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Abstract 

The industrial process of extracting flax fibers from a plant (Linum usitatissimum L.), which 

involves a combination of retting and scutching, could lead to matter heterogeneity within 

individual roll bales. Although many studies have investigated the variability of flax fiber 

compositions and properties as functions of various factors throughout the value chain, no 

researchers have focused on long-fiber bale heterogeneity and its impact on quality. In this 

work, five batches were empirically identified based on visual and textural criteria, and were 

subsequently characterized. The study of their differences and similarities using a combination 

of physicochemical methods allowed them to be classified into several groups, depending on 

the criteria measured and the structural scale. Thus, variations in surface composition were 

related to the presence of external tissue residues and microbial biomass but were not related to 

the measured polysaccharide composition. Additionally, the technical fibers displayed different 

mechanical and hygroscopic properties, which could be distributed within 2–4 groups, 

independent of color and surface composition criteria. This study is a first step in determining 

fiber heterogeneity, which constitutes a global quality assessment for the further application of 

flax fibers. 

Keywords : Flax fiber, Heterogeneity, Mechanical properties, Hygroscopic properties, Physico-

chemical analyses

1. Introduction 

Flax fibers (Linum usitatissimum L.) are 

among the most widely used plant fibers in 

the present-day textile and composite 

industries. Due to their mechanical properties 

and unique technical characteristics, such as 

density and hygroscopic properties, these 

bast fibers are a good alternative to cotton 

and nonsustainable synthetic fibers (Atav et 

al., 2023; Sanjay et al., 2018). In planta, they 

are organized as bundles of elementary fibers 

in the outer part of a stem. Elementary fibers 

are plant cells approximately 15–25 µm in 

diameter and 2–5 cm in length that are 

composed of a thick cell wall of primarily 

crystalline cellulose, which confers high 

mechanical properties (Bos et al., 2002; 

Bourmaud et al., 2013). Furthermore, 

hemicelluloses and pectins of various types, 

such as xyloglucans, glucomannans, and 

rhamnogalacturonans, are present within the 

primary and secondary cell walls, 

constituting an amorphous structure that 

embeds the cellulose microfibrils (Rihouey et 

al., 2017). The elementary fibers are then 

held together in bundles by the middle 

lamella, which is a matrix composed of 

another type of pectin called 

homogalacturonans. Besides these various 

polysaccharides composing the majority of 

fibers, lignins can also be found in small 

proportions in the middle lamella and 

primary cell wall. 
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In Europe, the extraction process of bast 

fibers such as flax and hemp fibers involves 

a pretreatment of the stems in the field; this 

pretreatment is known as dew retting 

(Paridah et al., 2011). The aim of this 

treatment is to degrade the compounds 

responsible for the cohesion between the 

fiber bundles and the other tissues of the stem 

to facilitate the separation of the outer 

cortical tissues from the inner woody tissues. 

Moreover, this separation can lead to partial 

decohesion of the bundles. This degradation 

is induced by multiple enzymatic activities 

(Brown et al., 1986; Meijer et al., 1995) 

originating from microorganisms in the soil 

and phyllosphere. The complex retting 

process is directly linked to climatic 

conditions, which impact the colonization 

and development of microorganisms on 

plants laid on the ground in windrows. The 

process is stopped by human intervention 

when pectic and hemicellulosic compounds 

are assumed to be sufficiently hydrolyzed 

before the degradation of cellulose. The 

windrows are then collected as straw bales. 

Fibers are extracted from straw by a 

mechanical process called scutching. The 

efficiency of scutching is highly dependent 

on the degree of retting (Akin et al., 2005), 

that is the extent of degradation of the middle 

lamella within the fiber bundle and cell wall 

constituents of the epidermis and 

parenchyma surrounding the bundles. 

Subsequently, technical fibers are recovered 

in different forms, such as elementary fibers, 

bundles, and groups of bundles (Barbulée et 

al., 2014), and packaged in bales of long 

fibers before entering various transformation 

chains. 

Technical fibers at this stage of scutching are 

subjected to high variability resulting from 

several individual and combined key point 

events that occur throughout the process, 

from sowing to extraction. In addition to 

initial genetic factors and agricultural 

practices (Baley et al., 2020), dew retting is a 

vital factor that directly impacts the initial 

mechanical extraction process according to 

the conditions and equipment used. The 

variability of the technical fibers occurs at 

various scales, including composition, 

morphology, surface finish, and mechanical 

properties, all of which define the overall 

quality, which can vary between harvests. 

The heterogeneity of these parameters within 

the same industrial bale is also a factor in the 

overall quality determined, which is an 

important phenomenon to consider for the 

valorization of the product. The quality of the 

fibers obtained after scutching is assessed 

empirically by farmers (Drieling et al., 2010), 

who then determine their applicability in 

various materials, from textiles to 

composites. Therefore, managing the quality 

chain and procedure is of critical importance, 

particularly at the level of retting, as exposure 

to microorganisms must neither be too short 

to properly separate different stem tissues nor 

too long to limit the degradation of cellulose 

for yield and quality purposes (Djemiel et al., 

2020). Many studies have thus investigated 

the impacts of retting time, the annual and 

regional variations of retting (Chabbert et al., 

2020; Martin et al., 2013; Pisupati et al., 

2021), and the mechanical extraction method 

(Lyu et al., 2021) on fiber quality. 

