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Abstract: 

Bast fibres are defined as those "obtained from the cell layers surrounding the stems of various plants" [1] (Farnfield 

and Alvey, 1975).  The fibres find use in textile applications and are increasingly being considered as reinforcements 

for polymer matrix composites as they are perceived to be "sustainable".  The fibres are composed primarily of 

cellulose which potentially has a Young's modulus of ~140 GPa [2] (Vincent, 1982) (being a value comparable with 

man-made aramid [Kevlar/Twaron] fibres).  The plants which are currently attracting most interest are flax and hemp 

(in temperate climates) or jute and kenaf (in tropical climates).  This review paper will consider the growth, harvesting 

and fibre separation techniques suitable to yield fibre of appropriate quality.  The text will then address characterisation 

of the fibre as, unlike man-made fibres, the cross section is neither circular nor uniform along the length.  The choice of 

polymer matrix systems (both thermoplastic and thermoset) will be covered.  The review will then consider the use of 

the basic rule-of-mixtures in the context of natural fibre reinforced composites and will address composite materials 

characterisation using microscopical, mechanical, chemical and thermal techniques.  The review will close with a brief 

overview of the potential applications and the environmental considerations which might expedite or constrain the 

adoption of these composites. 

 

Introduction 

Chand et al, [3] (1988), Lilholt and Lawther [4] (2000), and Franck [5] (2005) have reviewed the technology of natural 

fibres.  Bolton [6] (1994), Mohanty and Misra [7] (1995), Nabi Saheb and Jog [8] (1999), Bledzki et al [9] (2002), 

Netravali [10] (2003), Baillie [11] (2004), Mohanty et al [12] (2005) and Pickering [13] (2008) have reviewed the use 

of natural fibres in polymer composites. The intention of this paper is to review the use of bast (plant stem) fibres in the 

context of fibre-reinforced polymer-matrix composites.  This paper will not address natural fibres from animals (eg silk 

[14] (Scheibel, 2004) or wool [15] (Blicblau, 1997)) or those resulting from wood, seeds (eg coir or cotton), leaves (eg 

abaca, pineapple [16] (Arib, 2004) or sisal [17] (Li et al, 2000)) or grasses (bamboo, miscanthus or wheat) which have 

at various times been considered as reinforcements for composites.  Given the broad scope of this article, it will 

inevitably be incomplete, but will hopefully provide a sensible overview of the topic. 

 

The majority of plant fibres which are being considered as reinforcements for polymeric materials are bast fibres, 

defined as “Fibre obtained from the cell layers surrounding the stems of various plants” [1] (Farnfield and Alvey, 1975).  

All the important natural fibres were in textile use thousands of years ago with flax used in Egypt at least 7000 years 

ago.  Archaeologists have found evidence that even Stone Age man knew how to twist short lengths of fibre together to 

form cords and yarns, using a spinning process not very different from that used in primitive parts of the world to this 

day [18] (McIntyre, 1971). 

 

Temperate regions 
Flax [19-23] (grown for fibre) and linseed (grown for seed oil) are cultivars: varieties of the same plant species Linum 

usitatissimum bred with an emphasis on the required product.  In the UK the flax plant is normally sown in March-May 

and may grow to one-metre high dependent on the variety (there are 180 species [21] (Lewington, 2003)).  The Flax 

Crop Production page of the Flax Council of Canada (FCC) website [23] is an especially useful resource giving 

comprehensive details of the husbandry of this plant.  The life cycle of the plant consists of a 45 to 60 day vegetative 

period, a 15 to 25 day flowering period and a maturation period of 30 to 40 days with 12 distinct growth stages in the 

flax plant [19] (Turner, 1987).  In 1941, flax fibres (and hemp) were used in resin matrix composites for the bodywork 

of a Henry Ford car [21] (Lewington, 2003).  Flax is amongst the natural fibres now finding use in thermoplastic matrix 

composite panels for internal structures in the car industry (including car door panels, car roof and boot linings, and 

parcel shelves) [24] (Bledzki and Gassan, 1999); and [25] (Brahim and Cheikh, 2007). 

 

Hemp Cannabis sativa L is an annual plant native to central Asia and known to have been grown in China over 4500 

years ago [21] (Lewington, 2003).  It probably reached central Europe in the Iron Age (circa 400 BC) and there is 

evidence of growth in the UK by the Anglo-Saxons (800-1000 AD).  It does not require fertiliser, herbicides or 

pesticides to grow well (and hence is potentially of great interest in the context of sustainability).  In suitable warm 

conditions, it can grow to 4 metres in just 12 weeks.  True hemp is a fine, light-coloured, lustrous and strong bast fibre 

obtained by retting (see below).  The colour and cleanliness vary considerably according to the method of preparation of 

the fibre.  The lower grades are dark cream and contain much non-fibrous matter.  The main producing areas are “Italy, 

Yugoslavia and Russia” [1] (Farnfield and Alvey, 1975).  The fibre ranges in length from 1.0-2.5 m.  The term hemp is 

often used incorrectly in a generic sense for fibres from different plants, e.g. abaca (manila hemp), sisal (sisal hemp) 

and sunn fibre (sunn hemp) [1] (Farnfield and Alvey, 1975).  In 1941, hemp fibres (and flax) were used in resin matrix 
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composites for the bodywork of a Henry Ford car which was able to withstand ten-times the impact on an equivalent 

metal panel [21] (Lewington, 2003).  Hemp, like flax, is amongst the natural fibres now finding use in thermoplastic 

matrix composites for internal structures in similar automotive applications to those for flax fibres. 

 

Nettle. Nettle is another plant-stem fibre which may find application as a reinforcement, including (European) nettle 

Urtica dioica [26] (de Leo et al, 1993), [27] (Dreyer et al, 1996), [28] (Davies and Bruce, 1998) and Himalayan nettle 

Girardinia diversifolia [29] (Singh and Shrestha, 1987).  The yield of nettle fibre ranges from 335 to 411 kg/ha in the 

second year and from 743 to 1016 kg/ha in the third year [30] (Hartl and Vogl, 2002).  The fibres are far stronger than 

cotton but finer than other bast fibres such as hemp.  They are a much more environmentally friendly fibre crop than 

cotton, which requires more irrigation and agrochemical input.  Lewington [21] (2003) states that "during the Second 

World War ... Britain's Ministry of Aircraft Production experimented with the use of a very strong, high-grade paper 

made from nettle fibre for reinforcing plastic aircraft panels as well as gear wheels and other machine parts". 

 

Tropical regions 

Jute fibre is obtained from the bast layer of the plants Corchorus capsularis (white jute) and Corchorus olitorius (dark 

jute).  Each of the above classes is further sub-divided into numerous grades denoting quality and other characteristics.  

Jute is the second most common natural fibre (after cotton) cultivated in the world.  It is an annual plant that flourishes 

in monsoon climates and grows to 2.5-4.5 m [21] (Lewington, 2003).  It is primarily grown in Bangladesh, Brazil, 

China, India and Indonesia.  Jute-based thermoplastic matrix composites find a substantial market in the German 

automotive door-panel industry (growing from 4000 tons in 1996 to over 21000 tons in 1999 and rising) [21] 

(Lewington, 2003). 

 

Kenaf, Hibiscus cannabinus, is a warm season, short-day, annual herbaceous fibre plant native to central Africa, and a 

common wild plant of tropical and subtropical Africa and Asia.  It has been cultivated since around 4000 BC for food 

and fibre.  It is known as mesta in India and Bengal, as stockroot in South Africa, as java jute in Indonesia and as 

ambari in Taiwan.  The plant has a unique combination of long bast (about 35% of the stalk dry weight) with short core 

fibres in place of the hollow core [1] (Farnfield and Alvey, 1975) and [31] (aboutkenaf.htm).  Strong interest is being 

shown in this plant in Malaysia as it is fast growing and can yield two crops/year in the local climate.  Kenaf belongs to 

the Malvaceae, a family notable for both its economic and horticultural importance.  Kenaf has a high growth rate, 

rising to heights of 4-6 m (12-18 feet) in about 4-5 months. It can yield of 6-10 tons (new varieties may reach 12 tons) 

of dry weight per acre per year.  It is similar to jute in many of its properties and may be used either as an alternative to, 

or in admixture with, jute. 

 

Fibre processing 

The typical production cycle for flax fibres [1], which are probably the most labour and agrochemical intensive of the 

natural fibres, is: 

 

Tillage:  the preparation of land for cropping by ploughing, harrowing or similar operations. Conventional tillage is 

preferred in flax cultivation which is primary tillage followed by early spring tillage and planting. No-till methods have 

been trialled by some growers with no significant change in flax yield [32] (OMAFRA).  Agricultural lime (CaCO3) 

may be applied to maintain soil pH.  The Henfaes Research Centre suggests that for flax grown in UK, the levels of 

fertiliser are 40 kg/ha of nitrogen (N), 50 kg/ha of phosphorus (P) as P2O3 and 50 kg/ha of potassium (K) as K2O – [33] 

(Bangor). For flax in Northern Ireland (NI), the suggested levels of fertiliser are 20 kg/ha N, 20 kg/ha P2O5 and 80 

kg/ha K2O. 

Drilling (planting) the seed usually occurs between the end of February and early April in Belgium, France and the 

Netherlands or in early April in NI.  Flax is planted in narrow rows (150-200 mm apart) using similar equipment to that 

used for cereals. Optimum seed depth is 25-40 mm deep and optimum seeding rates are 35-50 kg/ha [32] (OMAFRA). 

Weed control: Flax is a poor competitor with weeds which can contaminate the scutched (i.e. decorticated - see below) 

flax fibres. Herbicides are applied to achieve this. 

Plant growth for flax consists of a 45 to 60 day vegetative period, a 15 to 25 day flowering period and a maturation 

period of 30 to 40 days and is well illustrated in Turner [19]. 

Dessication: Chemical desiccation or drying of the crop has numerous advantages over field retting including earlier 

harvesting, elimination of the need for swathing, reduction in combining time and less wear and tear on machinery. 

Glyphosate is typically applied 10-14 days after full flower at about mid-July in NI.  Glyphosate is only used where 

stand retting (see below) is adopted followed by direct combine harvesting of the crop.  

Harvest: by either combine harvester or pulling, in August/September. 

Rippling: the removal of flax seed capsules by drawing pulled stems through a coarse steel comb. 

Retting is defined for flax as the “subjection of crop or deseeded straw to chemical or biological treatment to make the 

fibre bundles more easily separable from the woody part of the stem.  Flax is described as water-retted, dew-retted or 

chemically–retted, etc., according to the process employed” [1].  Enzymes (e.g. pectinase digests pectin binder) may be 

used to assist the retting process, but termination of the retting process may be a problem and failure to achieve this can 

result in reduced fibre properties.  Pre-harvest retting of flax, when glyphosate is applied at the mid-point of flowering, 

depends on uniform desiccation of the entire stem and is difficult to achieve during a dry season [34] (Sharma). As in 

dew-retting, stand-retting of the desiccated flax in the field relies on microorganisms and is dependent on the vagaries 

of the weather. 
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Decortication [35, 36] is the mechanical removal of non-fibrous material from retted stalks or from ribbons or strips of 

stem to extract the bast fibres.  For flax, the process is usually referred to as “scutching”.  This is usually achieved by a 

manual operation, hammer mill, inclined plane/fluted rollers or willower. 

