [32]

For further information on this flax roving is referred to Appendix B: Datasheet FR2400 flax roving

4.3 Resin matrix

This study focuses on a one-meter three-dimensional structure constructed from flax fibers, which are im-
pregnated with epoxy resin. The choice of resin influences the material’s strength, and it is crucial to select
one that aligns with the requirements of the manufacturing and curing process. Bio-based resins are still
being developed and much of the existing literature on bio-composites refers to a mixture of natural fibers
with oil-based matrices. There is a clear shift towards replacing oil-based polymers with bio-based alter-
natives. Today, oil-based epoxy resins are blended with bio-based components to preserve oil-based resins.
The resulting products contain some bio-based materials and are increasingly used and evaluated alongside
fiber materials. [13].

Numerous projects at the university of Eindhoven have used resin in fabricating structures. According to
the research conducted by L. Krijnen, key factors in resin selection include gelling time, viscosity, exothermic
peak temperature, and hardening temperature. L. Louer has previously investigated four resin matrices to
determine the best performing one. Based on this prior work and the established knowledge on the Infu-
green810 bio-based epoxy resin system, it is chosen for this research. Additionally, the SR InfuGreen 810 /
SD 8824 system has been employed in previous studies at TU/e by L. Louer [23], L. Krijnen [22], and D.
Janssen and L. Roex [31]. Therefore, the bio-based flax fibers will be impregnated with the two-component
epoxy system SR InfuGreen 810 with SD 8824 hardener. The technical datasheet of the Sicomin epoxy
system has been included in Appendix A: Sicomin technical datasheet.
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4.3.1 Pot life of resin matrix

When working with SR Infugreen 810 and SD 8824 hardener, potlife is an important factor for proper ap-
plication. Pot life refers to the time the mixture remains usable after the resin and hardener are combined.
This affects both processability and the quality of the final product. [37]

Important factors influencing potlife include ambient temperature, manufacturer-specified mix ratio and
mix volume, as larger volumes react faster. Exceeding the processing time of SR Infugreen 810 with SD
8824 hardener can lead to several negative results that affect material quality and processing. These in-
clude increased viscosity due to hardening during processing, uneven curing resulting in reduced mechanical
properties, increased material waste and potential safety hazards such as the release of gasses during the
exothermic reaction. [33]

The pot life of SR Infugreen 810 with SD 8824 hardener is about 50 minutes at a temperature of 20°C for a
500-gram mixture according to their datasheet.

4.4 Material properties composite material

To compare the experimental results with the model simulations, it is important to understand the material
properties of the final composite. For a unidirectional composite, where all fibers are aligned in the direction
of the applied load, the stiffness can be estimated by considering the structure as a simple beam. This
assumption implies that the two components are perfectly bonded and deform together. The Voigt estimate
or rule of mixtures (equation 1 [18]) can be applied to determine the longitudinal elastic modulus of the
composite.

Ec = Ef ∗ FVR+ Em ∗ (1− FVR) (1)

This equation describes the longitudinal elastic modulus Ec which is computed with the elastic (young)
moduli of the fiber and the matrix material, respectively Ef and Em. The existing formula uses a volume
fraction (Vf ). However, in this study, the volume fraction will be determined from the weight of the fibers
and the total weight of the composite. First the Fiber Mass Ratio (FMR) is calculated as follows:

wi =
mi

mtot
∗ 100 (2)

Equation 2 [36] describes the mass ratio wi which is the mass of the fiber material mi divided by the total
mass of the final composite mtot. By multiplying this value by 100 the FMR can be expressed as a percent-
age. To convert the FMR to the fiber volume ratio (FVR), the densities of both the fibers and the matrix
need to be known. The following steps describe this conversion process in detail:

First, define the densities of the fibers (ρf ) and the matrix (ρm). Next, the fiber mass ratio (FMR) is
established by eq. 2. The mass of the matrix (Mm) can be calculated by the following formula using the
mass of the fibers (Mf ):

Mm = Mtot −Mf (3)

Next, the volumes of the fibers (Vf ) and the matrix (Vm) can be calculated. This is done by dividing the
masses by their respective densities. Therefore, the volume of the fibers and the volume of the matrix are
calculated as follows:
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Vf =
Mf

ρf
and Vm =

Mm

ρm
(4)

Finally, the FVR is calculated by dividing the volume of the fibers by the sum of the volumes of the fibers
and the matrix:

FVR =
Vf

Vf + Vm
(5)

By combining eq. 1 to 5, equation 6 represents the calculation of the longitudinal elastic (young’s) modulus
of the composite:

Ec−l = Ef ∗ FVR+ Em ∗ (1− FVR) (6)

In examining the literature and previous projects involving natural fibers in composite structures, several
key points emerge from the paper by Marta Gil Peréz et al [13], cited: The calculation is reduced to 70%
of the original rule of mixtures based on previous CFW project experiences for three main reasons. Firstly,
the rule of mixtures assumes proper bonding between fibers and resin, which is often not the case in CFW
structures due to the presence of voids in the bundles. Secondly, the components are subjected to high
compression loads, and the compression stiffness of a unidirectional composite is known to be lower than
its tensile stiffness, leading to unpredictable structural behavior. Thirdly, the FVR must be estimated from
small-scale specimens, which may differ from the final large-scale component, and deviations in the assumed
FVR will reduce the resulting stiffness. Therefore equation 6 changes into equation 7, where this 70%
reduction is implemented. This leads to the original formula as given in the Livmats pavilion research [13]:

Ec−l = 0.7 ∗ (Ef ∗ FVR+ Em ∗ (1− FVR)) (7)

Once the FVR of the structure is known by making small-scale specimens, the longitudinal elastic young’s
modulus can be calculated. The small scaled tests and resulting FVR is described in section 5.4.1
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5 Manufacturing of the structure
The structure is manufactured through robotic coreless filament winding. This section elaborates on the
full manufacturing process, addressing the end plate design, construction of resin bath, winding process and
curing cycle.

5.1 Manufacturing process set-up

By assembling the final part, several components need to be fabricated to complete the manufacturing
process. Based on the work of L. Krijnen [22], several elements of the previous winding project were
replicated. Figure 31 illustrates the replication of the robot, the turntable and the support of the threaded
rod, the support of the threaded rod has an integrated bearing nut, this enables attachment while maintaining
rotational capability.

Figure 31: New manufacturing process set-up: (1) ABB IRB 1200-5/0.9 robot (2) Threaded rod (3) Support
of threaded rod with bearing nut (4) New aluminium end plate with winding pins (5) New robot end-effector
(6) Rotation external axis (turntable).

5.1.1 Aluminium end plates and connection with turntable

As mentioned previously, the current design was inspired by a the project of L. Krijnen [22]. Examination of
this previous design reveals areas for improvement in this configuration. (b-c) The threaded rod had insuffi-
cient stiffness, which resulted in bending during fabrication and an imperfect final assembly.The solution to
improve the strength of the threaded rod is to use a larger diameter and attach it to the current bearing nut
using suitable fittings. Currently, the threaded rod used has a diameter of M16. (a) The plate connecting
the threaded rod to the turntable proved to be less than optimal for attaching the structure to the turntable.
Figure 32 shows the upgrades compared to L. Krijnen’s set-up.
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Figure 32: Upgrades set-up end plates: (a) Connection threaded rod - turntable (b) Coupling between
threaded rods (c) Bearing nut adjusted to M16

From the design optimization performed in Octopus as described in section 2.5. The following design pa-
rameters associated with the solution of the optimization are:

Height of structure 1000 millimeter
Radius top and bottom 124 millimeter
Number of points 11 Points

These parameters outline the setup for the end-plate structure. The end plates, made from aluminium sheets,
were divided into two circular pieces with a 248 millimeter diameter. They were positioned one meter apart
using a threaded rod. Figure 33 shows the arrangement of the plate configuration as constructed in the lab.
More holes have been drilled into the aluminium end plates. If more strength is required, threaded rods can
be installed to reinforce the plates against the inward pulling force generated by the robot.

Figure 33: Aluminium end plates on threaded rod
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5.1.2 Winding pin configuration

The winding pins are designed similar to those used
in projects in Stuttgart [5] [13]. The pins consist of a
bolt, a sleeve and washers. The sleeve helps minimise
friction during winding, while the washers prevents the
fibre from sliding off the pin. Figure 34 shows the ac-
tual look of the winding pin. The height of the wind-
ing pin is set at four centimetres, corresponding to the
width of the fibers, which measures about one centime-
tre. With option 1, five times should be winded around
this pin, so extending the length to four centimetres.

