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Preliminary investigations using nanoindentation 3 

Preliminary to the atomic force microscopy measurements, nanoindentation 4 

measurements with a Nanoindenteur XP (MTS Nano Instruments, Oak Bridge, Tennessee, 5 

USA) used at room temperature and equipped with a three-side pyramid indenter (Berkovich-6 

Berko XPT-12761-0) were used to evaluate the indentation modulus of the samples. Once 7 

the indenter touched the surface, the strain rate was set at 0.05 s-1 (i.e., 1 µN/s) during 8 

loading to reach a depth limit of 120 nm. The load was held at the maximum value for 60 s 9 

and then the withdraw was done with the same loading rate up to 10% of the maximum load.  10 

In Supplementary Table 1, nanoindentation moduli (NI) and hardness measured for 11 

ancient and modern flax fibres in S2 layers and embedding resin are reported with their 12 

relative standard deviations. 13 

The nanoindentation measurements are in agreement with the AFM PF-QNM analysis 14 

and the flax yarn from ancient Egypt seems to have higher indentation modulus than the 15 

modern flax yarn.  16 

 17 

FTIR-ATR spectroscopy  18 

Material 19 

A small subsample of around 5 mm from both the modern and the ancient flax yarn 20 

were directly analysed with a FTIR-ATR spectroscope.  21 

 22 

Method 23 

Spectra were acquired at room temperature with a Vertex70v vacuum Fourier 24 

Transform Infrared spectrometer (Bruker, USA) equipped with a DLaTGS detector, a KBr 25 

window, the KBr beamsplitter and an Attenuated Total Reflection golden gate accessory 26 

(germanium cell). Spectra were acquired in absorbance mode with a spectral resolution of 4 27 

cm-1 and in a range from 4000 to 600 cm-1. 28 
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Both spectra from modern and old yarns were acquired with an accumulation of 64 29 

scans after the background subtraction of a spectrum “in air” with OPUS software (Bruker, 30 

USA). The acquisition range was from 500 to 4000 cm-1. The spectra were elastic baseline 31 

corrected and unit vector normalized using Opus software (Version 7.5).  32 

 33 

XRD investigations 34 

Wide-angle X-ray diffraction (WAXD) measurements were performed under ambient 35 

conditions on a Siemens D500 diffractometer CuKα radiation. Scans were collected from 2θ 36 

= 5 to 60° with step size of 0.03° at 4 s/step (Fig. 1). The beam was directed perpendicular to 37 

the fibre yarn length. 38 

Crystallinity was calculated using Eq. 1, where Itot is the intensity at the primary peak for 39 

cellulose I (at 2θ = 22.5°) and Iam is the intensity from the amorphous portion evaluated as 40 

the minimum intensity (at 2θ = 19.0°) between the primary and the secondary peaks (Fig. 1). 41 

    C =  Itot−Iam
Itot

 ×  100    (Eq. 1) 42 

 43 

NMR analysis 44 

NMR investigations were performed on modern and old yarns according to the protocol 45 

described in 1. Solid state 1H/13C CP/MAS NMR experiments were performed on a Bruker 46 

Avance III 400 MHz spectrometer with a 13C frequency of 100.62 MHz by using a double 47 

resonance H/X CP/MAS 4 mm probe. The cellulose cell wall crystallinity was calculated by 48 

dividing the area of the four peaks of the crystalline region by those of the seven peaks for 49 

the cellulose C4 region. The lateral dimensions of the fibrils (LFD) and the lateral dimensions 50 

of the fibril aggregates (FLAD) were then estimated using a square model of a cross-section 51 

of cellulose microfibril. This work is based on the total cellulosic surfaces of amorphous 52 

cellulose and a microfibril model with cellulosic chains 0.57 nm wide2. 53 

 54 

 55 
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 102 

Supplementary Figure 1. FTIR-ATR spectra of modern (blue) and red (Egyptian) flax yarn.  103 

baseline subtraction and normalization have been done. Three zones are specifically marked 104 

to better highlight differences between the spectra. The main differences between spectra of 105 

the modern and ancient flax yarn are in esters carbonyl absorbances (~1730 cm-1) due to the 106 

hemicellulose, in the absorbance at ~1247 cm-1 of the C-O stretching of the acetyl groups 107 

and in the CH stretching of alkyl groups of cellulose and hemicelluloses around 2920 cm-1 108 

and 2850 cm-13,4. All these peaks are extremely low in the Egyptian flax yarn compared to the 109 

modern one. 110 

 111 

 112 

 113 

 114 

 115 

 116 
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 117 

Supplementary Figure 2. XRD spectra of old and modern flax (A) and comparison between 118 

crystallinity degree obtained through NMR and XRD investigations (B).  119 

 120 

 121 

 122 

 123 

 124 

 125 

 126 
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 127 

Supplementary Figure 3. Samples used for yarn sampling. Mortuary linen, 2140-1976 BCE 128 

(a) and spool of yarn, 2019 AD (b). The yarn collected is indicated by an arrow in the right 129 

part of Supplementary Fig.1.a. Images of a object was obtained with the specific permission 130 

of Le Louvre Museum. 131 

 132 

 133 

  134 
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 135 

Supplementary Figure 4. Tomographic protocol. Example of X-Ray radiograph on the 136 

modern yarn: in Z direction (a) and a slice after reconstruction in Y Direction (b). In (b) one 137 

can see  138 

 139 

 140 

  141 
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 142 

Supplementary Figure 5. Tomographic protocol. Yarn after volume reconstruction at 143 

overall (a) and local (b) scale. Nano Tomographic images were acquired from a measured 144 

volume of 0.5 mm in diameter over a height of 0.8 mm and each projection obtained was the 145 

result of the averaging of 15 acquisitions. Extra images and raw data are available at the 146 

following address: https://doi.org/10.17863/CAM.72394. 147 

 148 

  149 

https://doi.org/10.17863/CAM.72394
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 150 