In recent years, climate change has directly 

impacted flax plant development 

(Kwiatkowska et al., 2023; Melelli et al., 

2022) and dew retting, potentially increasing 

the heterogeneity of harvests, as noted by 

farmers through organoleptic methods. Due 

to the decrease in frequency and increase in 

volume of rainfall, the management of retting 

time has become more complex, increasing 

the difficulty of achieving the desired results. 

This heterogeneity, which contributes to 

variability, results in different fiber qualities 

within the same harvest. To date, estimations 

of fiber heterogeneity are still empirical at the 

industrial level, even though some 

researchers have reported that colorimetry 

and infrared spectroscopy can provide 

valuable information for comparing 

processed flax fibers (Akin et al., 2000; 

Chabbert et al., 2020; Fernandez-Tendero et 

al., 2017; Sohn et al., 2004). 

The aim of this study was to characterize the 

heterogeneity of a bale of retted and scutched 
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flax fibers obtained at an industrial scale. For 

this purpose, batches of fiber strands were 

identified empirically, mimicking the 

organoleptic methods of flax farmers, and 

were characterized by microscopy and 

various physicochemical methods widely 

used for bast fibers. The objective was to 

assess differences between the identified 

fibers at different organization levels and 

determine their resulting mechanical and 

hygroscopic properties, providing new 

insights into the heterogeneity and quality of 

present industrial harvests. 

2. Materials and methods 

2.1. Materials and sampling 

Scutched flax fibers of the Aramis variety, 

grown in Herbelles (northern France) in 

2021, were supplied by Van Robaeys Frères. 

The fibers were obtained from a windrow 

several dozen meters long, harvested on the 

same field, and conditioned into a round 30kg 

bale which was stored at ambient temperature 

in a covered shed. These long technical fibers 

were qualified as “medium” quality by the 

scutcher based on their organoleptic 

characteristics. To study the heterogeneity of 

this commercial round bale, sampling at the 

laboratory was performed over a length of 

approximately 1 meter after removal of the 

first external roll-up (Fig. 1). 

 

Fig. 1. Sampling area on the fiber bale. 

A total of 15 centimeters at each end of the 

long fibers was cut, and the central part (1 m 

× 60 cm) was retained, assuming that 

structural and maturity variabilities in the 

original stem were reduced (Charlet et al., 

2007). Portions of long fibers (strands) that 

were 8–10 cm in length and as homogeneous 

as possible were isolated by three operators. 

This sorting was based on the visual color 

and fineness to the touch of the fibers to form 

different batches. To ensure a minimum of 

heterogeneity within the batches formed, 

several successive sortings were carried out. 

2.2. Macroscopy and scanning electron 

microscopy imaging 

Macroscopic images were obtained using an 

Axiozoom V16 (Zeiss, Germany) at total 

magnifications of 7× and 40×. An S80-55 

ring light connected to the VisiLED MC 

1500 (Schott, Germany) illuminates the 

samples from the top. 

Scanning electron microscopy (SEM) images 

were acquired with a JSM7100F electron 

microscope (JEOL, Japan) equipped with 

three ultrathin-window (30 mm²) energy-

dispersive X-ray spectroscopy (EDS) 

detectors (XFlash 6/30, Bruker, USA). The 

fibers were metalized with a thin layer of 

chrome using a Q150T Plus (Quorum 

Technologies, UK) for the observations. 

2.3. Colorimetry 

The color of the fiber strands was measured 

using a colorimeter (CR-400, Konica 

Minolta, Japan). The results were expressed 

according to the CIELab color space, with L* 

representing the brightness, a* representing 

the red/green axis, and b* representing the 

yellow/blue axis. The analysis was 

conducted in 8 replicates per batch on a 

surface with an area of 50 mm². 

2.4. Infrared spectroscopy 

Fourier transform infrared (FTIR) analyses 

were performed on a Nicolet 6700 

spectrometer (Thermo Scientific, USA) 

using attenuated total reflectance (ATR). 

Each spectrum was acquired using OMNIC 

software over an average of 32 scans in the 

spectral region between 4000 and 528 cm-1 

after background subtraction, with a 
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resolution of 4 cm-1. Each batch was 

characterized by a set of 16 spectra recorded 

at different points on the strands. Spectra 

were analyzed after baseline correction 

through 7 points (4000, 3675, 2400, 1800, 

1500, 1185, and 825 cm-1) and mean 

normalization in the 4000–825 cm-1 spectral 

region using Unscrambler software (CAMO, 

USA). 

