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Abstract 13 

Stinging nettle (Urtica dioica L.) has been observed to grow spontaneously on metal-contaminated 14 

soils marginalised by heavy industrial use, thereby presenting an opportunity for the economic utilisa-15 

tion of such lands. This study explores the potential of nettle as a fibre crop by producing short-fibre 16 

reinforced polylactic acid (PLA) composites through compounding and injection moulding. Whole stem 17 

segments from three nettle clones (B13, L18, and Roville), along with separated fibre bundles from the 18 

L18 clone, were processed. The fibre bundles were separated using a roller breaker unit and a hammer 19 

mill. From separation with the hammer mill, not only cleaned fibre bundles but also the uncleaned 20 

fibre-shive mixture and the undersieve fraction were processed. The Young's modulus of all compo-21 

sites exceeded that of unreinforced PLA, with mean values ranging from 5.7 to 8.1 GPa. However, the 22 

tensile strength of most composites was lower than that of pure PLA, except for the two composites 23 

reinforced with cleaned fibre bundles. Of these two, the reinforcement with fibre bundles from sepa-24 

ration with the hammer mill led to superior mechanical properties, with a higher Young's modulus (8.1 25 

GPa) and tensile strength (61.8 MPa) compared to those separated using the breaking unit (7.2 GPa 26 

and 55.9 MPa). This enhancement is hypothesised to result from reduced fibre damage and lower fibre 27 

bundle thickness. The findings suggest that nettle cultivation on marginal lands could be a viable option 28 

for producing short-fibre composites, thereby offering a sustainable use of these otherwise underuti-29 

lised areas. 30 
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1 Introduction 33 

Since medieval times, the stinging nettle Urtica diocia L. has been a perennial crop used as a food, 34 

medicinal and fibre plant.  low fertiliser and pesticide requirement and ability to adapt to a 35 

wide range of environmental conditions make nettle fibres an attractive option for helping to meet 36 

the growing demand for natural fibres as renewable raw materials (Viotti et al., 2022).  37 

Gustav Bredemann, a German researcher, began studying and selectively cultivating wild nettles at the 38 

beginning of the 20th century. In more than 30 years of research (1918-1950), he selected the most 39 

efficient clones from 170 provenances for breeding. In addition to fibre content, his criteria included 40 

frost tolerance and growth form. As a result of these efforts, the fibre content increased from 5 % in 41 

wild nettle plants up to 17 % of stem dry matter in the cultivated species (Bredemann, 1959). 42 

The combination of environmental benefits, good mechanical properties, and favourable morphologi-43 

cal properties positions nettle fibres as a compelling alternative as a raw material for composite mate-44 

rials across various industries, in addition to their use in clothing textiles (Vogl and Hartl, 2003; Har-45 

wood and Edom, 2012; Suryawan et al., 2017). The diameter of nettle fibres ranges between 20 and 46 

48 µm (Jeannin et al., 2020 & di Virgilio, 2013). The mechanical properties of the fibres show a large 47 

scattering, which is common for natural fibres (Bourmaud et al., 2018). In Jeannin et al. (2020), a mean 48 

Young's modulus, strain at failure and tensile strength of 54 GPa, 2.62 % and 1314 MPa were measured, 49 

while the values in Lanzilao et al. (2016) were 79 GPa, 2.8 % and 2196 MPa respectively. The fibre 50 

bundle tensile strength was measured as 343 ± 49 MPa (Fischer et al. 2012). In summary, it can be 51 

concluded that the mechanical properties are comparable to those of flax (Jeannin et al., 2020). Fol-52 

lowing Bacci et al. (2010), the selection of the retting method affects both the morphological and me-53 

chanical properties, as well as the chemical composition of the fibres. For example, microbiological 54 

retting resulted in a cellulose content of 84.4 %, while after water retting, the cellulose proportion was 55 

78.4 %.  56 

Besides the  interesting morphological and mechanical properties, there are economic and eco-57 

logical reasons for cultivating the nettle as a fibre crop (Viotti et al., 2022). It is a perennial crop with 58 

low requirements in fertiliser and pesticide, and soils rich in nitrates and phosphates due to overferti-59 

lisation can be improved (Dreyer & Müssig, 2000). Further, the adaptability to a wide range of envi-60 

ronmental conditions enables cultivation in various regions to easily develop regional value-added 61 

chains (Vogl and Hartl, 2003). Additionally, a single nettle planting can be cultivated and utilised for 62 

10 - 15 years, which means significantly less agronomic effort like yearly field preparation and sowing 63 
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compared to other fibre crops like hemp or flax, as well as a possibly lower emission of greenhouse 64

gases due to fewer cultivation steps (Dreyer et al., 2002). 65 

Another benefit of utilising stinging nettle as a fibre crop lies in its potential to thrive in contaminated 66 

soils unsuitable for food cultivation. In a study by Jeannin et al. (2020), nettle crops were grown in soils 67 

containing high levels of trace elements (TE) such as mercury (Hg), arsenic (As), cadmium (Cd), lead 68 