Hackling is the combing of long (line) flax fibres in order to remove short fibres, to parallelise the remaining fibres and 

also to remove any extraneous matter (shive). 

Carding is defined as “the disentanglement of fibres by working them between two closely spaced, relatively moving 

surfaces clothed with pointed wire, pins, spikes or saw teeth” [1].  The product is known as sliver. 

Spinning is “the drafting [decreasing the mass per unit length] and twisting of natural (or man-made) fibres”.  The 

product is known as yarn or filaments.  In the bast-fibre industry, the terms „wet spinning‟ and „dry spinning‟ refer to 

the spinning of fibres in the wet state, and in the dry state respectively.  

 

A similar route to that described above is followed for the production of the other bast fibres. 

 

Subsequent treatment of natural fibre textiles may include [1]: 

Acetylation is defined as the “process of introducing an acetyl radical into an organic molecule” and the term “is used 

to describe the process of combining cellulose with acetic acid”.  The reduced number of hydroxyl groups after 

acetylation confers a more hydrophobic character to the fibres. 

Bleaching is defined as the "procedure, other than by scouring only, of improving the whiteness of textile material by 

decolorizing it from the grey state, with or without the removal of natural colouring and/or extraneous substances.  

Note: removal of colour from dyed or printed textiles is usually called 'stripping'". 

Grafting is the incorporation of monomers (e.g. cyanoethylation: reaction with acrylonitrile) or oligomers (short chain 

polymers) by chemical reaction at the fibre surface. 

Mercerisation is the “treatment of cellulosic textiles in yarn or fabric form with a concentrated solution of caustic 

alkali [soda], whereby the fibres are swollen, the strength and dye affinity of the materials are increased, and their 

handle is modified.  The process takes its name from its discoverer, John Mercer (1844)”. 

Scouring (solvent treatment) is defined as the "treatment of textile materials in aqueous or other solvents in order to 

remove natural fats, waxes, proteins and other constituents, as well as dirt, oil, and other impurities". 

 

Characteristics of the fibres 

The principal components of the fibre cell walls are cellulose, hemicelluloses and lignin with pectin considered to be the 

main binder (Table 1). 

 

Table 1: Proportions of the principal components of raw hemp bast – data from [37] (SK Batra, 1998). 

Component Minimum proportion Maximum proportion 

Cellulose 67.0% 78.3% 

Hemicellulose 5.5% 16.1% 

Lignin 2.9% 3.3% 

Pectin 0.8% 2.5% 

 

Cellulose is the most important structural component of nearly all green plant cell walls, especially in many natural 

fibres (flax, jute, hemp, cotton, etc).  The cellulose polymer is composed entirely of carbon, hydrogen and oxygen (the 

molecular formula can be written as if it consisted of only carbon and water, hence the name carbohydrate).  Cellulose 

is a polysaccharide (C6H10O5)n which can be degraded to give only glucose (C6H12O6).  Note that the cellulose repeat 

unit is more correctly an anhydroglucose unit (glucose minus water).  Cellulose is a strong, linear (crystalline) molecule 

with no branching.  Cellulose has good resistance to hydrolysis although all chemical and solution treatments will 

degrade it to some extent.  Resources on cellulose can be found at references [38-41]. 

 

Hemicelluloses are lower molecular weight polysaccharides, often copolymers of glucose, glucuronic acid, mannose, 

arabinose and xylose, which may form random, amorphous branched or nonlinear structures with little strength.  

Hemicellulose is easily hydrolyzed by dilute acids or bases, but nature provides an arsenal of hemicellulase enzymes for 

its hydrolysis. These enzymes are commercially important because they open up structure bound cellulose materials 

[42-44] (Bungay, 1996/97). 

 

Lignin [44] is formed by non-reversible removal of water from sugars (primarily xylose) to create aromatic structures.  

Lignification progresses as the plant matures conferring mechanical stability to the plant and helping with the transport 

of water.  Lignin resists attack by most microorganisms: the aromatic rings are resistant to anaerobic processes while 

aerobic breakdown of lignin is slow. 

 

Vincent [2] (1982) states that the elementary fibril of cellulose is about 3.5 nm diameter and contains about 40 

molecules. The cellulose elementary fibrils can be arranged into larger fibrils of 20-25 nm diameter.  They are formed 

by neighbouring cellulose chains forming hydrogen bonds leading to partially crystalline regions (micelles).  These 

form the structurally strong framework in the cell walls.  Cellulose found in plants as microfibrils may be 2-20 nm 

diameter and 100 nm - 40 μm long) [39] (Chaplin, 2002). 
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Cellulose has been estimated to have a modulus of 140 GPa when using X-ray diffraction to determine the strain [2] 

(Vincent, 1982).  A slightly higher figure has been obtained by calculation from the chemical structure of the crystal 

with consideration of the straightening of the covalent bonds and stretching of the interchain hydrogen bonds.  If 

hydrogen bonding is not included in the calculation, then the modulus drops by a factor of ~8.  Experimentally 

measured moduli will inevitably be lower than theoretical values (due to <100% crystallinity and off-axis fibre 

orientation).  Nevertheless, Vincent has reported values of 100 GPa for dry flax and ~80 GPa for wet flax.  As water 

penetrates the amorphous regions of cellulose, the stiffness can drop by a factor of 2-4 as the contribution of the 

hydrogen bonding is progressively removed. Table 2 presents some mechanical property data for bast fibres.  Table 3 

presents the winding angle of the cellulose molecule relative to the principal axis for some natural fibres. Figure 1 

presents reported elastic moduli against winding angle for several plant fibres. 

 

Table 2: Typical properties of some bast fibres, with comparative values for E-glass 
Properties Fibre 

 E-glass[45] Flax[46] Hemp [45] Jute[45] Kenaf Nettle [49] 

Density kg/m3 (d) 2550 1530 1520 1520 1193 [47] - 

E-modulus (GPa) 71 58 ± 15 70 60 14-38 [48] 87 ± 28 

Tensile strength (MPa) 3400 1339 ± 486 920 860 240-600 [48] 1594 ± 640 

Specific modulus (E/1000d) 28 38 46 39 12-32 - 

Elongation at failure (%) 3.4 3.27 ± 0.4 1.7 2 - 2.11 ± 0.81 

Moisture absorption (%) [50 via 51] - 7 8 12 - - 

 

Table 3:  The angle between the cellulose chains and cell length [52] 

(extracted from RD Preston, The Physical Biology of Plant Cell Walls, 1974, page 293)  

Plant/technique θ° (range) θ° 

(average) 

Source 

Cannabis sativa (hemp)    

optical microscopy: major extinction position 0.0 - 5.0 2.3 ± 0.3 [53] (Kundu and Preston, 1940) 

striations 0.0 - 6.0 2.0 ± 0.3 [53] (Kundu and Preston, 1940) 

Corchorus capsularis (jute)    

optical microscopy: major extinction position 0.0 - 23.0 7.9 [54] (Preston, 1941) 

Agave sisalana (sisal leaf fibre)    

optical microscopy: major extinction position 8.0-32.3 20.4 ± 7.2 [55] (Preston and Middlebrook, 1949) 

x-rays  18 [55] (Preston and Middlebrook, 1949) 

 

 
Figure 1: The variation of the elastic modulus of plant fibres with the angle between the cellulose molecules and 

the fibre principal axis for bast fibres (solid markers), leaf fibres (sisal) and seed fibres (cotton) combining data 

from Vincent [2], Chand et al [3], Preston [54] and Preston and Middlebrook [55] and Virk [56] with the 

Krenchel [57] model for cos
4
θ dependence on the fibre orientation forced though the cotton data. 

 

Fibre Quality 

Unlike synthetic reinforcement fibres, the natural fibres are perceived to have significantly greater variability in their 

mechanical properties as a consequence of the conditions experienced in the field and the potential damage arising from 

the above processes. 
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Polymer matrix 

There are four key temperatures which affect the manufacture and performance of polymers and their composites.  In 

ascending order they are: 

 Tg: the glass transition temperature – where segmental motion of the polymer molecules is frozen out on cooling 

and the polymer undergoes a transition from tough/viscoelastic (when warm) to brittle/elastic (below Tg).  This 

temperature should not be exceeded where the component will be subjected to maintained loads which could 

result in creep deformation. 

 Tm: the crystalline melting temperature (range) – this is not applicable to amorphous polymers. 

 Tp: the processing temperature. 

 Td: the decomposition temperature. 

 

Synthetic Thermoplastic Polymers.  Thermoplastic polymers are generally characterised by a high melt viscosity and 

a heat-form–cool manufacturing cycle.  Typical thermoplastic matrix systems for glass-fibre reinforced composites are: 

 polypropylene (PP, Tg = -20 to –5°C, Tm = 165-175°C),  

 polyamide (PA, also known as nylon, Tg = 40-60°C, Tm = 160-265°C), and  

 polyethyleneterephthalate (PET, saturated polyester, Tg = 70-80°C, Tm = 245-265°C). 

There is a potential problem with degradation of the cellulosic fibres if extended process times are used with 

temperatures of ≥200°C.  The glass transition temperature is normally 200±50°C below Tm and this limits the 

application of natural fibre composites under moderate-to-high stress as creep deformation can occur above this 

temperature. 

 

Biodegradable Thermoplastics based on Natural Feedstocks.  The history of biopolymers and bioplastics has been 

reviewed by Scott [58] (1999) and Stevens [59] (2001).  A number of biodegradable thermoplastic systems might be 

considered as matrix systems for fibre reinforced composites, including Cellulose Acetate Butyrate (CAB), Poly Lactic 

Acid (PLA), Poly Hydroxy Butyrate (PHB), Poly Hydroxy Valerate (PHV), Poly Hydroxy Butyrate-co-Valerate 

(PHBV) and Starch-CaproLactone blend (SCL).   

 

PLA has been commercialised by Cargill Dow as NatureWorks
TM 

PLA using corn-derived dextrose as the feedstock.  It 

has an estimated energy consumption of 56 MJ/kg of polymer (50% more than for PET, 40% less than for polyamide) 

[60] (Gerngross and Slater, 2000) and hence this matrix material may not be the best option if carbon dioxide emissions 

are considered.  Gupta et al [61] have reviewed the use of PLA (as a fibre) and identified the key thermal properties to 

be: Tg ~60-70ºC, Tm ~150-170ºC.  This small difference between the two transition temperatures could allow extended 

process times without significant damage to the cellulose fibres while permitting use at ambient temperatures with 

resistance to creep deformation. 

 

PHB, PHV and PHVB are in a class of materials known as Poly Hydroxy Alkanoates (PHA) in which a bacterium, 

initially Ralstonia eutropha, converts sugar directly into plastic.  PHA naturally accumulates within the microbe as 

granules and can constitute up to 90% of a single cell‟s mass.  Plants (Arabidopsis thaliana, Brassica napus (oilseed 

rape) and corn) have been genetically engineered to produce PHA [62] (Poirier et al, 1992), [63] (Slater et al, 1999), 

[60] (Gerngross and Slater, 2000).  Hobbs and Barham [64-66] (1998) have undertaken a comprehensive study of the 

fracture and ageing behaviour of PHB. 