2.5. Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was 

performed with an SDT650 (TA Instrument, 

USA) using TRIOS software. Each batch had 

6 replicates of cut fibers that weighed 

approximately 10 mg. The batches were 

analyzed at reaching 800 °C, increasing by 

10 °C/min under a nitrogen flow at 100 

mL/min. For each analysis, decomposition 

temperatures were obtained from the first 

derivative TGA (DTGA) curve, and the mass 

losses corresponding to each peak were 

determined after correction for water loss. 

2.6. Monosaccharide analysis 

Two methods of fiber acid hydrolysis were 

performed to determine their 

monosaccharide compositions. Analyses 

were performed in triplicate on 

approximately 5 mg of ground samples. 

Sulfuric acid hydrolysis was performed with 

a swelling phase in 125 µL of 12 M acid for 

2 h at 20 °C, followed by 1 M sulfuric acid 

hydrolysis for 2 h at 100 °C (Bleuze et al., 

2018). Hydrolysis with 2 M trifluoroacetic 

acid (TFA) was conducted at 120 °C for 1 h 

(Crônier et al., 2005). The released 

monomers were analyzed by high-

performance anion-exchange 

chromatography with pulsed amperometric 

detection (HPAEC-PAD) on a Dionex ICS 

5000+ (Thermo Scientific, USA) according to 

Bleuze et al. (2018). 

2.7. Morphological and tensile tests of 

the technical fibers 

Cross-sectional determination and tensile 

tests were performed consecutively on 

technical fibers previously conditioned at 20 

°C and 50% relative humidity for 24 h. For 

both measurements, fibers without apparent 

defects and with heterogeneous diameters 

were selected under a magnifying glass. 

Approximately 40 fibers per batch, each 30 

mm in length, were attached to plastic tabs 

with ultraviolet (UV)-curing glue (DYMAX, 

Germany). 

The cross-sectional area was measured at five 

points on each fiber with a Fibre Dimensional 

Analysis System (FDAS770, Dia-Stron, UK) 

over 360°. The equivalent diameter was 

calculated using an elliptical model (Gogoli 

et al., 2021), accounting for a maximum and 

a minimum diameter, the ratio of which 

determined the shape factor. Based on Garat 

et al. (2018), each cross-sectional scan was 

analyzed to identify and remove incorrect 

values, mainly due to the detachment of the 

elementary fibers from the main bundle. 

Tensile tests were performed on a Linear 

Extensometer (LEX820, Dia-Stron, UK). 

The displacement rate was set to 3 mm/min 

with a data acquisition frequency of 50 Hz. 

Traction modulus between 0.15% and 0.35% 

of elongation, stress, and strain at break were 

recovered for each test. 

2.8. Dynamic vapor sorption (DVS) 

The hygroscopic properties of the fiber 

strands were measured using an SPSx-1µ 

Advance (ProUmid, Germany) with a sample 

mass of 100–200 mg at 20 °C in a single run 

with all batches. Two compressed air flows, 

one wet and one dry, were used to regulate 

humidity in the enclosure, reaching a total 

flow rate of 5 L/min. Sorption isotherms were 

obtained from different steps, starting at 5% 

relative humidity (RH) and progressing to a 

10–90% RH in increments of 10%. 

Equilibrium was determined by monitoring 

mass changes every 10 min with a resolution 

of 1 µg until a plateau was reached (±0.02% 

over 90 min) after a minimum time of 4 h. 

Desorption isotherms were measured from 

80% to 5% RH using the same increments. 

To determine the dry masses of the samples 

necessary to calculate the water content, they 

were dried at 40 °C for 36 h at the end of the 

analysis. 
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The repeatability of the sorption/desorption 

isotherms was verified at each equilibrium 

RH by using the ProUmid reference 

(microcrystalline cellulose). The standard 

error did not exceed 6% of the mean water 

content of the sample at 10% RH and 3% 

between 20% and 90% RH. 

2.9. Statistical analysis 

Welch's t-tests were used to compare group 

mean values for each analysis performed at 

least in triplicate, as the hypothesis of 

equality of variances was not verified in all 

instances. Statistical tests were conducted 

using the free software R at a significance 

level of 5%. 

3. Results 

3.1. Sampling characterization: Color, 

morphology, and appearance 

The intrinsic heterogeneity of the scutched 

fiber bale was first visually evaluated (Fig. 

1). The differences observed were mainly 

based on two criteria: naked eye color, and 

fineness to the touch assessed by roughness. 

On this basis, five batches were identified as 

being different on at least one of the two 

criteria. At low magnification, batches 1, 2, 

and 3 appeared lighter than batches 4 and 5 

(Fig. 2a). The surfaces of the two latter 

batches were covered with dark residues, 

probably composed of microbial biomass 

visible at high magnification (Fig. 2b, orange 

arrows). Nevertheless, batches 1–3, which 

had few of these dark residues, presented 

some black spots, which qualitatively 

appeared more frequently on the surfaces of 

batches 1 and 2 than on batch 3 and smaller 

than those in batches 4 and 5 (blue arrows). 