Figure 34: winding pin configuration

The calibration process in Robot Studio included the addition of end plates and the robot end effector. To
ensure smooth running of the winding process, a trial run is conducted using sisal rope. Since the rope was
not impregnated with epoxy resin in this trial run, there was no mess or material waste. Figure 35 displays
the sisal test rounds of option (1), (2) and (3), during which several observations were made:

Figure 35: Sisal test rounds of option (1), (2) and (3)

• Robot end-effector: The current end-effector design does not fulfill the requirements for the robot’s
manufacturing process. Although the ring intended to reduce friction between the fibers functions as
planned, its attachment to the end-effector causes issues. Specifically, the plate used to mount the
ring will collide with the fibers that have already been winded. Therefore, a new end-effector design is
required to overcome this issue, as detailed in section 5.2.

• Deformation of ropes: During winding, the ropes start to deform, leading to the structure’s anticlastic
shape. In each testing round, one layer of sisal rope was used as the lattice layer. In option 1, this
did not cause any issues since only five points were shifted, resulting in minimal rope deformation.
However, options 2 and 3 encountered issues. The reinforcement layers in these options deformed
the lattice layer significantly, causing the first layers of the reinforcement to become loose around the
structure. Reasons for this loosening could be inconsistent tension in the rope during winding or an
insufficiently strong lattice layer for the reinforcement layer. To address these issues when winding
with flax fibers, it is necessary to maintain constant tension.
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• Test rounds for verification of path planning and manufacturing set up: Test rounds were performed
only to verify the path created by the Rhino Grasshopper script with the new end plates and end-
effector setup. Because dry winding with flax fibers is not ideal, sisal rope was used instead. Sisal rope
will no longer be used in ongoing research.

5.2 New Robot end effector

As described in section 3.2.2 this project introduces a
redesigned end-effector for the robot, aimed at improv-
ing its performance in (natural) fiber winding tasks.
The previous end-effector proved unsuitable due to its
large contact area, which increased the risk of damag-
ing the rovings. The new design utilizes the existing
end-effector by incorporating an aluminium tube pro-
file into a gap in the existing structure. This tube can
be adjusted in height as needed. Figure 36 shows the
new robot end-effector. After the round of testing de-
scribed in section 5.5, the ceramic ring was glued to
the aluminium tube since it came loose several times
during the round of testing.

Figure 36: New robot end-effector

5.3 Drying of non-impregnated rovings

The preparation of flax fibers for use in composite materials involves several steps to ensure the structural
integrity and performance of the final product. One of these steps is drying the flax fibers before they are
impregnated by the resin matrix.

Because flax fibers are naturally hydrophilic, they
absorb moisture from their surroundings. This
absorbed moisture can create challenges during
composite fabrication. For example, moisture on the
fiber surface can impede adhesion between the fibers
and the resin matrix. Effective adhesion is paramount
to the mechanical strength of the composite material.
According to Herrera Franco P. [19], insufficient
drying can result in poor fiber-matrix adhesion,
leading to sub-optimal mechanical properties of the
composite. In addition, residual moisture in the flax
fibers can lead to cavity formation during the curing
process. When the composite is exposed to elevated
temperatures, any residual moisture can evaporate,
creating cavities or bubbles in the material. These
cavities act as stress concentrators, which reduce the
mechanical performance of the composite.

Figure 37: Drying of flax bobbins

To avoid these problems, the flax bobbins are dried at an average temperature of 40 degrees Celsius. This
temperature is high enough to effectively remove moisture without causing thermal degradation of the fibers.
Research by Ghazanfari et al [12] proposes different temperatures to dry flax fibers. The temperatures used
in this research serve as a reference to establish optimal drying conditions. Ghazanfari et al.’s study in-
dicates that drying flax fibers at approximately 40 degrees Celsius effectively reduces moisture content to
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levels suitable for composite fabrication, thus preventing adhesion issues and void formation. The flax bob-
bins are dried in the drying oven as shown in figure 37, which is available in the SED Lab. The weight of
the bobbin is measured before drying and after drying. The datasheet of Depestele flax roving states that
the bobbins have a moisture content of 8%, which is the initial moisture content. Preferably, the moisture
content should be below 5 %, ideally around 2-3 %. To calculate the final moisture content after drying the
following equations are used:

Removed Moisture (%) =

(
Initial Weight (kg) - Weight after drying (kg)

Initial Weight (kg)

)
× 100 (8)

Final moisture content (%) = Initial Moisture Content (%)− Removed moisture (%) (9)

5.3.1 Results drying process

The weight of one of the 6 bobbins is determined at
different times. To see if indeed some of the moisture
could be removed from the bobbins in this way. In
this study, this bobbin, is named Bobbin 1 (B1).
The result of the drying process of B1 is graphically
shown in figure 38 which indeed shows that the
weight of the bobbin is decreasing after drying the
bobbins in the oven. This proves that this is the
moisture removed from the bobbins. The bobbins
remain in the oven throughout the fabrication phase
to prevent them from absorbing moisture due to their
hydrophilic nature. They are only removed from the
oven when needed, with the assumption that they
absorb negligible moisture during the short time they
are out. Before each use, the bobbins are weighed.
They are weighed again before being placed back in
the oven after the manufacturing process, ensuring a
reference weight is established for the next use.

Figure 38: Graphic of drying process

5.4 Constructing resin bath and testing

As described in section 3.3, a revised design of the resin bath is proposed, using parts available in the lab.
Figure 39 illustrates the new arrangement. The new resin bath configuration consists of five steel corner
profiles attached to steel profiles (from the lab) on either side of the bath. These corner profiles provide sup-
port for the rollers used in fiber impregnation. The rollers with M10 threaded ends in M11 tubular profiles
separated by washers allow three fibers to be impregnated simultaneously. These rollers have to be disposed
because they are damaged by the epoxy resin, but replacement is cost-effective. A silicone container forms
the resin bath, chosen for its non-adhesive properties with epoxy resin. After impregnation, the fibers are
consolidated and guided to the robot.

Using bolts to fasten the corner profiles, allow easy adjustment of the resin bath. This facilitates optimizing
the configuration of the resin bath by impregnation tests. These tests consist of impregnating flax fibers
with SR infugreen 810 epoxy resin and Harder SD8824 and testing different configurations.
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Figure 39: New resin bath configuration

5.4.1 Material properties

As discussed in section 4, the materials selected for use are a 2400tex Depestele flat flax fibers and Sicomin
SR Infugreen810 Epoxy Resin combined with SD 8824 hardener. While individual mechanical properties of
these materials can be found in data sheets, their combined properties are not known.

Referring to the the paper about the Livmats pavillion [13]: The mechanical properties and failure modes
of the resulting composite are significantly influenced by the fabrication technique, the geometry achieved,
the fiber volume ratio (FVR) and the compaction obtained. CFW structures rely on the tension applied by
the robot during winding and the resulting geometry to ensure proper fiber interaction and adhesion. More
pronounced curves in the structure can improve adhesion between fiber bundles better than flat layups, as
the fiber bundle presses on the previously placed fibers. At the lattice level, insufficient compaction between
bundles can cause weak resin bonding, which can lead to delamination of the system. Moreover, at beam
level, voids can form between the resin and the fiber.

The impregnation of fibers can impact the Fiber Volume Ratio (FVR) of a composite. Enhanced impreg-
nation results in a reduced FVR because more matrix material can bond with the fibers. According to the
Livmats Pavilion paper [13], an FVR within the range of 30-40% is desired. As outlined in section 4.4,
the FVR will be assessed through small specimen testing, which will be conducted in the following manner:
To determine the Fiber Volume Ratio (FVR) of the composite, a small-scale experiment was conducted to
study the interaction between the two materials. The main objectives of this experiment were to identify
the most effective resin bath configuration for achieving the target FVR and to verify if the impregnation
process is proceeding as expected. During this experiment, fiber sections are impregnated using a resin bath
setup, with each section using a different resin bath configuration. The impregnation speed is timed with
a stopwatch to replicate the speed achieved by the robot pulling the fibers. Measuring the weight is done
of the dry samples before the test and the cured samples afterwards. The dry fiber weight is used to verify
the data provided by Depestele’s datasheet, referring to Appendix B. The resin and hardener are mixed
in an aluminium container using a wooden spatula. Once thoroughly mixed, the fiber is impregnated with
resin. Finally, the fibers are winded around a small test arrangement designed to simulate the manufacturing
process. This arrangement with uncured bundle of rovings is shown in figure 40.
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Figure 40: Uncured bundle of fibers of first impregnation test

After impregnation, the bundle was cured at room temperature, followed by an additional 8-hour curing
process at 40 degrees Celsius in the oven in the SED lab. This curing process is based on the guidelines
in the Sicomin Infugreen810 data sheet. Once the bundles were cured, the impregnation quality can be
assessed. Visual inspection has shown that the new resin bath impregnates the bundles effectively, with
sufficient resin content for composite fabrication.

This preliminary test serves as an important step to identify and prevent potential problems later in the
study. The following observations were made during the inspection:

• Because the bundles were manually wound around the pins, there was limited control over fiber tension,
causing some fibers to sag down and stick to the setup. When winding the structure with the robot,
the tension will be induced by the bobbin holders.