 

Synthetic Thermosetting Resins.  Thermosetting resins are usually supplied as a (relatively) low viscosity liquid 

which is combined with a curing agent (and heat) such that the mixture undergoes a chemical reaction (cross-linking) to 

form an insoluble, infusible solid material.  Process temperatures are typically ambient to 200°C.  The most common 

thermosets are: 

 Unsaturated PolyEster resin (UPE diluted with styrene and cured with ~ 1% catalyst), 

 Vinyl Ester resins (VE diluted with styrene and cured with ~ 1% catalyst), 

 Phenolic Resins (cured with strong acid catalysts) 

 Epoxy resins (Ep cured with hardener in stoichiometric proportions – typically a 1:3 to 1:5 mix ratio). 

 

Thermosetting resins based on Natural Feedstocks. Thermosetting resins have been produced based on e.g. acrylated 

epoxidised soybean oil (AESO), cashew nut shell liquid (CNSL) [67, 68] (Jayabalan, 1985.  Ikeda, 2002), norbornyl 

epoxidised linseed oil (NELO) [69] (Chen et al, 2002) and furan resins from furfuryl alcohol [70] (BioComp). 
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Composites Processing 

The techniques for the manufacture of fibre-reinforced polymer matrix composites have been reviewed by Åström 

(1997), Gutowski (1997), Davé and Loos (1999) and Campbell (2003) [71-74], albeit that their emphasis is very much 

on synthetic fibres and thermosetting resins.  Certain processes have been considered in greater detail: 

 vacuum bagging, including autoclave cure [75-77] 

(Ciriscioli and Springer, 1990. Noakes, 1992, McBeath, 2000]. 

 Liquid Moulding Technologies (LMT) or Liquid Composite Moulding (LCM), including Resin Transfer 

Moulding (RTM) [78-84] (van Harten, 1993. Abraham and McIlhagger, 1996. K Potter, 1997. Rudd et al, 

1997. Beckwith and Hyland, 1998. Kruckenberg and Paton, 1998. Parnas, 2000). 

 Resin Infusion under Flexible Tooling (RIFT) [85-88] (Williams et al, 1996. Cripps et al, 2000, 

Summerscales and Searle, 2005, Beckwith, 2007). 

 Filament winding [89] (Peters et al, 1991/1999). 

 Pultrusion [90, 91] (Meyer, 1985. Starr, 2000). 

 

Pinzelli [92] (1991) has reviewed the state-of-the-art in cutting and machining of composite materials based on aramid 

fibre reinforcements.  He recommends that a band-saw with a fine tooth blade (14-22 raker-set or straight-set teeth/inch 

[~5-9 teeth/cm]) operating at high surface speeds with the running blade teeth pointing upwards (reverse) should 

minimise the production of fuzz and keep the teeth from snagging fibres.  Cullen [93] machined flax/jute epoxy 

composites using a band saw with 18 teeth/inch running in reverse.  This configuration cut the fibres much more cleanly 

than when running with the teeth facing forwards. 

 

Reinforcement Forms for Composites 

The effective utilisation of the properties of a fibre as a reinforcement is a function of the fibre length and the fibre 

orientation with respect to the stress.  These two fibre parameters are generally present with a statistical variation and 

hence are measured as the fibre length distribution factor (ηl) and the fibre orientation distribution factor (ηo).  Both 

parameters range between 0 (short fibres or alignment transverse to the stress respectively) and 1 (continuous fibres or 

aligned with the stress respectively).  Typical reinforcement forms are unidirectional (ηl =1 and ηo =1 when continuous 

fibres are aligned with the stress), woven fabrics (ηl =1 and ηo = 0.5 when one set of fibres is aligned with the stress) 

and random chopped strand mats (ηl <1 and ηo = 3/8). 

 

Increasing alignment of the fibres enables more fibre to be incorporated into the composite.  For practical purposes, the 

limiting fibre volume fractions are around 75% (unidirectional), 65% (woven) or 30% (random orientation).  A major 

constraint on the effective use of natural fibre reinforcements is the lack of a cost-effective commercial methodology for 

the production of woven or otherwise aligned fabrics in the materials supply chain. 

 

Interfacial bonding 

The realisation of the full mechanical performance of the reinforcement is critically dependent on the effective load 

transfer by shear over the “half critical length” at each fibre end, which in turn is a function of the chemical and 

physical bonds between the fibre and the matrix.  The main approaches to enhancement of the interaction between the 

fibre and the matrix are surface modification of the fibre (grafting or other chemical/physical treatments), application of 

coupling agents to the fibre surface or the use of compatibilisers in the matrix. 

 

George et al [94] (2001) have critically reviewed the physical and chemical treatments that may improve the fibre-

matrix adhesion.  They conclude that good compatibility between cellulose fibres and non-polar matrices is achieved 

using polymeric chains that favour entanglement and interdiffusion with the matrix. 

 

Bismarck et al [95] (2002) have used scanning electron microscopy (SEM), Brunauer-Emmett-Teller specific surface 

area (BET-SSA) determination, conventional water absorption measurements, electrokinetic zeta-potential (EZP) 

measurements and cross-polarised magic angle spinning nuclear magnetic resonance (CP-MAS NMR) spectroscopy to 

investigate the surface characteristics of flax, hemp and cellulose fibres.  The effect of fibre separation methods and 

chemical treatments were studied.  The flax-fibre separation processes were shown to affect the fibre surface 

morphology and, in turn, the specific fibre surface area.  The EZP measurements clearly reflect differences in the 

hydrophilicity of the fibres.  Green fibres (flax and hemp) are the most hydrophilic.  The retting process results in fibres 

with a relatively high level of surface wax and hence reduced hydrophilicity. 

 

Hassan et al [96] (2003) found improved tensile strength and elongation to break in mercerised jute fibres which had 

been grafted (with silanes and acrylamide under ultraviolet radiation) and improved resistance to weathering. 

 

Zafeiropoulos et al [97] (2003) used three spectroscopic methods (XPS: x-ray photoelectron spectroscopy, ToF-SIMS: 

time-of-flight secondary ion mass spectrometry and ATR-FTIR: attenuated total reflectance Fourier transform infra-red 

spectroscopy) to investigate the effect of acetylation and stearic acid treatment on chemical and physical characteristics 

of flax fibre surfaces.  They found no evidence of lignin at the fibre surface (although it could be in the bulk fibre).  

They noted that acetylation appeared to be unevenly distributed. 
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Materials characterisation 

The determination of the parameters required for the rule-of-mixtures can be achieved in a variety of ways [98, 99] 

(Grafil, 1980. CRAG, 1988).  Optical or electron microscopical techniques with image analysis [100-102] (Guild and 

Summerscales, 1993.  Summerscales, 1998.  Clarke and Eberhardt, 2002) may be used to determine ηd, ηl, ηo and Vf of 

composite materials.  For natural fibres in a resin matrix, it will normally be necessary to enhance the contrast between 

the components (by e.g. polarising filters or staining techniques - Dubot [103] (2001) used methylene-blue as a stain for 

linseed fibres).  Grafil Test Method 102.13 uses microscopy with an image splitting eyepiece to determine individual 

fibre diameters. 

 

Optical coherence microscopy (OCM, also known as optical coherence tomography (OCT)) is a novel imaging technique 

which permits the acquisition of tomographic images with high resolution (~15 m in three dimensions) and a high dynamic 

range (>100 dB).  It has found extensive use in biomedicine, notably for ophthalmic procedures.  Reeves et al [104] (2002) 

have applied OCM to visualise the cellular and subcellular structures within intact Arabidopsis plants (including leaves, 

flowers, ovules and seeds). 

 

Thumm [105] (2004) has used confocal microscopy to determine the interfacial behaviour and (non-) interactions in plant 

fibre composites.  Labelled dyes were added to the polymer matrix to enhance the fluorescence.  The extent of interaction 

was indicated by line profiles of the fluorescence for each component. 

 

The determination of the fibre volume fraction is problematic.  The textile industry, and many researchers in the 

composite field, normally assumes that fibres are of a regular circular cross-section and use microscopy transverse to 

the principal axis to determine a characteristic dimension (incorrectly referred to as the diameter).  Figure 3 is a 

confocal scanning laser microscope image of a cluster of elementary jute fibres: these fibres (which are typical of bast 

fibres) are clearly not round. 

 
Figure 2: Confocal Scanning Laser Microscope (CSLM) image of a cluster of elementary jute fibres, 

courtesy of Amandeep Singh Virk. 

 

Further, the fibres are hygroscopic so may swell and hence weight will be a function of the moisture content.  The 

density of the fibre should be quoted at a specific moisture content (or ambient relative humidity) or ideally plotted 

against moisture content.  The determination of volume fraction of the composite will be dependent on the moisture 

level and any consequent swelling of fibres.  Subject to the above, the fibre volume fraction of composite materials may 

also be obtained by, e.g.: 
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 tow counting for unidirectional composites in an open-ended mould (Grafil Test Method 302.24) or from fabric 

areal weight in a moulding of known thickness (CRAG method 1000-2). 

 direct weighing (Grafil Test Method 302.13) when a closed mould is used and no fibre is lost in the moulding flash.  

The mass fraction is then the mass of fibre divided by the mass of the composite after fabrication.  Accurate values 

of the density of the components are necessary to convert the mass fraction to a fibre volume fraction. 

 density gradient column (Grafil Test Method 301.12) which is based on observing the level to which the test 

specimen sinks in a column of liquid when the density of liquid changes uniformly with height.  The absorption of 

liquid by the test specimen may complicate the analysis for this technique when natural fibres are under test. 

 Archimedes principle (Grafil Test Method 301.21.  CRAG methods 800/1000-1) using weight measurements in air 

and in water.  The absorption of liquid by the test specimen may complicate the analysis for this technique when 

natural fibres are under test. 

 resin burn-off (CRAG method 1000-3c) in an oven at 580-600°C.  This method is inappropriate for natural fibre 

composites as both components of the composite will burn.  It may be possible to use Thermo Gravimetric 

Analysis (TGA, possibly in combination with both normal and inert atmospheres) to determine the volume fraction 

if the two components have clearly differentiated decomposition temperatures.  The technique has been used by 

Sharma et al [106-108] (1996, 1998, 2000) to characterise the components of flax fibres. 

 chemical digestion using sulphuric acid and hydrogen peroxide (Grafil Test Method  302.56. CRAG method 

1000-3a) or nitric acid (CRAG method 1000-3b).  It may be necessary to select different chemicals for natural fibre 

composites.  Green [109] (1991) has proposed the use of a microwave acid digestion bomb for the determination of 

fibre volume fraction of carbon-epoxy composites.  This may be suitable for natural fibre composites.  The "bomb" 

is a sealed chemically-inert vessel in which microwave heating can be used for rapid sample dissolution. These 

bombs can be placed directly in a microwave oven for specific, high speed heating to drastically reduce the time 

required to dissolve or digest an analytical sample [110]. 

 

Mechanical Properties 

The elastic modulus (and ultimate tensile strength) of the individual filaments can be determined by ASTM D3379-75 

(now withdrawn), Grafil Test Method 101.13 for 50 mm fibres or the French norm NFT25-704.  A comprehensive 

study of jute fibres over a range of lengths using a similar methodology has been reported by Virk et al [56] (in press).  

The corresponding values for fibre tows can be determined by Grafil Test Method 103.22.   

 

The elastic modulus of a composite material can normally be predicted using the standard rule of mixtures (Equation 1): 

mmffolc EVEVE    Equation 1 

 

where ηl is the fibre length distribution factor, ηo is the fibre orientation distribution factor, Ef is the elastic modulus of 

the fibre, Em is the elastic modulus of the matrix, Vf is the fibre volume fraction and Vm is the matrix volume fraction 

(assuming Vf + Vm = 1, i.e. no voids or other inclusions). 

