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Abstract

Development of sustainable fibres for high performance applications is cliadjdregause of the high
mechanical strength properties demanded by such fibres and the gerkeoéklach properties in natural
fibres. The mechanical properties of Himalayan giant nettle (Girardinia diver sifplidre are
measured and compared to those for European nettle (Urtica dioidaré..)The mean length of G.
diversifolia fibre is substantially higher than U. dioica fibre, anddhgest fibre length reported for any
bast fibre. G. diversifolia and U. dioica fibres have similar cross-sectionabated, diversifolia fibre is
a wider, flatter, oval shape with a significantly wider lumen. G. didraifibre display a generally
linear stress/strain curve. Ultimate stress value for G. diversifolia filoneeistwice that of U. dioica
fibre, and the highest of any bast fibre reported. G. diversifolia fibre aldaylsgreatest strain at failure
of any bast fibre. Young’s modulus for G. diversifolia and U. dioica fibre are similar. Himalayan giant

nettle fibres display tensile properties that offer potential in high performance appBcatio
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1. Introduction
The textile market is increasingly focusing on sustainable fibres [dJtherse that also have specific
physical properties suitable for high performance applications (high wasatarece, breathability, and
thermal insulation [2,3]) are particularly desirable [4]. The current higlonpeance fibre market is
dominated by synthetic fibres (eaarbon fibre, polyethylene terephthalate, polyurethane,
polytetrafluoroethylene), which present problems in their disposal and/asliregyBast fibres sit within
the intersection of sustainability and performance materials; they are obtaimestéms of
dicotyledonous plants and are characterized by their thinness, flexibititgti@mgth [5-7]. Cellulosic
bast fibres are generally less expensive than synthetic fibres and musapssitive mechanical
properties, such as high tensile, due to the volume fraction of cell@pard the microfibrillar
orientation [9].

Himalayan giant nettle (Girardinia diversifolia) grows in tropical Africa (from Ethiopia to
Madagascar), Yemen, Nepal, India, Sri Lanka, southern China, Taiwandoresig10], and bast
fibres from the plant are traditionally are used to make ropes, twine gfisats, sacking and some
clothing, but fibre production is currently very low in comparisatiwther natural fibres [11{5.
diversifolia grows at 1000-2500 m above sea level, in areas of partial; shagplant, which grows tall
(1.5 to 3.0 m high), strong, and erect, needs an environmenge@ath moisture content, high velocity
winds, low temperatures (the plant is frost-resistant for 3-4 day#rtile, deep, drained soighade is
important and when the plant grows in sunny areas fibres are dadiffacudt to work, while shade-
grown plant is so white bleaching is unnecessaty. Harvest is between August and December, when
the fibre is white and of a better quality; local farmers usually hand-eyti&imts during the cold seasons
as the effect of stinging is considerably reduced by lower temperfi@je3 he processes for fibre
extraction is currently by hand using natural retting processesticaada treatment for fibre extraction
is not currently used. Himalayan Wild Fibers Lb& already embarked on the industrial scale-up of G.
diversifolia fibre production in Nepal.

Bodros & Baley provide an introduction to and discussion of the tgmsifeerties of European
nettle (Urtica dioicdl.) [13], but there is limited literature available on the properties of G. diversifolia
fibre. Herein, an investigation into the physical properties of G. diversfibtia was performed in

comparison with U. dioica fibr& hese values were compared to literature values for other bast fibres.



2. Experimental

2.1 Materials

Himalayan Wild Fibers LLC (HWF) kindly provided retted and dried Himalag&amt nettle (G.
diversifolia) fibres. Retted and dried European nettle (U. dipfitaes, Clone 13, were kindly provided

by DeMontfort University, UK. All chemicals were of general laboratory gavided by Aldrich.

2.2 Fibre selection and extraction

The fibres investigated were randomly selected from a supply of ¢.8#rkaw G. diversifolia fibres, and
from a supply of 1 kg of U. dioica fibres. Fibres were manuallyaeid (with a great deal of care not to
damage the fibre) from the bundle with tweezers, ensuring cetlysitigle fibres were extracted. Prior to

testing, fibres were conditioned for at least 48 hours at 65 % relative humidig0an2 °C.