In addition, the presence of residual external 

tissues or internal tissue marks was observed 

by SEM imaging in different proportions 

(Fig. 2c, white and black arrows). The tissues 

were distributed at the surfaces of the fibers 

in batches 3 and 5 to a greater extent than in 

the other three batches. 

The technical fiber cross-sections were 

measured, and the five batches were 

distributed within four diameter groups 

according to statistical analysis (Table 1). 

Batches 1–5 had mean diameters between 83 

and 141 µm with no significant differences 

between batches 3 and 4. 

The five empirically isolated batches were 

distinguished into two groups based on 

macroscopic observations (light, l, and dark, 

d) and four diameter levels (small, S, 

medium, M, large, L, and extra-large, XL). 

Therefore, the samples were classified as 

follows from 1 to 5: l-S, l-M, l-L, d-L, and d-

XL. 

Colorimetric analysis of the CIELab color 

space showed variations in the three axes 

between the five batches (Table 1). The L* 

parameter values ranged from approximately 

47 to 63, with significant systematic 

differences between batches, forming five 

groups. For parameters a* and b*, the first 

three batches were significantly different, 

with values between 3 and 5 and between 15 

and 25, respectively. Conversely, the last two 

batches had similar a* and b* values of 3 and 

18, respectively. The three visually light 

batches differed from each other in terms of 

their three colorimetric parameters, whereas 

the two dark batches differed only in terms of 

their L* values.

Table 1. 

Morphological and colorimetric data of the fibers from the five batches. Values with different 

letters within a column are significantly different at p ≤ 0.05. 

 Diameter (µm) L* a* b* 

1 (l-S) 83.1 ± 22.0a 62.70 ± 0.74a 2.84 ± 0.26a 15.45 ± 0.84a 

2 (l-M) 101.1 ± 21.6b 61.55 ± 1.28b 4.15 ± 0.35b 21.44 ± 1.26b 

3 (l-L) 117.6 ± 22.3c 55.01 ± 1.89c 5.04 ± 0.57c 24.62 ± 1.13c 

4 (d-L) 115.5 ± 26.6c 51.97 ± 1.43d 3.46 ± 0.30d 18.03 ± 1.43d 

5 (d-XL) 140.9 ± 26.1d 47.24 ± 1.50e 3.39 ± 0.62d 18.63 ± 1.53d 
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Fig. 2. Observations of the five batches isolated from a bale of scutched flax fibers. 

Macroscopic images at a) 7× and b) 40× magnification (orange arrow: layer of microorganism 

residues, blue arrow: dark spots) and c) SEM images (white arrow: external tissues, black 

arrow: internal tissue marks).

3.2. Infrared analysis 

The chemical composition of the fiber 

surface was determined by FTIR–ATR. The 

spectra of the first few microns on the fiber 

surface could be recovered, with a maximum 

infrared (IR) laser penetration of 

approximately 2–3 µm at 825 cm-1 

(Vigoureux, 2003). The average spectrum of 

16 spectra recorded at different points on the 

strands for each batch (Fig. 3) displayed 

absorption bands that could be attributed to 

the fiber cell walls (cellulose, hemicelluloses, 

and pectins) and the cuticle components 

(cutins, waxes, and phenolic compounds) 

(Table 2).
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Table 2. 

Main infrared signals in the 1800–825 cm-1 region of the spectra and their classification 

(Gierlinger et al., 2008; Heredia-Guerrero et al., 2014; Himmelsbach et al., 2002; Zimniewska 

et al., 2018). 

Wavenumber (cm-1) Bond Assignment 

1730–1736 C=O Pectins, cutins, waxes 

1630–1650 O-H Water 

1608–1615 COO Pectates 

1505; 1595 C-C ar. Lignins 

1500–1650 C-C ar. Phenolic compounds from cuticle 

1460–1463; 1472–1473 C-H2 and C-H3 
Lignins, cutins, waxes, cellulose, 

hemicelluloses and pectins 

1461–1463 O-H Water 

1430 C-H2 Cellulose 

1425–1430 COO Pectates 

1422 C-C ar. Lignins 

1329–1336 O-H 
Cellulose, hemicelluloses, lignins and 

pectins 

1312–1317 C-H2 Cellulose, hemicelluloses 

1156–1167 C-O-C Cellulose, hemicelluloses, pectins, cutins 

1100–984 C-O Cellulose, hemicelluloses, pectins 

896 C-O-C Cellulose, hemicelluloses, pectins 

 

Fig. 3. Average ATR spectra of the five 

batches in the 1800–825 cm-1 region. 

The spectra revealed differences in the 

intensities of the vibration bands mainly 

between 1800 and 825 cm-1, especially at 

1601, 1417, and 1100–984 cm-1 (Fig. 3). 

