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 A B S T R A C T

Fiber-reinforced plastics enable lightweight building systems through digitizable and automatable additive 
manufacturing techniques such as coreless filament winding (CFW). Replacing carbon fibers with low-CO2-
impact natural fibers offers opportunities for sustainable structures. A prior CFW study using four-point 
bending demonstrated the eco-mechanical potential of Linum usitatissimum fibers but was confined to simple 
sample geometries, emphasizing material over structural performance. This study addresses this limitation by 
introducing a new structural sample fabricated with a 3D-printed winding fixture and hybrid CFW. Samples 
from Phormium tenax fibers were experimentally benchmarked against carbon and L. usitatissimum fiber 
samples. Carbon samples exhibited 2.15× the mass/CO2-specific stiffness and failure load of the natural fiber 
samples. L. usitatissimum slightly outperformed P. tenax due to greater raw material optimization. Projections 
suggest increasing fiber volume ratios, coupled with advances in fabrication, could close performance gaps 
while balancing lightweight and sustainability goals.
1. Introduction

The use of fiber composites in lightweight applications is advanta-
geous primarily due to their high mass-specific mechanical properties. 
Furthermore, the anisotropic nature of these materials, along with the 
ability to adjust their composition, allows for tailoring of material 
properties to meet requirements of specific load cases. Although widely 
used in aerospace, fiber composites are also prominently employed in 
construction industry [1,2]. Fiber composite materials are often used 
as shell elements composed of multiple layers of woven textiles [3] 
or as lattice structures made from profiles [4]. Typically, profiles are 
produced by pultrusion [4], braiding [5], or filament winding [6]. 
Furthermore, robotic additive manufacturing techniques can create 
thermoplastic lattice structures with minimal support, offering greater 
design freedom compared to conventional 3D printing [7]. Beyond this 
palette of fabrication processes, coreless filament winding (CFW) [8–
10] offers more design freedom at high mechanical performance as 
a fiber-based additive manufacturing technique where each bundle is 
placed individually suspended between points. CFW developed from 
conventional filament winding [11] by replacing the mold or mandrel 
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by a winding fixture that drastically reduces contact area with the fiber 
composite to several point-like anchors [12]. If the contact area is only 
partially reduced, the process is referred to as hybrid CFW [13]. On 
the contrary, most recent CFW approaches increasingly avoid fixing the 
fibers by mutually interlocking fibers [14] or by implementing slack 
to the fiber net during fabrication [15]. In addition, CFW enables the 
creation of multi-material structures [16] and facilitates hybridization 
with other manufacturing processes [17]. Other advancements in CFW 
improve control over the fiber net by multi-stage winding [17] or 
over the fiber bundle cross-sectional shape by pultrusion-winding [18]. 
In construction applications, the winding fixture typically consists of 
clustered winding pins attached to a metal frame [12]. This introduced 
several advantages over conventional mold-based processes, notably 
the ease of reconfiguring structural components without significant 
investments in molds [19,20]. At an industrial scale, CFW is expected to 
be more cost-effective compared to conventional filament winding, as 
equipment investments (industrial robot or filament winding machine) 
and labor costs (operator and auxiliary personnel) are comparable de-
pending on the specific implementation. However, CFW offers a higher 
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degree of lightweighting, resulting in significant material savings, while 
winding fixtures are more affordable than molds and reusable across 
multiple projects. Although qualification costs may be higher due to 
the need for individualized components, they can be substantially 
reduced through modular design strategies. As in CFW, fibers are 
placed individually, each component can be fine-tuned, even without 
significant modifications to the fixture, by altering the sequence in 
which the fiber bundles are positioned on the winding anchors. This 
sequence defines the winding trajectory [21] and is referred to as 
winding syntax [22,23].

Current applications of (hybrid) CFW are increasingly seen in the 
production of lightweight truss structures [24,25]. However, challenges 
in CFW that require further investigation include reduced control over 
the composite material’s composition and mesoscopic geometry. This 
limitation impacts the precision of FEA predictions, which are typi-
cally less accurate compared to other composite manufacturing pro-
cesses [26,27]. As a result, full-scale failure tests are necessary to cali-
brate models, leading to the development of integrative design methods 
that span multiple disciplines [28,29]. Moreover, CFW faces produc-
tivity challenges as winding speeds are constrained by the online-
impregnation capacity of the fabrication and material system. Even 
with pre-impregnated fibers, higher winding speeds increase the risk of 
fiber damage. Similar to other thermoset-based processes, throughput 
efficiency is further restricted by fixture occupation during matrix 
curing and the largely manual nature of pre- and post-processing 
steps. Beyond these challenges, CFW also has inherent limitations, 
such as inefficiency in producing structures with continuous surfaces 
or curved segments or segments with gradually varying thickness. 
Furthermore, the lack of established regulatory frameworks recognizing 
CFW in many applications presents an additional barrier to its broader 
adoption. In addition, in CFW fiber orientation and component geom-
etry are coupled parameters in the design process, which is further 
complicated by the strong influence of fabrication parameters, such 
as fluctuating fiber tension, fiber–fiber interaction, local fiber volume 
ratio variations, and the lack of compaction during the consolidation. 
To address these uncertainties, current research efforts [30–32] aim 
to develop holistic digital representations of CFW structures. Based on 
this approach, an integrative co-design method [33] seeks to stream-
line design iterations by combining design/engineering methodologies, 
fabrication/construction processes, and material/building systems be-
yond disciplinary boundaries. This idea harnesses the full potential 
of digitization and automation within architecture, engineering, and 
construction (AEC) to increase productivity by gaining control over the 
entire production system.

Integrating sustainable fiber materials into CFW processes is another 
area of growing interest, especially in architectural applications [34,
35], see Fig.  1. In fiber composites, substituting technical fibers, such 
as carbon or glass, with natural fibers, such as flax (Linum) or hemp 
(Cannabis), promises improvements in sustainability metrics but also 
entails adding further uncertainties and potential shortcomings [36,
37]: The processing parameters for natural and technical fibers differ 
substantially due to the inherent characteristics of each material. Tech-
nical fibers, including fiber sizings, are highly engineered products that 
have undergone extensive optimization and tailored matrix systems to 
meet stringent performance criteria in specific applications. In contrast, 
commercially available natural fibers are often less optimized and still 
exhibit a range of processability and inconsistency challenges. Common 
issues [38,39] include inadequate wetting, undesirable hairiness, and 
hydrophilic properties. For natural fibers, the density is also depending 
on their moisture content [40]. Despite these challenges, natural fibers 
present several advantageous characteristics over technical fibers, such 
as lower density, better vibration damping, and enhanced thermal 
insulation properties, which are particularly attractive for occupant 
comfort in building applications. Furthermore, in terms of sustainabil-
ity, natural fibers also offer a favorable environmental footprint. Their 
2 
Fig. 1. Building system components made by coreless filament winding. Component 
made from predominantly European flax (Linum usitatissimum) fibers with epoxy resin 
(top) and similar building system incorporating a timber plate (bottom). Copyright by 
IntCDC, University of Stuttgart.

production generally requires less energy compared to the manufactur-
ing of glass or carbon fibers, which involve energy-intensive processes 
like melting or high-temperature carbonization. In addition, natural 
fibers are biodegradable [41]. However, the environmental benefits of 
natural fibers must be balanced against their mechanical limitations 
and shorter lifecycles when used in load-bearing structures. Besides 
typically employed sustainability indicators such as global warming 
potential (GWP) and embodied energy a more holistic analysis [42] is 
advisable if a more detailed analysis is required. In CFW, energy-saving 
strategies should focus on raw material provision and for architec-
tural applications also on component transportation, as energy savings 
from reduced component mass during the operational phase are ne-
glectable [43]. Given the challenges of implementing effective recycling 
strategies for fiber composites, using renewable raw materials becomes 
increasingly important.