2.3Length measurements
The length of each fibre Jlwas measured using a steel ruler and a graph paper. 50 extracted G.
diversifolia fibre specimens arid extracted U. dioica fibre specimens were sampled and an average of

these fibre lengths calculated, according to methods described in BS 1ISO 69§94]981

2.4 Transmission Electron Microscopy (TEM) and cross-sectional area reeaesut

50 extracted G. diversifolia fibre specimens and 50 extracted U. dioreasfiecimens were stained
using osmium tetroxide (OsPand embedded in epoxy resin. Tod&F LR white resin was added 0.1 g
of supplied catalyst. Fibre samples were immersed in the resin in size 4egedgisules and the capsules
kept in an oven at 60 + 2 °C for more than 24 h to ensure &lifisation. Sections approximately 80-
90 nm thick were taken using a Reichert-Jung Ultracut E Ultramicrotomeawiigamond knife. A Jeol
1200EX transmission electron microscope was used to analyse tHesaimpsize and the outline of the
fibre cross-sections were obtained by processing TEM images usaggPro (6.2). For this analysis
program option segmentation was used, which uses a grayscatbevithiues of 1 = black and 0 =
white; using a reference scale of the image magnification it was possibleutatathe area, diameter,

lumen size, effective surface area, and shape of the fibres.



2.5Tensile tests
Tensile testing was performed in accordance with EN 1ISO 5079:1996n1H) samples each of G.
diversifolia fibre and U. dioica fibe. Fibre specimens (20 mm length glued onto a paper holder) were
analysed using an Instron 1026 UK apparatus at a loading speedhaf &iin' using a load cell with a
maximum load limit of 0.5 kg. This load was ideal to test U. dioiceefibut after observing the strength
of G. diversifolia fibre, a load cell with a maximum load limit of Swas used instead [16]. Load values
increase in response to the delivered strain, since the curve betweandazldngation is a linear
function (Hooke’s law) and given that the extensional strain indicates the elongation of a specimen during
a tensile test in proportion to its original length [17]. No preloadiag applied prior to measurement.
Average values for force at break (F) and extensional strain at bjeséré measured.

Stress §) is calculated using Equation 1, where cross-sectional area (A) is the acsgal cro
sectional area, calculated by subtraction of the fibre lumen area frarethef the whole fibre in the
image. Stress was calculated by using average A values for extractsd $seampled and measured as

described in 2.4c has units of N m (Pa).
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Young’s modulus (E) is calculated using Equation 2; E also has units ofAFa).
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3. Resultsand discussion

Fibre length measurements show that the mean length of G. diverBifodisiis substantially longer than
U. dioica fibre, and also longer than other common bast fibres (Talilai¢)suggests that the G.
diversifolia fibre is the longest bast fibre reported (478 mm); U. diiitica measured herein is
significantly shorter (52 mm), similar to those reported by Bacci. é #ieir work on U. dioica
cultivated in Italy 89-63 mm) [4]. Analysis of the cross-section of both nettle fibres reveals that on

average G. diversifolia fibre has a similat489 um?) to fibres from U. dioicg456 pm?), which are



generally greater than other common bast fibres. TEM analysis of the dlibpanettle fibre cross-

sections (Figure 1) reveals that G. diversifolia fibre typically is muclenyithtter and oval-shaped,

whereas U. dioica fibres are more circular in cross-section; it is also notable thatrGifolia fibres

have a significantly wider lumen.

Table 1. Physical and tensile properties of single fibres with standard deviation (SD).

(literature)

Fibre L (mm) A (um?) o (MPa) £ (%) E (GPa)

G. 478 (x21) 479 (x186) 4451 (x1313) 6.2 (x1.3) 73 (x22)
diversifolia

U. dioica 52 (£2) 456 (£199) 2196 (+809) 2.8 (£0.9) 79 (£29)
U. dioica 50 (x12) [4] 311 (x152)* [13] | 1594 (£640) [13]| 2.1 (x0.8) [13]| 87 (x28) [13]

Flax

27 (£3) [18]

183 (x87) [19]

1339 (x486) [20]

3.3 (0.4) [20]

54 (+15) [20]

Hemp

20 (#5) [18]

764 (+260)* [21]

270 (240) [21]

0.8 (20.1) [21]

19 (x4) [21]

Ramie

135 (+15) [18]

270 (£93) [19]

560 [22]

2.5[22]

245 [22]

*value calculated (A nr?) based on literature diameter values, assuming a circular cross-sectional area.

Figure 1. Representative examples of cross-sectional profiles of raw (a) G. diversifdl{®)ad. dioica

fibres. TEM photographs 700x magnification.




Figure 2 shows a typical stress/strain curve of a single G. diversifolg &bd it is observed
that the fibres have a generally linear behaviour, which was also obsenk¢ddfoica fibres herein and
by Bodros & Baley 13]; this linear behaviour can be explained by the orientation of cellulose

microfibrils ard suggests that they have a small tilt angle.
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Figure 2. Typical G. diversifolia and U. dioica fibre stress/strain curves. For coropasigh other fibres

force load (kgf) is converted to stress average ( MPa).