(Pb), and zinc (Zn). The analysis revealed TE concentrations in the nettle's tissues remained far below 69 

critical levels for agronomic crops. These findings indicate that utilising soils contaminated with TE 70 

presents a viable option to increase the production of purpose-grown biomass materials while simul-71 

taneously addressing the land-use conflict arising from competing needs for food and the growing de-72 

mand for plant-based fibre raw materials (Jeannin et al., 2020).   73 

The valorisation of nettle fibres from marginal lands within an agro-forestry system could address the 74 

growing need for plant-based alternatives to industrial fibres in apparel and technical products against 75 

land scarcity and the conflict between food and non-food crop production. The common nettle (Urtica 76 

dioica L.), with its long history as a fibre source and unique properties like high strength and length, 77 

presents an underutilised opportunity. Its suitability for cultivation on marginal or contaminated lands, 78 

where it can improve soil functionality and contribute to phyto-management, offers ecological and 79 

economic benefits. This approach not only aids in decontaminating soils but also supports wildlife hab-80 

itats. Despite the composite industry's increasing demand for plant fibres, the limited availability and 81 

high cost of nettle fibres have so far hindered their widespread use. To overcome these challenges, a 82 

comprehensive strategy promoting nettle biomass utilisation on marginal lands within a sustainable 83 

agroforestry framework is proposed. The potential of nettle fibres to replace traditional fibres in bi-84 

obased composites and the feasibility of developing and marketing new nettle-based materials are 85 

critical focal points. 86 

This study aims to comprehensively analyse different nettle clones with different plant ages at har-87 

vesting time to determine their potential for reinforcing polylactide (PLA) composites for injection 88 

moulding applications. The key research questions are as follows: Can the complete nettle plant stem 89 

be directly utilised in material applications to maximise resource efficiency? What differences and 90 

measurable effects do the various separation steps have on the quality and performance of the com-91 

pounds obtained? 92 

In addition, the study will investigate the potential of using previously unused material flows from 93 

separation processes to minimise the amount of waste. Furthermore, the reinforcement effect of fibre 94 

bundles from two different mechanical separation methods, a laboratory breaking unit and a hammer 95 
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mill, will be investigated and compared. These investigations are critical for understanding the perfor-96

mance of nettle fibre-reinforced PLA composites and provide insights into optimising processing tech-97 

niques to improve the mechanical properties required for injection moulding applications. These in-98 

vestigations aim to answer whether nettle fibres cultivated on marginal and contaminated lands can 99 

be a sustainable replacement for traditional fibres in biobased composites and how their market via-100 

bility can be enhanced. 101 

 102 

2 Material & Methods 103 

Composites with different raw materials from the nettle plant stem and polylactide (PLA) were pro-104 

duced and characterised. The goal was to evaluate the potential use of nettle fibres from different 105 

clones and separation techniques for composites.  106 

2.1 Nettle plants and harvest 107 

Stinging nettle stems of Roville clone were harvested one year after planting in Doncières, France (GPS 108 

coordinates: 48.389648, 6.628416). Additionally, B13 clones were harvested in Potsdam, Germany 109 

(GPS coordinates: 52.439722, 13.016306) in the same year of planting (establishing year). Stems of L18 110 

clone were provided as baled straw from a third-party professional growing site (Frielingen, Germany, 111 

GPS coordinates: 52.980917, 9.702167) with the assistance of former NFC Nettle Fibre Company GmbH 112 

(Mölln/Groß-Helle, Germany), nowadays Felde Fibres GmbH (Dabergotz, Germany). B13 is one of the 113 

clones of an earlier breeding generation (Bredemann, 1959), while L18 is considered as a newer clone 114 

generation (Fischer et al., 2019). 115 

2.2 Production of composites 116 

Composite granules from seven different nettle materials and a PLA matrix were produced by com-117 

pounding at 3N in Werlte, Germany. 30 mass% of each reinforcing material was compounded with 70 118 

mass% of PLA 3251 D after drying both for 24 h at 80 °C. Details on the compounding concept are 119 

found in Müssig et al. (2020). 120 

Whole stems of the three different nettle clones, B13, Roville and L18, were cut into segments with a 121 

length of 5 cm using scissors. Without any further separation of fibrous from non-fibrous stem parts, 122 

these raw materials were compounded with the polymer for the first three composites without further 123 

separation. In addition, dew-retted stems of the L18 clone were processed using a decortication ma-124 

chine for fibre plant straw according to an impact principle (prototype, self-build by ATB, further la-125 

belled as hammer mill; see Müssig et al. (2024) for detailed information on the decortication concept). 126 
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The resulting fibre-shive mixture and the undersieve fraction, mainly containing shives, short fibres/fi-127

bre bundles and dust, were used for compounding. Due to its low content of fibre bundles, the un-128 

dersieve fraction is usually not used for technical purposes and is considered a reject. By manually 129 

sorting fibres and shives, a fibre bundle content of 16.25 mass% was measured in this side stream. The 130 

main material stream of the fibre-shive mixture (fibre bundle content: 58.02 mass%) was cleaned man-131 

ually by removing the shives by hand. The resulting pure fibre bundles were also compounded with 132 

PLA. A further batch of dew-retted L18 stems were decorticated with a laboratory-scale breaking unit 133 

(built by Worthmann Maschinenbau GmbH, Barßel, Germany). Each stem was passed through the 134 

breaking unit three times, with the thicker end first. The outcome was manually cleaned from shives 135 

and used for compounding. Figure 1 and Table 1 give an overview of the different nettle materials used 136 

for compounding the seven composites and the associated labels. The appearance and qualitative 137 

composition of the raw materials can be seen in Figure 1 and Figure 3. All raw materials were cut to a 138 

length of 5 to 10 cm before processing.  139 

Table 1: Overview of reinforcement materials used for compounding with PLA matrix. 140 

Nettle clone 

Plant age at har-

vesting Nettle material Composite label 

B13 Establishing year Whole plant stem segments B13 stems 

Roville 1st year Whole plant stem segments R stems 

L18 2nd year Whole plant stem segments L18 stems 

L18 2nd year Undersieve fraction from hammer mill  L18 HM UF 

L18 2nd year Fibre-shive-mixture from hammer mill L18 HM FSM 

L18 2nd year Cleaned fibre bundles from hammer mill L18 HM fibres 

L18 2nd year Cleaned fibre bundles from breaking unit L18 BU fibres 

 141 

Dog bone-shaped tensile test specimens from the composite granules were produced by injection 142 

moulding at NHL Stenden, Netherlands. Before processing, the granules were dried at 105 °C for at 143 

least 24 hr. The injection moulding for all granules was done using an Engel e-mac injection moulding 144 

machine (ENGEL AUSTRIA GmbH, Schwertberg, Austria). The temperatures in the screw cylinder were 145 

set to 150 °C, 165 °C and 175 °C and the temperature in the injector was set to 175 °C. A dwell pressure 146 

of 70 MPa for 25 sec and a cooling time of 30 sec were applied. 147 
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148