Supplementary Figure 6. Topography images obtained for old (a) and modern (b) 151 

yarns by Atomic Force Microscopy (AFM). A good flatness of the images is observed; a 152 

more heterogeneous zone appears at the level of the cortical residues for modern flax (b); 153 

the structure and the constituents of these regions are different from those of the fibres which 154 

can lead to disturbances during cutting. In (a) a single flax fibre can be seen, while in (b) a 155 

fibre bundle can be identified. The fibre bundle consists of individual plant cells (fibres) 156 

connected by the middle lamella (dark lines). In the lower-left part of the picture, remains of 157 

the parenchyma can be found. Two to three different areas of each sample (old and modern 158 

respectively) were measured to obtain a better statistic. Extra images and raw data are 159 

available at the following address: https://doi.org/10.17863/CAM.72394. 160 

  161 

https://doi.org/10.17863/CAM.72394
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 162 

Supplementary Figure 7. Data treatment of AFM-PF-QNM investigations. The purple 163 

mask represents the areas used to collect the data for Figure 4.e. Similar calculations were 164 

performed on the other images for modern and old yarn. Two to three different areas of each 165 

sample (old and modern respectively) were measured to obtain a better statistic. Extra 166 

images and raw data are available at the following address: 167 

https://doi.org/10.17863/CAM.72394. The indentation modulus calculated were obtained from 168 

two or three separate images and from between 80,000 and 140,000 points for each image 169 

analysed.  170 

 171 

  172 

https://doi.org/10.17863/CAM.72394
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Tables 173 

 174 

Sample 
Number of 

tests 

Indentation 
modulus in 

GPa 

Standard 
Deviation in 

GPa 

Hardness 
in MPa 

Standard 
Deviation 

in MPa 

Old Sample 
Fibre 23 23.9 ± 3.48 430 ± 70 

Resin 15 5.10 ± 0.20 236 ± 5 

Modern fibre 
Fibre 35 20.7 ± 2.93 396 ± 55 

Resin 23 5.30 ± 0.25 250 ± 19 

Supplementary Table 1. Nanoindentation modulus and hardness obtained on fibre and 175 

resin for old and modern flax samples. 176 

 177 

  178 
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Position (cm-1) in Egyptian and 

modern flax yarn   

Position (cm-1) 

assigned in literature 

Assignment (literature)   Reference  

~ 3334 to 3286  ~ 3600 to 3000  Hydrogen bonded OH (hydroxyl group) 
stretching vibration in cellulose, hemicellulose 
and lignin 

4–7 

~ 2920 ~ 2920 νC-H stretching vibration in cellulose and 
hemicellulose 

5,6 

~ 2895 ~ 2900 

 

νC-H general organic material content of the 
fibre, polysaccharides   

4,8 

 

~ 2850 ~ 2850 νC-H2 in cellulose, hemicellulose and lignin 9,8,4–6 

    ~ 1730 ~ 1730-1735 Carbonyl C=O and carboxyl stretching of 
carboxylic acid or ester group of hemicelluloses 

3–7,9–11 

~ 1635 ~ 1635 Absorbed water  4,7–9 

~ 1595 (present in modern but 
absent in old flax yarn) 

~ 1595 νC=C aromatic in plane   Lignin  3,4,8,12  

~ 1515 present in modern but 
absent in old flax yarn) 

~ 1510 νC-C aromatic in plane    Lignin  4,3,12  

~ 1450 ~ 1455 δC-H; δC-OH 1° and 2° alcohol  4,5 

~ 1425 ~ 1420 δOCH and δHCH in plane, crystalline cellulose  4,13–15 

~ 1365 ~ 1365-1370 δC-H and δCOH of cellulose, hemicellulose 14,16 

~ 1334 ~ 1335 δCH2 and δCOH, mainly cellulose 4,8,14,17 

~ 1315 ~ 1315 δCH2 wagging and δCOH of cellulose, 
hemicellulose  

15 

~1280 ~1280 δCH   16,17 

~ 1247 ~ 1250 νC-O hemicellulose polysaccharides, lignin 13,14 

~ 1234 ~1235 νC-O in lignin and δC-OH in cellulose 14,17 

~ 1203 ~ 1200 δC-OH; δC-CH   4,14,17 

~ 1157 ~ 1155 νasC-O-C; νC-C ring breathing  14,16 

~ 1105 for old flax yarn 

~1099 for modern flax yarn 

~ 1105 νC-O 2° alcohol; νC-O-C glycosidic (mainly 
cellulose) 

14,18 

~ 1050 ~ 1050 νC-OH 2° alcohol  18 

~ 1025 ~ 1025 νC-OH 1° alcohol 4,8,14,18 

~ 1005 ~ 1005 νC-O 14,18 

~ 985 ~ 985 νC-O 14,17 

~ 895 ~ 895 ν(C-O-C) in plane in β-Glycosidic bond 4,8,10,15 

Supplementary Table 2. Correspondence between the peaks recorded in FTIR and the 179 

main constituents of the flax cell walls. All of these data come from literature. The shaded 180 

lines correspond to the peaks highlighted in Supplementary Fig.6; they underline the main 181 

differences related to peaks attributed to hemicelluloses, between spectra of the modern and 182 

old flax yarn.  183 

 184 
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