Principal component analysis of the spectra 

was then performed to visualize possible 

differences between batches (Fig. 4a). The 

score plot of the PC1 axis, representing 79% 

of the total variation, opposed two spectral 

regions, one from 1800 to 1370 cm-1 and the 

other from 1370 to 825 cm-1 (Fig. 4b). The 

spectra of the l-L and d-XL batches were 

localized in the negative part of PC1, 

indicating the highest intensity in the 1800–

1370 cm-1 region, as shown at bands at 1732, 

1601 and 1417 cm-1. Conversely, the spectra 

of the l-S batch were in the positive part 

showing that these fibers displayed the 

highest intensity of the bands between 1370 

and 825 cm-1 compared to those of the other 

batches. Finally, the infrared signals of the l-

M and d-L batches were close to the origin, 

forming a third group between the two 

described above. 

3.3. Thermal analysis 

The DTGA curve showed different fiber 

decomposition stages (Fig. 5) after an initial 

water loss between 30 and 175 °C. The first 

decomposition between 200 and 270 °C was 

attributed to hemicelluloses and pectins, the 

second between 270 and 380 °C was 

attributed to cellulose, and the third above 

400 °C was attributed to char decomposition 

(Chabbert et al., 2020; Mazian et al., 2018). 
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Fig. 4. Principal component analysis of the 

1800–825 cm-1 region of the infrared spectra: 

a) score plot (PC1/PC2) and b) PC1 loading. 

 

Fig. 5. Characteristic TGA and DTGA curves 

for the fibers in this study. 

The temperature corresponding to the first 

decomposition (Tpeak 1) was greater for the l-

S batch (271 °C) than for the d-L and l-M 

(265 and 262 °C) and d-XL and l-L (257 and 

253 °C) batches, forming three groups (Table 

3). Although Tpeak1 was not significantly 

different at 5% (p = 0.072), the l-M and d-XL 

batches were classified into distinct groups. 

Based on the associated decomposition 

percentage, this peak represented 3.9–4.0% 

of the total mass of both the l-S and l-M 

batches and 4.6–4.7% of the total mass of 

both the d-L and d-XL batches. The 

decomposition temperature attributed to 

cellulose (Tpeak 2) followed the same pattern 

as that of Tpeak1, with the highest value for the 

l-S batch (349 °C) and the lowest values for 

l-L and d-XL batches (333 to 336 °C). The 

percentage decomposition of this second 

decomposition stage represented 

approximately 61% for the l-S and l-M 

batches, compared to 58% for batches l-L, d-

L, and d-XL. 

3.4. Monosaccharide composition 

Sulfuric acid hydrolysis was performed to 

determine the overall monosaccharide 

composition of the fibers (Table 4). The 

proportion of total sugars in l-S (90% dry 

matter) was greater than that in d-XL (87%) 

and l-L (83%). The sugar composition, 

expressed as a percentage of total sugar 

released, indicated that the proportion of 

nonglucose in the light batches was 

significantly lower (10%) than that in the two 

dark batches (12%). 

Table 3. 

Thermal properties of the technical fibers. 

 Tpeak 1 (°C) Mass loss 

(%) 

Tpeak 2 (°C) Mass loss 

(%) 

Tpeak 3 (°C) Mass loss 

(%) 

l-S 270.8 ± 2.9a 4.0 ± 0.2a 349.0 ± 3.4a 61.2 ± 0.9a 501.8 ± 6.8a 34.5 ± 0.5a 

l-M 262.1 ± 4.2bc 3.9 ± 0.2a 341.8 ± 3.3bc 60.1 ± 0.5b 483.0 ± 16.4ab 35.1 ± 0.8a 

l-L 253.3 ± 4.8d 4.2 ± 0.4ab 332.6 ± 6.7d 57.5 ± 1.5c 485.7 ± 7.8b 37.4 ± 1.4b 

d-L 264.6 ± 3.8b 4.7 ± 0.3b 343.8 ± 3.9b 58.1 ± 0.6c 483.9 ± 14.2ab 36.3 ± 0.7b 

d-XL 256.5 ± 4.8cd 4.6 ± 0.3b 335.5 ± 6.6cd 56.9 ± 1.6c 478.4 ± 15.5ab 36.5 ± 1.0b 
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Table 4. 

Monosaccharide compositions of the 

technical fibers determined by sulfuric acid 

hydrolysis (as % dry matter and % total 

monosaccharides ± standard deviation). 

NGlc: sum of monosaccharides other than 

glucose. 

 

Total Glc NGlc 

% dry 

matter 

% total 

monosaccharides 

l-S 
90.1 ± 

0.6a 

90.1 ± 

0.3ab 

9.9 ± 

0.2ab 

l-M 
89.1 ± 

1.4ab 

90.2 ± 

0.1a 

9.8 ± 

0.1a 

l-L 
83.1 ± 

0.3c 

89.9 ± 

0.1b 

10.1 ± 

0.1b 

d-L 
88.9 ± 

0.9a 

88.4 ± 

0.1c 

11.6 ± 

0.1c 

d-XL 
86.5 ± 

0.5b 

88.6 ± 

0.1c 

11.4 ± 

0.1c 

Table 5. 

