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Abstract Stinging nettle (Urtica dioica) is a poten-

tial source material for industrial applications. How-

ever, systematic research on the ultrastructural

properties of nettle fibres is lacking. Determining the

ultrastructure of nettle and the other bast fibres also

provides new insights into the studies of archaeolog-

ical fibres and their usage. In this study, the nanos-

tructure of modern and ancient nettle samples was

studied using wide-angle X-ray scattering (WAXS)

and compared to other bast fibres. The culturo-

historical fibre samples consisted of nettle, flax, and

hemp from White Karelian textiles collected 1894 as

well as of 800–900-year-old archaeological textile

fragments from Ravattula Ristimäki burial site, Fin-

land. Using WAXS, the average cellulose crystallite

widths, relative crystallinities and orientational order

(including microfibril angle for the modern fibres)

were determined and compared. The results also

revealed the suitability of the WAXS analysis for fibre

identification. The crystallite widths were of the

similar size for all modern fibres (3.4–4.8 nm). Subtle

differences in the relative crystallinities in descending

order (from flax to nettle, and finally hemp) were

observed. Also, subtle differences in the mean MFAs

were observed (10 ± 1� for flax, 12 ± 1� for nettle,

and 14 ± 1� for hemp). For the culturo-historical

fibres, the values for crystallite widths and relative

crystallinities were larger compared to the corre-

sponding modern references. In addition, features due

to the presence of non-cellulosic, crystalline sub-

stances (e.g., calcium oxalates) were detected in the

WAXS patterns of all the modern nettle fibres. These

features could potentially be used as a tool for

identification purposes.
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Introduction

Plant fibres have been used in clothing, tools, and

decorations since the early days of human history, due

to their accessibility, processability, and great

mechanical properties. The most common plant fibres

used in textile making in the Northern Hemisphere

were flax (Linum usitatissimum), hemp (Cannabis

sativa) and stinging nettle (Urtica dioica). Perhaps one

of the most important fibres for craftmanship has been

stinging nettle (Geijer 1979). Stinging nettle is

believed to be used as textile fibre before the arrival

of the cultivated plant fibres (Riikonen 2011). Even

today, with our greater than ever increasing need for

sustainable and durable textile-making materials,

nettle-derived fibres could potentially prove to be

promising candidates for such purposes. In order to

pursue this, the ultrastructural properties of nettle

fibres need to be studied in more detail.

Nettle fibres, like flax and hemp, are derived from

the plant stem (bast fibres), consisting of elongated,

dead sclerenchyma cells. These cells function as the

supportive tissue of the plant, due to their cell wall

structure and thickness (Sfiligoj et al. 2013). Inside the

cell walls, the cellulose chains are accumulated into

partially crystalline microfibrils, embedded into a

hemicellulose-lignin matrix. The properties and ori-

entation of the microfibrils are significant, as they

affect the strength and stiffness of the whole plant

(Reiterer et al. 1999).

The cellulose microfibrils are helically oriented

around the cell lumen, forming a specific angle with

the vertical axis of the cell, known as the microfibril

angle. In a primary cell wall, the orientation of the

microfibrils is random, in contrast with the secondary

cell walls, in which the microfibrils are highly

orientated within each of three sublayers. The whole

fibre is said to be orientated with a Z-twist if the

microfibrils in the thickest sublayer of the secondary

cell wall twist to the right, while the opposite case (a

left-handed twist) of fibrillar orientation is known as a

S-twist. A modified Herzog test or a red plate test is

utilised to determine the twist direction (S- or Z-twist)

(Haugan and Holst 2013).

Stinging nettle belongs to the family of Urticaceae,

as does the more widely studied ramie (Boehmeria

nivea). Nettle is a wide-spread plant in the wild,

requiring almost no extra watering or care, thus

making it an excellent biodegradable source for fibre

production (Markova 2019). This ecological aspect

combined with other advantageous traits such as its

nontoxicity, processability and ability to be recycled,

have contributed to the popularity and increasing

utilization of nettle fibres and yarn products (Debnath

2015). Nowadays, the interest in plant fibres and fibre-

formed structures is not only limited to textiles as

some common plant fibres have turned out to be very

functional materials for biocomposites due to their

useful mechanical properties (Ramamoorthy et al.

2015). Alongside other well-studied plant fibres

(Sanjay et al. 2019), nettle has been increasingly

researched to determine its suitability to be used as a

composite material (Kumar and Das 2017b; Viju and

Thilagavathi 2020).
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Regarding the history of textile making, it has

recently been suggested that nettle textiles were used

more broadly and commonly in the past than has been

previously assumed (Bergfjord et al. 2012; Vajanto

2014; Suomela et al. 2018, 2020). In fibre research,

nettle fibres have often been overlooked in favour of

flax and hemp, leading to a false identification of the

fibres and incorrect assumptions about the plants used

in crafts. The identification of bast fibres (flax, nettle

and hemp) is still challenging with existing method-

ologies, even though the urge to produce more reliable

results comes from various fields ranging from

archaeology to criminology (Deedrick 2000).

From the archaeological point of view, even single

fibres or their physical traces can provide useful

information about a cultural context. Textile fibre finds

can all potentially contribute to the knowledge of the

materials, techniques, and skills required to make an

item, as well as to past social environments, the

migration patterns of the inhabitants, and ancient trade

routes (Good 2001).