Figure 1: Processing steps of nettle plants used for compounding with the polymer matrix. All raw materials were 149
cut to a length of 5 cm before compounding.150

151

2.3 Mechanical characterisation of composites152

Before the mechanical characterisation, the composite specimens were conditioned for 24 h at 23 °C 153

and 50 % relative humidity according to DIN EN ISO 291 (2008). Tensile tests were performed following 154

DIN EN ISO 527-1 (1996) and DIN EN ISO 527-2 (1996) using a universal testing machine type Zwick Z 155

020 (Zwick/Roell GmbH & Co.KG, Ulm, Germany) working with a load cell of 20 kN and a Zwick/Roell 156
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pneumatic clamping system (clamping pressure: 1.5 bar). Seven specimens per composite were pre-157

loaded with 50 N and then tested at a speed of 2 mm/min. Displacement for calculating Young's mod-158 

ulus and the strain was measured using an optical extensometer (VideoXtens, Zwick/Roell GmbH & Co. 159 

KG, Ulm, Germany). 160 

A pendulum impact testing machine (type 5101, Zwick/Roell, Ulm, Germany) was used to determine 161 

the un-notched Charpy impact strength. Six specimens with dimensions of 80×10×4 mm³ were tested 162 

flatwise, using a pendulum hammer of 2 J according to DIN EN ISO 179 (1997). The identical specimens 163 

were used to perform density measurements. Length, width and thickness were determined using a 164 

calliper (Mitutoyo Europe GmbH, Neuss, Germany) with an accuracy of 0.01 mm. The mass (m), deter-165 

mined by a scale with an accuracy of 0.01 g (type Kern 440-35n, Kern & Sohn GmbH, Balingen-From-166 

mern, Germany) and the dimensions (V) were used to calculate the density  of each composite spec-167 

imen using Equ. (1). 168 

 (1) 

 169 

2.4 Scanning electron microscopy 170 

To further examine the structure-property relationship of the tested composites, cross-sections of 171 

plant stems of the three clones and fracture surfaces from composite specimens from impact testing 172 

were analysed using scanning electron microscopy (SEM) (JSM-6510, JEOL Ltd., Tokyo, Japan). The 173 

cross-sections were taken from dry nettle stalks, which were soaked in water for 8 hours to obtain fine 174 

cross-sections with a razor blade. After drying, the cuttings and the fracture surfaces of the composites 175 

were sputtered using a Bal-Tec sputter coater type SCD 005 (Bal-Tec, Liechtenstein) with gold for 70 s 176 

and a current of 56 mA. SEM images were made using an accelerated voltage of 5 kV. 177 

2.5 Analyses of fibre morphology 178 

To analyse the difference between the composites reinforced with cleaned fibre bundles from the 179 

breaking unit and the hammer mill, the fibre bundle thickness before compounding was determined 180 

using the software FibreShape (version 6.1.4, IST Innovative Scan Technologies AG, Vilters, Switzer-181 

land). For that, fibre bundle samples were cut and scanned with an EPSON Perfection V800 (SEIKO 182 

Epson CORPORATION, Japan) with a resolution of 1800 dpi. A standard measuring mask from Fibre-183 

Shape for measuring the bast fibre thickness with a zoom factor of 0.71 was used for object detection 184 

on these scans. 185 

The same software was used to determine the fibre/fibre bundle thickness and length after compound-186 

ing and injection moulding. The polymer matrix was dissolved using trichloromethane (  99 %, Carl 187 
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Roth GmbH & Co. KG, Karlsruhe, Germany). Samples of 1 g of each composite were cut from the injec-188

tion moulded specimens and put in filtering crucibles (fritted glass with porosity 3). The crucibles were 189

filled with trichloromethane, and after 1 h, the liquid was sucked off. This procedure was repeated 190

until the polymer was completely dissolved. The fibres were then rinsed with demineralised water, 191

dried and spread on slide mounts and scanned with a resolution of 3400 dpi using a Reflecta ProScan 192

10T (Reflecta GmbH, Eutingen, Germany). The scans were analysed with FibreShape using a modified 193

measuring mask for short fibre thickness and length. A zoom factor of 0.71 and a greyscale threshold 194

of 240 were used to detect the fibres on the scans. The 1/Elongation-parameter in the software was 195

changed to a minimum of 3.0.196

2.6 Fibre bundle peeling test197

Fibre bundle peeling tests were performed with fibre bundles from both separation methods. A sche-198

matic overview of the method used is shown in Figure 2. A total of 12 fibre bundles decorticated with 199

the hammer mill and 10 with a breaking unit were peeled at a peeling speed of 1 µm/s over a distance 200

of 5 mm. Details of the method can be found in Govilas (2023).201

202

Figure 2: Schematic overview of the method to determine the decohesion force of fibre bundles (the figure is 203
taken from Govilas, 2013).204

205

2.7 Investigation of kink bands206

Nettle fibre bundles from each of the two separation methods before processing the composites were 207

prepared on slides and investigated using polarised light microscopy. Kink band regions appear lighter 208

under polarised light due to the larger microfibril angle (MFA) (Thygesen and Ander, 2005). A micro-209

scope (ADL-601P, Bresser GmbH, Rhede, Germany) equipped with a digital camera (MikroCam II, 20 210