This research [44] is motivated by the global demand for build-
ing floor space, which is extensive, not only in developing countries 
but also in regions such as North America and Europe [45]. Cur-
rent construction practices are leading to an all-time high in CO2
emissions [45]. For instance, New Zealand faces some of the least 
affordable housing in the developed world, where the average cost of 
a home is 6–8 times the median annual household income [46], which 
disproportionally affects Māori and Pacifica communities, as well as 
younger generations [47]. Additionally, homeownership rates have 
declined [46,48], with many low-income families residing in older, 
inadequate housing stock that may negatively impact both physical and 
mental health [49]. Compounding the issue, New Zealand has some 
of the most restrictive rental conditions globally from the perspective 
of renters [46], while rents continue to rise [48] and in some regions 
outpacing income growth [49]. In response to these challenges, CFW 
has been proposed as a digitized and automated fabrication technology 
to enhance productivity in the construction industry while enabling 
more efficient designs and material use [44]. In this context, the 
substitution of carbon fibers with European flax (Linum usitatissimum) 
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fibers has been explored, leading to the first successful realization of 
natural fiber CFW technology demonstrators, see Fig.  1 top, proving 
this approach’s procedural feasibility for architectural structures. As 
the next generation, fiber composite structures with timber elements 
offer a synergistic load-bearing strategy [50], see Fig.  1 bottom. In 
addition, fiber-based joints [51] and automated robotic assembly [52] 
for timber elements have also been investigated as potential peripheral 
advancements to CFW.

Moreover, a previous study [36] investigated the integration of var-
ious alternative fiber materials into CFW, evaluating their mechanical 
properties through four-point bending tests and accessing their GWP 
and embodied energy. The findings demonstrated that L. usitatissimum
fibers significantly reduced GWP and embodied energy compared to 
carbon fibers at the same mechanical performance. This comparison 
also accounted for the increased quantity of fibers and resin required 
for weaker fiber materials. Despite the clarity of the findings, the 
study’s broader relevance is limited, as four-point bending tests do not 
fully replicate the complex structural behavior of coreless filament-
wound lattice components. Therefore, this paper extends the prior 
research by exploring a medium-scale structural system while compar-
ing different flax fibers to a carbon fiber benchmark. Fibers made from
Phormium (New Zealand flax), specifically P. tenax, are used as a pri-
mary reinforcing material in this study due to its promising mechanical 
properties and local availability. There is ongoing research interest in P. 
tenax fibers as a material for structural composites, involving both ther-
mosetting and thermoplastic matrix systems [53–56]. P. tenax fibers 
exhibit several intrinsic material parameters that suggest mechanical 
advantages over L. usitatissimum, such as similar fiber strength at larger 
fiber diameters [55,57], higher lignin [53] as well as hemicellulose [58] 
contents, and less defects [59] on fiber level. Additionally, it can be 
sourced locally in New Zealand and other Oceanic countries, providing 
environmental and economic benefits. Phormium also carries cultural 
significance for the Māori people [60], further supporting its potential 
as a favorable material for architectural applications.

The aim of this paper is to investigate Phormium tenax fibers as 
a sustainable material option for coreless filament-wound lightweight 
structures. To implement P. tenax fibers into the CFW process, cus-
tom winding equipment, including a specially designed impregnation 
winding head, is developed and integrated into a robotic setup. A 
novel structural component design is then proposed, and samples made 
from P. tenax fibers are manufactured and mechanically tested, with 
carbon and L. usitatissimum fibers serving as benchmarks. Finally, the 
eco-mechanical performance of all materials is assessed.

2. New Zealand flax

New Zealand flax (Phormium) is a herbaceous perennial plant [61], 
see Fig.  2 top, endemic to New Zealand and Norfolk Island [53]. It 
occurs in parts of Australia, Europe, USA, and certain Pacific islands, 
where in some areas, it is classified as an invasive plant [61]. Assigned 
to the Agave family but with some distinctions [61], the plant forms 
a tall clump of droopy, long, green, tapering leaves with a flowering 
stalk extending above the clump up to five meters tall [61]. The stiff 
leaves can reach lengths of up to three meters and widths of up to 
12.5 cm [53].

There are two species: Phormium tenax (Harakeke in Māori, or 
swamp flax) and Phormium cookianum (Wharariki, or mountain flax).
P. tenax features red flowers, whereas P. cookianum has yellow flow-
ers [62]. Phormium can be found on lowland swamps (P. tenax) or 
mountain slopes and coastal cliffs (P. cookianum) [62]. The leaves of
P. tenax show the typical structure found with monocotyledons [61]. 
Overlapping spiral-arranged sclerenchyma fibers forming bundles par-
allel to the keel of the leaf; these fibers consist of elongated hollow 
3–60 mm long cells with typical diameters of 5–20 μm [61]. As P. tenax
has stiffer leaves [62] and is the common species [63], it was selected 
3 
Fig. 2. Phormium. Plant (top) and fibers (bottom, extracted from another plant). Light 
tow (left) and heavy tow (right) yarn.

for this study. Various cultivars of Phormium exhibit distinct beneficial 
properties, making them more suitable for specific applications [64].

Harakeke holds profound cultural significance for the Māori peo-
ple, having been traditionally used for textiles, medicine, and sail-
making [65]. During the late 19th century, harakeke was processed 
industrially and became one of New Zealand’s most crucial export 
commodities [65,66]. By the early 1920s, harakeke-derived goods ac-
counted for approximately 20% of New Zealand’s total exports; how-
ever, their use declined with the rise of synthetic and sisal (Agave 
sisalana) fibers, relegating harakeke to craft applications [67]. The 
harakeke fiber yield can be quantified at 2.5 t/ha/a [68], compared 
to 2.6–4.5 t/ha/a for sisal [69]. Currently, commercial production of 
harakeke fibers experiences a revival [70,71].

Fibers from Phormium are extracted from the leaves rather than the 
bast, unlike with Linum. Despite both are being labeled ‘‘flax’’, they are 
biologically distinct as Phormium is a monocot while Linum is a eudicot. 
So, material properties of extracted fibers from both plants cannot be 
easily derived from each other. Table  1 presents the chemical composi-
tion and microfibrillar angles of several reinforcement fibers. However, 
the comparison of hemp (Cannabis), flax (Linum), New Zealand flax 
(Phormium), and sisal (Agave sisalana) reveals that hemp and flax are 
more similar to each other, whereas Phormium and sisal share greater 
similarities. Hemp and flax have a higher cellulose content and slightly 
higher moisture levels, while Phormium and sisal contain more hemicel-
lulose and lignin. Extracted fibers from Phormium consist of multiple 
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Table 1
Overview of several reinforcement fibers. Chemical composition and microfibrillar angles collected and averaged from the literature [37,58,72,76–91].
 Fiber Cellulose Hemicellulose Lignin Moisture Extractives 𝜇-fib.angl.

 Jute 57.2 ± 6.3 – 69.3 ± 2.9 12.9 ± 0.9 – 18.8 ± 2.4 9.9 ± 3.0 – 13.2 ± 1.3 10.2 – 13.7 0.5 – 1.8 7.7 – 8.6  
 Hemp 68.2 ± 1.1 – 76.2 ± 3.2 15.3 ± 0.6 – 21.6 ± 1.4 3.9 ± 1.0 – 7.9 ± 2.5 6.2 – 11.5 0.5 – 0.8 4.1 – 6.2  
 Linum 63.8 ± 1.3 – 73.7 ± 3.3 12.4 ± 4.3 – 17.6 ± 2.4 1.8 ± 0.9 – 3.6 ± 1.9 9.5 – 12.0 1.8 – 6.1 5.0 – 10.0 
 Phormium 48.9 ± 5.9 – 60.2 ± 8.0 23.2 ± 8.4 – 30.7 ± 6.1 6.8 ± 1.5 – 10.9 ± 2.8 7.1 – 8.9 3.7 – 4.3 18.8 – 32.0 
 Sisal 57.6 ± 14.1 – 69.4 ± 10.0 11.3 ± 1.0 – 29.3 ± 12.6 7.5 ± 1.9 – 10.9 ± 4.3 8.9 – 9.8 2.0 – 2.3 12.0 – 22.5 
 Ramie 69.9 ± 5.9 – 85.4 ± 7.0 5.5 ± 6.6 – 12.7 ± 3.6 0.5 ± 0.1 – 0.7 ± 0.1 9.2 – 16.0 0.3 – 7.7 38.3 – 47.5 
 Bamboo 32.7 ± 6.8 – 48.2 ± 7.8 34.0 ± 23.5 – 60.9 ± 24.2 23.1 ± 2.5 – 29.6 ± 2.4 8.8 – 10.7 2.3 – 7.4 6.1 – 8.5  
 wt% wt% wt% wt% wt% degree
hollow sclerenchyma cells limited to the length of their leave [53]. 
Chemical composition and, thus, mechanical properties vary based 
on the position along the leaves [72]. Individual Phormium fibers are 
characterized [73] as follows: a polygonal cross-sectional shape with 5 
to 25 μm in diameter and relatively thick cell walls; fibers occasion-
ally exhibiting twisting, direction being counterclockwise; along the 
fiber the surface is smooth with pits visible depending on the specific 
cultivar; the fiber ends are tapered and typically twisted. Usable fiber 
products are formed by overlapping of fiber hanks into bundles usually 
with the help of twisting, wrapping, or crocheting. Phormium fibers 
have already been used in composites with both thermosetting [74] 
and thermoplastic [75] matrix systems.