The fibrillar orientation (S- or Z-twist) is one of the

key features of interest when it comes to identifying

bast fibres from both modern and archaeological

textiles. For plant fibre identification studies, com-

monly used techniques include transmission light

microscopy (TLM) and polarized light microscopy

(PLM), which are used to observe the surface char-

acteristics and other distinctive properties of the fibres.

In addition, the cross-sectional characteristics of the

fibres (Suomela et al. 2018) and traces of single

mineral crystals or crystal clusters (druses) in the

fibre-associated tissue (Bergfjord and Holst, 2010) are

also studied. These crystals and druses are mainly

compounds of calcium-derived oxalates and carbon-

ates, formed into a specific crystallographic structure

(Fengel and Wegener 1983; Webb 1999), and are

observable in PML, depending on their sizes and the

resolution of the equipment used. In addition, these

crystals and clusters can be studied further using

scanning electron microscopy (SEM) (Markova 2019)

and plasma-ashing (Jakes and Mitchell 1996).

One example of a type of fibre identification study

that benefits from combining all of the above-

mentioned fibre features is the case of separating flax

and nettle fibres: they share the same fibrillar orien-

tation (Bergfjord and Holst 2010), but have different

and distinctive cross-sectional shapes (Nayak et al.

2012; Suomela et al. 2018; Lanzilao et al. 2016).

Additionally, it has been reported that oxalate crystals

and clusters have not been detected in flax fibres

(Catling and Grayson 1982; Bergfjord and Holst

2010).

The traditional TML and PLM measurements,

which are limited to the micrometer resolution, that

have been conducted on fibre samples do not provide

information about the ultrastructural properties, i.e.

the structures of the cellulose microfibrils. By con-

ducting X-ray Diffraction (XRD) and scattering

measurements on fibre samples, it is possible to obtain

information on the atomic and nanoscale arrangement

of the cellulose. XRD and Wide-Angle X-ray Scat-

tering (WAXS) can be used to determine the amount

of crystalline cellulose in the total weight of the

sample and the size and orientation of the cellulose

crystallites in the cellulose microfibrils. By comparing

the ultrastructural properties of the cellulose microfib-

rils, it is possible to characterize the condition of the

cellulose in the fibre samples (Müller et al. 2007).

X-ray scattering and diffraction methods are widely

used to study the nanoscale properties of cellulose-

based materials, because they are considered to be

non-destructive, i.e. the methods do not often require

any chemical treatment or sectioning of the samples.

From the archaeological point of view, such non-

destructive research methods that only require a very

small amount of sample are highly desirable. X-ray

scattering and diffraction techniques are relatively

unused but promising methods that can be applied on

the structural studies of archaeological and modern

fibres (Müller et al. 2004, 2006, 2007).

In this study, various modern and historical samples

of stinging nettle, flax, hemp, and cotton were studied

using WAXS and traditional microscopy methods

(PLM & TLM). The aim of the research was to gain

information about the structural properties of the

cellulose microfibrils in nettle bast fibres, in contrast to

the better-studied species (flax, hemp, cotton). It

should be noted that there are only a few previous

home laboratory XRD studies conducted on archae-

ologic fibres (Chen et al. 1998). In addition, only a

small number of studies have focused on the structural

properties of pure nettle textile fibres (Bergfjord and

Holst 2010; Bergfjord et al. 2012; Kumar and Das

2017a; Lanzilao et al. 2016), and no systematic

research specifically on the ultrastructural character-

istics of cellulose microfibrils in nettle in comparison

with the other well-studied fibrous species has
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previously been made. Thus, this research provides

novel ultrastructural information, both regarding the

structural properties of stinging nettle and the cellu-

lose structure state of the unique archaeological and

historical bast fibres included in this study.

Materials

For the study, different types of modern (reference)

and culturo-historical (ethnographic and archaeolog-

ical) bast fibre samples were measured using WAXS.

The ethnographic samples were classified as nettle,

flax or hemp based on the previously published TLM

and PLM results (Suomela et al. 2020). In addition,

three archaeological fibre samples were measured

using WAXS to be used as a comparative result, as

well as to test the method’s practicality to study

degraded samples. The TLM/PLM results of these

archaeological fibres are published in a separate article

(Suomela et al. 2022).

The studied reference samples belonged to species

and subspecies of stinging nettle, hemp, and flax

(Table S1 in supplementary). These reference samples

have been classified by the location of the fibres in the

plant (root/stem/crown), by the collection date and by

the method used to detach the fibres. These methods

simulated traditional practices for removing fibres

from surrounding plant tissues. Some fibres were

detached from dried stems, and some were water-

retted in a bucket. Different detachment methods were

applied to see whether they had any influence on the

structure or characteristics of the fibres.

The culturo-historical samples consisted of ethno-

graphic and archaeological samples from two separate

sources. The ethnographic samples are from the

Finno-Ugric Collection SU4522 of the National

Museum of Finland. The samples were extracted from

linen textiles collected in 1894 from the White

Karelian region, Russia, and have been stored in

stable museum conditions since. These textiles repre-

sent the materials from the eighteenth and nineteenth

century, and are presented in detail in Suomela et al.,

2020. Details of the samples can also be found in the

supplementary material in Table S2.