 

Lamy and Baley [111] (2000) conducted tensile tests on flax fibres of different diameters, di, and found that the 

Young‟s modulus for each class, Ei, decreased with increasing fibre diameter, where i is the class number (Table 4).  

They have proposed Equation 2 for the longitudinal elastic modulus, EL, of a unidirectional flax-fibre composite 

material: 
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Equation 2 

 

where ni is the number of samples in each class and Ei is the Young‟s modulus of fibres in the range i.  Ki is the 

contribution of fibres ni of mean diameter di to the total elastic modulus Ef at 58643 MPa for the sample of fibres tested. 

 

Table 4: Dependence of properties of flax fibre on fibre diameter (Tables 1/2 of Lamy and Baley [111] (2000)) 

Class i 1 2 3 4 5 6 7 8 9 10 11 12 

ni 6 44 84 136 170 143 121 83 45 25 7 5 

di (μm) 6.8 8.8 11.2 13.9 16.2 18.8 21.2 23.6 26.2 28.6 32.1 34.5 

Ei (MPa) 78680 75820 72320 68530 65220 61580 58130 54720 50960 47490 42560 39030 

Ki (MPa) 73 860 2530 5990 9670 10350 10520 8400 5230 3230 1020 770 

 

The dependence of the modulus of the composite, calculated using Equation 2, against fibre volume fraction correlated 

well with the experimental results.  It was noted that selection of fibre diameters could be a route to improvement of the 

elastic properties of flax fibre reinforced epoxy resin composite materials.  Baley [112] (2002) further reported a 

decrease in the Young‟s modulus with increasing fibre diameter for flax fibres (Fig.2a).  Bodros and Baley [49] (2008) 
found that the Young's modulus and the stress at break of nettle fibres decreased when the fibre diameter increased (Fig. 

2b). 
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Figure 3: Young’s modulus as a function of (a) flax fibre diameter (left) and (b) nettle fibre diameter (right) 

(reproduced from [111] and [49] respectively … permission for use requested) 

 

The authors of this review propose a modification of the rule of mixtures through the use of a fibre diameter distribution 

factor, ηd, (with values in the range 0-1) to produce Equation 3.  This fibre diameter distribution factor will be related to 

the probability density function for the fibre diameter, which could be obtained from a comprehensive study of the 

chosen fibre and may well correlate to the factor given in Equation 2.  Derivation of that parameter is beyond the scope 

of this review. 

mmfoldc EVEE  
 

Equation 3 

 

Typical mechanical properties for natural fibre reinforced polymer matrix composites are given in Table 4. 

Table 5: Typical properties of natural fibre reinforced polymer matrix composites 

(nb:  specific results* reported here are for the composite with highest elastic modulus reported in each paper) 
Fibre Matrix Configuration % fibre E (MPa) σ' (MPa) ε' (%) Ref Source 

Flax Epoxy unidirectional 40 28000 133 n/a 113 Van der Wegenberg et al (2003) 

Flax PLLA aligned roving 40 v/o 7300±500 44.1±7.2 0.9±0.2 114 Oksman et al (2003)* 

Flax PLLA random mat 30 v/o 9519 99 1.5 115 Bodros et al (2007)* 

Hemp UP resin mat 44 w/o 6200600 53.06.0 1.390.26 116 Yuanjian & Isaac (2007) 

Hemp PP injection moulded 40 w/o 5300 50.5 n/a 117 Beckerman & Pickering (2008) 

Jute PP injection moulded 50 w/o 5480330 32.00.5 n/a 118 Karmaker & Schneider (1996) 

Jute PP/MAPP injection moulded 50 w/o 5420420 57.90.4 n/a 118 Karmaker & Schneider (1996) 

Nettle Epoxy unidirectional 24 v/o 9000 91 n/a 119 Merilä (2000) 

Nettle Phenolic unidirectional 23 v/o 5000 13 n/a 119 Merilä (2000) 

 

A potential problem with natural fibre reinforced polymer matrix composites is the hydrophilic nature of the cellulose 

fibres and hence the moisture sensitivity of the resulting composites.  Khalil et al [120] have studied the acetylation of 

plant fibres in the context of improvement of the mechanical properties of composites was studied. Bast fibres from jute 

and flax were considered (along with oil palm empty fruit bunch (EFB), coconut fiber (coir) and oil palm frond (OPF)).  

The two bast fibres were found to be the least reactive of the five fibres studied.   

 

Costa and D‟Almeida [121] studied the effect of water absorption on the mechanical properties of jute or sisal fibre 

reinforced polyester or epoxy matrix composites.  The diffusion behaviour in both composites could be described by the 

Fickian model. The jute-epoxy composites showed the best mechanical properties and were the least affected by the 

exposure of the composites to distilled water (Figure 4).  This behaviour was attributed to a better fibre-matrix interface 

and better moisture resistance of jute fibres. 

  
 

Figure 4: The deterioration of modulus and strength (loading mode not specified) for jute fibre composites 

exposed to distilled water for 0, 220, 410 or 7500 hours (data from Costa and D’Almeida [121]) 
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The topic of moisture sensitivity in plant fibre composites warrants a review paper in its own right. 

 

Markets and Current Applications 

European production of fibre amounted to 60–70 thousand tons of flax and 25-30 thousand tons of hemp in 1999/2000 

[122] (Karus et al, 2000).  During the same year, world production of jute and kenaf was 2,610 thousand tons, 

concentrated in two main producer countries, India and Bangladesh.  Production of jute and kenaf declined by 49% and 

19% respectively from a peak of 3920 thousand tons in 1997/8 [123] (Aimin Liu, 2001). 

 

The world market for composites was 7 million tons in 2000, and projected to reach 10 million tons in 2010 [124] 

(Nodal, 2001): 

 the North American market accounts for nearly half of world-wide composites (3.4 million tons – 47%), 

 Europe follows at 2 million tons – 28%, 

 Asia is the third major market at 1.6 million tons – 23%. 

The principal European producers are Germany, Italy, France, UK and Spain. Thermoset composites account for 

roughly 70% of the composites processing industry in Europe. 

 

There is a wide range of user industries for composites in all the international markets, including mechanical structures, 

chemical plant and electrical insulators. It should be noted that although automotive and aerospace applications account 

for over half the value, the volume consumption is only 26%. Whilst composites for these industries (and medical and 

sports applications) are often based on high cost carbon and aramid fibres, there is a mass market for low cost 

composites – the GRP industry, based predominantly on glass fibre reinforcement and polyester resins. 

 

By Western standards, the Indian composites industry is relatively small at 17.2 thousand tons in 2001 compared to 

France at 300 thousand tons [125] (Sundaram, 2002).  After a period of exceptional growth up to 1999, the Indian 

industry has failed to live up its growth potential in recent years, and is relatively stagnant. The industry suffers from 

fragmentation (over 1,700 processors), weak demand from client sectors, under-utilisation of capacity, and quality 

problems. 

 

The use of natural fibres as reinforcement for thermoplastic components is a relatively new phenomenon, dating back 

only to about 1995. The market has developed from pioneering work in the German automotive industry [24] (Bledzki 

and Gassan, 1999).  In this market, jute is in competition with the indigenous European fibres, flax and hemp, and 

despite being used at the outset, has consistently fluctuated in relative market share.  Figure 5 shows the total 

consumption of natural fibres increasing to 17,200 tons in 2002 [126] (Kaup et al, 2003): estimated as flax at 9,000 tons 

and hemp at about 2,200 tons with the balance of 6,000 tons split between jute, kenaf and sisal. 

 
Figure 5: Use of natural fibres in the German automotive industry 1996 – 2002 (tons)  

(after Kaup et al, 2003 [126]). 
 

The Status Report [126] scaled down the forecast of future consumption of natural fibres. Previous optimistic estimates 

of up to 35,000 tonnes/year have been reduced to just over 25,000 tonnes in 2005.  An earlier report [127] (Ellison and 

McNaught, 2000) indicated that Germany alone was responsible for over two-thirds of the European production of 

natural fibre composites, and estimated the market size to be somewhat larger than the 2003 study.  In Germany, the 

natural fibre composites market has created a dedicated infrastructure of secondary suppliers (mainly non-woven 

producers) and is still growing strongly.  The phased withdrawal of EU Common Agricultural Policy (CAP) subsidy on 

flax and hemp fibre crops may retard the growth of this new industry. 

 

Ellison and McNaught [127] (2000) have identified established commercial uses in: 
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 automotive interior components (Germany 70%).  Natural fibre panels are now in common use as door and boot 

liners and parcel shelves. Every Mercedes and BMW model now features such components, and the technology has 

been taken into the Fiat group, Ford and the volume French marques by Tier One suppliers.  Current use amounts 

to about 10kg per car, with a potential for double this consumption. 

 domestic insulation (Germany 30%) – tow or sliver bound lightly with polymers. 

 

Established benefits for the automotive industry include good mechanical properties, fewer occupational health issues in 

handling and lack of splintering in accidents.  A review of relevant properties demonstrated the potential for 

competition with GRP (Glass Reinforced Plastics) [126] (Kaup et al, 2003).  However, the principal drivers are the 

potential for weight reduction (10–30%) and the consequent cost advantage of natural fibre composites. 

 

Further, they established that two processes were dominant: 

 Compression moulding (thermoplastic and thermoset): thermoplastic mouldings usually comprise natural 

fibre/polypropylene blended needle-felt substrates, whilst thermosets consist of 100% natural fibre needle-felts 

impregnated with resin by processes such as RTM and S-RIM.  The market is dominated by fibre carded sliver or 

tow chopped to a staple length of 80–90 mm. 

 Co-extruded granulate for injection moulding is now under development on several fronts (Daimler Benz, Perstorp 

in Sweden, ATO/DLO), and already has an estimated 4.7% share of automotive processing technology in Germany 

[126] (Kaup et al, 2003). Short chopped sliver of 4–6 mm is now being used for co-injection. 

 

Low fibre prices remain an obstacle to investment in the natural fibre supply chain. The MAFF study in early 2000 

[127] (Ellison and McNaught, 2000) found benchmark prices for jute, flax or hemp to be in the range DM 0.90-1.20/kg, 

and three years later (after the introduction of the Euro), wholesale price levels remain in the EUR 0.55-0.62/kg range. 

Prices were set at a low level in the mid-1990s and the automotive industry remains a stringent taskmaster. 

 

The major constraints on the application of natural fibres as reinforcements include  

 batch-to-batch inconsistency and other fibre quality considerations. 

 performance limitations, notably tensile strength and impact strength. 

 susceptibility to moisture absorption 

 odour and fogging. 

 

Environmental Considerations 

The End-of-Life Vehicle (ELV) Directive was enacted by the European Commission (EC) during 2002 to address 

pollution resulting from vehicles that have reached the end of their useful life. It aimed to significantly reduce the 8 

million tonnes of waste generated each year by the 12 million cars that have reached their end of life.  In phase one of 

the directive, car makers were responsible for the disposal of all new production that would eventually become ELV.  In 

2007, they became responsible for all the vehicles they had ever produced.  The legislation also stipulates that car-

makers must re-use or recover 85% of ELVs by weight.  At least 80% of that weight must be re-used or recycled while 

up to 5% can be dealt with through other recovery operations such as incineration.  In 2015, this target will rise to 95% 

of ELVs by weight, 85% of which must be re-used or recycled. 