Fibers processed from Phormium leaves are called whı̄tau in Māori
[92]. In contrast to industrial extraction, fibers extracted through the 
traditional Māori technique [93] are more specifically referred to as 
muka. Different cultivars [94] vary in their suitability for fiber extrac-
tion, processing, fiber properties, and later applications [92,95]. Muka 
is an essential material for traditional Māori textiles, which are often 
woven. Māori people adhere to specific protocols [96] when harvesting 
leaves, which vary by iwi (tribe) and reflect traditional Māori knowl-
edge. These protocols commonly involve (mental) preparation through 
prayer, following restrictions (not harvesting at night or in rain), and 
employing a specific cutting technique: leaves are cut diagonally from 
top to bottom and away from the plant’s central growing point, to fa-
cilitate rainwater drainage and prevent plant die-off. Traditionally, the 
innermost leaf was not harvested, but the fourth leaf was favored [66]. 
After the leaves are harvested and trimmed, a partial transverse cut is 
made in the middle, allowing the muka to be separated from the leaf’s 
flesh using a mussel shell [66]. Preferably, the leaves should be fresh at 
this stage. Muka is obtained exclusively from the outer (shiny) surfaces 
of the leaf cross-section [66,97], which generally yields the highest-
quality fibers. Once both halves of the leaf are scraped, the extracted 
fiber hanks are usually further processed by rolling, soaking, beating, 
and hand-rubbing as preparation for weaving [93].

3. Material system

The samples’ material system [98] consists of fiber-reinforced plas-
tic, using either carbon or various flax fibers combined with an epoxy 
resin. No additional materials are included in the samples, as the 
winding fixture and pins are removed after curing. Carbon and L. 
usitatissimum fibers serve as benchmarks against the P. tenax fibers. 
The winding fixture used during fabrication is made of ABS (acry-
lonitrile butadiene styrene), while the winding pins are stainless steel. 
A previous study [36] indicated that analyzing embodied energy and 
CO2 emissions yields similar outcomes for CFW, so this study focuses 
solely on GWP due to data availability and political importance. Where 
no product-specific data were obtainable, ranges of values from the 
literature had to be utilized.

3.1. Carbon fiber

A standard modulus carbon fiber roving based on PAN (polyacry-
lonitrile) with 48 K was selected [99] due to its balance between 
cost and mechanical performance, particularly its stiffness. Despite 
4 
its superior mechanical properties, carbon fibers have a significantly 
higher mass-specific CO2 footprint compared to natural fibers; in this 
study, a GWP for carbon fiber in the range of 12.55 to 31 g CO2-eq./g 
was used [36]. The specific supplier was chosen based on the successful 
use of its products in numerous previous CFW studies. The heavier 48K 
product was selected to minimize the layers needed to match the higher 
material quantities associated with the heavy P. tenax fibers.

3.2. Phormium tenax fiber

In this study, two variants of Phormium tenax fibers were investi-
gated, see Fig.  2 bottom, a heavier yarn with a linear density of 10840 
tex and a lighter yarn with 4300 tex. Both variants were produced from 
leaves harvested from wild P. tenax plants in Riverton, New Zealand. 
Fiber hanks were machine-extracted from the entire leaves, which 
may result in lower mechanical performance compared to traditionally 
extracted muka fibers [74]. After extraction, the fibers were washed 
in water and subjected to sun and rain exposure (paddocking), which 
loosened non-fibrous substances that were later removed by scutching. 
The heavier P. tenax fibers exhibit a more pronounced hairiness com-
pared to the lighter variant. To improve bundle cohesion, the P. tenax
fiber bundles were wrapped with a polyester yarn to create a twist-less 
yarn (0 tpm). Cross-sectional measurements of both fiber variants were 
taken using two perpendicular calipers to assist in computational plan-
ning. The dry cross-sectional area of the heavier fibers is 10.28 mm2, 
while the lighter fibers measure 4.92 mm2. The lighter fibers exhibit 
significantly stronger intrinsic twist behavior caused by tension of the 
polyester wrapper. Both fiber types were rewound onto cross-wound 
spools before processing.

Previous studies [100] have demonstrated that alkaline treatments 
(> 5 wt% NaOH) on P. tenax fibers enhance fiber separation, which can 
potentially improve fiber–matrix interfacial bonding. However, such 
treatments also result in a reduction in tensile strength and Young’s 
modulus [100]. Milder treatments with less concentrated alkaline solu-
tions, on the other hand, did not significantly alter the flexural modulus 
or strength, suggesting that the alkaline process may remove lignin and 
hemicellulose, which in turn reduces the mechanical performance of 
the P. tenax fiber composite [101]. Therefore, no such treatments were 
applied to the fibers prior to processing in this study. Other chemical 
modifications to the fiber surface, such as the use of inorganic (silane) 
or organic (fatty acid) coupling agents, have been shown to improve 
wetting [102,103]. However, these methods are beyond the scope of 
this study.

Since there is currently no established Phormium fiber production 
industry [97], obtaining accurate sustainability parameters for the ma-
terial is challenging. However, in this study, sisal (Agave sisalana) fibers 
are utilized as a proxy for the P. tenax fibers, given the similarities in 
their chemical composition, see Table  1, and fiber extraction processes: 
Both plants belong to the agave family, and their fibers are extracted 
from the leaves. Furthermore, A. sisalana fibers are industrially pro-
duced, for example, in South America (Brazil, Venezuela), Africa (Tan-
zania, Kenya, Madagascar), and Mexico, its place of origin [104]. Based 
on the literature, A. sisalana fibers have a density of 1.45 g/cm3 [105] 
and a GWP ranging from 0.17 to 0.66 g CO -eq./g [106].
2
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3.3. Linum usitatissimum fiber

European flax (Linum usitatissimum) [57] fibers have already been 
successfully implemented in CFW and was identified as a strong candi-
date for balancing mechanical performance and sustainability among 
various fiber materials [36]. Compared to other natural fibers, flax 
is particularly interesting due to its high stiffness [107]. The specific 
flax fibers used in this study were harvested in Upper Normandy, 
France [108]. Compared to both P. tenax variants, the L. usitatissimum
fibers exhibit medium hairiness, a significantly less dominant twist-
ing behavior, and a lower linear density at 1000 tex per yarn. The 
flax yarn is wrapped with a PET (polyethylene terephthalate) yarn 
to improve bundle cohesion. This fiber material has a density of 1.5 
g/cm3 [108] and the dry fiber bundle cross-section was measured as 
0.505 mm2. Based on literature [36], the GWP for L. usitatissimum fibers 
are estimated to range from 0.4375 to 0.9 g CO2-eq./g.

3.4. Epoxy resin

Due to its excellent processing characteristics, a low-viscosity, two-
component amine-activated epoxy resin was selected for sample fabri-
cation. The specific resin product [109] was chosen for its commercial 
availability and similarity to resins widely used in previous CFW studies 
and applications. Due to supply limitations, a petroleum-based resin 
had to be used instead of a bio-based alternative. For the sustainability 
assessment in this study, the epoxy resin’s GWP was estimated to range 
between 5.9 and 6.75 g CO2-eq./g, noting that bio-based epoxy resins 
may have a potentially lower GWP.