Monosaccharide compositions of the 

technical fibers determined by trifluoroacetic 

acid hydrolysis (as % total monosaccharides 

± standard deviation). 

 Glc 
Ara + Rha + 

GalA + Xyl 

Gal + 

Man 

l-S 
61.0 ± 

0.2a 

12.8 ± 

0.4a 

25.1 ± 

0.2a 

l-M 
53.3 ± 

0.1b 

19.4 ± 

0.0b 

25.4 ± 

0.2a 

l-L 
53.2 ± 

1.1b 

21.2 ± 

0.5c 

23.1 ± 

0.2b 

d-L 
47.0 ± 

0.3c 

20.8 ± 

0.3c 

30.9 ± 

0.2c 

d-XL 
46.1 ± 

0.2d 

23.1 ± 

0.1d 

29.1 ± 

0.2d 

3.5. Tensile properties of the technical 

fibers 

The use of a 30-mm gauge length, similar to 

the average length of elementary fibers, 

enabled the estimation of mechanical 

properties involving the fiber–fiber 

interfaces in a fiber bundle (Beakou & 

Charlet, 2013; Singhal et al., 2023). Fig. 6 

shows the traction modulus, shape factor, and 

stress and strain at break values for each 

batch. The highest traction modulus was 

determined for the fibers from the l-L batch 

(22.1 GPa) and was significantly greater than 

the values obtained for those from the l-S and 

l-M batches (16.0 GPa) and d-XL (13.9 GPa). 

Fibers from the d-L batch had a modulus 

(18.9 GPa) that was significantly greater than 

that of those from the d-XL batch. The shape 

factor, which is the ratio between the 

maximum and minimum diameters, was 

greater in the l-L batch (2.9) than in the other 

batches (2.1 to 2.3). This difference mainly 

arose due to the relatively high values for l-L 

fibers with diameters greater than 120 µm, 

whereas no such variation was observed for 

the fibers with diameters smaller than this 

value (Supplementary Data). Finally, the 

stress and strain at break values of the l-S 

fibers were significantly lower than those of 

the other fibers (284 vs. 494 to 607 MPa and 

1.64 vs. 2.41 to 2.45%), thus constituting two 

groups. 

3.6. Hygroscopic properties 

Fig. 7 shows the fiber sorption and desorption 

isotherms and the associated hysteresis 

curves. The differences in the moisture 

contents of the five batches were mainly 

observed above 60% RH. Three groups were 

observed in the following order from the 

most to the least hygroscopic: d-XL, l-L and 

d-L, and l-M and l-S (Fig. 7a). Hysteresis 

between desorption and sorption curves, 

related to the retention of water molecules, 

displayed a similar pattern in all five batches, 

with a maximum at 60% RH. However, four 

groups could be identified where the highest 

maximal hysteresis was obtained for d-XL 

fibers (1.53%), whereas the lowest maximal 

hysteresis was determined for l-S fibers 

(1.27%) (Fig. 7b). 

4. Discussion 

The aim of this study was to characterize the 

visual and textural heterogeneity of an 

industrial roll bale of retted flax fibers after 

extraction. This heterogeneity was 

determined to be inherent in natural fiber 

harvests and critically contributed to the 

quality management process within various
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Fig. 6. Box plots of the a) traction modulus, b) shape factor, c) stress at break, and d) strain at 

break values of the technical fibers. Box plot legend: line = median, dot = mean. Outliers 

(colored dots outside the boxes) were taken into account in statistical analyses. p < 0.05 (*), p 

< 0.01 (**), p < 0.001 (***), and p < 0.0001 (****) indicate significant differences.

value chains. Therefore, the use of 

quantitative measurements appeared 

necessary for the development of new 

applications. For this purpose, five 

empirically selected fiber batches were 

subjected to extensive physicochemical 

analyses to evaluate the key properties of 

these fibers and map their differences and 

similarities. 

The five batches selected empirically 

according to their visual color and fineness to 

the touch were characterized according to the 

selection parameters. At the macroscopic 

level, the fibers from the five batches could 

be classified into five color groups, as 

evidenced by the distinct brightness 

parameter L* (Table 1). The determination of 

the fiber diameters revealed differences, and 

the fibers could be divided into four distinct 

groups. The light fibers l-S and l-M had small 

and medium sizes, whereas the dark fibers d-

L and d-XL had large and extra-large sizes.

Fig. 7. a) Sorption–desorption isotherms and b) desorption–sorption hysteresis of the technical 

fibers. 
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However, l-L and d-L fibers had similar 

mean diameters, although all color 

parameters were distinct, suggesting no clear 

relationship between these two factors. The 

color variations could be explained by the 

different surface appearances of the fibers, 

which were directly visible to the naked eye. 

In particular, the d-L and d-XL batches were 

similar to the retted fibers reported to have a 

characteristic gray-like color due to 

microbial colonization during retting (Fig. 2a 

and b) (Martin et al., 2013; Mazian et al., 

2018). Although not quantified, the presence 

of external tissue residues resulting from 

partial separation of the fibers within the 

stem during scutching could contribute to the 

color (Fig. 2c). 