 

The new directives on landfill and ELV, encourage industry to move away from landfill and energy recovery towards 

mechanical recycling or reuse.  Customers (especially in the automotive sector) are increasingly asking the composites 

industry to accept responsibility for recycling the end-of life waste.  In the context of the EC directives, it will be 

necessary to make a strong case for disposal by incineration or by composting. Composites, based on natural fibre 

reinforcements, could prove to be more beneficial in the environment than “recyclable” materials but there is a need for 

quantitative life cycle analysis to clearly demonstrate that this is indeed the case. 

 

Joshi et al [128] (2004) reviewed comparative life cycle assessment studies to conclude that natural fibres would be 

environmentally superior to glass fibre reinforced composites.  The key drivers in favour of natural fibres were: 

 natural fibre production has lower environmental impacts compared to glass fibre production, 

 natural fibre composites have higher fibre content for equivalent performance, reducing the more-polluting 

polymer content 

 the light-weight natural fibre composites improve fuel efficiency and reduce emissions in the use phase of the 

component (especially in automotive applications), and 

 end-of-life incineration results in recovered energy and carbon credits. 

However, the conclusions are tempered by two caveats: 

 fertiliser use in natural fibre cultivation results in higher nitrate and phosphate emissions which can lead to 

increased eutrophication in local water bodies, and 

 the environmental superiority of natural fibre composites may be negated if the operating lifetime is 

significantly reduced compared to the glass fibre composites. 
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Reed and Williams [129] (2004) have examined the potential for waste biomass (in the form of natural hemp, flax, jute, 

coir or abaca fibres) to produce activated carbon.  After pyrolysis in a fixed bed reactor and steam activation, the yield 

of activated carbon was 20% by weight of the original biomass and surface areas were in the range 770-879 m
2
/g. 

 

The environmental impact of natural fibres in industrial applications has been reviewed by van Dam and Bos [130].  

They include quantitative data and suggest that: 

 "natural fibre production requires less than 10 percent of the energy used for production of PP fibres (around 

90 GJ/tonne)".  

 the total energy input for jute fibre cultivation (excluding field labour, retting and decortication) was calculated 

at 3.75-8.02 GJ/tonne when grown by numerous small farmers utilising labour and animal power with limited 

use of agrochemicals and machinery.  

 the energy input from inorganic fertilisers, based on the energy content of the substance and the energy 

required for production, transport, storage and application is 17 MJ/kg for potassium (K), 26 MJ/kg for 

phosphorous (P) and 128 MJ/kg for nitrogen (N).  

 the energy input from pesticides, based on the energy content of the substance and the energy required for 

production, transport, storage and application is 320-476 MJ/kg for fungicides, 461-568 MJ/kg for insecticides 

and 467-622 MJ/kg for herbicides. 

In an independent analysis, Khan [131] calculated that the total energy consumed, including the embodied energies of 

fertilisers and pesticides would be 18-20 GJ/tonne of jute fibre. 

 

Dissanayake et al [132-135] have begun to undertake a Quantitative Life Cycle Assessment (QLCA) to compare flax 

fibres and E-glass fibres as the reinforcement for composites within an ISO 14040 framework.  They are considering all 

eight environmental impact classification factors (EICF) identified by Azapagic [136, 137], ISO 14047 [138] and the 

European Environment Agency [139] (Table 6).  The total energy required [140] using low energy agricultural 

processes was found to be 59.3GJ/tonne for flax sliver and 85.6GJ/tonne for yarn.  Traditional mouldboard ploughing 

and bio retting was found to require 199GJ/tonne for sliver and 231GJ/tonne for yarn.  Fibreglass and fibreglass 

reinforcement mats are reported to have embodied energies of 29.7 GJ/tonne [141] and 54.7 GJ/tonne [130] 

respectively!  The analysis for the full set of EICF is on-going. 

 

Table 6: A correlation of the eight environmental impact classification factors 

Azapagic et al [136, 137] ISO/TR 14047:2003(E) [138] European Environment Agency [139] 
Acidification Potential (AP) Acidification Acidification 

Aquatic Toxicity Potential (ATP) Ecotoxicity Ecotoxicity 

Eutrophication Potential (EP) Eutrophication/Nitrification Eutrophication 

Global Warming Potential (GWP) Climate change Climate change and global warming 

Human Toxicity Potential (HTP) Human toxicity Human toxicity 

Non-Renewable/Abiotic Resource Depletion (NRADP) Depletion of abiotic/biotic resources 
 

Ozone Depletion Potential (ODP) Stratospheric ozone depletion Stratospheric ozone depletion 

Photochemical Oxidants Creation Potential (POCP) Photo-oxidant formation Photochemical ozone formation (summer smog) 

 

SUMMARY 

This review paper has considered the growth, harvesting and fibre separation techniques suitable to yield bast fibre of 

appropriate quality for use as the reinforcement of polymer-matrix composites.  The text then addressed the 

characterisation of the fibre.  Unlike man-made fibres, the cross section is neither circular nor uniform along the length 

which leads to increased complexity in the calculation of fibre mechanical properties.  The choice of polymer matrix 

systems (both thermoplastic and thermoset) was covered.  The review then considered the use of the basic rule-of-

mixtures in the context of natural fibre reinforced composites and addressed the characterisation of composite materials 

using microscopical, mechanical, chemical and thermal techniques.  The text closed with a brief overview of some 

potential applications and the environmental considerations which might expedite or constrain the adoption of these 

composites. 

 

Acknowledgements 

The authors would like to thank our former colleague, Hom Nath Dhakal (now University of Portsmouth), for his 

comments on draft versions of this paper. 

 



D:\JS CV\papers\2008\bast fibre review Page 13 of 17 20/02/2009  9:13 AM  

References 

 

1 CA Farnfield and PJ Alvey (editors), Textile Terms and definitions – seventh edition, The Textile Institute, 

Manchester, 1975.  ISBN 0-900739-17-7. 

2 JFV Vincent, Structural Biomaterials, Macmillan, London, 1982.  ISBN 0-333-26126-7. 

3 N Chand, RK Tiwary and PK Rohatgi, Resource structure properties of natural cellulosic fibers - an annotated-

bibliography, Journal of Materials Science, February 1988, 23(2), 381-387 

4 H Lilholt and JM Lawther, Chapter 10: Natural Organic Fibers, In R Talreja and J-A Månson (editors): 

"Comprehensive Composite Materials Encyclopædia, volume 1: Fiber Reinforcements and General Theory of 

Composites ", Elsevier Science, Oxford, July 2000, pp 303-325.  ISBN 0-08-043719-2. 

5 RR Franck, Bast and Other Plant Fibres, CRC Press, Boca Raton FL, April 2005. ISBN 0-8493-2597-8. 

6 AJ Bolton, Natural fibers for plastic reinforcement, Materials Technology, 1994, 9(1-2), 12-20. 

7 AK Mohanty and M Misra, Studies on jute composites: a literature review, Polymer – Plastics Technology and 

Engineering, 1995, 34(5), 729-792. 

8 D Nabi Saheb and JP Jog, Natural fibre polymer composites: a review, Advances in Polymer Technology, 1999, 

18(4), 315-363. 

9 AK Bledzki, VE Sperber and O Faruk, Natural and wood fibre reinforcements in polymers, Report 152, RAPRA 

Technology, 2002. ISBN 1-85957-359-2.  RAPRA Review Reports, 13(8), RAPRA Technology, Shropshire, 

2002, ISSN 0889-3144. 

10 Anil N. Netravali and Shitij Chabba, Composites get greener, Materials Today, April 2003, 6(4), 22-29. 

11 Caroline Baillie, Green Composites: polymer composites and the environment, Woodhead Publishing Limited, 

Cambridge, 2004. ISBN 1-85573-739-6. 

12 AK Mohanty, M Misra and LT Drzal, Natural Fibers, Biopolymers, and Biocomposites, CRC Press/Taylor & 

Francis Group, Boca Raton FL, 2005.  ISBN 0-8493-1741-X. 

13 K Pickering, Properties and performance of natural-fibre composites, Woodhead Publishing, Cambridge, 2008. 

ISBN-13: 978 1 84569 267 4. 

14 Thomas Scheibel, Spider silks: recombinant synthesis, assembly, spinning, and engineering of synthetic proteins, 

Microbial Cell Factories 2004. http://www.microbialcellfactories.com/content/3/1/14, 3:14, accessed 19 January 

2009 at 16:55. 

15 AS Blicblau, RSP Coutts and A Sims, Novel composites utilizing raw wool and polyester resin, Journal of 

Materials Science Letters, 1 September 1997, 16(17), 1417-1419. 

16 RMN Arib, SM Sapuan, MAMM Hamdan, MT Paridah and HMDK Zaman, A literature review of pineapple 

fibre reinforced polymer composites, Polymers and Polymer Composites, 2004, 12(4), 341-348. 

17 Yan Li, Yiu-Wing Mai and Lin Ye, Sisal fibre and its composites: a review of recent developments, Composites 

Science and Technology, 2000, 60(11), 2037-2055. 

18 JE McIntyre, The Chemistry of Fibres (Studies in Chemistry 6), Edward Arnold, 1971.  ISBN 0-7131-2328-1. 

19 John Anthony Turner, Linseed Law: A handbook for growers and advisers, BASF (UK) Limited, Hadleigh - 

Suffolk, June 1987.  ISBN 0-9502752-2-0. 

20 HS Shekhar Sharma and CF van Sumere, The biology and processing of flax, M Publications, Belfast, c1992. 

ISBN 0-9519963-0-4. 

21 Anna Lewington, Plants for People, Eden Project Books/Transworld Publisher, London, 2003. ISBN 1-903-

91908-8. 

22 Alister D Muir and Neil D Westcott, Flax: The genus Linum, CRC Press, Boca Raton FL, 2003.  ISBN 0-4153-

0807-0. 

23 Flax Council of Canada, http://www.flaxcouncil.ca/, accessed 19 January 2009 at 16:56. 

24 AK Bledzki and J Gassan, Composites reinforced with cellulose based fibres, Progress in Polymer Science, 

1999, 24(2), 221-274. 

25 S ben Brahim and R ben Cheikh, Influence of fibre orientation and volume fraction on the tensile properties of 

unidirectional alfa-polyester composite, Composites Science and Technology, January 2007, 67(1), 140-147. 

26 P de Leo, A Miceli, C Antonaci and G Vigna, Characterisation and enzymatic hydrolysis of nettle (Urtica dioica 

L) deproteinated biomass, Journal of the Science of Food and Agriculture, 1993, 63(4), 391-395. 

27 J Dreyer, G Dreyling and F Feldmann, Wiederinkulturahme der Fasernessel Urtica dioica L als nachwachsender 

Rohstoff zur Faser- und Zellstoffproduktion: qualitative und quantitative Differenzierung von ehemals genutzten 

Klonen, Angewandte Botanik – Journal of Applied Botany, May 1996, 70(1-2), 28-39. 

28 GC Davies and DM Bruce, Effect of environmental relative humidity and damage on the tensile properties of 

flax and nettle fibres, Textile Research Journal, September 1998, 68(9), 623-629. 

29 SC Singh and R Shrestha, Extraction and chemical analysis of Himalayan nettle fibre, Research and Industry, 

December 1987, 32(4), 259-262. 