4. Sample design

In a previous study [36], four-point bending tests were conducted to 
evaluate the mechanical performance of various fiber and epoxy matrix 
materials in CFW. The samples produced for these tests were rectangu-
lar, measuring an average of 6.6×16.4×244.9 mm3, with unidirectional 
fiber placement. The samples were compressed using a metallic mold 
after winding to ensure parallel top and bottom surfaces. Consequently, 
these samples lack the geometric characteristics typical of CFW struc-
tures. Nonetheless, this method was chosen due to its simple sample 
geometry and well-defined loading conditions, resulting in a controlled 
stress distribution that allowed for an analytical comparison.

This study, however, transitions away from the previously utilized 
simplified sample geometry by incorporating structural characteristics 
unique to CFW, leading to the introduction of a novel generic sample 
design. Whereas load parameters for structural components can be 
derived from their application, determining component shape through 
topology optimization [110], the design options for generic samples 
are more numerous, as loading conditions can be arbitrarily set to 
match the sample’s scientific purpose. In recent years, various types of 
generic structural samples have been established within the field [111]: 
Besides the four-point bending samples, the geometrically simplest are 
loop samples [112]. Star-shaped samples, successfully employed in 
various research settings [113–115], offer more complexity but demand 
significantly more effort regarding framing, testing adapters, and ma-
terial consumption. Originally designed to investigate load induction 
configurations, the star-shaped samples’ design favors rigidity. Inspired 
by the same building system, smaller cylindrical samples [36,114] 
offer higher syntax customization possibilities at substantially lower 
material consumption. However, these samples also require expensive 
frames and adapters. Lattice truss [25,116,117] and shell [30–32] 
samples simplify framing and testing requirements and allow medium-
sized material consumption but lack the three-dimensional structural 
interactions required for this study.
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Fig. 3. Sample design. Isometric view (left) and top projection (right). Coloring for 
visual differentiation only. Nominal edge length (e.g. nodes 1–2) is 110 mm.

4.1. Sample topology

The novel generic sample designed in this study aims to incorpo-
rate structural characteristics of CFW while keeping the geometry as 
simple as possible. Essential features include fiber–fiber interactions at 
crossing points, layering across different sub-syntaxes, and customized 
rigidity throughout the loading process. The design also supports a 
broader range of fiber bundle diameters and reduces the need for com-
plex framing and testing adapters. The flexibility in layering allows for 
fine-tuning failure modes, balancing between buckling, delamination, 
and fiber fracture while preventing failure near load induction regions.

The sample design, see Fig.  3, is derived from a cube with its top 
or bottom face rotated by 45◦. Opposite corner points are connected, 
forming a triangular configuration of the outer predominantly load-
transmitting bundles. This arrangement doubles the number of outer 
edges compared to a cube. Since these edges are prone to buckling 
under axial compression, a lateral cross-bracing was introduced to 
support the outer edges at their midpoint. The material distribution 
between these two regions can be freely adjusted through layering. 
When load is applied at the corners of the top faces, the upper sides 
of the structure buckle inward, while load applied at the top midpoints 
causes them to buckle outward.

4.2. Winding syntax

The embodiment of this study’s design is governed by several pa-
rameters, such as dry yarn cross-section, expected fiber volume ratio, 
available fiber and resin quantities, workspace limitations (universal 
testing machine), and availability of winding fixtures. For each yarn, 
the cross-sectional areas of the fiber net edges are defined by the 
syntax. This cross-sectional area is constrained at the lower end by the 
structure’s increasing tendency to buckle. At the upper end, it is limited 
by factors such as available material amounts, winding speeds, and the 
maximum load capacity of the testing machine. As a result, the nominal 
edge length of the sample was set to 110 mm, with all other geometric 
parameters derived from this. Next, the design space of the syntax was 
explored, and a variety of suitable sub-syntaxes were identified, see 
Table  2. These sub-syntaxes were stacked to form the final syntax based 
on human experience, opting for the highest possible number of layers 
to encourage a pronounced fiber–fiber interaction and a phased failure 
progression. The syntax was set as

1. single-alternating zick/zack,
2. single-alternating bracing,
3. single-alternating zick/zack,
4. non-alternating bracing, and
5. single-alternating zick/zack.
An additional reinforcement syntax for the top and bottom edges 

was deemed unnecessary, as alternating layering between the edge 
and central regions provided sufficient material coverage at the load 
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Table 2
Selected sub-syntaxes and layering for the sample design.
 single-alternating zick/zack n × [1, 6, 7, 3, 4, 5, 6, 2, 3, 8, 5, 1, 2, 7, 8, 4, 1]  
 single-alternating bracing n × [1, 11, 7, 8, 16, 1, 2, 13, 8, 5, 10, 2, 3, 15, 5, 6, 12, 3, 4, 9, 6, 7, 14, 4, 1] 
 non-alternating bracing n × [1, 11, 7, 14, 4, 9, 6, 12, 3, 15, 5, 10, 2, 13, 8, 16, 1]  
With n = 6 for carbon, n = 1 for heavy tow P. tenax, n = 2 for light tow P. tenax, and n = 12 for L. usitatissimum fibers.
Fig. 4. Characteristic post-failure behavior for sample design. Idealized graph syn-
thesized from mechanical testing of several samples at a higher testing speed of 
20 mm/min. Tool separation at start equals sample height.

induction points. While factoring in an estimated fiber volume ratio 
(FVR), the material quantity was selected to maintain similar bundle 
cross-sections across all materials, promoting consistent failure mech-
anisms. This resulted in the following numbers of layers n for the 
different materials: six for carbon fibers, one for heavy tow P. tenax
fibers, two for light tow P. tenax fibers, and twelve (3 layers with 4 
yarns each) for L. usitatissimum fibers. To prevent lighter yarns from 
gaining an advantage through alternating layering, each sub-syntax 
is repeated individually rather than repeating the entire syntax. For 
maximal consistency between predicted and real-world fiber lengths, 
the digital model was calibrated by scaling the sample’s nominal edge 
length to match the measured total winding length of the syntax using 
the actual fiber materials.

4.3. Post-failure behavior

The post-failure behavior of the sample was tested several times 
and represented in an idealized diagram, see Fig.  4, illustrating the 
varying rigidity as activation of different fiber net regions changes 
progresses. Initially, the outer edges fracture after buckling, causing the 
first peak in the diagram at 100% load capacity. As the test progresses, 
the core region becomes activated, leading to the second peak with 
its shorter buckling length. This inner core’s reinforcing effect already 
contributes to the structure’s stiffness even before the initial failure. 
The characteristic shape of the post-failure curve is consistent across 
different samples, with varying ratios between the first and second 
peaks for different materials.

5. Fabrication

A novel winding fixture design was developed and implemented in 
accordance with the novel sample design. In addition, a custom wind-
ing head was designed and implemented to accommodate the range of 
fiber materials used in this study, including both technical and natu-
ral fibers. The winding head features an inline impregnation system, 
utilizing a state-of-the-art cartridge impregnation approach [36,118]. 
While the winding head can be mounted on an industrial robot, sample 
fabrication was performed manually [112] due to the small batch size, 
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which made automation impractical. Winding tension was actively con-
trolled during winding. Tension fluctuations affecting pre-tensioning 
show no correlation with structural performance unless they alter 
fiber segment geometries [30]. Fiber misplacements from potential 
inadequate tension control would have been immediately identifiable 
by winding pattern deviations and remains easily correctable. Us-
ing hybrid CFW with lateral winding pins provided exceptional fiber 
guidance, effectively preventing misplacements.