• It is critical to ensure that the bundles are winded tightly together with no gaps between them. By
using a ceramic ring which is smaller than three bundles. The bundles are merged before winding.

• Protection of the bolts from resin drops is necessary. In this test, resin damage to the bolts caused
these to get stuck and not come off, so the fiber volume ratio (FVR) of the bundles could not be
determined because they could not be removed from the mold and be weighed. Before winding the
final structures. The supporting structure and winding pins will be protected using release agent spray
wax.

5.5 Robotic coreless filament winding

With all phases of the manufacturing process complete, the winding of the final structure may begin. The
first round of winding served to test every aspect of the fabrication process, since no previous testing was
done. The total manufacturing process utilized in the first round of winding is shown in figure 41. following
a series of specific steps. First, the flax rovings were removed from the oven and weighed to determine their
dry weight. Next, these rovings were taken from the bobbin holders into the resin bath to be impregnated
with epoxy resin. After impregnation, the three rovings were assembled into a single bundle. This bundle
was guided around the winding pins of the supporting structure by the robot. The final RAPID program
module and system module scripts are loaded into Robot Studio to drive the robot and rotation table. A
network cable was used to connect the computer to the robot. The script is visible on the robot teach
pendant during manufacturing, to control all movements. As can be seen in 41, the full setup was packed in
foil, to prevent material from the SED lab from being damaged by the epoxy resin. Furthermore, the end
plates and winding pins are sprayed with a release agent wax so that it can be re-used.
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Figure 41: Final manufacturing process

5.5.1 1st Version Option 1 (V1O1)

This round of testing used the script for design option 1, This process resulted in the creation of a first
version of Option 1, as shown in Figure 42. The flax bobbins used for this structure are labeled bobbin 4,
bobbin 5, and bobbin 6. The initial weights of the bobbins are 2.747 kg, 2.727 kg, and 2.669 kg, respectively.
Assuming all three bobbins use the same amount of roving to form the bundle, this results in a total initial
weight of 8.143 kg. Before drying, the weight of these bobbins was also measured. Being: 2.922kg, 2.902kg
and 2.845kg respectively. So the moisture content can be adjusted by equation 8 and 9. The final moisture
content of the bobbins is respectively 2.01%, 1,97%, 1,81%, which meets the requirements stated in section
5.3.

Figure 42: First version of option 1
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After constructing the structure, the bobbins were weighed again, resulting weights of 2.455 kg, 2.440 kg,
and 2.400 kg, respectively. With a total final weight of 7.295 kg. Therefore, the weight of the material used
is 0.848 kg. The weight of the final element is 2.733 kg, which is the weight of the composite minus the
weight of the 22 sleeves.

Using this data, the mechanical properties can be defined. The results of the mechanical properties that can
be used in the calibration of the model are displayed in table 5.

Table 5: Material properties version 1 option 1

Specimen
No.

rovings x passes
Specimen
weight(g)

Fiber
weigth(g)

FMR FVR

V1O1
3x1
3x4*

2733 848 0.310 0.226

* Upper row represents the number of rovings x passes for the lattice layer where the lower row represents
the number of rovings x passes for the reinforcement layer.

The preliminary findings indicate that the structure of Option 1 can be made using this method. However,
a number of issues emerged from this testing phase:

• The connection of the ceramic ring to the tube of the end effector proofed to be not sufficient. During
winding this ceramic ring fell out several times, which delayed winding and eventually caused the ring
to become stuck in the structure. For the next winding round the ceramic ring is glued to the end
effector preventing for fall out.

• The angle between the robot’s end effector and the approaching roving bundle was too sharp, leading
to the removal of an excessive amount of epoxy resin. The solution for this is to modify the angle
of the robot end effector. In this winding process, the end effector is positioned perpendicularly to
the rotating work object. By rotating the end effector towards the resin bath, the angle between the
approaching flax bundle and the robot end effector is reduced, thereby minimizing scraping.

• As shown in Figure 41, the bobbin holders are placed side by side and directed toward the resin bath
by conductors. However, by positioning the spool holders side by side, the angle between the outer
bobbin holders and the conductors becomes too sharp. This sharp angle results in the roving sliding
off the outer bobbin holders and becoming entangled on the holder. To reduce this problem, it is
suggested to place the bobbins vertically stacked. This vertical placement would reduce the angle and
thus prevent the roving from sliding off the bobbin.

5.5.2 2nd Version Option 1 (V2O1)

Since the first version of Option 1 was a test to validate the theoretical setup for fabricating the final ele-
ments, a second version of option 1 is manufactured. This new version addressed the issues raised during
the first test and optimized the process.

This resulted in the creation of a second version of Option 1, as shown in Figure 43. In contrast to the first
version of this variant, the creation process for this design proceeded smoothly. There were no interruptions
in the winding process, unlike the multiple stops required to address issues in the first version. The winding
time for this option is approximately 25 minutes, so no problems occur with the resin pot life.
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Figure 43: Second version of option 1

The corresponding material properties associated with this design are listed in Table 6. There is a slight
difference in fiber weight used between version 1 and version 2 of variant 1. This difference may be attributed
to the residual material remaining at the end of the process. Some of the rovings are impregnated with resin
but will not be used in the structure. This material cannot be reused because it already contains resin,
making it waste after curing.

Table 6: Material properties version 2 option 1

Specimen
No.

rovings x passes
Specimen
weight(g)

Fiber
weigth(g)

FMR FVR

V2O1
3x1
3x4*

3064 836 0.273 0.196

* Upper row represents the number of rovings x passes for the lattice layer where the lower row represents
the number of rovings x passes for the reinforcement layer.

5.5.3 1st Version Option 2 (V1O2)

This round of winding used the script for design option 2, This process resulted in the creation of a first
version of Option 2, as shown in Figure 44.

Figure 44: First version of option 2
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During the winding process, the flax fibers deform, leading to tension in the first layer of the reinforcement.
However, with each additional diagonal winding, the lattice layer deforms, causing the initially wound diag-
onals to become loose. This was evident during test rounds with the sisal rope.

The corresponding material properties associated with this design are listed in Table 7:

Table 7: Material properties version 1 option 2

Specimen
No.

rovings x passes
Specimen
weight(g)

Fiber
weigth(g)

FMR FVR

V1O2
3x1
3x4*

2752 783 0.285 0.205

* Upper row represents the number of rovings x passes for the lattice layer where the lower row represents
the number of rovings x passes for the reinforcement layer.

5.5.4 1st Version Option 3 (V1O3)

This round of winding used the script for design option 3, This process resulted in the creation of a first
version of Option 3, as shown in Figure 45.

Figure 45: First version of option 3

There are also loose bundles with this design option. With this option, it is also worse and the loose bundles
come out through the structure. These loose bundles will thus harden and testing should show how these
loose bundles affect the structural aspect of the structures. It is also notable that with this option, the limits
of robotic winding with the existing script are reached. This is because the robot passes very close to the
winding pins and after curing it is difficult to remove the support structure from the structure since the
structure is quite tight around these plates, because it has the most anticlastic shape of the three.

The corresponding material properties associated with this design are listed in Table 8:

Table 8: Material properties version 1 option 3

Specimen
No.

rovings x passes
Specimen
weight(g)

Fiber
weigth(g)

FMR FVR

V1O3
3x1
3x4*

2904 758 0.261 0.186
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5.6 Curing cycle

After the filament winding process, the structures are taken off the robot set-up and transmitted to the
climate-controlled room in the SED lab, where they are kept at ambient temperature. This procedure
is followed to maintain a minimum temperature of 20 degrees Celsius, as detailed in section 3.4 on Cur-
ing. The next morning, the structures are moved to a different climate room set at 40 degrees Celsius for
an eight-hour post-curing period. Table 9 provides a overview of the complete curing cycle for the structures.

Table 9: Curing cycle of manufactured ele-
ments

Specimen
Temperature

C
Time (hr)

V1O1
20 (± 0.5) 20
40(± 0.5) 8

V2O1
20 (±0.5) 19
40(±0.5) 8

V1O2
20 (±0.5) 20.5
40(±0.5) 8

V1O3
20 (±0.5) 20
40(±0.5) 8

Figure 46: Disassembled composite

After the structures were fully cured, the end plates are removed. This is done by loosening the bolts which
are connected to the endplates. The sleeves will stay in the structure. Figure 46 shows the cured structure
after removing the disconnected end plates and threaded rod.
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5.7 Final elements

Figure 47: Final fabricated composite elements

Figure 47 shows the four manufactured structures after the internal formwork is removed. It can be seen
that the structures feature some imperfections, V101 is the test version in which the ceramic ring got stuck.
Where V2O1 is the best manufactured structure without imperfections. V1O2 and V1O3 have hardened
loose ropes, which will affect the testing capacity. This is described in section 7.