The fiber surface was comprehensively 

characterized using infrared spectroscopy, a 

method widely used on plant fibers 

(Fernandez-Tendero et al., 2017; Lupoi et al., 

2014; Marcuello et al., 2023; Zimniewska et 

al., 2018). In particular, analysis of the ATR 

spectra revealed variations in the band 

intensities in the 1800–1370 cm-1 region, 

which could be partially attributed to 

aromatic compounds and pectates for flax 

fibers, and in the 1370-825 cm-1 region, 

which corresponded to polysaccharides 

(cellulose, hemicelluloses, and pectins) (Fig. 

4b and Table 2). This analysis revealed three 

groups, among which batches l-L and d-XL 

had similar surface compositions regarding 

the highest content of pectin-rich middle 

lamella and cuticle compounds, although 

they differed in diameter and color (Fig. 4a). 

Since there are few lignins in flax fibers, and 

no characteristic band was visible at 1505 

cm-1, the stronger signals at 1601 and 1417 

cm-1 in l-L and d-XL batches could be 

partially assigned to pectate-rich epidermal 

cells (Jauneau et al., 1997), given the 

abundance of external tissue residues on their 

surfaces (Fig. 2c). In contrast, the surface of 

the l-S batch, which had a strong signal 

between 1100 and 896 cm-1, was primarily 

composed of cellulose. This finding was in 

agreement with the SEM images. Variation 

in the presence of microorganisms was 

observed by macroscopic imaging (Fig. 2b) 

and could contribute to infrared differences 

between fibers. However, the characteristic 

infrared spectral bands shown in 

microorganisms (Chirman & Pleshko, 2021; 

Girometta et al., 2020) were not clearly 

detected at 1540 cm-1 (amide II) and did not 

show variations between the fiber batches. 

Since the composition and structural 

organization of the fibers governed the main 

mechanical characteristics and the 

hygroscopic properties of the technical 

fibers, analyses of the thermal degradation 

(Chabbert et al., 2020; Martin et al., 2013; 

Mazian et al., 2018; Placet et al., 2017) and 

sugar composition (Gautreau et al., 2022; 

Rihouey et al., 2017) were conducted. TGA 

mainly revealed the variations in the 

temperature of the first decomposition (Tpeak 

1), which were attributed to hemicelluloses 

and pectins (Table 3), forming three groups 

independent of diameter and color. 

According to the overall monosaccharide 

analyses, the dark batches (d-L and d-XL) 

were characterized by a greater proportion of 

nonglucose sugars than the light batches 

(Table 4). Similarly, analyzing the 

polysaccharide amorphous components 

using TFA hydrolysis revealed an increased 

proportion of Man+Gal in the d-L and d-XL 

batches (Table 5). This change could reflect 

the presence of microbial biomass on the 

lignocellulosic material (Bertrand et al., 

2009), as observed in Fig. 2b, given that 

some fungal walls contained 

polysaccharides, such as galactans and 

mannans (Chakraborty et al., 2021). Finally, 

considering the proportions of 

monosaccharides constituting the middle 

lamella and the primary cell wall 

(Ara+Rha+GalA+Xyl), the fibers could be 

distributed into four groups. Notably, the 

distribution patterns of the five batches 

within the four groups were the same in terms 

of the presence of the latter polysaccharides 

and diameters, suggesting a relationship 

between these two parameters.
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Fig. 8. Grouping of fiber batches according to analyses at different scales. One discriminating 

parameter per analysis: CIELab L* parameter, diameter (µm), position of point cloud on PC1 

axis after PCA on ATR spectra (+: positive, 0: origin, -: negative), Tpeak1 value from TGA (°C), 

sum of arabinose, rhamnose, galacturonic acid, and xylose after TFA hydrolysis (% total 

monosaccharides), desorption-sorption hysteresis (%), stress at break (MPa). Values in the 

labels correspond to the means for each parameter. Batches grouped on the same grey node are 

not statistically different. The distance between each node of the same parameter is proportional 

to the difference in mean values, according to a vertical axis (bottom: lowest value, top: highest 

value). Figure generated under R. 

The results from the empirical separation into 

five batches showed different levels of 

heterogeneity according to the scales of 

analysis and the parameters considered. Fig. 

8 shows the different groupings based on one 

parameter per analysis, highlighting that 

batches with similar surface chemistry could 

be different in diameter or sugar 

composition. It is therefore possible to 

observe similar groupings between surface 

analysis (PCA, ATR) and thermal analysis 

(Tpeak1, TGA) performed on the overall 

matter. Accounting for macroscopic and 

microscopic observations, the initial 

heterogeneity of the fiber bale quantified by 

the various methods employed (color, 

infrared, TGA, and acid hydrolysis) could be 

partially related to residual compounds not 

originating from the fiber (cortical tissues 

and microorganisms) and the proportions and 

compositions of noncellulosic compounds in 

the fibers. Thus, the d-XL batch 

corresponded to groups of bundles still 

retaining external tissue residues, while the l-

S batch corresponded to refined bundles, 

given their respective diameters, surface 

compositions, and aspects, suggesting a 

greater degree of cleanliness. These 

differences could have occurred due to 

different local conditions of retting along a 

stem, such as its contact with retting 

microorganisms or its position in the 

windrows. 