5.1. Winding fixture

To simplify clamping and accommodate a multi-axial fiber anchor-
ing at the samples’ corners, winding pins were not deployed in the 
conventional way. Instead, the fibers were deposited directly onto the 
fixture, with lateral support provided by the pins (H=0, see Figure 7 
in [12]). The fixture, see Fig.  5, also needs to be removable after the 
winding process, so it was designed as a modular system consisting 
of four identical top/bottom panels and eight identical side panels. 
These panels were produced using ABS material via a fused deposition 
modeling 3D-printer, printed at low resolution with minimal infill 
to reduce production time. The printed fixture enables cost-effective 
panel production while ensuring a smooth fiber deposition surface at 
the fixture’s corners in contrast to a winding fixture assembled from 
laser-cut plat panels. It also allows for precise angular orientation of 
the winding pins. To achieve sufficient rigidity during winding, the 
fixture was designed as a self-locking shell structure, with the four 
top/bottom parts acting as keystones to prevent the structure from 
loosening during the winding session. This procedure ensures that the 
fixture supports all fiber segments from the inside, making the winding 
process a hybrid form of coreless filament winding. The ABS fixtures 
were assembled by applying cyanoacrylate adhesive to the adjacent 
surfaces and welding the edges together using a soldering iron. This 
welding process also smoothed the fiber deposition areas and filled any 
potential gaps between panels. For the winding pins, 5 mm diameter 
by 35 mm long dowel pins were coated with a mold release agent 
and press-fitted into the fixture’s holes. After the winding process and 
curing of the resin, the fixtures were mechanically disassembled. The 
top and bottom parts were removed first, allowing the side panels to 
be separated from the fiber composite and taken out through the top 
or bottom openings. Any remaining ABS material on the inside of the 
fiber composite structure was also mechanically removed. The use of 
water-soluble PVA (polyvinyl alcohol) for the fixture was not chosen, 
as mechanically removing the ABS panels proved more time-efficient.

5.2. Winding head

The winding head, see Fig.  6 consists of both SLS 3D-printed and 
laser-cut components. The impregnation chambers are secured by a 
3D-printed holder, based on a previous design [36,118]. This updated 
version features an additional 3D-printed holder at the top of the 
upper cartridge, which serves multiple functions: it provides a large 
radius and smooth inlet to accommodate fibers approaching from var-
ious angles and includes a lateral opening for resin supply. Pre-mixed 
resin can be delivered through this opening, for instance, using a 
peristaltic pump, similar to previous designs [118]. The opposite end 
of the impregnation head holds a nozzle, mounted with another 3D-
printed holder. The nozzle’s inner diameter is set to accommodate the 
heavier P. tenax fibers but can also be used with lighter fibers. To 
reduce leakage, the lower opening of the impregnation cartridge can 
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Fig. 5. Winding fixture. Left: Assembly consisting of eight identical side panels, four top/bottom pieces, and six winding pins per corner. Right: Schematic illustration of the fixture 
with fiber composite material applied.
Fig. 6. Sectional view of the impregnation winding head. 1: impregnated fiber, 2: tool 
center point, 3: nozzle, 4: nozzle holder, 5: lower outlet eyelet, 6: lower mount to robot, 
7: lower impregnation cartridge, 8: frame of the winding head, 9: cartridge holder, 10: 
resin reservoirs, 11: upper impregnation cartridge, 12: resin inlet, 13: upper mount to 
robot, 14: upper inlet eyelet, 15: resin inlet holder, 16: dry fiber arriving from fiber 
source.

be equipped with several eyelets designed for different fiber diameters. 
Characteristic nozzle diameters per yarn/roving are 2.8 mm for carbon, 
7.0 mm for heavy P. tenax, 4.9 mm for light P. tenax, and 2.0 mm 
for L. usitatissimum fibers. A wider cone-shaped cavity at the inlet of 
the nozzle prevents resin leakage by catching excess resin. The tool 
center point (TCP) is positioned at the midpoint of the lower nozzle 
opening, and the nozzle can be passively raised to prevent damage 
during potential collisions. The frame of the impregnation winding 
head was laser-cut from PMMA (polymethyl methacrylate) and can be 
directly mounted to the robot flange [119] in two configurations for 
automated winding operations.

5.3. Fabrication process

The winding process in this study followed the state-of-the-art ap-
proach used in CFW [17,18,118], with the distinction that the winding 
head remained stationary while the winding fixture moved to follow 
the winding trajectory. Before winding, the fiber spools were dried in 
an oven to set the moisture content [120] of the natural fibers. The 
fiber source was fixed externally, and the winding head was centrally 
positioned above the workspace to prevent fiber damage by minimizing 
the angle between the nozzle and the fiber during winding. No severe 
differences in the processability of P. tenax and L. usitatissimum were 
observed — the processability of natural fibers in CFW is extensively 
documented in [36,121]. After winding, all samples were suspended, 
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maintaining consistent orientation during curing and, thus, resin dis-
tribution. Once cured, excess fiber strands and winding pins were 
removed, and the fixture was destructively disassembled. Finally, the 
samples, see Fig.  7, were tempered before the mechanical tests.

5.4. Sample parameters

After drying the fiber spool and after the winding process, the 
weights of the spools were recorded. After demolding, the total weight 
of each sample was measured and samples were labeled. Based on 
these measurements, the fabrication-related sample parameters were 
calculated, see Fig.  8, using established methods [36]. The fiber mass 
was determined from the difference in spool weights, accounting for 
any potential cut-offs and neglecting potential moisture gains during 
winding. For cut-off fiber segments, an estimated fiber mass ratio (FMR) 
per fiber material was used to calculate their dry fiber weight. The resin 
mass was then derived from the total composite weight of the sample, 
and from this, the FMR was calculated. The FMR was converted to the 
FVR, see Eq. 1 from [36]. The diameters of the outer edge bundles can 
be measured using calipers and other standard methods [31]. However, 
in this study an alternative approach was required due to the rough 
surfaces of natural fibers. Fiber and resin volumes were calculated from 
the fiber and resin masses, using their material densities. Based on the 
total composite volume and the material distribution defined by the 
winding syntax, the volume was assigned to the different regions of 
the fiber net. From this, cross-sectional areas of individual segments 
were computed, allowing the bundles diameters to be approximated 
under the simplification that fiber net edges could be represented as 
cylindrical.

The FVR arises based on process parameters and cannot be arbi-
trarily adjusted by state-of-the-art winding system. The significantly 
higher FVR (and fiber mass) observed in carbon fibers at 57.4% can 
be attributed to better chemical compatibility between the fiber and 
resin materials compared to the natural fibers with an average of 
27.6%. The heavy P. tenax fiber exhibited the highest variation in 
FVR at 2.9%, which may result from the lower cohesion between 
individual fibers and less efficient packing of yarns, allowing more resin 
to accumulate. Considering the high variations inherent to CFW, the 
average outer edge diameter at 9.4 mm2 ± 8.9% remains relatively 
constant between samples. The total composite mass fluctuates more 
across samples, averaging 317 g ± 15.4%. As expected, variations in 
both bundle diameter and resin mass were more pronounced in natural 
fibers compared to carbon fibers, whereas variation in FVR are similar.

The GWP contribution of each material was calculated based on 
mass-specific values found in the literature. The CO2 emissions from the 
winding process and tempering were excluded, as they were consistent 
across all samples and relatively minor compared to the GWP of the 
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Fig. 7. Samples made from different fiber materials. Carbon fiber, heavy P. tenax fiber, light P. tenax fiber, and L. usitatissimum fiber (left to right).
Fig. 8. Fabrication-related parameters of samples. Fiber (red) and resin (blue) mass 
add up to composite (red+blue) mass. The outer edges are all edges similar to edge 
1–6, see Fig.  3. Outer edge diameter represent the composite volume of the sample.

Fig. 9. Global warming potential. CO2-eq. contribution of fiber and resin separated. 
Span results from the range in GWP values for material from literature. Standard 
deviations result from variance between samples. Ordinate in log. scale.

raw material production. The CO2 emissions for fibers and resin were 
calculated separately by multiplying the fiber or resin mass in each 
sample by the respective mass-specific GWP value for the material, see 
Fig.  8 and Section 3. Due to significant variability in the reported GWP 
values for the same material across different studies, a range (dark-
colored area) was used, see Fig.  9, whereas standard deviations were 
derived from the sample data (n = 5) for each material.

As expected, the GWP contribution of carbon fibers is several mag-
nitudes higher than that of natural fibers. In fact, the contribution from 
natural fibers is almost negligible when compared to both carbon fiber 
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and the resin contributions. Due to the lower FVR in natural fiber 
samples, the amount of resin required per sample was higher than in 
the carbon fiber samples, resulting in a correspondingly higher GWP 
contribution from the resin in natural fiber samples. The light P. tenax
fiber exhibit the lowest resin contribution among the natural fibers, but 
also the highest standard deviations. Overlapping standard deviation 
bars in Fig.  9 indicate that the variability within the fabrication process 
is greater than the variation due to the range of literature GWP values.