The optimization took into account the multiplies in design variants. Where the assumption is made that
the same mass will be used in the generation of design options. After manufacturing the elements were
weighted. Hereby it can be assured that the assumption of equal lengths and mass in the design options can
be validated. Table 14 describes the total weights of the composites and the weight of fibers used compared
to the number of meters previously expected to be used. For the meters which are previously expected, the
data from table 4 is used with the addition of 22,1 meters of the lattice layer. The amount of meters actual
used is calculated by dividing the weight of fibers used by the weight 1 meters of bundle.

Table 10: Comparison of mass assumption

Specimen
Weight of

composite (g)
Weight of

fibers used (g)
length of

fibers used (m)
Length of

fibers RG (m)
V1O1 2733 848 120 116
V2O1 3064 836 119 116
V1O2 2752 783 112 113
V1O3 2904 758 108 115

The table demonstrates that generating the design by the number of meters is quite accurate. In winding
design options 1 and 2, more meters were used in the real element compared to the model in Grasshopper.
This deviation can be attributed to the extra meters that must be discarded due to impregnation but will
not be wound, resulting in 2 to 4 meters of residual material. In option 3, the actual structure becomes
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more anticlastic, requiring fewer meters of the bundle to wind the diagonals. This structural change is not
accounted for in the model, potentially leading to fewer fibers being used than expected.

5.7.1 Point of interest during winding process

• During the winding process, much amount of resin drips onto various components, including the rotary
table, robot end effector, the end plates on both sides, and the stand to which the rotary nut is
attached. To protect these components from resin, cling film and plastic coverings have been used.
However, certain elements, such as the end effector and winding pins, cannot be wrapped. Therefore,
before each winding session, all exposed materials are sprayed with vaseline, which serves as a release
agent, preventing the resin from adhering to these parts. After winding when the resin has not yet
cured, acetone can be used to remove the excess resin from the elements that have been damaged by
the resin.

• The initial two versions of the winding elements utilized M6 bolts with a length of 50mm. However,
these bolts proved insufficient in providing the necessary strength, resulting in minor imperfections in
the structure. Additionally, resin tended to seep through the holes in the end plates along the threads,
which prevented the bolts from coming loose. To address this issue, it is recommended to use 60mm
long M6 bolts coated with copper paste before installation. The copper paste prevents resin from
infiltrating the threads, ensuring the bolts can be easily loosened when fully cured.

• Initially, the sleeves used for winding were cut to size with a handsaw. This method left the ends
uneven, affecting the overall structure. In the final winding session, the sleeves were cut by machine,
resulting in a more uniform and precise finish with fewer imperfections.

These observations can be taken into account for subsequent projects with these production methods to
optimize the process.
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6 Numerical model
As detailed in section 2, a computational geometrical model is created using Rhino software in cooperation
with the Grasshopper plugin. The design created in Rhino Grasshopper is created for the manufacturing of
the elements but is not suitable for direct numerical analysis. During manufacturing, the structure will un-
dergo significant shape changes due to the absence of formwork and the use of the coreless filament winding
technique.

6.1 Model configuration

Figure 48 shows the flowchart of the build up of the geometrical and numerical model. First, basic Grasshop-
per components (2) and Python programming (3) are used to generate the geometry, which can be influenced
by the parameters discussed in section 2. After defining the basic geometry, a structural optimal form study
is done through the Karamba3D plug-in (4). After the final form is defined, the structure is geometrically
optimized using the octopus plugin (5). This plugin serves as the generator of the final design. When the
final geometry is known, the winding path is determined. The Leafvein plug-in (6) is used to define an Eu-
lerian path. The resulting point sequence can be used as input for the Robot Components plug-in (7). The
RAPID-code created by this plug-in can finally be loaded into Robot Studio (8), to simulate the robotic wind-
ing path and to manufacture the structure. For numerical analysis, the model must be recreated in Oasys
General Structural Analysis (GSA), which allows for the pre-tensioning of winding lines and construction in
multiple stages, mirroring the robotic winding process in the lab. The design of option 1 was converted into
a GSA structure model using the GSA plugin for Rhino Grasshopper (9). After manufacturing, the model is
regenerated and calibrated with the python module and numerically analysed by the Karamba3D plugin. (10)

Figure 48: Flowchart design process

With the GSA plugin, winding lines can be divided into groups. The first group represents the entire lattice
layer, while groups 2 to 23 each represent a single diagonal of the reinforcement layer. This allows for easy
selection and assignment of information to individual diagonals. To simulate the production process in GSA,
the staging analysis option in this modeling and analysis software was used: staging analysis is part of the
structural analysis and design of complex structures, allowing engineers to simulate the fabrication sequence
and assess the performance of the structure in different fabrication phases. In GSA, this process provides
detailed insights into the behavior of structures under different loading and fabrication conditions. GSA
facilitates staging analysis by allowing the user to define different fabrication phases. Each phase can include
the activation of new structural elements, changes in boundary conditions and the application of different
loads. Key features of incremental analysis in GSA include:
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• Incremental load: Users can apply loads incrementally, reflecting actual load conditions during the
construction process.

• Activation/deactivation of elements: Structural elements can be activated or deactivated at different
stages, simulating phased construction processes.

• Time-dependent effects: The software can account for time-dependent effects such as creep and shrink-
age, which are crucial for assessing the long-term performance of structures.

• Dynamic analysis: Phasing analysis can be integrated with dynamic analysis to evaluate the response
of the structure to time-varying loads and seismic activity during different phases of construction. [27]

Using these features, it is possible to generate the manufactured design and simulate the winding of the
structure as shown in figure 49. With this simulation the winding lines of the lattice layer have only a very
small thermal load of -50 (which induces prestress), Whereas the reinforcement layer each has a thermal load
of -1000. Thus, a model can be formed that simulates the manufacturing process. Section 6.3 describes the
calibration of the numerical model with the manufactured structure.

Figure 49: Several stages of staging analysis

6.2 Assumptions

Some assumptions are made for analyzing the structure, these are given here:

• In the Oasys GSA model created, the filament winding process is simulated with two layers of winding
lines. The first assumption in this model is that each winding line undergoes the same amount of
prestress. This simplification is necessary to facilitate the modeling process and keep the calculations
manageable and, as yet, there is no way to control and monitor the prestress during winding. How-
ever, it is recognized that in reality the prestress applied to each filament during the winding process
can vary due to various factors such as material inaccuracies, robot accuracy and robot speed. These
variations can significantly affect the structural performance and behavior of the winded structure.
Therefore, although the assumption of equal prestress provides a basis for the simulation, the results
should be interpreted with caution.
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• In the developed model, all 3D elements were interconnected to simulate a continuous and integrated
structure. This modeling approach simplifies the complex interactions between individual elements,
providing computational efficiency and facilitating the analysis process. However, it is recognized that
in the actual prototype, the connections between 3D elements may not be as good as modelled. Factors
such as manufacturing tolerances, material inconsistencies and imperfections in the fabrication process
can lead to variations in the connections. These variations can affect load transfer mechanisms and
the overall behavior of the structure. The idealized joints in the model assume perfect bonding and
alignment, which may not fully reflect the actual structure conditions.

6.3 Calibration with numerical model

After winding and curing, the structure’s diameter at the center ring is measured to determine the curvature
of the composite. Since the exact prestress in the winding lines during the process cannot be measured,
the model is adjusted based on the observed curvature of the structure. This allows the final designs to
be replicated in Karamba3D. The material properties of the options are also implemented in the model in
combination with equation 7 to calculate the E-modulus. The E-modulus value for the fibers was obtained
from the paper by M. Gil Pérez et al. [13], as the Depestele technical data sheet does not provide this
information. This value corresponds to a structure with an FVR of 40%. Therefore, it is used here solely for
theoretical comparison. The data for calibration is listed in table 11. The results from this numerical analysis
are used to compare the model with the test of the element, which is performed in the SED laboratory.

Table 11: Calibration of numerical model

Specimen V1O1 V2O1 V1O2 V1O3
Lattice layer (mm)
(width x depth)

10 x 5 10 x 5 10 x 5 10 x 5

Reinforcement layer (mm)
(width x depth)

30 x 5 30 x 5 20 x 5 12 x 5

Inward deformation
(mm)

30 30 40 50

Elastic modulus
fibers (GPa)

55.1 55.1 55.1 55.1

Elastic modulus
matrix (GPa)

3 3 3 3

Elastic modulus
composite (GPa)

13.21 14.77 13.68 11.06

6.4 Results of staging analysis

The process of coreless winding, where structural deformation occurs due to the lack of a core, creates a
challenge when modeling the structure to ensure structural integrity. Therefore during the winding process
the structure is monitored to analyze the behavior of the winding lines throughout the process. This is done
by taking pictures of the structure with a camera from the SED labaratory after each winding line, as can be
seen in figure 41. By taking pictures after each winding line, deformation can be analyzed after the winding
process. Figure 50 shows this process in which the difference in deformation was visualized using the photos.