30 A Hartl and CR Vogl, Dry matter and fiber yields, and the fiber characteristics of five nettle clones (Urtica dioica 

L.) organically grown in Austria for potential textile use, American Journal of Alternative Agriculture, 2002, 

17(4), 195-200. ISSN 0889-1893. 

31 About Kenaf, http://www.chinaconsultinginc.com/modules.php?name=Sections&op=viewarticle&artid=5, 

accessed 19 January 2009 at 16:59. 

32 Ontario Ministry of Agriculture, Food and Rural Affairs (OMAFRA) staff, Agronomy Guide For Field Crops 

chapter 9 section 2: Flax, OMAFRA Publication 811, 01 March 2002, accessed 19 January 2009 at 17:00. 

http://press.princeton.edu/titles/4730.html
http://dx.doi.org/10.1007/BF01174659
http://dx.doi.org/10.1007/BF01174659
http://www.woodheadpublishing.com/EN/book.aspx?bookID=519
http://dx.doi.org/10.1080/03602559508009599
http://dx.doi.org/10.1002/(SICI)1098-2329(199924)18:4%3C351::AID-ADV6%3E3.0.CO;2-X
http://www.rapra.net/products_and_services/Books/Materials/Composites/Natural_and_Wood_Fibre_Reinforcement_in_Polymers.asp?&Sect=20
http://dx.doi.org/10.1016/S1369-7021(03)00427-9
http://www.woodheadpublishing.com/EN/book.aspx?bookID=636
http://www.woodheadpublishing.com/en/book.aspx?bookID=1335
http://dx.doi.org/10.1186/1475-2859-3-14
http://www.microbialcellfactories.com/content/3/1/14
http://dx.doi.org/10.1023/A:1018517512425
http://dx.doi.org/10.1016/S0266-3538(00)00101-9
http://www.rbooks.co.uk/product.aspx?id=1903919088
http://www.cplbookshop.com/contents/C1452.htm
http://www.flaxcouncil.ca/
http://dx.doi.org/10.1016/S0079-6700(98)00018-5
http://dx.doi.org/10.1016/j.compscitech.2005.10.006
http://dx.doi.org/10.1016/j.compscitech.2005.10.006
http://dx.doi.org/10.1016/j.compscitech.2005.10.006
http://dx.doi.org/10.1002/jsfa.2740630404
http://dx.doi.org/10.1002/jsfa.2740630404
http://dx.doi.org/10.1177/004051759806800901
http://dx.doi.org/10.1177/004051759806800901
http://dx.doi.org/10.1177/004051759806800901
http://orgprints.org/6863/
http://orgprints.org/6863/
http://orgprints.org/6863/
http://www.chinaconsultinginc.com/modules.php?name=Sections&op=viewarticle&artid=5
http://www.omafra.gov.on.ca/english/crops/pub811/9flax.htm
http://www.omafra.gov.on.ca/english/crops/pub811/9flax.htm


D:\JS CV\papers\2008\bast fibre review Page 14 of 17 20/02/2009  9:13 AM  

33 Guidelines for growing flax, University of Wales Bangor Henfaes Research Centre, 29 September 2004, 

accessed 19 January 2009 at 17:00. 

34 HSS Sharma, PC Mercer and AE Brown, Review of recent research on the retting of flax in Northern Ireland, 

International Biodeterioration, 1989, 25(5), 327-342. 

35 Webster's Revised Unabridged Dictionary (1913) [web, 1913]: 

http://www.beetfoundation.com/words/d/decortication.html, accessed 19 January 2009 at 17:02. 

36 The Concise English Dictionary, Oxford University Press, Oxford, 1977. 

37 SK Batra, Other long vegetable fibres, in M Lewin and EM Pearce (editors): Handbook of Fibre Chemistry, 

Marcel Dekker,New York, 1998, 530-xxx. 

38 T Heinze and K Fischer (editors), Cellulose And Cellulose Derivatives, John Wiley & Sons Inc, 2005.  ISBN-
13: 978-3-52731326-6. 

39 Martin Chaplin, Cellulose, http://www.lsbu.ac.uk/water/hycel.html, 01 July 2008, accessed 19 January 2009 at 

17:04. 

40 Peter v. Sengbusch, Cellulose, http://www.biologie.uni-hamburg.de/b-online/e26/26a.htm, 31 July 2003, 

accessed 19 January 2009 at 17:05. 

41 Cellulose, http://www.fibersource.com/f-tutor/cellulose.htm, accessed 19 January 2009 at 17:11.. 

42 H Bungay, Starch and Cellulose, http://www.rpi.edu/dept/chem-eng/Biotech-

Environ/FUNDAMNT/cellulos.htm, 12 December 1997, accessed 19 January 2009 at 17:18. 

43 H Bungay, Hemicellulose, http://www.rpi.edu/dept/chem-eng/Biotech-Environ/FUNDAMNT/hemicel.htm, July 

1996, accessed 19 January 2009 at 17:16. 

44 H Bungay, Lignin, http://www.rpi.edu/dept/chem-eng/Biotech-Environ/FUNDAMNT/lignin.htm, July 1996, 

accessed 19 January 2009 at 17:17. 

45 NL Hancox, Fibre Composite Hybrid Materials, Elsevier Applied Science, Barking, 1981. ISBN 0-85334-928-2.  

46 C Baley, Analysis of the flax fibres tensile behaviour and analysis of the tensile stiffness increase, Composites 

Part A: Applied Science and Manufacturing, July 2002, 33(7), 939-948.  

47 SH Aziz and MP Ansell, The effect of alkalization and fibre alignment on the mechanical and thermal properties 

of kenaf and hemp bast fibre composites: Part 1 – polyester resin matrix, Composites Science and Technology, 

July 2004, 64(9), 1219-1230. 

48 Shinji Ochi, Mechanical properties of kenaf fibers and kenaf/PLA composites, Mechanics of Materials, April-

May 2008, 40(4-5), 446-452. 

49 E Bodros and C Baley, Study of the tensile properties of stinging nettle fibres (Urtica dioica), Materials Letters, 

15 May 2008, 62(14), 2143-2145. 

50 A Beukers, In: A Beukers  and E van Hinte (editors), Lightness: the inevitable renaissance of minimum energy 

structures, 010 Publishers, Rotterdam, 1999. page 72.  ISBN 978 90 6450 560 7. 

51 P Wambua, J Ivens and I Verpoest, Natural fibres: can they replace glass in fibre reinforced plastics?, 

Composites Science and Technology, 2003, 63(9), 1259-1264. 

52 RD Preston, The Physical Biology of Plant Cell Walls, Chapman & Hall, London, 1974.  ISBN 0-412-11600-6. 

53 BC Kundu and RD Preston, The fine structure of phloem fibres I: Untreated and swollen hemp, Proceedings of 

the Royal Society, 1940, B128, 214-231. 

54 RD Preston, The fine structure of phloem fibres II: untreated and swollen jute, Proceedings of the Royal Society, 

1941, B130, 103-112. 

55 RD Preston and M Middlebrook, The fine structure of sisal fibres, Journal of the Textile Institute, 1949, 40(.), 

T715-T722 + Plates I/II. 

56 AS Virk, W Hall and J Summerscales, The tensile properties of short jute fibres, Materials Science and 

Technology, in press. 

57 H Krenchel, Fibre Reinforcement, Akademisk Forlag, Copenhagen, 1964. 

58 G Scott, Polymers and the Environment, Royal Society of Chemistry, Cambridge, 1999.  ISBN 0-85404-578-3. 

59 ES Stevens, Green Plastics: An Introduction to the New Science of Biodegradable Plastics, Princeton University 

Press, 2001.  ISBN 0-691-04967-x. 

60 TU Gerngross and SC Slater, How green are green plastics?, Scientific American, August 2000, 283(2), 24-29. 

61 B Gupta, N Revagade and J Hilborn, Poly(lactic acid) fiber: an overview, Progress in Polymer Science, April 

2007, 32(4), 455-482. 

62 Y Poirier, DE Dennis, K Klomparens and C Somerville, Polyhydroxybutyrate: a biodegradable thermoplastic 

produced in transgenic plants, Science, 24 April 1992, 256(5056), 520-523. 

63 S Slater, TA Mitsky, KL Houmiel, M Hao, SE Reiser, NB Taylor, M Tran, HE Valentin, DJ Rodriguez, DA 

Stone, SR Padgette, G Kishore and KJ Gruys, Metabolic engineering of Arabidopsis and Brassica for poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) copolymer production, Nature Biotechnology, October 1999, 17(10), 

1011-1016. 

64 JK Hobbs, The fracture of poly(hydroxybutyrate), Part 1: Fracture mechanics study during ageing, Journal of 

Materials Science, 1998, 33(10), 2509-2514. 

65 JK Hobbs and PJ Barham, The fracture of poly(hydroxybutyrate), Part 2: Fracture mechanics study after 

annealing, Journal of Materials Science, 1998, 33(10), 2515-2518. 

66 JK Hobbs and PJ Barham, The fracture of poly(hydroxybutyrate), Part 3: fracture morphology in thin films and 

bulk systems, Journal of Materials Science, 1999, 34(19), 4831-4844. 

http://www.flaxandhemp.bangor.ac.uk/pdfs/GuidelinesForGrowingFlax.pdf
http://dx.doi.org/10.1016/0265-3036(89)90013-4
http://www.beetfoundation.com/words/d/decortication.html
http://www.lsbu.ac.uk/water/hycel.html
http://www.biologie.uni-hamburg.de/b-online/e26/26a.htm
http://www.fibersource.com/f-tutor/cellulose.htm
http://www.rpi.edu/dept/chem-eng/Biotech-Environ/FUNDAMNT/cellulos.htm
http://www.rpi.edu/dept/chem-eng/Biotech-Environ/FUNDAMNT/cellulos.htm
http://www.rpi.edu/dept/chem-eng/Biotech-Environ/FUNDAMNT/hemicel.htm
http://www.rpi.edu/dept/chem-eng/Biotech-Environ/FUNDAMNT/lignin.htm
http://dx.doi.org/10.1016/S1359-835X(02)00040-4
http://dx.doi.org/10.1016/j.compscitech.2003.10.001
http://dx.doi.org/10.1016/j.compscitech.2003.10.001
http://dx.doi.org/10.1016/j.compscitech.2003.10.001
http://dx.doi.org/10.1016/j.mechmat.2007.10.006
http://dx.doi.org/10.1016/j.matlet.2007.11.034
http://www.010.nl/catalogue/book.php?id=560
http://www.010.nl/catalogue/book.php?id=560
http://www.010.nl/catalogue/book.php?id=560
http://dx.doi.org/10.1016/S0266-3538(03)00096-4
http://dx.doi.org/10.1098/rspb.1940.0006
http://dx.doi.org/10.1098/rspb.1941.0007
http://dx.doi.org/10.1179/174328408X385818
http://www.rsc.org/shop/books/1999/9780854045785.asp
http://press.princeton.edu/titles/7228.html
http://dx.doi.org/10.1016/j.progpolymsci.2007.01.005
http://dx.doi.org/10.1126/science.256.5056.520
http://dx.doi.org/10.1126/science.256.5056.520
http://dx.doi.org/10.1126/science.256.5056.520
http://dx.doi.org/10.1038/13711
http://dx.doi.org/10.1038/13711
http://dx.doi.org/10.1023/A:1004384631218
http://dx.doi.org/10.1023/A:1004336715288
http://dx.doi.org/10.1023/A:1004336715288
http://dx.doi.org/10.1023/A:1004336715288
http://dx.doi.org/10.1023/A:1004659726586
http://dx.doi.org/10.1023/A:1004659726586
http://dx.doi.org/10.1023/A:1004659726586


D:\JS CV\papers\2008\bast fibre review Page 15 of 17 20/02/2009  9:13 AM  

67 M Jayabalan, Development of resins for the preparation of laminates by a non-solvent method, Plastics and 

Rubber: Processing and Applications, 1985, 5(4), 383-386. 