When considering the absolute fiber and resin contributions to GWP, 
the natural fiber samples show a substantial improvement, requiring 
on average only 26.5% of the GWP of the carbon fiber samples. The 
light P. tenax fiber exhibited the lowest GWP, at 19.7%, while L. 
usitatissimum and heavy P. tenax fibers were similar, both contributing 
around 29.9% of the GWP of the carbon fiber sample. The larger 
variability in reported GWP values for natural fibers, particularly for
P. tenax fiber, led to a wider spread in their fiber GWP contributions, 
see Fig.  9. This analysis, however, does not account for mechanical 
performance parameters.

6. Structural analysis

6.1. Testing setup

Using a 100 kN spindle-driven universal testing machine, the sam-
ples were subjected to a displacement-controlled quasi-static compres-
sion structural test, see Fig.  10. Contrary to conventional testing meth-
ods, the samples in this study were not bolted to the machine’s adapter 
due to the absence of winding anchors. Instead, the samples were 
placed between two metal plates with a consistent orientation (winding 
point 1 at the bottom rear). Silicone rubber sponge sheets (1.5 mm 
thick, 1.25 g/cm3, 60 ± 7 Shore A) [122] were placed above and below 
the sample to equalize load induction and prevent sliding. A pre-load 
of 250 N was applied, which includes the weight of the upper metal 
plate and rubber (90 N). The load cell was mounted above the sample 
and the testing speed was set to 1 mm/min. For the further analysis 
in this study, the failure load and structural stiffness parameters of 
each sample, see Fig.  12, were extracted from the load–displacement 
curves before initial structural collapse. The failure load was identified 
as the maximum force, while the structural stiffness was determined 
by calculating the slope of the curve at intervals of every 140 μm dis-
placement and selecting the maximum value. Accurate determination of 
the structurally relevant cross-sectional area throughout testing was not 
possible; therefore, conversion into compressive strength or modulus 
are not feasible.

6.2. Failure behavior

The failure behavior of all samples followed a consistent pattern, 
see Fig.  11. Initially, there was an onset of deformation attributed 
to clamping, which transitioned smoothly into a linear-elastic regime. 
In contrast to other CFW structures, no reconfiguration of the com-
posite material was observed during the Hookean regime, typically 
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Fig. 10. Compression testing setup.

introduced by winding anchors, which were absent in this sample 
design. As the loading continued, a gradual reduction in structural 
stiffness was evident, accompanied by outward buckling of the outer 
edges. At a certain point during this decline in stiffness, delamination, 
defined by the interlaminar fracture toughness [123] of the material 
system, occurred as the outer layers of the edges detached from the 
underlying lateral cross-bracing sub-syntax. The debonding of the outer 
edges increases their free length and hence their tendency to buckle, 
resulting in a reduced strut failure load, which is controlled by fiber 
fracture occurring later. This delamination, see Fig.  11a, was not clearly 
reflected in the force–displacement graph but indirectly influenced 
the failure load values of the sample. The resistance to delamination 
(debonding of the outer edges) depends on material properties (fiber–
matrix adhesion, matrix strength) and processing parameters (FVR and 
winding tension, affecting contact area). However, determining the 
delamination resistance is beyond the scope of this study. With the 
progression of global buckling, the structural stiffness decreased further 
until a fiber fracture occurred in the buckled outer bundles, see Fig. 
11b, resulting in a significant drop in load after the failure load was 
reached, marking the end of the test, see 100% load capacity in Fig.  4.

6.3. Mechanical performance

The carbon fiber samples exhibited significantly higher mechanical 
performance, bearing 4.3× the load and 6.0× the stiffness of average 
natural fiber samples, see Fig.  12. Among the natural fibers, L. usitatis-
simum outperformed both P. tenax in terms of stiffness and failure load 
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Fig. 11. Failure patterns observed during compression testing. Carbon, heavy and 
light yarn P. tenax, and L. usitatissimum fiber (top left to bottom right). Regions of 
delamination (a) and fiber fracture (b) marked. The fiber fracture in the carbon fiber 
sample is barely visible, as these samples show almost no global plastic deformation 
after unloading due to their rebound behavior.

at a factor of 1.8× and 1.4×, respectively. L. usitatissimum also showed 
the lowest standard deviation (9% and 4%) in both parameters, due 
to the fact that its yarn is more optimized for composite processing. 
Additionally, the thinner yarn of L. usitatissimum facilitates more homo-
geneous packing across the entire cross-section. In terms of variability, 
the heavy P. tenax fiber showed the largest standard deviation in 
stiffness (35%), while the light P. tenax fiber exhibited the greatest 
fluctuation in load capacity (30%). The carbon fiber samples exhibit an 
average standard deviation of 15% for both mechanical performance 
indicators, aligning with the expected range for structural testing of 
CFW components with this yarn-to-component size ratio. Among the 
evaluated samples, carbon fiber exhibits the highest stiffness-to-load-
capacity ratio at 18%, followed by L. usitatissimum at 15%; in contrast, 
both P. tenax fibers demonstrate significantly lower values, around 
11%, highlighting the importance of L. usitatissimum fibers in structural 
designs prioritizing high stiffness. From a structural point of view, the 
heavy P. tenax fiber is superior to the light P. tenax fiber as it provides 
2.1× the structural stiffness and 1.9× the load capacity.
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Fig. 12. Structural stiffness and failure load results from quasi-static compression 
testing. Absolute values. Failure load equals 100% load capacity, compare Fig.  4.

6.4. Energy absorption

Furthermore, the absolute energy absorption (EA) and composite 
mass-specific energy absorption (SEA) of each sample were calculated 
from the quasi-static structural compression testing load–displacement 
curves by integrating from the start of the test until the displacement 
at which the failure load was reached, using the composite trapezoidal 
rule, see Fig.  13.

The carbon fiber samples exhibited the highest energy absorption, 
with both EA and SEA values reaching 3.9× those of the natural fiber 
samples. Among the natural fibers, EA and SEA values are more similar 
to each other compared to the differences observed in the mechanical 
performance data, see Fig.  12. However, a different trend was observed:
P. tenax heavy yarn showed the highest energy absorption, with EA and 
SEA values reaching 1.5× and 1.4× those of L. usitatissimum, respec-
tively. The P. tenax light yarn exhibited an average energy absorption 
similar to that of L. usitatissimum, with EA values at 1.2× and SEA 
values at 0.9× that of L. usitatissimum. Notably, the P. tenax light 
yarn stood out for its relatively higher SEA compared to its own EA. 
The observed differences in energy absorption may be attributed to 
the material parameters of the dry fibers, but they are more likely 
a consequence of the layering effect in the CFW composite structure. 
Carbon fiber exhibited the highest relative standard deviations among 
all tested materials, with an average of 24% for both EA and SEA, 
whereas L. usitatissimum reaches 12%. The larger variations observed 
in carbon fiber are artifacts of the testing plan and are expected to 
disappear with larger sample sizes.

P. tenax exhibits greater toughness than L. usitatissimum. However, 
energy absorption will not be further discussed in this study, as the 
structural design in intended applications is not driven by dynamic, 
cyclic, or impact load conditions.

7. Sustainability evaluation

After defining the eco-mechanical indicators, following a similar ap-
proach to that used by Cáceres et al. [124] on tailored fiber placement, 
both indicators were applied to the samples as produced (similar cross-
sectional area) and in a second analysis step to a scenario with samples 
at equal fiber mass (reduction based on scalability for CFW carbon 
sample). Finally, an estimation is provided for improved FVRs, based 
on the assumption that mass-specific mechanical performance remains 
constant while only the resin mass adjusts.
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Fig. 13. Energy absorption of samples up to the failure load. Specific energy absorption 
calculated based on composite mass, see Fig.  8.