The archaeological samples consisted of small

textile fragments, excavated from a burial ground

located in Ravattula Ristimäki in Kaarina, Finland.

Ravattula Ristimäki was an active excavation site

(2010 to 2016) of the Department of Archaeology of

the University of Turku. The site consists of a semi-

Christian and Christian inhumation cemetery with the

oldest known Christian church in Finland. The burial

ground has been determined to have been in use from

approximately the 12th century to the early 13th

century. As an archaeological period, this timeline

falls towards the end of the local Crusade period

(Ruohonen 2017).

Before any of the studies, the samples were stored

in Eppendorf-tubes at room temperature and normal

moisture conditions.

All of the studied archaeological samples were

found in different graves, and within proximity of

possible bronze and silver-containing items, i.e. the

sheath of a knife (sample TYA 912:523D) and a

bracelet (sample TYA 914:1607:8A). A third sample

was found from the upper body area of the deceased, in

close contact with a glass bead and next to a silver coin

(sample TYA 933:214:9:50).

Methods

Optical microscopy measurements

In this study, the microstructural characteristics of the

selected ethnographic samples representing each bast

fibre type (nettle, hemp, flax), as well as the differ-

ences between them, were illustrated using TLM and

PLM.

All of the ethnographic fibre samples were identi-

fied in a previous study (Suomela et al. 2020) using the

three-stage procedure introduced and explained in

detail by Suomela et al. (2018). The procedure

includes an observation of the longitudinal and

cross-sectional characteristics with TLM and a deter-

mination of the microfibrillar orientation with a

Modified Herzog test using PLM. Based on these

results, the samples were identified as either originat-

ing from nettle, hemp, flax, or cotton, with the fibre

type noted in Table 1 and Table S2 (supplementary).

WAXS measurements and analysis

The orientational order, mean microfibril angle

(MFA), average width of the cellulose crystallites,

and the relative fraction of the crystalline cellulose

(relative crystallinity) of fibre samples were studied
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using wide-angle x-ray scattering (WAXS). The

WAXS measurements were conducted in the X-ray

laboratory at the University of Helsinki using a

custom-built measurement setup with perpendicular

transmission geometry mode. The X-rays were pro-

duced by a conventional copper x-ray tube, powered

by a generator (Seifert) using a current and voltage of

25 mA and 36 kV, respectively. A Montel multilayer

monochromator (Incoatec) was used to select the

corresponding Cu Ka radiation (k = 1.541 Å), and the

scattered intensities were collected onto a MAR345

2D image plate detector (Marresearch).

A sample of lanthanum hexaboride (LaB6) was

used to calibrate the scattering angle 2h-range and to

obtain the value of the instrumental broadening, which

was determined to be approximately 0.3�.
The samples were measured dry, either in the open

air or when placed between two mylar foils in a

washer. The measurement time was 42–60 min per

sample due to the extremely small amount of the

sample material.

The WAXS data was analysed using Matlab. The

data was corrected for background scattering arising

from the air and mylar foils by subtracting the

background, which was measured by using an empty

sample holder covered with two mylar foils. The

absorption, geometrical, and polarization corrections

were applied to the data. The transmission values for

absorption correction, which was conducted before the

background subtraction, were determined from the

primary beam by using a semi-transparent copper

beam stop.

The data was integrated using a 50�-wide sector (for

crystallite width analysis) and a 180�-wide sector (for

relative crystallinity analysis) around the cellulose 200

reflection in the two-dimensional scattering pattern.

From the integrated data, the average width of the

cellulose crystallites (crystallite size) and the relative

Table 1 The average crystallite widths, relative crystallinities, and orientation parameter (OP) obtained from the modern fibres and

ethnographic fibres, extracted from the White Karelian textiles*

Sample Fibre type Crystal width[nm] ± 0.2 nm Relative crystallinity (%) ± 5% MFA (�) ± 1� OP ± 0.09

Root A Flax 4.6 37 12 0.71

Crown A Flax 4.5 34 8 0.68

Stem B Flax 4.1 36 11 0.69

Root C Nettle 3.7 34 19 0.69

Stem C Nettle 4 33 12 0.68

Crown C Nettle 3.4 39 8 0.7

Stem D Nettle 3.9 33 11 0.66

Root E Nettle hyb 3.7 32 12 0.72

Stem E Nettle hyb 3.6 32 12 0.68

Crown E Nettle hyb 3.6 31 12 0.77

Stem F Nettle hyb 3.6 28 15 0.72

Root G Hemp 4.4 24 13 0.62

Root H Hemp 3.9 29 14 0.55

Root I Hemp 3.7 33 14 0.55

Stem J Hemp 4.8 29 14 0.66

Sample 2a* Nettle 5.3 68 0.88

Sample 5a* Flax 7 62 0.7

Sample 9b* Nettle 6.9 68 0.52

Sample 48b* Flax 6.3 53 0.47

Sample 49a* Flax 6 50 0.66

Sample 73ba* Hemp 6.5 51 0.54

Sample 85d* Nettle 6 48 0.48

*(Suomela et al. 2020). The mean microfibril angle (MFA) values were determined for the modern fibres alone
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amount of crystalline cellulose (crystallinity) in the

samples were determined.