68 R Ikeda, H Tanaka, H Uyama and S Kobayashi, Synthesis and curing behaviours of a crosslinkable polymer 

from cashew nut shell liquid, Polymer, 2002, 43(12), 3475-3481. 

69 J Chen, MD Soucek, WJ Simonsick and RW Celikay, Synthesis and polymerisation of norbornyl epoxidized 

linseed oil, Polymer, 1 September 2002, 43(20), 5379-5389. 

70 TransFurans Chemicals bvba, http://www.biocomp.eu.com/DesktopDefault.aspx?tabid=415, accessed 19 

January 2009 at 16:55. 

71 B T Åström, Manufacturing of Polymer Composites, Chapman & Hall, London, 1997. ISBN 0-412-81960-0. 

72 T G Gutowski, Advanced Composites Manufacturing, John Wiley, New York, 1997. ISBN 0-471-15301-x. 

73 R S Davé and A C Loos, Processing of Composites, Hanser Publishers, Munich, 1999. ISBN 1-56990-226-7. 

74 Flake Campbell, Manufacturing Processes For Advanced Composites, Elsevier, December 2003. ISBN-13: 978-

1-85617-415-2. 

75 PR Ciriscioli and GS Springer, Smart autoclave cure of composites, Technomic Publishing, Lancaster PA, 1990. 

ISBN 0-87762-802-5. 

76 Keith Noakes, Successful composite techniques: a practical introduction to the use of modern composite 

materials, second edition, Osprey Automotive, London, 1992. ISBN 1-85532-261-7. 

77 S McBeath (foreword by B O'Rourke), Competition car composites : a practical handbook, Haynes, Sparkford - 

Somerset, 2000.  ISBN 1-85960-624-5. 

78 K van Harten, „Production by resin transfer moulding‟, in R A Shenoi and J F Wellicome (editors): Composite 

Materials in Maritime Structures, Cambridge University Press, Cambridge, 1993, Chapter 4, 86-126. 

79 D Abraham and R McIlhagger, A review of liquid injection techniques for the manufacture of aerospace 

composite structures, Polymers and Polymer Composites, 1996, 4(6), 437-444. 

80 K Potter, Resin Transfer Moulding,  Chapman & Hall, London, 1997, ISBN 0-412-72570-3. 

81 CD Rudd, AC Long, KN Kendall and CGE Mangin,  Liquid Moulding Technologies, Woodhead Publishing, 

Cambridge, 1997, ISBN 1-85573-242-4. 

82 SW Beckwith and CR Hyland, Resin Transfer Molding: a decade of technology advances, SAMPE Journal, 

November/December 1998, 34(6), 7-19. 

83 TM Kruckenberg and R Paton (editors),  Resin Transfer Moulding for Aerospace Structures,  Kluwer Academic 

Publishers, Dordrecht NL, 1998, ISBN 0-412-73150-9. 

84 R S Parnas, Liquid Composite Moulding, Hanser Gardner Publications, 2000. ISBN 1-569-90287-9. 

85 CD Williams, SM Grove and J Summerscales,  Resin infusion under flexible tooling (RIFT): a review, 

Composites Part A: Applied Science and Manufacturing, 1996, A27(7), 517-524. 

86 D Cripps, TJ Searle and J Summerscales, Chapter 21: Open Mould Techniques for Thermoset Composites, In R 

Talreja and J-A Månson (editors): "Comprehensive Composite Materials Encyclopædia, volume 2: Polymer 

Matrix Composites", Elsevier Science, Oxford, July 2000, pp 737-761.  ISBN: 0-08-043725-7. 

87 J Summerscales and TJ Searle, Review: Low pressure (vacuum infusion) techniques for moulding large 

composite structures, Proc IMechE Part L: Journal of Materials: Design and Applications, February 2005, 

L219(1), 45-58. 

88 SW Beckwith, Resin Infusion Technology * Part 1 - Industry highlights * Part 2 - Process definitions and 

industry variations * Part 3 - A detailed overview of RTM and VIP infusion processing, SAMPE Journal, 2007, 

43(1), 61 and 43(3), 46 and 43(4), 6 & 66-70. 

89 ST Peters, WD Humphrey and RF Foral, Filament winding composite structure fabrication, SAMPE, Covina 

CA, 1991. ISBN 0-938994-55-7. Second edition, 1999. ISBN 0-938994-81-6. 

90 RW Meyer, Handbook of pultrusion technology, Chapman and Hall, London, 1985. ISBN 0-412-00761-4. 

91 TF Starr, Pultrusion for engineers, Woodhead, Cambridge, 2000. ISBN 1-85573-425-7. 
92 R Pinzelli, Cutting and machining of composite materials based on aramid fibres, DuPont Engineering Fiber 

Systems, Geneva, 1991 (reprinted from Composites - Plastiques Renforces Fibres de Verre Textile (Paris), 

July/August 1990, 30(4), pp 17-23 in French with illustrations, pp 23-25 in English, text only. ISSN 0754-0876). 

93 RK Cullen, Private conversation, 4 March 2003. 

94 J George, MS Sreekala and S Thomas, A review of interface modification and characterisation of natural fibre 

reinforced plastic composites, Polymer Engineering and Science, September 2001, 41(9), 1471-1485. 

95 A Bismarck, I Aranberri-Askargorta, J Springer, T Lampke, B Wielage, A Stamboulis, I Shenderovich and H-H 

Limbach, Surface characterization of flax, hemp and cellulose fibres: surface properties and the water uptake 

behaviour, Polymer Composites, October 2002, 23(5), 872-894. 

96 MM Hassan, MR Islam, S Shehrzade and MA Khan, Influence of mercerization with ultraviolet (UV) and 

gamma radiation on physical and mechanical properties of jute yarn by grafting with 3-(trimethoxysilyl) 

propylmethacrylate (silane) and acrylamide under UV radiation, Polymer-Plastics Technology and Engineering, 

2003, 42(4), 515-531. 

97 NE Zafeiropoulos, PE Vickers, CA Baillie and JF Watts, An experimental investigation of modified and 

unmodified flax fibres with XPS, ToF-SIMS and ATR-FTIR, Journal of Materials Science, 2003, 38(9), 3903-

3914. 

98 Grafil Test Methods (reference 000.05), Courtaulds Limited, Coventry, March 1980. 

99 PT Curtis, CRAG Test Methods for the Measurement of the Engineering Properties of Fibre Reinforced Plastics, 

Royal Aircraft Establishment Technical Report RAE-TR-88-012, February 1988. 

http://dx.doi.org/10.1016/S0032-3861(02)00062-9
http://dx.doi.org/10.1016/S0032-3861(02)00062-9
http://dx.doi.org/10.1016/S0032-3861(02)00062-9
http://dx.doi.org/10.1016/S0032-3861(02)00404-4
http://dx.doi.org/10.1016/S0032-3861(02)00404-4
http://dx.doi.org/10.1016/S0032-3861(02)00404-4
http://www.biocomp.eu.com/DesktopDefault.aspx?tabid=415
http://www.ave.kth.se/publications/flyg/books/books/MPC.html
http://eu.wiley.com/WileyCDA/WileyTitle/productCd-047115301X.html
https://www.hansergardner.com/dp/hgweb/detail.cfm?isbn=1-56990-226-7%20%20
http://www.elsevier.com/wps/find/bookdescription.cws_home/680863/description
http://www.haynes.co.uk/webapp/wcs/stores/servlet/ProductDisplay?catalogId=10001&storeId=10001&productId=12201&langId=-1
http://www.knovel.com/web/portal/basic_search/display?_EXT_KNOVEL_DISPLAY_bookid=886
http://www.woodheadpublishing.com/en/book.aspx?bookID=65
http://www.springer.com/materials/characterization+%26+evaluation/book/978-0-412-73150-1
https://www.hansergardner.com/dp/hgweb/detail.cfm?isbn=1-56990-287-9%20%20
http://dx.doi.org/10.1016/1359-835X(96)00008-5
http://search.ebscohost.com/login.aspx?direct=true&db=buh&AN=16235885&site=bsi-live
http://search.ebscohost.com/login.aspx?direct=true&db=buh&AN=16235885&site=bsi-live
http://search.ebscohost.com/login.aspx?direct=true&db=buh&AN=16235885&site=bsi-live
http://www.sampe.org/news/TechColumnPart1.pdf
http://www.sampe.org/news/TechColumnPart2.pdf
http://www.sampe.org/news/TechColumnPart2.pdf
http://www.sampe.org/news/TechColumnPart3.pdf
http://www.woodheadpublishing.com/en/book.aspx?bookID=14
http://dx.doi.org/10.1002/pen.10846
http://dx.doi.org/10.1002/pen.10846
http://dx.doi.org/10.1002/pen.10846
http://dx.doi.org/10.1002/pc.10485
http://dx.doi.org/10.1002/pc.10485
http://dx.doi.org/10.1023/A:1026133826672
http://dx.doi.org/10.1023/A:1026133826672
http://dx.doi.org/10.1023/A:1026133826672


D:\JS CV\papers\2008\bast fibre review Page 16 of 17 20/02/2009  9:13 AM  

100 FJ Guild and J Summerscales, Microstructural image analysis applied to fibre composite materials: a review, 

Composites, 1993, 24(5), 383-394. 

101 J Summerscales (editor), Microstructural Characterisation of Fibre-Reinforced Composites, Woodhead 

Publishing, Cambridge, July 1998.  ISBN 1-85573-240-8.  CRC Press LLC, Boca Raton - Florida, July 1998.  

ISBN 0-8493-3882-4. 

102 AR Clarke and CN Eberhardt, Microscopy Techniques for Materials Science, Woodhead Publishing, Cambridge, 

July 1998.  ISBN 1-85573-587-3.  CRC Press LLC, Boca Raton - Florida, July 1998.  ISBN 0-8493-1552-2. 

103 Jean-Marie Dubot (IUT Lannion stage placement student), Characterisation of the mechanical behaviour of 

linseed fibres in composite materials, University of Plymouth Report, Plymouth, June 2001. 

104 A Reeves, RL Parsons, JW Hettinger and JI Medford, In vivo three-dimensional imaging of plants with optical 

coherence microscopy, Journal of Microscopy, December 2002, 208(3), 177-189. 

105 A Thumm, Visualisation of interfacial behaviour of natural fibre composites, Sustainable Composites Network – 

7th meeting, University of Bath, 11 October 2004. 

106 HSS Sharma and K Kernaghan, Thermogravimetric analysis of flax fibres, Thermochim Acta, 29 September 

1988, 132, 101-109. 

107 HSS Sharma, G Faughey and D McCall, The effect of sample preparation on the differential thermogravimetric 

analysis of flax fibres, Journal of the Textile Institute, 1996, 87(no 2 part 1), 249-257. 