Various stages of the Oasys GSA model were compared to the final winding process, showing that the current
model accurately simulates the deformations of the structure. This comparison relates to design option 1,
where the model functions as intended. Unfortunately, the models for options 2 and 3 could not be included
in this analysis. As described, the initial winding lines become loose as the number of windings increases
(multiple turns around the structure), as seen in Options 2 and 3. If this phenomenon can be simulated in
the GSA model, the design can be optimized in advance to prevent the rovings from hanging loose.
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This model serves as a valid initial setup to pre-simulate the behavior of a coreless filament wound structure.
Currently, it is used primarily for visualization because the pretension in the rovings during the winding
process is not known. Further details and refinements can be added as needed to improve accuracy.

Figure 50: Comparison GSA model and reality

The behavior of the structure is described by the axial force in the winding lines. Since the values of the
prestress are not known, No actual values were used. In the GSA model, each node relates to a cut element,
resulting in a diagonal and a lattice consisting of multiple elements. It is important to understand the distri-
bution of forces within these different elements. Therefore, for a diagonal and a lattice element, all relevant
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information is extracted from the GSA model. Figure 51 shows the composition of the first diagonal and
an element of the lattice layer in the GSA model. This information of the model is represented in a 2D bar
graph, where each element is projected with the corresponding force in each stage. This is shown in figure 52.

Figure 51: Element labels Figure 52: Graph of staging analysis

The hypothesis states that the lattice layer will experience an increasing axial force as it is pushed inward by
the reinforcement layer, increasing the tension in this winding line. Conversely, the behavior is different for
the first diagonal. As the diagonals deform the structure with each additional layer, the tension in the first
winded diagonal decreases. This hypothesis is supported by the model for the lattice layer, as illustrated in
Table 12, where the average force in the lattice and the diagonal is taken into account. Every stage represents
the addition of a new diagonal. Table 12 shows the average value of one element of the lattice layer and one
diagonal. However, for the diagonal, it can be seen that the average force increases in later stages. This is
caused by the bottom and top elements (101/102 and 114/115), which get a very high axial force. where in
the middle element, this force is constantly decreasing. This can also be seen in the graph of figure 52. the
data from this analysis along with the graphs can be found in Appendix F

Table 12: Average axial force in elements

Stage 2 3 4 5 6 7 8 9 10 11 12
Element 1 (kN)
(Lattice layer)*

2.43 2.452 2.69 2.68 5.15 5.16 6.62 6.59 7.82 7.69 7.66

Element 2 (kN)
(Diagonal)*

8.64 8.69 7.25 7.36 7.50 7.59 7.69 7.59 7.61 7.23 6.94

Stage 13 14 15 16 17 18 19 20 21 22 23
Element 1 (kN)
(Lattice layer)*

7.48 7.43 8.86 8.87 8.77 8.80 8.81 8.87 9.009 8.98 9.89

Element 2 (kN)
(Diagonal)*

6.66 6.79 6.41 6.72 6.56 7.12 7.31 7.84 8.27 7.88 7.92
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Since option 1 involves no loose rovings during the winding process, there is no compression in the winding
layers. This model can be used to simulate the behavior of the rovings, specifically to determine if they will
remain under tension and avoid ”buckling” due to potential compression. By running a simulation on the
design, it can be assessed whether the rovings will stay in tension without becoming loose.

6.5 Results of numerical analysis

Since the staging model is unfortunately not working with the an external force, a numerical model was cre-
ated Karmaba3D plugin in Rhino Grasshopper. Karamba3D is a plug-in that uses the Finite Element Method
(FEM) to perform calculations of parameterized geometric models in Grasshopper’s environment. [20]. The
initial geometric model consists of lines and points, which must be converted to beam elements with nodes
containing physical properties for analysis. During conversion to the Karamba3D model, several assump-
tions are made in the assembly component. For instance, all points where lines intersect are considered
fixed nodes. The material properties and the simplified cross-sections of the elements from table 11 are
incorporated. Rigid elements are added to the top and bottom of the structure, representing the end nodes
of the structure. These elements consist of a ’spider web’ of lines. The properties of the rigid elements are
manually entered to ensure the lines behave as rigid elements. Boundary conditions are then defined. The
’Beam-Joint’ component defines the connection between the rigid elements and the filaments of the winded
structure, allowing rotation and limiting translation. Supports are added to the center of the rigid elements:
the bottom support prevents translation in the X, Y, and Z directions while allowing rotation, and the upper
support restricts translation in the X and Y directions but allows translation in the Z direction. Additionally,
rotation in the Z direction is restricted at the upper support to prevent torsional movement. The structure
is axially loaded with a point load of 1 kiloNewton, which is transferred to the cross sections of the filament
winded structure by the rigid elements.

Figure 53 illustrates the structure, showing the supports, cross-sections, rigid elements, and the applied point
load. All defined elements, supports, connections, and loads are input for the ’Assemble’ component, creat-
ing a structural model from the collected data. The ’Analyze’ component is then used for the second-order
buckling analysis of the structure, considering the deformation due to the applied point load. The output of
the structural calculation includes the maximum displacement and the buckling load factor, as displayed in
Table 13.

Table 13: Results of numerical model

Option 1 Option 2 Option 3
Buckling load factor

(-)
68.69 114.21 216.32

Reaction force
(kN)

1 1 1

Displacement
(mm)

0.03 0.08 0.06

After testing of the elements in the SED laboratory these
results will be compared with the results of the test in the
SED laboratory. After which a conclusion can be drawn as to
whether this model is representable to simulate the behavior of
the structure under compression.

Figure 53: Karamba model
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7 Testing the element
Four fiber composite structures are tested in axial compression using the Instrom compression testing ma-
chine in the SED lab at TU/e. The structures were simply supported, allowing them to rotate freely at
the structure supports while being fixed to prevent movement. Figure 54 illustrates the test setup for the
axial compression test of the structure (V2O1). To distribute the load across all bundles and to equalize
any unevenness between the bundles aluminum plates were used to fill the open spaces. Thus, each bundle
is loaded simultaneously. A spherical hinge is positioned at both the top and bottom, with a steel plate
attached to this hinge to cover the end of the structure and distribute the axial pressure point load uniformly
across the structure.

Figure 54: Test set-up

The compression tests aimed to analyze the structural behavior of the composite. For each test, a tensile
wire sensor is installed to measure the vertical displacement of the structure, this is done with a mag-
net attached to the steel endplate of the compression test bench. The axial compression tests produced a
force-displacement diagram that recorded the vertical displacement measured by the tensile sensor and the
displacement of the bench.

7.1 Results

Finally four structures were fabricated and then tested in the test bench, the results of this test will be
described in this section.
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7.1.1 Compression test V1O1

This structure served as the test structure during the winding process. The structure suffered damage in
several areas due to the ceramic ring detaching and damaging the fibers. Despite this, the structure was
tested and achieved a maximum force of 23.64 kN. Figure 55 presents the test results in a force-displacement
diagram.

Figure 55: Force-displacement graph of V1O1

During this test, failure can be detected at the winding pins, as here the construction is, as it were, flattened
and the sleeves are pushed out of the structure. It can also be clearly seen that the structure is buckling
outwards at the top of the structure, as showed in figure 56.

Figure 56: Buckling of bundle
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7.1.2 Compression test V2O1

The second structure was visually rated as the most efficiently manufactured structure. The result of the
test can be seen in figure 57, where the force-displacement graph of this test is displayed.

Figure 57: Force-displacement graph of V2O1

The structure failed as the unconnected bundles begin
to buckle individually, leading to local failure of single
bundles. This is visualised in figure 58, where it can
be seen that the lattice layer buckled, due to delam-
ination from the reinforcement layer. Afterwards the
reinforcement layer starts also to delaminate. The de-
lamination issue could have been mitigated by better
analyzing the end conditions of the structure. Imple-
menting an additional winding layer or using tyraps
during testing might have prevented the delamination
of these layers. This approach would likely result in
test outcomes that are more consistent with the fi-
nal model in Karamba3D. Additionally, the test setup
could be improved by preventing lateral translation of
the element, which is currently not accounted for. Figure 58: Delamination of bundles

7.1.3 Compression test V1O2 and V1O3

All test results are listed in Appendix G: Test results physical tests, mainly for the test of options 2 and 3.
These options already had many imperfections during winding so it was expected that these options would
not perform as well as Option 1. Since it was assumed that the bundles would have a major role in the
failure mechanisms. For Option 2, the failure mechanism is similar to that of Option 1. Where near the
winding pins, the lattice layer delaminates from the reinforcement layer and then buckles as single bundles
between two nodes. For option 3, no clear point can be found where this structure fails. It is assumed
that on the inside of the structure (where the bundles have already buckled during the winding process) the
bundles buckle further and thus the force can no longer be distributed. In the videos taken during testing, it
can be seen how the structures react to the force and how it behaves. These videos are added in Appendix H.

55



7.2 Comparison with numerical model

For a comparison between the laboratory test result and the numerical model results, Table 14 summarizes
the axial compression test results, showing the maximum compression force achieved and the maximum force
according to the numerical model.