MP, Bresser GmbH, Rhede, Germany) was used. Kink bands were counted on three randomly selected 211

regions of length 0.65 mm on five fibres from each separation technique. For that, RGB images were 212
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adjusted to 8-bit greyscale images. The contrast was enhanced for better visibility so the kink bands 213

could be counted manually (see Figure 9).   214 

2.8 Statistics 215 

Data processing and the creation of plots were accomplished with the programming language R (ver-216 

sion 4.3.0, https://www.r-project.org) by using built-in functions from the package ggplot2. To com-217 

pare the different composite characteristics, the results were treated as follows: Firstly, a test on nor-218 

mal distribution using the Shapiro-Wilk test was performed 219 

one composite had non-normally distributed results, a one-way ANOVA on ranks (Kruskal-Wallis test, 220 

-Whitney-U test was used to test 221 

for sig222 

results are marked with different letters in the plots, and non-normally distributed results are marked 223 

with an asterisk. 224 

3 Results & Discussion 225 

3.1 Composite processing 226 

The production of nettle/PLA granules, followed by injection moulding of standard test specimens, was 227 

successfully realised. Figure 3 shows the different nettle raw materials, the resulting granules after 228 

compounding, and the injection moulded test specimens. It can be seen that the different nettle raw 229 

materials used for compounding led to different visual compositions within the composite. While the 230 

granules compounded with whole stem segments and the undersieve fraction contained relatively 231 

coarse particles, the cleaned fibre bundles from both the breaking unit and the hammer mill led to 232 

more homogenous granules. The composite reinforced with the fibre-shive mixture also contains 233 

coarse particles since there is still a considerable proportion of shives in the mix before cleaning. The 234 

same conclusions can be made regarding the dog bone-shaped test specimens. The SEM images (see 235 

Figure 5) confirm a homogenous distribution of the reinforcing material within the matrix polymer. 236 

Compounding different nettle materials and processing those via injection moulding produced aes-237 

thetically appealing materials based on visual control (see Figure 3).  238 



10 
 

 239 

Figure 3: Overview of the seven composites with the different raw materials used as reinforcement. Row 1: raw 240 
materials; row 2: resulting composite granules; row 3: dog bone-shaped test specimens. 241 

 242 
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Table 2 shows the results from the mechanical characterisation of the composites and the pure PLA as243

reference. The small scattering in the density within one sample and between the different samples 244 

indicates homogeneous composite processing, thus confirming the visual findings. Adding nettle bio-245 

mass generally led to a higher density than the pure PLA. The measured density value of the PLA is 246 

similar to those reported in other publications, where the same PLA type was processed via injection 247 

moulding (Müssig et al., 2020). Compounding the PLA with the cleaned fibres led to the highest density 248 

values among the composites. This can be explained by the higher proportion of fibre bundles in the 249 

reinforcing material since the density of fibres was higher compared to the shives due to the shive s 250 

high degree of porosity (e.g., 76.67 % porosity for hemp shives following Jiang et al., 2018). 251 

The nettle fibre bundles were shortened considerably during the compounding and injection moulding 252 

process. A mean length between 169.2 and 254.8 µm (see Table 4) was measured, comparable to the 253 

fibre lengths in compounded and injection moulded natural fibre-reinforced composites from the lit-254 

erature. For flax fibres, a mean length of 330 µm was found in Le Duigou et al. (2008) with a PLA matrix 255 

and a mean length of 191 µm in Bos et al. (2006) with a PP matrix. Müssig et al. (2020) measured a 256 

median length of 250 µm for hemp-reinforced PLA. 257 

Table 2: Overview of the mechanical properties of all composites. Mean and standard deviation are shown for 258 
each composite and the pure PLA-matrix as a reference. The composites B13 stems, R stems, and L18 stems were 259 
compounded using whole stems of the respective nettle clones. Fractions derived from processing the L18 clone 260 
with a hammer mill include: UF (under-sieve fraction), FSM (fibre-shive mixture), and cleaned fibres. Cleaned 261 
fibres separated with a breaking unit are labelled L18 BU HM. 262 

Composite label 

Density in 

g/cm³ 

Charpy Impact 

strength in 

kJ/m² 

Tensile 

modulus in 

GPa 

Tensile 

strength in 

MPa 

Elongation 

at break in % 

PLA 3251 D 1.23 (± 0.01) 18.76 (± 2.17) 3.6 (± 0.1) 56.4 (± 0.3) 3.86 (± 0.32) 

B13 stems 1.28 (± 0.01) 7.61 (± 0.59) 5.7 (± 0.1) 42.6 (± 1.0) 1.06 (± 0.18) 

R stems 1.29 (± 0.01) 7.06 (± 0.52) 5.9 (± 0.2) 44.4 (± 0.5) 1.03 (± 0.07) 

L18 stems 1.29 (± 0.01) 7.18 (± 0.61) 5.9 (± 0.2) 46.5 (± 0.5) 1.08 (± 0.04) 

L18 HM UF 1.29 (± 0.01) 6.96 (± 1.25) 6.0 (± 0.2) 47.3 (± 0.3) 1.23 (± 0.19) 

L18 HM FSM 1.29 (± 0.01) 8.13 (± 0.90) 6.0 (± 0.2) 50. 7 (± 0.5) 1.19 (± 0.24) 

L18 HM fibres 1.30 (± 0.01) 9.24 (± 0.89) 8.1 (± 0.1) 61.8 (± 0.5) 1.20 (± 0.08) 

L18 BU fibres 1.30 (± 0.01) 9.40 (± 0.37) 7.2 (± 0.3) 55.9 (± 0.4) 1.16 (± 0.23) 