For the microfibril angle analysis of the modern

fibres, an azimuthal integration over a 180�-wide

sector around the cellulose 200 reflection was carried

out in a similar way to that described in (Sarén et al.

2004). It must be noted here, that using the azimuthal

profile for a complete fibre sample (i.e., signal arising

from both the front and rear walls), it is not possible to

determine whether the fibre has a Z- or S- twist, as the

microfibrils are helically wound around the cells. In

addition, for the modern and ethnographic fibres, the

level of anisotropy was studied by computing the

orientational order parameter (OP) (Kuczyński et al.

2002). The OP value was determined using the

azimuthal intensity distribution of the cellulose 200

reflection and the contribution of the constant, i.e.

fully isotropic background was neglected. The OP

value was not computed for the archaeological fibres

because they showed WAXS patterns of fabrics; thus,

the comparison of the OP values would not be feasible

for them.

The average crystallite size was obtained using the

Scherrer equation (the shape factor K being 0.9) and a

similar curve-fitting method as described in detail in

(Svedström et al. 2012). The curve fitting method

takes into account the 4 main cellulose reflections

around the 200 peak, which in this dataset corresponds

to the 2h-range from 12� to 28�. Due to the extremely

low scattering intensity acquired for the sample TYA

912, the average crystallite width has been computed

by approximating the FWHM of the 200 reflection

(without Gaussian fitting) and using the Scherrer

equation.

For the modern and ethnographic bast fibre sam-

ples, the relative crystallinity was determined using

the amorphous fitting method reported in full detail in

(Ahvenainen et al. 2016). The scattering contribution

from the amorphous components of the cell wall was

taken into account by using an amorphous standard,

measured from sulphate-lignin (Andersson et al.

2003). In the case of the modern samples of nettle

and hemp, 19 Gaussian peaks were used in the curve

fitting process while for the rest of the fibre samples

(excluding the Ravattula TYA 912 sample), 18

Gaussians were used, based on the cellulose Ib
structure determined by (Nishiyama et al. 2002). The

list of the used cellulose reflections is given in

Table S3. It must be noted that there are several

possibilities for the peak shape (e.g. pseudo-Voigt

function) (Wada et al. 1997). The Gaussian shape of

the peak was justified in our case based on the

calibration sample measurements and the previous

work carried out with various cellulose samples

(Ahvenainen et al. 2016).

Results

Results of the microscope studies

on the microstructure of bast fibres

Here we present examples of the microscale structures

often found in the studied fibres of flax, hemp, and

nettle. The presented examples are unpublished TML

and PML images of the White Karelian fibres, and

complementary information can be found in (Suomela

et al. 2020). Due to large number of samples, cross-

sectioning was conducted by using paper glue as

mounting media which decreases the quality of the

images.

Regarding the ethnographic flax fibres (Sample 5a,

Fig. 1a), sparse cross markings and narrow lumen

were detected. Cross-sectional observations were

done using table glue method (Suomela et al. 2020).

The characteristic polygonal structure and small

lumens typical for flax fibres could be detected in the

images (Fig. 1b). We also used a modified Herzog test

to study the fibrillar orientation, which revealed a twist

in the S-direction (Fig. 1c1 and c2). Due to the set up in

the microscope, the index colours of blue and yellow

(Figs. 1, 2, and 3) appear the opposite than given in

standard SFS-EN ISO 20706-1:2019.

In the longitudinal observation of nettle fibres

(Sample 9b, Fig. 2a), typical cross-markings and

dislocations were observed. It was possible to detect

kidney-shaped structures with flat lumens in the cross-

section images (Fig. 2b). Using a modified Herzog

test, colour features similar to those observed in flax

fibres were detected, thus the fibrillar orientation was

determined to be S (Fig. 2c1 and c2).

The only ethnographic hemp sample, 73ba, had

typical cross-markings and dislocations for bast fibres

(Fig. 3a). Circular shaped large lumens were visible in

the cross-sectional image (Fig. 3b), however polygo-

nal and kidney-shaped forms were also detected.

Nevertheless, in case the of hemp, the identification

can be grounded on the modified Herzog test which
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Fig. 1 TLM and PLM images of the White Karelian flax fibre 5a

Fig. 2 TLM and PLM images of the White Karelian nettle fibre 9b

Fig. 3 TLM and PLM images of the White Karelian hemp fibre 73ba
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clearly shows an opposite twist to that of flax and

nettle (Fig. 3 c1 and c2).

WAXS results

We studied the cellulose crystallite widths, relative

amount of crystalline cellulose, and the orientational

order parameter (and mean microfibril angle in the

case of modern fibres) of the fibre samples using

laboratory X-ray scattering equipment. The size of

X-ray beam used was 1 mm. The size of the measured

fibres varied from 1-mm-thick clusters (reference

samples) and microscopical pieces of fabric weaves

(archaeological samples) down to a minimum of

100-lm-thick bundles (ethnographical samples): the

measured parameters are average values across the

whole sample (considering the beam size, a corre-

sponding area within the sample is covered). The

acquired parameters of interest for each studied

sample are presented in Table 1 (modern fibres &

ethnographic fibres), and Table 2 (archaeological

fibres). For the ethnographic cotton samples, the

acquired values for crystallite widths can be found in

Table S4 (supplementary).