Table 14: Comparison of results

Specimen
Max compressive
force reached [kN]

Max force in
numerical model [kN]

Factor difference

V1O1 23.64 68.69 2.91
V2O1 28.49 68.69 2.41
V1O2 15.34 114.21 7.45
V1O3 16.69 216.32 12.96

7.2.1 Discussion of comparison

The comparison between the test results and the numerical model predictions for the axial compression tests
reveals significant differences. The maximum compressive forces observed in the physical tests are consider-
ably lower than those predicted by the numerical models. Possible reasons for these differences may be:

• Material properties and assumptions: The numerical model uses idealized material properties and
assumes perfect material behavior, which may not accurately reflect the actual properties of the com-
posite materials used. Variations in material quality, inconsistencies in the manufacturing process and
inaccuracies in the assumed material properties can all contribute to differences in performance. Also,
the modulus of elasticity for fibers used in the model may not match actual materials, leading to over-
estimation of structural capacity. The numerical model also uses several simplifications to make the
analysis computationally feasible. These include assumptions about material cross-sectional area and
perfect bonding between elements.

• Fabrication errors and imperfections: Manufacturing defects such as voids, incomplete impregnation
of fibers, and inconsistencies in the winding process can reduce the strength of composite structures.
For example, the loose bundles in design option 2 and 3. The numerical model does not account for
these imperfections.

• Test Setup and Boundary Conditions: The boundary conditions and load setups in the tests may
differ slightly from those assumed in the numerical model. For example, aluminum plates were used to
distribute the load evenly. In the numerical model, this is assumed to be perfectly straight and thus
the load will be absorbed equally by each bar. The model also assumes the boundary conditions as a
fixed hinge, where no lateral movement is possible. However, with the structure placed on the steel
plates of the compression testing machine, lateral displacement can be possible, leading to differences
between the numerical model and physical testing.
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The results highlight the importance of calibrating and validating numerical models with experimental data.
To improve the accuracy of predictions, extensive material characterization should be performed to obtain
accurate input data for the numerical models. This includes detailed testing of the mechanical properties
of composite materials and consideration of variability in natural fibers. In addition, a numerical model
capable of addressing manufacturing and material inconsistencies must be developed. It is also essential that
the tests closely match the model calculations.

In this project, option 1 appears to be the best. The structural depth and bonding between the layers have a
greater impact on the structural capacity of the element than the number of nodes. If the bonding between
the layers is poor, the elements will buckle separately, increasing the probability of structural failure. It is
important to note that the manufacturing process was not optimal. As a result, multiple design iterations
of option 2 and option 3 are not made to optimize them without loose bundles in the design. Unfortunately,
this project cannot conclude whether a structure with fewer nodes but more structural depth is stronger
than one with more nodes but less structural depth.

For reference, photos were taken of each test and combined into a video, For these videos, reference is made
to Appendix H: Videos of physical testing.
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8 Discussion
The use of bio-based materials, such as flax fibers, represents a significant advancement in sustainable con-
struction practices. Compared to traditional building materials, bio-based materials reduce CO2 emissions
and overall environmental impact. This study confirms that incorporating flax fibers in construction can
help achieve sustainability goals, aligning with global efforts to mitigate climate change. However, making
a composite with flax fibers requires the use of a resin. For this study, resin which is already available at
TUe is used due to the known safety risks and established working processes. Introducing a new resin would
introduce new safety risks and potentially require several new procedures.

Given that composite structures are intended to enhance sustainability in the construction industry, the
choice of resin is important. In this project, the resin consists of 38 percent bio-based materials [33], with
the remaining 62 percent not yet bio-based. Since the composite is approximately 80 percent resin, it cannot
be fully claimed that the structure contributes to sustainability in the construction sector. To achieve this, a
fully bio-based resin needs to be identified that, in conjunction with flax fibers, can form a durable composite
structure.

The amount of waste material is also an issue. In the manufacturing process as currently set up. Every
part that should not be damaged by the resin should be packed with plastic foil as well as the ground and
table the robot is standing on, Aluminum trays have been used to catch the dripping resin, The bolts which
are damaged by resin. These materials can all be disposed after a round of winding. Also, the process as
designed leaves quite a lot of resin. This is because there must be a certain amount of resin in the bath
to keep impregnating the rovings. With each version of the winding process, about 1 kilogram of the 3.5
kilograms of resin remains in the silicone container. After hardening this has to be disposed.

The innovation of CRFW technology offers several benefits over traditional production methods. This
method eliminates the need for auxiliary structures, reducing material waste and simplifying the fabrication
process. CRFW technology also allows for the production of complex geometries that would be challenging
to achieve with conventional methods. However, the implementation of CRFW presented several challenges,
including ensuring consistent fiber tension and achieving uniform resin impregnation. This resulted in the
manufacturing issues adressing with design option 2 and 3. More manufacturing iterations are needed to
adress loose rovings in the design phase.

The new resin bath configuration improved control over the impregnation process, resulting in a consistent
fiber volume ratio (FVR). However, this FVR is too low for manufacturing high-quality composites. Ac-
cording to the LivMatS Pavilion paper [13], an ideal FVR should be around 40 percent to achieve better
material properties.

A practical application of this technique in the construction sector involves the use of resin and robots. The
resin currently in use has a pot life of 50 minutes, making it suitable for creating composites, as demonstrated
in this project. However, when producing larger elements, this pot life becomes a significant limitation. Ad-
ditionally, the restricted space and reach of the robot present further challenges. During the project, the
robot encountered difficulties in reaching certain points. To better align the impregnation process with the
robot arm, a script was developed to tilt the end-effector. Unfortunately, this adjustment led to issues in
reaching the target points, and thus, this approach was not implemented in the project.

To enable the production of larger elements with the existing equipment, one potential solution is to connect
smaller elements to form a larger structure. It is crucial to consider that the connections between these
elements will be critical to the overall structural performance of the structure.
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9 Conclusion
This research project aims for the design and manufacturing of a three-dimensional structure using bio-
based materials and Coreless Robotic Filament Winding (CRFW) technology. By focusing on flax fibers
impregnated with partially bio-based epoxy resin, the study aimed to address significant challenges in the
construction industry, namely environmental impact and labor shortages. A structure of one meter height
should be simply supported.

The research started by conducting a literature study into robotic filament winding, lightweight structures,
and axially loaded simply supported structures. It is found that buckling is the governing failure mechanism
for slender structures loaded in axial compression. From this an optimization goal is found. The digital design
process, executed using Rhinoceros and Grasshopper software with optimization through Karamba3D and
Octopus plugins, resulted in three optimized design options. These optimized designs all have an anticlastic
shape, since a shape study demonstrated that this shape is optimal for use in filament-wound structures and
is optimal for their fabrication, since the fibers used will deform during the winding process resulting in an
anticlastic shape. These design options are optimized using the length of the fiber needed to manufacture
the design. Therefore the mass is consistent in the three variants.

After finding the design options, a winding path is determined which allowed the structure to be man-
ufactured in one continuous winding session. Robot Components is used to combine all actions with the
moveable work object and specified robot. This resulted in a RAPID-code, which is loaded into Robot Studio
to simulate the complete winding path and manufacture the structure. Furthermore, the design of the robot
end-effector and existing resin bath is adapted several times to improve the winding process for optimal
impregnation of natural flat fibers instead of sisal ropes, which were first used in filament winding on TUe.
The final structure is manufactured using Depestele FR 2400 flat flax rovings, impregnated with InfuGreen
810 epoxy resin and SD 8824 hardener. This material is chosen to continue on previously conducted studies
at TU/e. The flax rovings are unwound from the bobbin and guided through a resin bath, after which the
impregnated rovings are bundled and directed to the end-effector. The full filament winding process is tested
with sisal rope before final manufacturing. The manufacturing process involved the ABB IRB 1200-5/0.9
robot, which successfully produced the structures without auxiliary supports, only using two end plates with
winding pins. Post-manufacturing, the structures underwent curing, and their performance is calibrated and
analyzed using numerical models in Oasys GSA and Karamba3D.

A total of four structures were manufactured. Numerical modeling and monitoring during the winding pro-
cess indicated that the staging analysis results were reasonably consistent with actual conditions. However,
testing showed that the filament-wound structures, composed of multiple elements, exhibited local buckling
before global buckling. These results highlighted significant differences between numerical predictions and
actual test outcomes, primarily due to idealized material properties, fabrication errors, and test setup con-
ditions.