 263 

3.2 Tensile properties & structure-property relations 264 

The measured mechanical properties of the pure PLA are in good agreement with data from the liter-265 

ature, e.g., Müssig et al. (2020) and Pappu et al. (2019). For all nettle/PLA-composites, a significant 266 



12

increase in Young's modulus compared to pure PLA could be shown (see Figure 4). The tensile strength 267

of the composites was significantly lower compared to PLA, except for the two composites reinforced 268

with the cleaned fibre bundles (see Figure 4). This could indicate that the shives formed defects in the 269

composite, which led to failure under a lower tensile load. This hypothesis is supported by the SEM 270

images of the fracture surfaces (Figure 5). On the surfaces of the composites with whole plant stem271

segments and the fibre-shive mixture, significantly coarser particles could be identified, which could272

initiate cracks under tensile load and thus lead to earlier failure. Consequently, the strain at failure was 273

significantly lower for all tested composites compared to PLA, while no difference could be shown274

among the different composites (see Table 2).275

276

277

Figure 4: Box-whisker plots of Young's modulus (top) and tensile strength (bottom) of pure PLA as a reference 278
and the PLA-nettle composites. Different letters indicate significant differences between the test samples, and 279
asterisks mark samples that were not normally distributed.280

281
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282

Figure 5: SEM images from the fracture surfaces of specimens from all tested composites after tensile testing. It 283
can be seen that the compounds reinforced with the whole nettle stems contain coarse particles. Also, the com-284
pounds L18 HM FSM and L18 HM UF still contain shives, but less.285

286

No significant differences between the composites compounded with whole stem segments from the 287

three different nettle clones were found regarding the strain at failure and Young's modulus. In terms 288

of tensile strength, reinforcing PLA with stems from the L18 clone led to the highest results, while using 289

stems from the B13 clone had the lowest reinforcing effect. The results may be attributed to two fac-290

tors: the age of the plants at the time of harvest and the specific purpose of breeding the different 291

nettle clones. The B13 stems were harvested during their establishing year, while the Roville stems 292
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were cut after one year of cultivation. Typically, nettle plants intended for fibre production in the tex-293

tile industry are not harvested before the second year of cultivation due to a small stem diameter and 294 

plant height, high degree of branching, and excessive leaf growth (Bredemann, 1959). The stems from 295 

the L18 clone were from at least two-year-old plants, resulting in a higher stem quality than the other 296 

clones following Bredemann (1959). The Roville clone was cultivated as a forage plant, so the goal in 297 

breeding was a high number of leaves. The clones B13 and L18 were bred to achieve a high fibre con-298 

tent and quality. In Figure 6, SEM images of the stems of the three clones are shown, illustrating the 299 

distribution and compactness of bast fibres within the bast layer of the stem. The bast fibres, promi-300 

nently located at the outer periphery of the stem cross-section, appeared more densely packed and 301 

had a higher content in the L18 and B13 clones than the Roville clone. Fibres in the stem of the B13 302 

clone seem to have a larger lumen, indicating the fibres are not fully developed when harvest is done 303 

in the same year of planting. This could explain the low tensile properties at the fibre level and, there-304 

fore, the lowest tensile strength of the compound reinforced with the stems of the B13 clone. Addi-305 

tionally, the fibres of this clone showed the lowest aspect ratio after extracting from the tensile bars 306 

(4.79, see Table 4).  Despite this being a qualitative assessment, the SEM images support the hypoth-307 

esis that the L18 clone exhibited a higher bast fibre content due to its plant age at harvesting, poten-308 

tially contributing to its higher tensile strength.  309 

 310 
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311

Figure 6: SEM images of stem cross-sections from nettle clones B13 (top), Roville (middle) and L18 (bottom). The 312
bast fibres are located within the bast tissue layer at the periphery of the stem. 313

314

Processing stems from the L18 nettle clone with the hammer mill produced a fibre-shive mixture and 315

an undersieve fraction, the latter being mostly shives and considered a reject. In this study, four com-316

posite materials were made using different forms of the L18 clone, including whole stem segments, 317

the undersieve fraction, the fibre-shive mixture, and manually cleaned fibre bundles. All four com-318

pounds showed significantly higher Young's moduli and lower strain at failure compared to the pure 319

polymer (see Figure 4 and Table 2). No statistical difference was shown between the compounds with 320

whole stem segments, the undersieve fraction and the fibre-shive mixture. Reinforcing the PLA with 321

cleaned fibre bundles led to the highest Young's modulus. The same can be concluded for the tensile 322
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strength, while using the whole stem segments led to the lowest tensile strength. The values for the323

composite containing undersieve fraction and the fibre-shive mixture lay in between, with all differ-324 

ences being statistically significant (see Figure 4). Overall, the cleaned fibre bundles showed the best 325 

reinforcing effect. These results can be explained by the different fibre content in the reinforcing ma-326 

terials. While the fibres have high tensile properties (e.g., fibre bundle tensile strength: 343 ± 49 MPa; 327 

single fibre Young's modulus: 26,451 ± 14,445 MPa in Fischer et al., 2012), shives and dust tend to 328 

cause voids/defects in the compound, which lower the mechanical performance. In addition, differ-329 

ences in the aspect ratio could explain the different tensile strengths. The aspect ratio of natural fibres 330 

is a critical property in composite materials because it directly influences the mechanical properties, 331 

such as tensile strength, by enhancing stress transfer between the fibre and matrix. A higher aspect 332 

ratio generally leads to improved reinforcement efficiency, resulting in stronger and more durable 333 

composite structures. Table 4 shows that the aspect ratio of fibres in the compounds L18 stems and 334 

L18 HM UF is the lowest, followed by L18 HM FSM and, with L18 HM fibres having the highest value. 335 