The modern (reference) fibres

For the modern fibres, the obtained average crystallite

widths ranged from 3.4 nm to 4.8 nm, with the

accuracy of the results being 0.2 nm. On the average,

the obtained crystallite width was smallest in the nettle

samples (range 3.4–4.0 nm) compared to the values

obtained for flax and hemp (range 4.1–4.6 and

3.7–4.8 nm, respectively).

The relative crystallinity values obtained for mod-

ern fibres were all between 24 and 34% (± 5%-units),

showing an ascending order from hemp (24–33%) to

nettle (28–34%), and finally to flax, with the highest

acquired crystallinity values (34–37%). Examples of

the WAXS patterns and crystallinity fits of the modern

fibre samples are presented in Fig. 4 (Nettle), S1

(Hemp), and S2 (Flax).

In the case of the microfibril angles, small mean

MFA values for all species and samples were detected.

The acquired mean MFA values for nettle samples

ranged from 8� to 19�, and for flax samples from 8� to

12�. In the case of hemp, the obtained MFA values

were similar or slightly higher, the mean being around

14�. Also based on the lower OP values, the hemp

fibres were slightly more isotropic than flax and nettle

fibres.

In addition to the WAXS pattern of cellulose, in the

2D scattering images of the modern nettle and hemp

fibres, bright diffraction spots with high relative

intensities were detected. The possible origin and

significance of these observations is covered in the

Discussion section below.

The ethnographic (White Karelian textile) fibres

For the White Karelian fibres of flax, nettle, and hemp,

the average crystallite widths ranged from 5.3 to 7 nm

(Table 1). For the cotton fibre samples from the same

collection, the average crystallite width ranged from

6.4 to 7.8 nm (Table S4).

The relative crystallinity values of the cellulose in

the ethnographic fibres of flax, nettle, and hemp were

determined to be between 48 and 68%. An example of

the crystallinity fit, along with the 2D scattering image

for a garment nettle fibre, is presented in Fig. 5.

The archaeological (Ravattula Ristimäki) fibres

For all of the Ravattula archaeological samples, the

main reflections of cellulose Ib (110, 1–10, 200, 004)

were observed in the WAXS patterns (Nishiyama et al.

2002), thus verifying the preservation of cellulose

crystals. It was possible to obtain the average crystal-

lite widths using the scattering patterns, as the

cellulose 200 reflection was strongly observable in

all three measured samples, which are all presented in

Fig. 6d.

For samples TYA 914 and TYA 933, despite the

small amount of the sample material, it was possible to

generate the average crystallite widths by using the

Gaussian fitting method around 200 reflection

Table 2 The obtained average crystallite widths obtained for

the archaeological fibre samples from Ristimäki in Ravattula

Sample Crystal width[nm]

TYA 912:523D 6.1 ± 0.5 nm

TYA 933:214:9:50 7 ± 0.2 nm

TYA 914:1607:8A 5.6 ± 0.2 nm

For clarification reasons, the samples are referred to in

descending order as Ravattula TYA 912, Ravattula TYA

933, and Ravattula TYA 914 within the text
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Fig. 4 The crystallinity fit of the modern reference stinging

nettle sample Root C, with the 2D scattering image of the same

sample. The data used in the crystallinity analysis has been

integrated from the 180�-wide sector around the upmost 200

reflection of cellulose. The crystallite deposits are marked with

red arrows. As can be detected here, the crystallinity analysis

considers only the cellulose reflections, as indicated with a black

dotted line (i.e., the obtained result is the amount of crystalline

cellulose among the whole sample)

Fig. 5 The crystallinity fit of the ethnographic nettle sample 85d, with the 2D scattering image of the same sample. The data used in the

crystallinity analysis has been integrated from the 180�-wide sector around the upmost 200 reflection of cellulose
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(described in the Methods section). Only for the

sample TYA 912, was the average crystallite width

manually estimated by using the Scherrer equation, as

the fitting of the Gaussian peaks did not produce

reliable results due to low scattering intensities

observed (see Fig. 6d). Thus, the error margin for this

result is different (larger) from the other two.

Discussion

Samples consisting of modern, ethnographic, and

archaeological fibres were measured using WAXS to

determine the average cellulose crystallite width and

relative crystallinity index for the fibre samples.

Transmission and polarization light microscopies

were also used to reveal the individual and cross-

sectional microscale structural features as well as the

fibrillar orientation (S/Z-twist) of the chosen ethno-

graphical fibre samples, which represent each of the

bast fibre types in this study.

Microscopy studies

The problems inherent to microscopy method-based

identification of bast fibres have been discussed

widely: see Suomela et al. 2018, 2020; Haugan and

Holst, 2014; Lukesova and Holst 2020. There are

Fig. 6 The 2D scattering images of Ravattula samples. a 2D

image of sample TYA 912, b 2D image of sample TYA 914,

c scattering image of the sample TYA 933. This sample was in

the best condition, as the diffraction maxima for the cellulose are

clearly visible. In d the most common Cu-compounds and quartz

(SiO2) responsible for mineralization are mapped with the

integrated intensities of each sample
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interpretation issues in longitudinal, cross-sectional as

well as in the modified Herzog test images.