The study confirmed the feasibility of manufacturing an optimized design using bio-based flax fibers through
robotic filament winding. A new resin bath and end effector were developed, to continue on winding with
bio-based natural fibers. The resin bath and end-effector are both reusable as research has been done to
protect all parts in the process with release agents. While the structural performance is promising, imperfec-
tions in the process indicated a need for further research to enhance accuracy and reduce variability. Future
investigations should focus on detailed material characterization, improved numerical models accounting for
manufacturing inconsistencies, and the scalability of this technology for large-scale applications. Additions
such as a robotic end effector that can measure pretension in roving bundles or an impregnation end effector
could significantly improve research on filament wound structures at Eindhoven University of Technology.
These tools would provide more accurate control and quality assurance in the production process, improving
the overall efficiency and reliability of filament wound structures.
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10 Recommendations
Reflecting on the entire process from design process to final testing, several elements deserve further research.
One consideration is the environmental impact of the materials used. This research aimed to reduce the envi-
ronmental pollution associated with the traditional design and manufacturing processes in the construction
sector. As a result, the structure was constructed using bio-based flax fibers. However, the SR InfuGreen
810 epoxy resin used to impregnate the rovings contains only 38% bio-based content. To achieve a fully
bio-based structure, further study on epoxy resins with higher green content is recommended, ensuring they
maintain favorable curing cycles and viscosity during manufacturing. In future projects involving resin, it is
recommended to consider the use of Oribond by the Orineo company, for example. Oribond is fully biobased,
which underscores its environmental friendliness and aligns with the commitment to using sustainable ma-
terials. It has versatile curing conditions and non-toxic ingredients.

Further investigation is needed to increase the material properties and the filament winding process. This
includes improving the flax fibers impregnation with bio-based epoxy resin and optimizing the winding tech-
niques to ensure consistent structural properties. This can be done by more design iterations with the resin
bath configuration, ensuring an optimal fiber volume ratio. Also conducting comprehensive testing to under-
stand the long-term performance and durability of structures made using CRFW technology with bio-based
materials. This includes studying the effects of environmental exposure, load-bearing capacity over time,
and potential failure modes.

Improving the accuracy of numerical models used to simulate the manufacturing process and predict struc-
tural behavior involves calibrating these models with experimental data. Enhancing simulation tools to
better replicate the complexities of the winding process and material behavior is essential. Currently, the
project utilizes a numerical staging model for option 1, as other models do not accurately represent reality.
This approach can be expanded to simulate various generated structure models, enabling better predictions
of structural behavior during the winding process. This improvement is likely to lead to a more efficient
manufacturing method, reducing material waste and producing more reliable structures without inequalities
or defects, such as loose ropes. Additionally, this may decrease the differences between numerical simulations
and physical testing results.

It is recommended that future testing of the elements should better align with the boundary conditions
used in the numerical model. Currently, there are differences between the testing setup and the model as-
sumptions. To achieve more accurate and reliable comparisons ensure that the boundary conditions in the
physical tests closely match those assumed in the numerical models. For example, modify the test setup to
prevent lateral displacement and to ensure even load distribution. For example, the use of spherical hinges
and aluminum plates should be re-evaluated to match the fixed hinge conditions assumed in the model. Or
develop a numerical model capable of addressing manufacturing and material inconsistencies. Include im-
perfections observed during the manufacturing process in the model to better predict the structural behavior.

Lastly, Adding advanced tools such as a robotic end effector capable of measuring pretension in rovings or an
impregnation end effector, as shown by the university of Stuttgart [26], could substantially enhance research
on filament winded structures at Eindhoven University of Technology. An innovative end effector design
featuring two separate chambers for resin and hardener allows for impregnation directly within the end
effector while keeping the two components isolated until the point of application. This design ensures precise
control over the mixing process and prevents premature curing, thus enabling more accurate control and
quality assurance during the production process. These improvements would lead to enhanced efficiency and
reliability of the resulting filament wound structures and reducing waste by only use limited amount of resin.
By integrating these tools, the university could achieve higher standards in their research and production
capabilities, ultimately contributing to advancements in the field of filament winding technology.
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SR Infu Green  810  
Green Epoxy systems for Injection and Infusion 

 
 
 

The Infu Green  810 is a two-component epoxy system. It has been specially formulated for resin 
transfer processes, such as injection or infusion. 
This system has a very low viscosity at ambient temperature.  
The different hardeners allow the production of small to very large parts. 
The cured system gives a temperature resistance up to 100°C (Tg onset) 
The hardeners SD 4770 and 4771 are designed for very thick laminates by infusions. 
 
SR Infu Green  810 Epoxy resin is produce with about 38 % of carbon from plant origin and 
has a lower environmental impact than standard Epoxy systems. 
The bio-based Carbon content of our resin is certified by an independent laboratory using Carbon 
14 measurements (ASTM D6866 or XP CEN/TS 16640). 
This percentage is function of the carbon origin contained in the epoxy molecule. 
 

SR Infu Green  810 is DNV-GL Maritime approved . 
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Epoxy resin SR Infu Green  810 
 
Aspect  Clear liquid 
Color Gardner  1 maximum 

 
Viscosity 
 ( + 20 % mPa.s) 
 

@ 15 °C 
@ 20 °C 
@ 25 °C 
@ 30 °C 
@ 40 °C 

2 200 
1200 
750 
470 
210 

 
Carbon Green 
content  ( + 3 % ) 

 

 
38 %  

 
Density  
Pycnometer (+0.01) 
Helium (+0.005) 

 
@ 20 °C 

 
 

1.16 
1.152 

 
   
Refractive index 
(+ 0.0020) 

@ 25 °C 1.5491 

   
Storage stability                                                       24 Months @ ambient temperature 

 
Can crystallize at low temperature or after a long storage. 

If SR InfuGreen 810 develops a haziness or crystallizes during storage,  
warming it @ 50 to 60 °C, with stirring, will restore it to its original state 
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Hardeners SD 882x SD 477x 
 
 
Reference  

 
SD 8825.2 

 
SD 8824 SD 8822 SD 4772 SD 4771 SD 4770 

Reactivity type  Fast  Standard  Slow  Ultra -slow  Mega slow  
Aspect / colour  Light yellow liquid 
Color Gardner 
  3 maximum 4 maximum 5 maximum 3 maximum 

Viscosity 
(+ 20 % mPa.s) 
 

@ 15 °C 
@ 20 °C 
@ 25 °C 
@ 30 °C 
@ 40 °C 

9 
7 
6 
5 
4 

7 
6 
5 
4 
3 

27  
20  
16  
13  
9  

13  
11 
9  
7  
5  

Carbon Green 
content % none 

 
Storage stability AT 

24 months 
Hardeners react with carbon dioxide and moisture.  

Keep tightly closed packaging, minimize maximum contact with the air. 
        
Density  
Pycnometer (+0.010) 

 
@ 20 °C 

 

 
0.915 

 
0.944  

 
0.935 

 
0.927 

 
0.944 

 
0.944 

Refractive index 
(+  0.002) @ 25 °C 

 
1.4785 

 
1.4982 

 
1.4712 

 
1.4822 

 
1.4594 

 
1.4604 
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SR Infu Green  810 / SD 8822  SD 477x  Mixes 
 
 
References 

  
SD 8825.2 

 
SD 8824 

 

 
SD 8822 

 
SD 4772 

 
SD 4771 

 
SD 4770 

Mixing ratio by weight  
 
 
Mixing ratio by 
volume 

  
100 / 22 

 
100 / 28 

 
100 / 22  

 
100  / 27  

 
100  / 31  

 
100  / 39  

 
100  / 29  

 
100  / 36  

 
Initial mix 
viscosities 

@ 20 °C 
@ 30 °C 

230 
130 

200 
100 

320 
120 

330 
90 

235 
115 

142 
100 

 
Time to reach  
300 cps 
“ Optimal infusion 
time’’ 

 
@ 20 °C 
@ 30 °C 

 
28’ 
40’ 

 
44’ 
50’ 

 
/ 

67’ 

 
/ 

90’ 

 
60’ 

130’ 

 
3 h 20’ 
160’ 

 
Carbon Green 
content maximum 
Calculated (+/- 3 %) 

 

 
31 

 
31 
 

 
29 

 
29 

 
29 

 
29 
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Viscosities increase on 1 mm film thickness  
 
@ 20 °C 

 
 
 
Zoom initial @ 20 °C 
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@ 30 °C 

 
 
Zoom initial @ 30°C 
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Mechanical properties on cast resin 
 
  

SR Infu Green  810 / SD 8825.2 
 

SR Infu Green  810 / SD 8824 

 
Curing cycle 

 
AT 
+ 

24 hrs 
 40 °C 

 

 
AT 
+ 

16 hrs 
 60 °C 

 

 
AT 
+ 

8 hrs 
 80 °C 

 

 
AT 
+ 

8 hrs 
 40 °C 

 
AT 
+ 

16 hrs 
 60 °C 

 

 
AT 
+ 

8 hrs 
 80 °C 

 Tension         
Modulus of elasticity N/mm

2 3000 2700 2600 3000 2800 2600 

Maximum resistance N/mm
2 69 68 67 68 65 60 

Resistance at break N/mm
2 55 53 64 57 57 52 

Elongation at max.load % 3.8 4.8 5.7 3.6 4.4 5.0 
Elongation at break % 5.9 9.1 8.0 5.3 5.9 9.5 
        