The hygroscopic and mechanical tensile 

properties of technical fibers are among the 

most important parameters to manage during 

a qualification process for further 

valorization. Regarding hygroscopic 

properties, water sorption/desorption 

isotherms and associated hysteresis were 

used to distinguish three and four groups, 

respectively (Fig. 7). The greater proportion 

of sugars associated with the middle lamella 

and primary cell wall (Ara+Rha+GalA+Xyl) 
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in the large batches (l-L, d-L, d-XL) than in 

the small batches (Table 5) could contribute 

to the increase in the maximum amount of 

water sorbed after 60% RH because these 

amorphous compounds were more 

hydrophilic than crystalline cellulose (Célino 

et al., 2014). Given that the diameter was in 

agreement with the relative proportion of the 

middle lamella and primary cell wall and that 

the fiber structure influenced water diffusion, 

the increase in either the mass proportion of 

these compounds or in the diameter could 

account for the increased retention of water 

molecules on thick technical fibers, which 

was visible through the hysteresis amplitude. 

In terms of tensile properties, very few 

significant differences appeared between 

batches, except for the relatively high 

traction modulus determined for l-L fiber 

batch, which also had large shape factor 

(Figs. 6a, b). Another notable difference is 

the weakness of the l-S fibers compared to 

the other fibers, as shown by their relatively 

low breaking properties (Figs. 6c, d). This 

phenomenon could be explained by the high 

cellulose content of these fibers (highest Tpeak 

2 and associated mass loss) and the low 

contents in the middle lamella and primary 

cell wall (lowest Ara+Rha+GalA+Xyl 

content). The role of middle lamella has been 

underlined in tensile properties at the bundle 

scale (Gautreau et al., 2022). In addition, the 

15–30% increase in the relative proportion of 

glucose obtained after TFA hydrolysis of the 

l-S fibers indicated increasingly amorphous 

cellulose. This change could result from an 

alteration of the cellulose structure by 

microorganisms during retting, impacting the 

tensile properties of the technical fibers, as 

previously reported (Nuez et al., 2022). 

Finally, the data obtained showed an increase 

in traction modulus with increasing fineness 

on each batch, which was in agreement with 

the typical observations of different technical 

fibers (Baley et al., 2020). However, the 

finest batches (l-S and l-M) were not those 

with the highest mechanical properties, 

reflecting differences between batches at 

equivalent diameters (Supplementary Data). 

The variations in composition measured 

previously impacted the usual properties of 

these fibers. In terms of the mechanical 

properties, only l-S diverged from the others 

by accounting for the entirety of each batch 

with different diameters. Considering these 

differences in diameter and the possible 

differences in technical fiber morphology 

(bundles and groups of bundles), the batches 

differed, mainly in terms of traction modulus. 

Although the hygroscopic properties differed 

above 60% RH, they were similar under 

ambient conditions (approximately 50% RH) 

where the fibers could be used in regard to 

water sorption. However, differences were 

noted in water retention, another property of 

usage. In addition to their physicochemical 

properties, the morphology and surface 

composition varied between batches. All 

these characteristics were considered 

important in the final use of the fibers, 

indicating different qualities and potentially 

distinct behaviors during the processing steps 

following scutching, such as combing and 

carding (Lyu et al., 2021). 

5. Conclusions 

The industrial process of extracting flax 

fibers from stems was strongly linked to the 

combination of retting and scutching, which 

could induce heterogeneity. 

The results highlighted the simultaneous 

presence of fibers exhibiting various ranges 

of heterogeneity, considering the different 

levels of organization, from their surface 

aspect to their constitutive polymer, and 

considering their mechanical and 

hygroscopic properties. 

The various methods used enabled the 

mapping of the heterogeneity of this 

industrial batch, with some criteria emerging 

that could be quantified. The L* parameter of 

the CIELab colorimetric space, as well as the 

infrared signals, were particularly 

discriminating criteria regarding surface 

composition, which could be evaluated 

quickly and non-destructively. However, 

these criteria were not related to differences 

in hygroscopic and mechanical properties, 
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emphasizing that quantitative assessment of 

fiber quality required in-depth studies to 

establish trends between the constituent 

parameters of heterogeneity. 

Understanding this heterogeneity to 

effectively manage it is perhaps one method 

for improving quality chain processes, 

requiring sorting upstream of processing 

lines based on key parameters that had to be 

identified in the future. 
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Supplementary Data 

 

Figure S1. Graphs of the a) traction modulus, b) shape factor, c) stress at break, and d) strain at break 

of the different batches as a function of diameter. 

 

Figure S2. Different shapes of force-elongation curves in this study. 