In this study, we were not able to detect calcium

oxalate crystals in any of the studied samples using

PLM. Utilizing the absence or presence of calcium

oxalate crystals in the fibre surrounding tissues as a

conforming identification feature is also challenging,

since if the studied fibres are old or have been

thoroughly processed it is highly likely that the

crystal-containing tissues may no longer be present.

As mentioned by Bergfjord and Holst (2010), in the

case of archaeological samples the crystals may be in

such a fragmented state that they are no longer visible

or identifiable. Thus, plasma-ashing and further anal-

ysis with SEM have been suggested (Jakes and

Mitchell 1996).

However, SEM and plasma-ashing are destructive

methods, which in general makes them less desirable

to be used on valuable archaeologic samples. As a

non-destructive method, XRD offers a way to study

nanosized mineral crystallites, especially if the weight

fraction of the mineral among the sample is high

enough.

Based on the literature, it can also be hypothesized

that the cellulose-formed crystalline structures are the

most intact parts of the archaeological plant samples

(Atalla and VanderHart 1984; Hearle et al. 1998; Han

et al. 2020). Thus, XRD offers an important additional

characterization tool in addition to light microscopy

methods.

WAXS results on the modern fibres

Based on the WAXS results, the average crystallite

widths among the modern fibres varied from 3.4 to

4.8 nm. It should be noted that the values of the

crystallite widths varied significantly within the same

plant species. This variation is most likely explained

by the natural variation of the growth within biological

systems.

For flax and hemp, the obtained average crystallite

widths are very similar compared to the values

acquired in earlier XRD studies: values of around

4.5 nm (Duchemin et al. 2012) and 3.9 nm (Leppänen

et al. 2009) were obtained for flax fibres, and 4.8 nm

(Virtanen et al. 2012) for hemp, (all of the values were

analysed from the cellulose 200 reflection).

In the case of mean MFA, the obtained values

ranged from 8� to 19� within all the studied modern

fibres. For flax and hemp, the obtained MFA values,

8–12� and 13–14� respectively, are similar to the

reported values of 8–11� in (Bourmaud et al. 2013;

Astley and Donald 2001; Placet et al. 2011).

No earlier data on the average crystallite widths or

MFAs in the case of stinging nettle could be found in

the literature. Based on the good agreement between

our data and earlier results on the average crystallite

widths and MFA of flax and hemp, the obtained values

for stinging nettle are reliable and convincing.

In the case of relative crystallinity in modern flax

and hemp fibres, higher and similar kind of values

have been obtained in earlier studies (Duchemin et al.

2012; Thygesen et al. 2005). In the work by Thygesen

et al. (2005), the crystallinity values were determined

by using a corresponding analysis method (amorphous

standard method) and are very similar with the

crystallinity values obtained for the ethnographic bast

fibres in this study. Also Duchemin et al. (2012) used a

corresponding peak fitting method, and the values

obtained by that for raw and treated flax fibres are

similar with the values obtained for the modern flax

fibres of this study.

A higher crystallinity value was obtained for

stinging nettle fibres in the earlier studies of Kumar

and Das (2017a), in which the relative crystallinity

value was determined to be approximately 66%.

However, they used Segal peak height-method (Segal

et al. 1959) to obtain the crystallinity values for their

fibre samples, and this method has been shown to

produce too high crystallinity values compared to

other analysis methods (Thygesen et al. 2005; Park

et al. 2010; Ahvenainen et al. 2016).

As mentioned in the results section, another inter-

esting feature in all of the measured modern samples

of nettle and hemp are the crystallite deposits (other

than cellulose) that were observed based on the 2D

scattering patterns. These deposits were revealed by

the bright diffraction spots and Debye rings, and were

also noted in the integrated scattering intensity curves

as sharp peaks (spotted by arrows, Figs. 4 and S1). The

single bright spots are caused by individual single

crystals. Debye rings are detected when the studied

material contains these types of crystals in large

quantities, isotropically distributed in all possible

orientations (i.e., powder-like) throughout the sample.

Most notably, for all of the measured modern nettle

samples, both bright spots and Debye rings were

present in all of the scattering patterns. The Debye
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rings are especially of interest in this case, as they

suggest that the density and distribution of the crystals

responsible for the rings are somewhat constant (with

a powder-like distribution) throughout the measured

sample. For the hemp samples, only bright spots

(arising from single crystals) were observed, as shown

in Figure S1. The compounds could potentially be Ca

and Si-based, due to their great abundance in plant

material overall (Burchi et al. 2014) (see Figure S3,

supplementary).

The properties of these crystal deposits, e.g., their

density and amount, based on the relative intensity of

their diffraction peaks, are higher in all of the

scattering patterns obtained for the nettle samples

compared to hemp samples. The crystallite deposits

are assumed to be the single crystals or clusters formed

of different compounds of calcium carbonates and

oxalates (Fengel and Wegener 1983; Webb 1999).

The origin of the calcium oxalate crystals in the

studied modern fibres is uncertain as these crystals can

form in the plant due to various reasons. The oxalate

crystals produced by plants are often located in

specialized tissue rather than in the fibre tissue itself

(Webb et al. 1999). It is also known that the fungal

growth associated with wood and plant fibres can

produce calcium oxalate crystals (Schwarze 2007).