7.1. Eco-mechanical performance indicators

To assess the overall performance of the samples, including
lightweight potential and the sustainability of the materials used, two 
performance indicators were defined as
𝑘spec = 𝑘∕(𝑚c GWP) (1)

𝐹spec = 𝐹∕(𝑚c GWP) (2)

with
𝑘spec spec. structural stiffness [N/(g2m)];
𝐹spec spec. failure load [N/g2];
𝑘 structural stiffness [N/m], see Fig.  12;
𝐹  failure load [N], see Fig.  12;
𝑚c composite mass [g] of sample, see Fig.  8; and
GWP global warming potential [g CO2-eq.] of entire sample, see Fig. 

9.
This approach was selected as an preferred analytical or numeri-

cal mechanical comparison was not feasible due to the uncontrolled 
meso-scale sample geometry, unknown load induction distribution, and 
transient stress distribution along the fiber net. Both eco-mechanical 
performance indicators normalize structural stiffness or failure load 
specific to composite mass and GWP of the sample. They are calculated 
separately and averaged afterward to preserve information about devi-
ations between samples. The GWP range for the individual materials 
are represented as low-high values. Absolute mechanical performance 
or processability are not included and need to be evaluated sepa-
rately. With the indicators defined as they are, the balance between 
lightweight performance (mass-specificity) and sustainability perfor-
mance (GWP-specificity) is maintained, meaning that in the further 
analysis, 1 g of composite mass is equally weighted to 1 g of CO2
equivalent.

7.2. Comparison at similar cross-sectional area

The first analysis, see Fig.  14, was conducted on the samples as 
they were fabricated, with similar bundle cross-section, see parameters 
from Fig.  8. The standard deviation reflects the variation between 
different samples within each batch, while the range (blue and red 
boxes) represents the GWP range reported in the literature for the 
materials used, see Fig.  14.

Carbon fiber samples exhibit the best eco-mechanical performance 
among the investigated materials, particularly in terms of specific 
stiffness. The range for the carbon fiber sample’s indicators are also the 
largest because of the variability in GWP values. Natural fiber samples 
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Fig. 14. Eco-mechanical performance. Specific stiffness 𝑘spec and specific failure load 
𝐹spec for samples as fabricated (similar bundle cross-sectional area). Standard deviations 
result from variance between samples.

perform at a similar level and on average reach 59% of carbon fiber 
samples in terms of specific stiffness and 87% for specific failure load. 
Among natural fibers, L. usitatissimum generally outperforms P. tenax
fibers, with the exception of light P. tenax fibers, which demonstrates 
marginal higher specific failure load. Both P. tenax fiber types, on 
average, achieve 70% of the specific stiffness of L. usitatissimum, with 
heavy P. tenax fibers reaching 87% of its specific stiffness. Previous 
research [74] suggests that hand-decorticated flax fibers exhibit sig-
nificantly higher mean tensile strengths compared to those extracted 
by machine. This might be advantageous for the P. tenax fibers where 
hand decortication continues to be practiced due to its cultural impor-
tance. The most pronounced variation between samples is observed in 
heavy P. tenax fibers, while L. usitatissimum shows the least variation. 
Despite the higher mechanical performance of heavy P. tenax fibers, 
the inclusion of GWP in the overall analysis favors light P. tenax
fibers, underscoring the significant impact of FVR. The heavy P. tenax
fibers samples contain considerably more resin, negatively influencing 
its eco-mechanical performance. This first analysis implies that when 
cross-sectional area is the primary design criterion and FVR values 
remain representative, carbon fiber is the superior eco-mechanical 
material choice for both stiffness and failure load driven applications.

7.3. Comparison at equal fiber mass

In the second phase of analysis, the focus shifts to assessing perfor-
mance based on fiber mass as the key design parameter, rather than 
cross-sectional area. To achieve this, the scalability of the mechanical 
performance relative to fiber mass was approximated first. As the fiber 
mass among the natural fiber samples is already similar, only the 
parameters for the carbon fiber samples must be adjusted to a reduced 
fiber mass, see Fig.  8. An additional carbon fiber sample, fabricated 
with half the layers (n = 3, see Table  2) of the standard sample, 
allowed for an interpolation of how fiber mass affects stiffness and load 
capacity:

𝑘int = 0.4396 𝑚1.8013
𝑓 with 𝑅2 = 89.17% (3)

𝐹int = 32.0236 𝑚1.3187
𝑓 with 𝑅2 = 73.96% (4)

with 𝑘int interpolated structural stiffness [N/mm], see Fig.  12; 𝐹int
interpolated failure load [N], see Fig.  12; and 𝑚𝑓  fiber mass [g] of 
the carbon fiber sample, see Fig.  8. This interpolation was then applied 
to recalculate the mechanical performance of the regular carbon fiber 
samples (n = 6) for a reduced fiber mass that matches with the average 
fiber mass of the natural fiber samples, thereby preserving the variation 
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among the carbon fiber samples. As already shown in a previous 
study [116], the material scalability in CFW does not follow a linear 
trend. However, it should be noted that the reliability of the interpo-
lation is constrained by the limited sample size used in this study. In 
comparison to the analysis based on a constant cross-sectional area, see 
Fig.  14, this second analysis, see interpolated structural stiffness (red) 
and interpolated failure load (blue) in Fig.  15, does not alter the overall 
trend. However, in absolute terms, the advantage of carbon fibers over 
natural fibers decreases slightly.

7.4. Variation of fiber volume ratio

Building on the previous analysis, the next step examines the po-
tential effects of improved FVR for the natural fibers. Similar to the 
earlier approach, the mechanical performance was evaluated across 
varying FVRs based on the fabricated and tested samples. However, no 
reliable equation could be derived for extrapolation, as the relationship 
between mechanical performance and FVR was found to be strongly 
scattering across the entire range of the measurements. In addition, the 
FVR values of the tested samples were not sufficiently spread to yield 
reliable trends for extrapolation. As the FVR increases, a negative linear 
trend is expected until a specific FVR is reached, where the failure mode 
shifts from matrix- to fiber-controlled, beyond this point, a positive 
linear trend is anticipated [125]. Therefore, an alternative approach 
was used, the mass-specific mechanical performance was assumed to 
remain constant, while the resin mass and corresponding GWP were 
adjusted based on hypothetical adjustments in FVR. In Fig.  15 the 
eco-mechanical performance indicators for equal fiber mass are shown 
with original (as fabricated) FVR in red and blue, while values for 
the hypothetical FVRs are shown in gray. Although this projection 
is a simplified model, it offers a valuable outlook on how enhanced 
FVRs may influence the eco-mechanical performance in the future, 
when fabrication setups will have improved; potentially impacting 
material selection decisions. Previous research [126] on P. tenax fibers 
composites has shown that mechanical performance increases with 
FVR, but this trend is strongly altered by the applied treatments. A 
linear trend for modulus and an exponential trend for strength can 
be expected between 20%–50% FVR. [68]. Higher FVRs of over 50% 
have already been achieved with P. tenax fibers and epoxy matrix 
using a vacuum infusion process [74]. However, the bagging required 
for vacuum sealing may be too time-consuming for lattice structures, 
whereas integrating [18] pultrusion characteristics into the winding 
process could potentially facilitate increasing FVRs.

Similar to Fig.  14, the carbon fiber samples demonstrate high base-
line values for both specific stiffness and specific failure load, clearly 
outperforming the natural fibers. For the natural fiber samples, both 
specific structural stiffness and failure load show significant capacity 
for improvement with increasing FVR. As the FVR approaches values 
around 45%, the performance of the natural fibers begins to approach 
that of the mid-range carbon fiber samples. L. usitatissimum demon-
strates the highest improvement potential for structural stiffness with 
increasing FVR. Besides the inherent differences in the raw material’s 
structural stiffness, this might suggest that the original FVR for L. 
usitatissimum may be closer to its optimal value than P. tenax fibers. 
In terms of failure load, both P. tenax fibers and L. usitatissimum
exhibit similar improvements as FVR increases. The heavy P. tenax
fibers is slightly more sensitive to changes in FVR compared to light P. 
tenax fibers for both indicators, but particularly in terms of structural 
stiffness. However, the heavy P. tenax fibers also show the highest 
variation between samples. All natural fibers exhibit more significant 
variability between samples compared to carbon fibers. It is important 
to note that the increasing size of the error bars with higher FVR is 
an artifact of the mathematical extrapolation and may not necessarily 
reflect reality. Similarly, the uncertainty range for GWP values also 
increases with higher FVR.