An analytical model was applied to further investigate the differences in tensile strength between 336 

these four compounds. Since the application of the classical rule of mixture (ROM, see Eq. (2)) usually 337 

leads to an overestimation of the composite tensile strength in short-fibre reinforced composites, a 338 

modified rule of mixture (mROM, see Eq. (3)) was applied. 339 

 (2) 

 (3) 

and  represent the volumetric fractions of fibre and matrix.  and  are the tensile strengths of 340 

fibre and composite. For the matrix, the tensile stress at the average compound failure strain (1,2 %) 341 

 (rounded to 43 MPa) was applied in the equation. Following the Cox shear lag model (Cox, 1952), 342 

 represents a filler orientation distribution factor. This factor can be expressed using the filler orien-343 

tation limit angle  (Krenchel, 1964) by Eq. (4). The Cox model assumes that the interface can effec-344 

tively transfer shear stress, with both the fibre and matrix responding elastically and no axial force 345 

being transmitted through the fibre ends. 346 

 (4) 

 would be considered 1 for oriented fibres and 1/5 for fillers with random orientation (Zhao et al., 347 

2020). In the Cox shear lag model,  represents a filler length distribution factor, which is given by 348 

Eq. (5). 349 

 (5) 
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Here, s is the aspect ratio of fillers (see Table 4), while denotes a shear parameter. This parameter 350

represents the coefficient of stress concentration rate at the end of the fillers and is represented by 351 

Eq. (6). 352 

 (6) 

with  as the  (PLA:  = 0.33) and  & being the Young's modulus of 353 

fibres and matrix. This length distribution factor  takes values between 0 and 1 and takes a value 354 

close to 1 for a continuous fibre in 0 ° direction (Zhao et al., 2020). 355 

For the calculation of the theoretical tensile strength, the actual fibre volume fraction  was calcu-356 

lated and then used. Since all compounds were produced with a filler mass fraction of 30 mass%, a 357 

filler volume fraction  of 25,88 % was calculated using the density of the matrix (  = 1.23 g/cm³) and 358 

the fibres (  = 1.51 g/cm³, value taken from Yu and Franck, 2005). Given the varying fibre content in 359 

the reinforcing materials, the actual fibre volume fraction, , was calculated accordingly (see Table 360 

3). This calculation accounted for the specific fibre content of each material, ensuring an accurate rep-361 

resentation of the fibre distribution within the final composite structures.  362 

The results of the analytical models are shown in Table 3, together with the experimental results. The 363 

application of the ROM led to a substantial overestimation of the tensile strength for the compounds 364 

with higher actual fibre fraction (L18 HM FSM & L18 HM fibres). Applying the mROM for these com-365 

pounds, results that closely align with the experimental findings were found. The compounds with 366 

lower actual fibre content (L18 HM stems & L18 HM UF) were underestimated by the mROM while 367 

the ROM results align with the experimental findings. This indicates, that filler length and orientation 368 

are of less importance for compounds with lower fibre content. Thus, the hypothesis that the in-369 

creasing fibre content, together with an increasing aspect ratio, contributes to the measured values 370 

can be considered confirmed via the analytical approach. 371 

Table 3: Tensile strength values (in MPa) calculated by applying the classical rule of mixture (Eq. (2)) and the 372 
modified rule of mixture using the Cox shear lag model (Eq. (3)). Also shown are the experimental values in com-373 
parison. 374 

Compound 

Fibre mass 

fraction in 

the com-

pounded 

biomass in 

%* 

Actual fibre 

volume frac-

tion in the 

composite  

in % 

Tensile 

strength - cal-

culated: ROM 

Tensile 

strength - cal-

culated: 

mROM 

Tensile 

strength  ex-

perimental 

(mean) 
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L18 HM stems 11.00 2.85 41.6 33.2 46.5

L18 HM UF 16.25 4.21 46.3 34.0 47.3 

L18 HM FSM 58.02 15.02 83.4 44.5 50.7 

L18 HM fibres 100.00 25.88 120.6 59.4 61.8 

* The nettle fibre content in the compounded nettle biomass (100 % means pure fibres; 0 % means biomass with-375 

out any fibre) 376 

 377 

Comparing the tensile properties of compounds reinforced with cleaned nettle fibres separated by two 378 

different methods reveals that fibres processed with the hammer mill provide a superior reinforcing 379 

effect. This resulted in significantly higher tensile strength and Young's modulus. To clarify this differ-380 

ence, two hypotheses were investigated: 381 

1) Fibre bundles and fibres from separation via hammer mill had a lower thickness and a higher 382 

aspect ratio (length/thickness). 383 

2) Separation of fibre bundles and fibres using the breaking unit led to more defects and kink 384 

bands in the nettle fibres, lowering their tensile properties on the single fibre level. 385 

In an initial approach, the morphological properties of the fibre bundles after separation (before com-386 

pounding) were measured via FibreShape. The fibre bundles generated by the hammer mill showed 387 

significantly lower thickness values. The same can be concluded for the fibres after chemical extraction 388 

from the injection moulded specimens (see Figure 7). However, a higher aspect ratio was found in the 389 

fibres separated using the breaking unit (Table 4). This is because those fibre bundles showed not only 390 

a larger fibre bundle thickness but also a greater length compared to the bundles from separation with 391 

the hammer mill. 392 
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393

Figure 7: Density histograms with kernel density estimation curve (bin width = 5 µm) of the thickness of cleaned 394
nettle fibre bundles from separation via breaking unit and hammer mill before processing (left) and after extrac-395
tion from the injection moulded specimen (right). The means are shown as vertical lines in the respective colour, 396
and a statistically significant difference between the bundles from the two decortication methods could be 397
proven in both cases.398

399

Table 4: Thickness, length and aspect ratio of the reinforcing materials after extraction from injection moulded 400
specimens.401