Part of the modern fibres in this study were retted in a

bucket, thus some rot fungi may have been present in

the process.

For all of the flax samples, similar clear intensity

maxima due to the crystal deposits (excluding crys-

talline cellulose spectra) were not detected in the

scattering patterns. This corresponds to the hypothesis

based on earlier PLM results in the literature, that the

cellular tissue of flax does not contain observable

crystal deposits (Catling and Grayson 1982). How-

ever, it must be noted that the absence of these crystals

in the case of XRD might be caused by the fact that the

relative amount of the crystal compounds is too low to

be detected.

WAXS results on the White Karelian ethnographic

fibres

The White Karelian fibres of flax, nettle, and hemp

show significantly higher crystallite widths

(5.3–7 nm) and crystallinity values (48–68%) com-

pared to the modern fibres extracted from the same

species. In addition, the ethnographic nettle and flax

fibres were on the average slightly more isotropic

compared to the corresponding modern fibres based on

the OP values; however, the differences between the

ethnographic samples were high.

One possible explanation for the larger crystallite

size and crystallinity compared to those of the modern

fibres is the mechanical and/or chemical treatments of

the fibres connected to the textile making process, as

well as wear and care. Certain chemical compounds,

e.g., strong bases or acids, and mechanical processes,

i.e., milling, as well as sun light are known to break

down the amorphous compounds within plant mate-

rials (Hearle et al. 1998, Dadashian et al. 2001;

Lionetto et al. 2012; Castro et al. 2011). This can cause

the remaining cellulose chains to aggregate, as has

been observed previously in the case of much stronger

chemical treatments such as kraft and sulphite pulping

and acid hydrolysis (Leppänen et al. 2009; Virtanen

et al. 2012).

The increase in the relative crystallinity of cellulose

in fibres due to alkali treatment has also been observed

earlier in nettle (Kumar and Das 2017a) and hemp

(Sawpan et al. 2011). In the case of flax, only a slight

increase in the crystallinity index and the average

crystallite widths due to alkali treatment has been

observed (Cao et al. 2012).

However, it should be noted that the culturohistor-

ical materials in this study are from time periods when

textiles were produced with craft methods. The fibres

were most likely first retted and dried, and afterwards

commonly braked and stripped to remove the woody

xylem of the plant. In the case of nettle, it is also

possible that the xylem was removed already from the

fresh plants. In the retting process, the fibres are

separated from other plant tissues with the aid of

moisture and micro-organisms. When properly done it

does not affect the highly crystalline bast fibres, but it

does dissolve lignin (Hearle et al. 1998).

Regardless of the techniques used, the fibres have

gone through vigorous mechanical processes, both in

textile manufacturing and care. We cannot say much

about the laundry methods in the Late Bronze Age, but

in the nineteenth century it was common to use

strongly alkaline base compounds, e.g., potassium

carbonate and sodium hydroxide, for washing pur-

poses. Lye was traditionally produced from birch

ashes, and laundry would be boiled and pounded in it

before being twisted in running water to rinse (Vilkuna

1943).
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Additionally, the studied fibres were most likely

exposed to direct sunlight for bleaching purposes. Bast

fibres obtain their brownish colour from lignin and

traditional practices; ready textiles or cloths were

bleached in sunlight with the intention of breaking

their lignin structures. In photo-oxidation (Tı́mar-

Balázsy and Eastop 1998), in addition to lignin

dissolution, certain wavelengths of ultraviolet radia-

tion are known to break down the amorphous cellu-

losic compounds in different plant materials, leading

to a higher relative crystallinity for the remaining

cellulose (Hearle et al. 1998, Dadashian et al. 2001;

Lionetto et al. 2012).

WAXS results on the Ravattula archaeological

fibres

The obtained crystallite widths for the Ravattula

samples are similar, within the error limits

(5.6–6.1 nm), compared to the values obtained for

the ethnographic samples 2a, 85d, 48b, and 49a, which

might be explained by the fact that the Ravattula fibres

were probably extracted from the same species of

plants (nettle, hemp, or flax), and treated with roughly

similar kinds of treatments.

In addition to the results on crystallite width and

relative crystallinity, the 2D scattering images can also

provide information about the possible degradation of

the cellulose and the mechanical treatments conducted

on the fibre, e.g., the textile fibre twisting. In the case

of the native fibres, the azimuthal integral was used to

determine the cellulose microfibrillar orientation in

the form of the microfibril angle. However, for the

Karelian and Ravattula fibres this kind of fibrillar

orientation could not be determined similarly,

because depending on the bundle sizes of the fibre

samples, the cellulose 200 reflection can be broadened

in the azimuthal direction due to various factors. One

possible explanation for the azimuthal broadening is

that the studied fibre material has gone through some

sort of fibre twisting-procedure. For the archaeological

samples TYA912 and TYA914, the observed reflec-

tions in the 90-degree azimuthal periods are connected

to the fabrics’ structure.

Overall, the ability to observe the cellulose reflec-

tions, especially in the samples TYA 912 and TYA

914, shows the low degradation rate of the cellulose

within the fibres. This is quite surprising, because

there are not many well-preserved archaeological

plant-fibre samples from different textiles from

eleventh century Finland due to the acidic soil type

(Riikonen 2011).