P. Mindermann et al. Composites Part A 199 (2025) 109168 
Fig. 15. Specific structural performance individually normalized to the maximum values of carbon fiber samples and with several FVR for natural fibers. Structural stiffness and 
failure load values for carbon fiber samples were interpolated to maintain similar fiber mass across all materials, compare Fig.  14. Average percentage FVRs as originally fabricated 
are 57.4 ± 2.0 for carbon, 25.8 ± 1.3 for P. tenax fibers heavy yarn, 30.8 ± 2.9 for P. tenax fibers light yarn, and 26.1 ± 1.1 for L. usitatissimum. Standard deviations result from 
variance between samples. Performance indicators for FVRs between 35%–55% were extrapolated assuming constant composite-mass-specific stiffness and failure load values for 
each material.
At the original FVRs, the carbon fibers clearly outperform the 
natural fibers. However, the projection indicates that with improved 
CFW fabrication techniques and raw material processing, natural fibers, 
particularly L. usitatissimum and heavy P. tenax fibers, may close the 
performance gap significantly. Among the natural fibers, L. usitatissi-
mum shows the highest potential, but it is also more optimized for 
composite processing compared to P. tenax fibers. Between the two 
tested P. tenax fibers, the heavy P. tenax fibers appears more promising 
due to its higher absolute mechanical performance, see Fig.  12, and 
greater sensitivity to eco-mechanical improvements through increased 
FVR, see Fig.  15. However, the baseline eco-mechanical performance of 
heavy P. tenax fibers is lower than that of light P. tenax fibers, see Fig. 
14, and it also exhibits significantly higher variability between samples 
in some parameters, see Figs.  8, 12, and 15.

8. Discussion

This study proposes P. tenax fibers as reinforcement material for 
coreless filament-wound lightweight structures. It explores their eco-
mechanical performance within a novel structural system, benchmark-
ing them to carbon fibers and L. usitatissimum fibers. The ultimate 
aim is to contribute to more sustainable practice in the AEC sector, 
particularly in New Zealand.

Building on previous research, this study introduced a novel sample 
design featuring higher structural complexity. Samples were produced 
from two product types of P. tenax (heavy and light yarn), carbon 
fibers, and L. usitatissimum fibers. To achieve this, a 3D-printed winding 
fixture and a custom winding head were developed and integrated 
into a robotic setup. The mechanical performance of the samples was 
evaluated through destructive compression tests. Eco-mechanical per-
formance indicators were defined and accessed, combining the mate-
rial’s global warming potential and the samples’ mass-specific structural 
performance.

While carbon fibers outperformed natural fibers at their original 
fiber volume ratios, the findings suggest that advancements in raw fiber 
processing and CFW techniques could enable natural fibers, especially
L. usitatissimum and heavy P. tenax, to approach the performance of 
carbon fibers. L. usitatissimum exhibited the highest potential among 
natural fibers. In contrast, heavy P. tenax yarn demonstrated greater 
promise due to its superior absolute mechanical performance. However, 
it also exhibited larger variance in some parameters between samples 
and lower baseline eco-mechanical performance compared to light P. 
tenax yarn.

Aside from the main research question, the novel design proposed 
in this study expands the existing range of generic sample types for 
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CFW. Key features include its ability to incorporate essential structural 
characteristics, flexibility in layering and sub-syntax configuration, cus-
tomizable rigidity and post-failure behavior, and accommodation for 
various fiber bundle diameters. In addition, the design simplifies load 
induction and reduces the risk of failure near these regions.

The study encountered several methodological limitations. GWP 
values are estimates based on literature and not determined for specific 
materials. Due to fabrication effort and material availability, the num-
ber of samples is limited. Therefore, the significance of mathematical 
approximations for the performance indicators is also constrained. Non-
identical equipment across different laboratories had to be utilized but 
with consistent procedures. As common in CFW, the results are spe-
cific to the tested structural system. Variations in the building system 
configuration or future advancements in CFW fabrication techniques 
could alter the findings substantially. In particular, improvements in 
fiber impregnation technology, which is expected to advance in the 
near future for natural fibers, could affect the relevance of the findings.

Further optimization of P. tenax fibers targeted toward composite 
processing holds enormous potential for performance enhancements, 
especially in comparison to the already highly optimized L. usitatissi-
mum fiber products available. Besides improving yarn characteristics 
to enhance processability, such advancements must address fiber-resin 
bonding.

This study represents a significant step toward integrating P. tenax
fibers into structural composite applications, particularly in the AEC 
sector. While previous research emphasized the material level and 
thus suggested the unchallenged superiority of natural fibers over 
carbon fibers in terms of eco-mechanical performance, this study ex-
tends these findings to a structural level. The results highlight that 
material selection cannot rely solely on individual material proper-
ties; structural behavior within a system must also be considered. 
The optimal choice between conventional high-CO2-impact fibers and 
natural fibers depends on the designer’s decision to balance sustain-
ability and lightweight performance requirements, which may vary 
enormously depending on the application. Therefore, for lightweight 
applications (aerospace or automotive) where energy consumption dur-
ing the product’s lifespan outweighs energy use during material sourc-
ing and production, carbon fibers prove to be the optimal choice 
for many highly-stressed components. Conversely, natural fibers can 
enhance sustainability when appropriately integrated, as demonstrated 
by other research [35] combining flax fibers and timber into a hybrid 
system.
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9. Conclusion

Structural samples made from carbon, Phormium tenax, and Linum 
usitatissimum fibers with epoxy resin were destructively tested under 
quasi-static compression. Carbon fiber samples demonstrate mass/CO2-
specific stiffnesses and failure loads that reach 2.18× and 2.12×, respec-
tively, the average natural fiber values. The mass/CO2-specific stiffness 
among P. tenax yarns with different linear densities is similar and at 
71% of that of L. usitatissimum samples. For mass/CO2-specific failure 
loads, both P. tenax fibers exhibit similar values to L. usitatissimum
samples, with the heavy yarn at 87% and the light yarn at 102% of the
L. usitatissimum value. A significant increase in fiber volume ratio could 
help close the performance gap between carbon and natural fibers, with
L. usitatissimum being more sensitive to changes. Furthermore, mass-
specific energy absorption (SEA) was evaluated; where carbon fiber 
samples achieve 3.9× the SEA of average natural fiber samples. P. tenax
samples reach SEA values at 1.3× that of L. usitatissimum fiber samples, 
with the heavy yarn showing better absorption than the light yarn. 
The experimental findings indicate that, at the structural level and for 
the investigated sample design, the natural fibers do not outperform 
carbon fibers in terms of eco-mechanical performance when using the 
current CFW fabrication technology, the available resin systems, and 
when balancing lightweight and sustainability importance equally.

Despite the current challenges, P. tenax fibers show great potential 
as a sustainable fiber material, particularly in New Zealand, where its 
cultural significance and local availability make it an attractive op-
tion for construction materials. Natural fiber composites have demon-
strated successful application in load-bearing structures within research 
demonstrator building systems [34,35] over extended periods. How-
ever, future research could investigate the long-term durability of P. 
tenax composites through accelerated weathering tests, with specific 
emphasis on the matrix and the fiber–matrix interface. Typically, ma-
trix discoloration serves as an indicator of reduced molar mass and 
deterioration of mechanical properties, while moisture absorption may 
induce material swelling, internal stress development, and degradation 
of the fiber–matrix interaction [120,127]. Moreover, existing design 
methodologies could be adapted to efficiently incorporate the ele-
vated material consumption of natural fiber composites compared to 
technical fiber systems to harness the full potential of natural fibers. 
Furthermore, a possible future use of P. tenax fibers in sustainable 
building construction, combined with the material’s cultural impor-
tance to the Māori people, could provide a chance to express Māori 
culture and knowledge through architectural design [128]. Traditional 
extraction methods of P. tenax fibers could yield higher mechanical 
properties of CFW structures, but are not scalable to an industrial level. 
However, the most substantial improvement in the sustainability of 
natural fiber composites will not stem from fiber optimization but from 
reducing the environmental impact of the matrix system, potentially 
through bio-based epoxy systems.
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