From Table 1 is can be seen that the tensile properties of U. dioica fibreredklastein
compare well with literaturel3]. A comparison of tensile properties of the two nettle fibres showssthat
for G. diversifolia fibre (4451 MPa) is over twice that of U. dioicadif2196 MPa). In comparison with
other bast fibresg of U. dioica is closest to values reported for flax (1339 MPa), while @rsifulia
values are the highest of any bast fibre reported and higher even tharethaded for some industrial
fibres, such as S-glass (4570 MPa) and carbon fibre (4000 MAa) [23

G. diversifolia fibre also displays greatef6.17%) in comparison with U. dioica fibre (2.79%);
the value for U. dioica fibre compares well with literature (2.1128). [Comparing these values with

other bast fibres, it should be noted that the value of G. diversifolia fibreategthan that of the most



common bast fibres and that the value of U. dioica fibre is in the rangdues determined for flax and
ramie. Summarily, G. diversifolia fibre has superior tensile properties to ldadibre, being more
flexible and stronger.

Young’s modulus for G. diversifolia fibre (73 GPd} similar to that for U. dioica fibre (79
GPa); despite G. diversifolia fibre having over doubledtvalue of U. dioica fibre, E is similar for both
nettle fibre types due to the greater extensibility of G. diversifolia fibre; flve Yar U. dioica fibre
compares well with literature (87 GPAJ]. E for both nettle fibres is generally higher than those of other
common bast fibres (see Table 1) and cotton (12 GPa), and is similar tor twad fE-glass (73 GPa)
[24].

It is noted that SD for the fibre properties in Table 1 are significant in somg bas¢hese
variations are comparable with other fibres from literature considering thatodegof the properties in
comparison; for exampley SD was +29% for G. diversifolia and £37% for U. dioica herein, in
comparison with +40% for U. dioica [4] and +36% for flax [20] in literafle SD was £30% for G.
diversifolia and +36% for U. dioica herein, in comparison with +32%Jfadioica [4] and £28% for flax
[20].

It is acknowledged that differences in fibre processing methods prioeasurement of
properties can influence the results, however, fibre processiamhvegis generally similar to
comparative fibres featured in Tableld Bodros & Baley’s work, U. dioica stems were cut, ret{exhd
dried at room temperature [13], mirroring the processing of hettle species herein; similar retting and
drying processes were also used for flax [20], hemp [21] anié [22]. Preparation differences are noted
in some cases. Length measurements for ramie and flax fibres wergafnasrthat had been degummed
with mild alkali and bleached [19], which may have influenced fibrettengeasurements (from fibre
breakages due to damage), although the differences caused fiyptassing would be expected to be
minimal, and the values stated are typical in literature. Tensile measuremémmfofibres were from
plant material that after retting had been soaked in hydrogen peroxideHothis may have had some
influence on fibre properties (caused by fibre swelling and/or damagteagain the differences from this
particular treatment would be expected to be minimal. After processia{ lilerature cases, single

fibres were manually extracted [13, 29} as were fibres from both nettle species herein.



4. Conclusions

Development of sustainable fibres for high performance applications is cliadjdregause of the high
mechanical strength properties demanded by such fibres and the genevéklacik properties in natural
fibres. The mean length of G. diversifolia fibre is substantially higiesr U. dioica fibre, and G.
diversifolia fibre has the longest fibre length reported for any bast ftardiversifolia and U. dioica
fibreshavesimilar cross-sectional area, however, the shape of G. diversifokddfitypically much
wider, flatter and oval-shaped in comparison with the more circular seasi®n of U. dioica fibre; G.
diversifolia fibres have a significantly wider lumen. G. diversifolia fikisplhys a generally linear
stress/strain curve as observed for U. dioica fibre. The ultimate stlessfor G. diversifolia fibre is
over twice that of U. dioica fibre, and the highest of any bast fibreteghd®. diversifolia fibre also
displays greater strain at failure in comparison with U. dioica fibrexasl common bast fibres.
Young’s modulus for G. diversifolia fibre is similar to that for U. dioica fibre, and batitle fibres
generally have highéfoung’s modulus in comparison with other common bast fibres.

These interesting properties present significant opportunities for nettle fibre, pargicularl
Himalayan giant nettle (G. diversifolia) fibres, for use in high perfowaapplications. High tensile
properties may provide fibres with high strength, high resistandgrofisant elasticity; the large cross-
sectional area combined with a large lumen potentially also offer a fibre @agthigsulation properties
These properties in a sustainable, renewable fibre must open opportupeformance apparel at
least, and are certainly superior to other bast fibres where limitations in thedrtfgspnay reduce

potential in this area. Work to develop applications for these fibres is ongoing.
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