Flexion         
Modulus of elasticity N/mm

2 3000 2700 2600 3100 2800 2600 

Maximum resistance N/mm
2 113 112 108 109 107 101 

Elongation at max.load % 4.9 6.1 6.6 4.6 5.7 6.0 
Elongation at break % 12.6 11.6 11.9 12.6 9.3 13.4 
        
Shear strenght         
Maximum resistance  N/mm² 46 45 45 43 42 41 
        
Compre ssive         
Compressive yield strength N/mm

2 98 95 93 91 87 82 

Offset compressive yield % 11.7 15.1 15.7 12.3 13.0 14.9 
        
Impact Choc Charpy  
Resilience 

 
KJ/m

2 
 

80 
 

80 
 

70 
 

100 
 

90 
 

90 

        
Glass Transition         
Tg1 onset °C 72 91 96 69 83 82 
Tg1 onset maximum °C   94   82 
 
 
 
  



InfuGreen / E 1649.8 / SD 882x2 SD 477x E 1616 
Page 8 / 9 

Version 01/03/2017 

Sicomin, 31 avenue de la Lardière, 13220 Châteauneuf les Martigues, France 
T: +33 (0)4 42 42 30 20  /  F: +33 (0)4 42 81 29 29  /  E: info@sicomin.com  / www.sicomin.com 

 
 
 
 
 
 
  

SR Infu Green  810 / SD 8822 
 

SR Infu Green  810 / SD 4770 

 
Curing cycle 

 
AT 
+ 

24 hrs 
 40 °C 

 

 
AT 
+ 

24 hrs 
 40 °C 

 

 
AT 
+ 

16 hrs 
 60 °C 

 

 
AT 
+ 

8 hrs 
 80 °C 

 

 
AT 
+ 

16 hrs 
 60 °C 

 

 
AT 
+ 

8 hrs 
 80 °C 

 Tension         
Modulus of elasticity N/mm

2 3000 2900 2700 3160 3100 2700 

Maximum resistance N/mm
2 66 67 61 71 74 70 

Resistance at break N/mm
2 55 60 53 70 68 69 

Elongation at max.load % 3.5 4.4 4.9 3.1 4.2 5.0 
Elongation at break % 4.3 6.1 8.0 3.2 5.1 5.6 
        
Flexion         
Modulus of elasticity N/mm

2 2900 2800 2700 3250 3000 2770 

Maximum resistance N/mm
2 99 106 101 116 116 115 

Elongation at max.load % 4.4 5.6 6.0 4.6 5.4 6.4 
Elongation at break % 15.5 13.6 13.6 9.8 7.4 7.8 
        
Shear strenght         
Maximum resistance  N/mm² 43 43 41 47 47 45 
        
Compressive         
Compressive yield strength N/mm

2 91 91 84 104 100 95 

Offset compressive yield % 11 12 13 11.3 12.8 14.6 
        
Impact Choc Charpy  
Resilience 

 
KJ/m

2 
 

85 
 

88 
 

75 
 

85 
 

83 
 

80 

        
Glass Transition         
Tg1 onset °C 63 74 85 69 84 97 
Tg1 onset maximum °C   84   98 
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Measures undertaken according to the following norm s: 
Tests carried out on samples of pure cast resin, without prior degassing, between steel plates. 
 
Tension:   ISO 527 - 2  
Flexion:   ISO 178 
Charpy impact strength: NF T 51-035 
Shear Strength:  ASTM D 732 - 93 
Compression:  ISO 604 
Water absorption: Internal. Polymerization according to cycle, machining, weighing, time spent in distilled water at 70 °C 

/ 48 hours, weighing 1 hour after emerging, 
 
Glass transition DSC:  ISO 11357-2: 1999   -5°C to 180 °C under nitrogen gas 
   TG1 or Onset:  1st point at 20 °C/min     TG1 maximum or Onset: second passage 
 
Glass transition DTMA:     ISO 11357-1 - TG onset G’             Temperature ramp 0 °C to 180 °C @ 2°C/min            
                                          ASTM D4065 - TG peak G’’         
 
Physical tests according standard: 
Gardner color:   NF EN ISO 4630   Visual method 
Refractive index:  NF ISO 280 
Viscosity:   NF EN ISO 3219  Rheometer 50 mm, shear 10 s-1 
Density:   NF EN ISO 2811-1  Pycnometer 
Density solid  NF EN ISO 845 
Gel time:  Cross G’ G’’   Rheometer CP50 - Shear rate 10 s-1 
Green Carbone content: ASTM D6866 or XP CEN/TS 16640 Avril 2014 
 
AT:   Ambiant  temperature 
 
 
LEGAL NOTES: 
The information given in writing or verbally, in the context of our technical assistance and our trials, do not engage our 
responsibility. They are given in good faith based on SICOMIN's current knowledge and experience of the products when properly 
stored, handled and applied under normal conditions in accordance with SICOMIN’s recommendations. So, we advise the users 
of SICOMIN products, to check by some practical trials they are suitable for the envisaged processes and applications. The 
customer's storage, the use, the implementation and the transformation of the supplied products, are not under our control and 
your responsibility only will respond for it. 
 
SICOMIN reserves the right to change the properties of its products. All technical data stated in this Product Data Sheet are based 
on laboratory tests. Actual measured data and tolerance may vary due to circumstances beyond our control. 
 
If our responsibility should nevertheless be involved, it would be, for all the damages, limited to the value of the goods supplied 
by us and implement by the customer. We guaranty the non-reproachable quality of our products, in the general context of sales 
and delivery. Users must always refer to the most recent issue of the local Product Data Sheet for the product concerned, copies 
of which will be supplied on request. 
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DEFINITION / DESCRIPTION
Fibre 100% lin (Label European Flax)
Fiber 100% flax (European Flax Label)
Type de ruban Plat et non retordu
Type of roving Flat and untwisted

CONDITIONNEMENT / PACKAGING
Longueur de ruban*
Roving length*
Masse nette de la bobine (teneur en eau 8%)**
Bobbin net weight (8% water content)**
Type de bobine Dévidage extérieur
Type of bobbin External unwinding
Diamètre interne du mandrain en carton*** 3 pouces - 76 mm
Inside diameter of cardboard core*** 3 inches -76 mm
Longueur du mandrin en carton*** 11 pouces - 28 cm
Length of cardboard core*** 11 inches - 28 cm
Diamètre extérieur de la bobine
Bobbin external diameter
Conditions de stockage recommandées Température ambiante, humidité relative = 60 ± 15%
Recommended storage conditions Ambient temperature, relative humidity = 60 ± 15%

CARACTERISTIQUES DU RUBAN / ROVING CHARACTERISTICS

Densité* dlin=1,45 g/cm3

Density* d flax =1,45 g/cm 3

* mesure informative / just for information, ** non contractuel /subject to variation, *** selon spécificités fournisseur/according to supplier specifications

**** hors épissure / without splice

TRANSFORMATIONS & APPLICATIONS
Mise en œuvre Tissage, tricotage, tressage, NCF, pultrusion, enroulement filamentaire
Forming process Weaving, knitting, braiding, NCF, pultrusion, filament winding
Applications usuelles
Product applications

IMPORTANT

Mise à jour le 28/03/2023, version FR 2400 V4

20 cm max

2,50 kg

FR 2400
 ROVING LIN 100% LIN LINCORE® 
 LINCORE®  100% FLAX ROVING  

FICHE TECHNIQUE / PRODUCT DATAS

1041 m

Titre du roving (teneur en eau 8%) 2400 tex ± 4% 0,41 Nm ± 4% Roving linear density (8% water content)
Epaisseur** min : 0,3 mm max : 0,5 mmThickness**

Transport, sports et loisirs, réservoirs et membranes...
Transportation, sports and leisure, tanks and vessels…

Les renseignements contenus dans la présente fiche produit sont fondés sur notre savoir faire et sur les résultats d’essais  Ils doivent être adaptés à 
chaque cas particulier. Les performances du produit après utilisation étant liées aux conditions particulières de mise en oeuvre, elles ne sauraient 
engager notre responsabilité.
All information is believed to be accurate. Users should make their own assessment of the suitability of any product for the purpose required. All 
sales are made subject to our standard terms of sales which include limitations on liability and other important terms.

Largeur** 11 mm ± 2 mm Width**
Force à rupture (jaugé sur 1m)**** > 30 N, Moy>50 N > 1,5 RKM, Moy=2,5 RKMStrength at break (1 meter gauge)  ****
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Product specifications ABB IRB 1200-5/0.9 (ABB, 2022) 
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E Appendix: Overview Robot Components script
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F Appendix: Results of staging Analysis
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G Appendix: Results of physical tests
Force-displacement diagram V1O1

Force-displacement diagram V2O1
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Force-displacement diagram V1O2

Force-displacement diagram V1O3
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