108 GJ Faughey, HSS Sharma and RD McCall, Determining fibre fineness in flax using derivative 

thermogravimetric analysis, scanning electron microscopy and airflow methods, Journal of Applied Polymer 

Science, 24 January 2000, 75(4), 508-514. 

109 P Green, Fibre volume fraction determination of carbon-epoxy composites using an acid digestion bomb, Journal 

of Materials Science Letters, 1 October 1991, 10(19), 1162-1164. 

110 Microwave Acid Digestion Bombs, http://www.parrinst.com/default.cfm?page_id=210, accessed 19 January 

2009 at 17:21. 

111 B Lamy and C Baley, Stiffness prediction of flax fibers-epoxy composite materials, Journal of Materials Science 

Letters, 1 June 2000, 19(11), 979-980. 

112 C Baley, Analysis of the flax fibres tensile behaviour and analysis of the tensile stiffness increase, Composites 

Part A: Applied Science and Manufacturing,  1 July 2002, 33(7), 939-948. 

113 I Van de Weyenberg, J Ivens, A de Coster, B Kino, E Baetens and I Verpoest, Influence of processing and 

chemical treatment of flax fibres on their composites, Composites Science and Technology, July 2003, 63(9), 

1241-1246 

114 K Oksman, M Skrifvars and JF Selin, Natural fibres as reinforcement in polylactic acid (PLA) composites, 

Composite Science and Technology, 2003, 63(9), 1317–1324. 

115 E Bodros, I Pillin, N Montrelay and C Baley, Could biopolymers reinforced by randomly scattered flax fibre be 

used in structural applications?, Composites Science and Technology, March 2007, 67(3-4), 462-470. 

116 Tong Yuanjian and DH Isaac, Impact and fatigue behaviour of hemp fibre composites, Composites Science and 

Technology, December 2007, 67(15-16), 3300-3307. 

117 GW Beckermann and KL Pickering, Engineering and evaluation of hemp fibre reinforced polypropylene 

composites: fibre treatment and matrix modification, Composites Part A: Applied Science and Manufacturing, 

June 2008, 39(6), 979-988. 

118 AC Karmaker and JP Schneider, Mechanical performance of short jute fibre reinforced polypropylene, Journal 

of Materials Science Letters, January 1996, 15(3), 201-202. 

119 Ann-Jeanette Merilä, Stinging nettle fibres as reinforcement in thermoset matrices, MSc Engineering/Materials 

Technology, Luleå University of Technology, 2000. 

120 HPS Abdul Khalil, HD Rozman, MN Ahmad and H Ismail, Acetylated plant-fiber-reinforced polyester 

composites: a study of mechanical, hygrothermal, and aging characteristics, Polymer-Plastics Technology and 

Engineering, August 2000, 39(4), 757-781. 

121 FHMM Costa and JRM D'Almeida,  Effect of Water Absorption on the Mechanical Properties of Sisal and Jute 

Fiber Composites, Polymer-Plastics Technology and Engineering, November 1999, 38(5), 1081 – 1094.  

122 M Karus, M Kaup and D Lohmeyer, Study on Markets and Prices for Natural Fibres (Germany & EU) for 

Fachagentur Nachwachsende Rohstoffe eV, Nova Institute Report FNR-FKZ 99NR163, March 2000. 

123 Aimin Liu, World production and potential utilization of jute, kenaf and allied fibres, China Consulting Inc, 

2007, accessed 19 January 2009 at 17:23. 
124 Nodal Consultants, DiGITIP Study for French Govt Service of Manufacturing Industries, 2001.  

125 S Sundaram, Indian GRP industry fails to meet expectations, Reinforced Plastics, July/August 2002, 46(7/8), 34-

39. 

126 M Kaup, M Karus and S Ortmann, Naturfasereinsatz in Verbundwerkstoffen in der deutschen und 

österreichischen Automobilindustrie - Status 2002 Analyse und Trends, Nova Institut für Őkologie und 

Innovation Auswertung der Markterhebung 2002, February 2003. http://www.nova-institut.de/pdf/Markt_NF-

Verbund.pdf, accessed 19 January 2009 at 17:27. 

127 GC Ellison and R McNaught, The use of natural fibres in nonwoven structures for applications as automotive 

component substrates, Ministry of Agriculture, Fisheries and Food Research and Development report NF 0309, 

February 2000, accessed 19 January 2009 at 17:28. 

128 SV Joshi, LT Drzal, AK Mohanty and S Arora, Are natural fiber composites environmentally superior to glass 

fiber reinforced composites?, Composites Part A: Applied Science and Manufacturing, 2004, 35(3), 371-376. 

http://dx.doi.org/10.1016/0010-4361(93)90246-5
http://www.woodheadpublishing.com/EN/book.aspx?bookID=11
http://www.woodheadpublishing.com/en/book.aspx?bookID=198
http://dx.doi.org/10.1046/j.1365-2818.2002.01086.x
http://dx.doi.org/10.1046/j.1365-2818.2002.01086.x
http://dx.doi.org/10.1016/0040-6031(88)87099-0
http://www3.interscience.wiley.com/journal/68000822/abstract
http://www3.interscience.wiley.com/journal/68000822/abstract
http://www3.interscience.wiley.com/journal/68000822/abstract
http://dx.doi.org/10.1007/BF00744114
http://www.parrinst.com/default.cfm?page_id=210
http://dx.doi.org/10.1023/A:1006776423764
http://dx.doi.org/10.1016/S1359-835X(02)00040-4
http://dx.doi.org/10.1016/S0266-3538(03)00093-9
http://dx.doi.org/10.1016/S0266-3538(03)00093-9
http://dx.doi.org/10.1016/S0266-3538(03)00093-9
http://dx.doi.org/10.1016/S0266-3538(03)00103-9
http://dx.doi.org/10.1016/j.compscitech.2006.08.024
http://dx.doi.org/10.1016/j.compscitech.2006.08.024
http://dx.doi.org/10.1016/j.compscitech.2006.08.024
http://dx.doi.org/10.1016/j.compositesa.2008.03.010
http://dx.doi.org/10.1016/j.compositesa.2008.03.010
http://dx.doi.org/10.1007/BF00274450
http://epubl.luth.se/1402-1617/2000/235/index-en.html
http://dx.doi.org/10.1081/PPT-100100057
http://dx.doi.org/10.1081/PPT-100100057
http://dx.doi.org/10.1080/03602559909351632
http://dx.doi.org/10.1080/03602559909351632
http://www.nova-institut.de/pdf/nova-study-full.pdf
http://www.nova-institut.de/pdf/nova-study-full.pdf
http://www.chinaconsultinginc.com/modules.php?name=Sections&op=viewarticle&artid=10
http://dx.doi.org/10.1016/S0034-3617(02)80148-5
http://www.nova-institut.de/pdf/Markt_NF-Verbund.pdf
http://www.nova-institut.de/pdf/Markt_NF-Verbund.pdf
http://www.defra.gov.uk/farm/crops/industrial/research/reports/Rdrep10.PDF
http://www.defra.gov.uk/farm/crops/industrial/research/reports/Rdrep10.PDF
http://www.defra.gov.uk/farm/crops/industrial/research/reports/Rdrep10.PDF
http://dx.doi.org/10.1016/j.compositesa.2003.09.016
http://dx.doi.org/10.1016/j.compositesa.2003.09.016
http://dx.doi.org/10.1016/j.compositesa.2003.09.016


D:\JS CV\papers\2008\bast fibre review Page 17 of 17 20/02/2009  9:13 AM  

129 AR Reed and PT Williams, Thermal processing of biomass natural fibre wastes by pyrolysis, International 

Journal of Energy Research, 2004, 28(2), 131-145. 

130 JEG van Dam and HL Bos, Consultation on natural fibres: the environmental impact of hard fibres and jute in 

non-textile industrial applications, ESC-Fibres Consultation no 04/4, Rome, 15-16 December 2004.  

131 MA Khan, Life Cycle Assessment of natural vs man-made fibers as reinforcement for composites, MSc 

dissertation, University of Plymouth, 2007. 

132 Nilmini PJ Dissanayake, J Summerscales, SM Grove and MM Singh, Comparative life cycle assessment for 

natural vs glass fibres as reinforcement for composites, Conference: Sustainable Materials, Polymers & 

Composites, Coventry, 11 September 2007. 

133 Nilmini PJ Dissanayake, J Summerscales, SM Grove and MM Singh, Comparative life cycle assessment for 

natural vs glass fibres as reinforcement for composites, Composites Innovation 2007 - improved sustainability 

and environmental performance, Barcelona, 4-5 October 2007. 

134 Nilmini Dissanayake, HN Dhakal, SM Grove, MM Singh, J Summerscales, Optimisation of energy use in the 

production of flax fibre as reinforcement for composites, International Conference on Flax and Other Bast Plants 

(Fiber Foundations - Transportation, Clothing and Shelter in the Bioeconomy), Saskatoon (Saskatchewan), 21-23 

July 2008, Abstract #10, pages 47-58. ISBN-13: 978-0-9809664-0-4.  

135 Nilmini Dissanayake, J Summerscales, SM Grove, MM Singh, Infusion of natural vs. synthetic fibre composites 

with similar reinforcement architecture in the context of a LCA, The 9th International Conference on Flow 

Processes in Composite Materials (FPCM-9), Montréal, 8-10 July 2008.  CD-ROM/pdf/z_poster/19.pdf. Book of 

abstracts page 124.  

136 Adisa Azapagic et al, Polymers, the Environment and Sustainable Development, John Wiley & Sons, March 

2003, ISBN 0-471-87741-7. 

137 A Azapagic, S Perdan and R Clift (editors), Sustainable Development in Practice - Case Studies for Engineers 

and Scientists, John Wiley & Sons, May 2004. ISBN 0-470-85609-2. 

138 Environmental Management – Life Cycle Impact Assessment – Examples of Application of ISO14042, 

International Standard PD ISO/TR 14047:2003(E), 11 December 2003.  ISBN 0-580-43112-6. 

139 Paweł Kaźmierczyk (editor), Sustainable use and management of natural resources, EEA Report No 9/2005. 

ISBN 92-9167-770-1. ISSN 1725-9177.  

140 Nilmini P J Dissanayake, J Summerscales, SM Grove and MM Singh, Energy use in the production of flax fibre 

for the reinforcement of composites, in preparation. 

141 Table of Embodied Energy Coefficients, Centre for Building Performance Research (NZ), 

http://www.vuw.ac.nz/cbpr/documents/pdfs/ee-coefficients.pdf, accessed 19 January 2009 at 17:31. 

http://dx.doi.org/10.1002/er.956
http://www.fao.org/es/esc/common/ecg/51423_en_esc_4.pdf
http://www.fao.org/es/esc/common/ecg/51423_en_esc_4.pdf
http://www.vopnet.net/files/Nilmini%20John%20conference%20presentation.pdf
http://www.vopnet.net/files/Nilmini%20John%20conference%20presentation.pdf
http://www.vopnet.net/files/Nilmini%20John%20conference%20presentation.pdf
http://eu.wiley.com/WileyCDA/WileyTitle/productCd-0471877417.html
http://eu.wiley.com/WileyCDA/WileyTitle/productCd-0470856092.html
http://eu.wiley.com/WileyCDA/WileyTitle/productCd-0470856092.html
http://reports.eea.europa.eu/eea_report_2005_9/en/EEA_report_9_2005.pdf
http://www.vuw.ac.nz/cbpr/documents/pdfs/ee-coefficients.pdf