Compound Thickness in µm Length in µm

Aspect ratio:

length/thickness

B13 stems 38.74 191.67 4.79

R stems 33.36 169.17 5.19

L18 stems 42.82 206.95 4.89

L18 HM UF 42.16 204.37 4.72

L18 HM FSM 47.34 254.84 5.15

L18 HM fibres 39.10 208.20 5.23

L18 BU fibres 44.07 249.07 5.75

402

These differences might be intriguing because one would expect similar morphological properties for 403

the same type of natural fibre after compounding and injection moulding with the same processing 404

parameters. This expectation arises from the fact that compounding with a twin-screw extruder fol-405

lowed by injection moulding is generally considered a detrimental process for natural fibres, leading 406

to a strong size reduction in the transverse (decohesion) and the longitudinal (fragmentation) direction 407

of the fibre bundles. This is due to the high shear rate generated during the processes and the trans-408
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mission of shear forces to the fibre bundles. The degree of size reduction is influenced by various pa-409

rameters, including the screw speed and the flow rate (Beaugrand and Berzin, 2013). In Berzin et al. 410 

(2017), the average fibre length and diameter of hemp in a polypropylene matrix were measured along 411 

the length of a twin-screw extruder. The object length was decreased from initially 12 mm to around 412 

1.75 mm, and the diameter from 250 µm to around 68 µm.  413 

A plausible explanation for the greater length and thickness of the fibre bundles after separation with 414 

the breaking unit combines both the reduced cohesiveness of the fibre bundles and the different prin-415 

ciples of decortication. After separation using the hammer mill, the fibre bundles exhibit reduced co-416 

hesiveness, possibly due to changes or degradation of the middle lamella during processing, which 417 

facilitates easier separation and results in thinner bundles or even individual fibres. Furthermore, the 418 

hammer mill operates on an impact-based principle, subjecting the stalks to random, disorderly stress, 419 

which leads to a higher degree of cross-cutting and transverse size reduction. In contrast, the breaking 420 

unit applies pressure and low shear along the fibre orientation as the plant stalks are stressed between 421 

ngitudinal structure. This combined effect of lower cohe-422 

siveness and different processing principles explains the formation of thinner fibre bundles in the com-423 

posite reinforced with hammer mill-separated fibres. 424 

To investigate the hypothesis of changes in the middle lamella, fibre bundle peeling tests were per-425 

formed. This method allows the determination of the decohesion force required to separate a single 426 

fibre from a fibre bundle. An interfacial adhesion energy per unit of area is calculated for each case as 427 

the ratio of the peeling force to the apparent peeled single-fibre diameter. In most cases, the peeling 428 

force did not exceed 10 mN. Figure 8 shows the results of a tested fibre. The force data, plotted as a 429 

function of the peeling distance, exhibits gradual increases punctuated by abrupt drops. These in-430 

creases are associated with regions along the fibre interface that present greater resistance to deco-431 

hesion. A lower average adhesion energy within the fibre bundles after separation by the hammer mill 432 

(0.22 ± 0.10 mN/µm) compared to the separation with the breaking unit (0.27 ± 0.14 mN/µm) was 433 

shown. Fibre bundles separated using a hammer mill appeared easier to separate, indicating a higher 434 

degree of single-fibre individualisation within the bundles (Akleh et al., 2023). 435 



21 
 

 436 

Figure 8: Peeling test result of a nettle fibre; the peeling force is shown as a function of the peeling distance 437 
(Akleh et al., 2023). 438 

 439 

The number of kink bands per length was examined to investigate the hypothesis of different degrees 440 

of fibre damage due to the two different separation techniques. In kink band regions, the cellulose 441 

orientation deviates from defect-free regions, which can influence the mechanical behaviour of fibres 442 

(Grégoire et al., 2020). Different separation methods and parameters might affect the number of kink 443 

bands and, therefore, the mechanical properties. The relationship between the fibre separation 444 

method, the occurrence of kink bands, and the mechanical characteristics was studied for flax fibres 445 

in Morgillo et al. (2023). The highest number of kink bands was found for the most intensively combed 446 

batch of flax (18.2 kink bands/mm).  447 

For nettle fibres, Davies and Bruce (1998) found a correlation between the degree of damage of the 448 

fibre, quantified by the kink band area, and the Young's modulus and tensile strength. The more 449 

kink bands were found, the lower tensile properties were measured. Andersons et al. (2009) reported 450 

a correlation between the tensile strength and kink bands in flax fibres.  451 

A mean of 47.07 kink bands per mm was counted for the fibres separated with the breaking unit, while 452 

for fibres from the hammer mill, it was a mean of 25.77 kink bands per mm. This trend supports the 453 

hypothesis that separating the fibres with the breaking unit led to higher damage to the fibres. These 454 

findings can also be connected to the fibre bundle peeling tests. The smaller diameters and greater 455 

ease of separability observed in fibres processed by the hammer mill support the hypothesis that ham-456 

mer mill separation results in less fibre damage compared to separation using roller breakers for the 457 

processed nettle stems. Since kink band regions were not always clearly distinguishable from the de-458 

fect-free regions on the microscope images, it is important to state that these numbers were more of 459 

a qualitative approach showing a trend that might explain the measured compound properties.  460 



22 
 

 461 

Figure 9: Visualisation of kink bands on a fibre bundle after separation with the breaking unit using polarised 462 
light microscopy. 463 