The archaeological samples were associated with

metal-containing objects, which has potentially helped

the preservation of the fibres. The possible mineral-

ization could be observed from the 2D scattering

images, as they have many clear Debye rings, which

might arise from the metallic oxides, reasonably from

copper-containing compounds (Fig. 6a, b and c).

Some of the common compounds (CuCl, CuCl2,

CuO2, and Cu2CO3) identified in earlier studies

(Reynaud et al. 2020) were present in the integrated

scattering curves (see Fig. 6d). It has been observed

earlier that close contact with metal items promotes

the conservation of textile fibres by preventing

microbial activity (Janaway 1987). The corrosion

process releases metal ions which impregnate the fibre

partially or fully, creating a pseudomorph. In addition

to microbial activity, acidic soil, which is common in

Finland, degrades cellulose-based fibres through acid-

based hydrolysis (Hearle et al. 1998). Therefore,

surviving textile finds from Finland are often linked to

metal artefacts.

The main reflections of quartz (SiO2-alpha) were

also observed (Fig. 6d), verifying the presence of soil

residuals within the archaeological samples.

In addition, fungal activity within the ancient fibres

on their preservation sites can produce compounds of

calcium and copper oxalates (Jarosz-Wilkolazka and

Gadd 2003). Based on the XRD data, calcium oxalates

were not present in the Ravattula fibres, however,

fungal degradation could potentially explain the

observed copper oxalates.

Moreover, the scattering data from this study on the

archaeological samples emphasized the fact that a

synchrotron facility is not necessarily needed to study

archaeological fibre samples. Crucial information

about the ultrastructural properties of these types of

fibres can also be obtained by using home laboratory

WAXS equipment.

Comparison of the results for all of the fibres

Based on the results for the cellulose crystallite widths

obtained for all the samples, the different bast fibre

types (hemp, flax, or nettle) cannot be distinguished

from each other. This is in line with the earlier

conclusions presented by Müller et al. regarding
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archaeological fibres of the same type: hemp/flax/

ramie (Müller et al. 2004, 2007). They concluded that

only cotton fibres could be distinguished indisputably

from all the other bast fibres.

In the present study, the average cellulose crystal-

lite widths in the studied historical cotton fibre

samples were similar compared to the other historical

fibre types studied. So, it could be noted here that the

cellulose crystallite widths were determined to be

significantly larger for all of the historical/archaeo-

logical fibre samples compared to the crystallite

widths of recent fibres. As such, this is a highly

interesting observation and result.

Even though the cellulose crystallite width does not

provide information that can be used in the fibre

identification, the whole 2D scattering pattern pro-

vides a potential tool for identification purposes. The

scattering patterns of modern nettle fibres had features

that were not present in any other studied modern

fibres: the Debye rings arising from the powder-like

distribution of plant mineral crystals. However, these

same features were not present in the ethnographic or

archaeologic nettle fibres, suggesting that some of the

possible treatments of the textiles have removed these

mineral crystal deposits from the fibres.

Based on our observations and the results obtained

from the set of studied fibres, the Debye rings could

potentially be used as an indication of fibre type and

condition. When the Debye rings are present in the 2D

WAXS patterns, it is possible to distinguish fibres with

the same crystallite widths, i.e., nettle fibres from flax

and cotton, as the mineral compounds (possible Si or

Ca compounds) responsible for the rings are only

present in nettle. Furthermore, this information could

potentially be useful for criminal investigation pur-

poses, as well as for historical research concerning

nettle textiles and fibres.

Conclusions

In this study, modern, ethnographical and archaeolog-

ical fibre samples of flax, hemp, and nettle were

studied using Wide-angle X-ray Scattering (WAXS).

The scattering patterns of crystalline cellulose were

observed in all of the archaeological fibre samples,

thus revealing the presence of crystalline cellulose in

significant amounts in all these samples. By using the

WAXS data, the ultrastructural features of modern

nettle fibres were determined and compared to the

corresponding values of flax and hemp, which has not

been done previously. The average cellulose crystal-

lite width in the modern nettle fibres was 3.7 nm,

which was slightly smaller than the average crystallite

widths of flax (4.4 nm) and hemp (4.2 nm). However,

the variability between the individual fibre samples

was of the same scale than the differences between

these species.

Interestingly, the cellulose crystallite widths and

relative crystallinities were significantly larger in all of

the historical and archaeological fibre samples studied,

which might correspond to annealing effect. The

scattering patterns of the modern nettle fibres revealed

the presence of other crystalline compounds, presum-

ably different compounds of Ca and Si, which were

seemingly abundant throughout the measured nettle

fibre samples. This observation could potentially be

further utilized to identify modern nettle fibres from

flax, hemp, and cotton. It can be concluded that the

laboratory WAXS results revealed the ultrastructure

and state of cellulose structures in the historical and

archaeological fibres, and thus further studies regard-

ing different archaeological fibre remnants should be

conducted.
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Suomela JA, Vajanto K, Räisänen R (2018) Seeking nettle

textiles-utilizing a combination of microscopic methods

for fibre identification. Stud Conserv 63(7):412–422.

https://doi.org/10.1080/00393630.2017.1410956
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