 464 

In conclusion, while both hypotheses provided valuable insights into the observed differences in the 465 

mechanical properties of the two compounds reinforced with cleaned nettle fibre bundles, neither 466 

fully accounted for the results. The actual behaviour of the compounds was likely influenced by a com-467 

bination of factors addressed in each hypothesis. Therefore, further investigation, e.g., synchrotron 468 

micro-CT to examine the kink band regions in more detail, is required to fully understand the underly-469 

ing mechanisms and to accurately attribute the observed differences to specific factors or a potential 470 

interplay between them (Richely et al., 2023). Additionally, further explanations might account for the 471 

differences which may involve variations in surface properties of the particles, such as differences in 472 

wetting behaviour and surface energy. 473 

3.3 Impact properties 474 

Overall, the mean Charpy impact strength of all composites was significantly lower (range: 6.96 kJ/m² 475 

to 9.4 kJ/m²) compared to the pure polymer (18.76 kJ/m²). This matches the expectation of a lower 476 

impact strength when reinforcing a polymer with stiff bast fibres. This also has been measured for 477 

nettle-reinforced PLA in Fischer et al. (2012), where the un-notched Charpy impact strength also 478 

dropped by more than 50 % from 24 kJ/m² for the pure PLA to 11 kJ/m² when reinforcing it with 30 479 

mass% of nettle fibres via compression moulding. 480 

Among the tested composites, the two composites with cleaned fibre bundles as reinforcement 481 

showed the highest impact strength, while the lowest values were found when compounding the PLA 482 

with the undersieve fraction from the hammer mill and the whole stem segments (see Figure 10). No 483 

statistically significant difference between the composites reinforced with the whole stem segments, 484 

the undersieve fraction or the fibre shive mixture was found. This could be explained by the higher 485 

total fibre volume fraction within the cleaned fibre bundles, leading to more energy dissipation 486 

through fibre pull-out. The SEM images (see Figure 5) show a higher number of pulled-out fibre ends 487 

at the fracture planes of the composites with cleaned fibre bundles as raw material. From the two 488 

compounds with cleaned fibre bundles, the separation with the breaking unit led to slightly higher 489 

values. This difference can be explained by the greater fibre bundle length in the compound compared 490 
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to separation with the hammer mill (see Table 4), leading to a higher degree of fibre pull-out under 491

impact load. 492 

 493 

Figure 10: Box-whisker plot of the un-notched Charpy impact strength of the pure PLA, as a reference, and the 494 
PLA-nettle composites. Different letters indicate significant differences between the samples, and asterisks mark 495 
samples that were not normally distributed. Outliers are shown as circles. 496 

 497 

Adding an impact modifier during the compounding process can improve the impact properties of bast 498 

fibre-reinforced polymers. For example, in Mat Taib et al. (2014), an ethylene acrylate copolymer im-499 

pact modifier was successfully applied to improve the impact properties of a kenaf/PLA composite.  500 

In summary, the mechanical properties of the nettle fibre composite materials are promising. Coupled 501 

with the findings of Jeannin et al. (2020), which indicate that trace element levels in nettle fibres from 502 

cultivation on contaminated soils remain well below tolerable thresholds for agronomic use, it can be 503 

concluded that cultivating biomass on trace-element-contaminated soils presents a viable strategy. 504 

Additionally, in Viotti et al. (2024), nettle could be grown on Hg-contaminated soils. The study demon-505 

strated the potential to increase crop yield and fibre production per plant while reducing Hg concen-506 

tration in the leaves using organic amendments. The approach of nettle cultivation on marginal lands 507 

increases the supply of purpose-grown fibre materials while also helping to alleviate land-use conflicts 508 

between food production and the growing demand for plant-based fibre resources.  509 

 510 
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4 Conclusions 511 

 Seven reinforcement materials were produced from the three stinging nettle clones B13 (es-512 

tablishing year), Roville (1st year) and L18 (established plant; >2nd year). The reinforcements 513 

were as follows:  514 

o B13 clone whole plant stem segments, 515 

o Roville clone whole plant stem segments, 516 

o L18 clone whole plant stem segments, 517 

o L18 clone undersieve fraction from hammer mill, 518 

o L18 clone uncleaned fibre-shive mixture from hammer mill, 519 

o L18 clone cleaned fibre bundles from hammer mill, 520 

o L18 clone cleaned fibre bundles from breaking unit. 521 

 All seven nettle materials were successfully compounded with PLA as a matrix (30 mass% of 522 

biomass and 70 mass% of polymer). 523 

 The produced granules were successfully processed by injection moulding, leading to aestheti-524 

cally pleasing materials of homogenous quality.  525 

 The Charpy impact strength of the tested composites dropped around 50 % compared to the 526 

pure PLA, as expected when adding stiff bast fibres to a polymer like PLA. The cleaned fibre 527 

bundles from both separation techniques, the breaking unit and hammer mill, led to the high-528 

est impact strengths among the tested composites. Compared to literature data on bast/PLA 529 

or hemp/PLA composites, the impact properties are at the same level. 530 

 All the tested composites exhibited a significantly higher Young's modulus than the unrein-531 

forced PLA. Even the reinforcement of the PLA with the undersieve fraction from the hammer 532 

mill, which is usually not used for technical applications, led to a significant increase in the 533 

modulus. The tensile strength of all composites was lower than that of the unreinforced PLA, 534 

except for the two composites, which were reinforced with manually cleaned fibre bundles. 535 

Thus, rejecting the shives from the fibres significantly affects the mechanical prop-536 

erties. 537 

 The composite reinforced with the fibre bundles from the hammer mill had higher tensile 538 

strength and Young's modulus than those reinforced with the fibre bundles from breaking-unit 539 

separation. Possible explanations are finer fibre bundles and fewer defects caused by the ham-540 

mer mill.  541 

 The whole nettle stems, without any separation, could be successfully compounded with PLA. 542 

These composites exhibited interesting properties, e.g., Young's modulus comparable to the 543 
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composite reinforced with the fibre-shive mixture from the hammer mill. Due to the signifi-544

cantly lower production effort, compounding the whole stem segments with a polymer could 545 

be a promising concept for non-structural applications with a focus on high resource efficiency.  546 
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