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A B S T R A C T

Understanding how the structure, mechanical properties, and biochemical composition of hemp fibres evolve 
simultaneously is essential for optimizing their performance in textile and bio-based composite applications. In 
this study, hemp fibres were analysed at three developmental stages (50, 80, and 122 days after sowing) using a 
multi-scale approach combining optical microscopy, microtomography, nanoindentation, AFM-PF-QNM, and 
Raman microspectroscopy. Morphological analyses revealed progressive thickening of the cell wall and a 
reduction in lumen size during fibre maturation. Local measurements obtained by nanoindentation and AFM 
showed a significant increase in the indentation modulus, while Raman spectroscopy revealed biochemical and 
crystallinity changes associated with cellulose and hemicellulose. These changes are consistent with cell wall 
maturation and are well correlated with local stiffness variations throughout the maturation process. Beyond 
these global trends, heterogeneity in fibre maturation was observed. At 50 days, most fibres exhibit a large 
lumen, indicating an early stage of maturity. However, a fraction of fibres (3.9%) can be morphologically 
distinguished by a thick secondary cell wall and a reduced lumen; these are referred to here as “filled fibres.” 
These filled fibres at 50 days display high cell wall mechanical properties, in contrast to other fibres at the same 
stage, and exhibit values comparable to those measured at 80 days, where 32.3% of fibres have thick walls, and 
at 122 days, where this proportion reaches 80.7%. Furthermore, differences in biochemical composition were 
observed between thick-walled and thin-walled fibres as early as 50 days, indicating that some fibres reach an 
advanced stage of maturation earlier than others. By combining morphological, nanomechanical, and spectro
scopic analyses, this study quantifies the simultaneous evolution of cell wall properties, highlights the asyn
chronous nature of hemp fibre maturation, and reveals a correlation between increasing cellulose crystallinity 
and nanoindentation modulus, reflecting progressive cell wall structuring.

1. Introduction

Synthetic fibres are widely used across various industries due to their 
high mechanical performance and durability in service. However, their 
environmental impact raises significant concerns: they are neither 
biodegradable nor bio-based, their production is energy-intensive, and 
they may pose risks to human health (Yuan Z., et al., 2022).

In response to these challenges, bio-based materials have garnered 
increasing attention in both industrial and academic spheres. Among 
these, plant fibres stand out as sustainable alternatives to synthetic fibres 
for numerous applications, particularly in bio-based composites and 
textiles. Within plant fibres, hemp holds a special position. Indeed, it is 

one of the oldest known textile crops, cultivated for over 6000 years 
(Small, 2015). Thanks to its high mechanical strength (Duval et al., 
2011; Bourmaud et al., 2018), light weight (Aziz and Ansell, 2004), and 
biodegradability (Islam et al., 2011; Stamboulis et al., 2001), hemp fibre 
is a particularly attractive material to use in composites, textiles, 
construction.

Nevertheless, the quality of hemp fibres is highly variable, which in 
turn affects their mechanical performance. This variability is influenced 
by several factors, including plant variety (Marrot et al., 2013), devel
opmental stage (Mediavilla et al., 2001), growth conditions such as soil 
type and climate (van der Werf et al., 1995), as well as extraction, 
separation processes, notably retting (Müssig and Beaugrand 2025; 
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Müssig et al., 2020; Placet et al., 2017; Liu et al., 2015).
From a biological point of view, hemp fibres are long, thick-walled 

cells that form bundles within the stem. They can reach several tens of 
millimetres in length and several tens of micrometres in diameter 
(Gorshkova et al., 2012). Two types of phloem fibres can be present in 
hemp stems. Primary fibres, located in the outer phloem at the stem 
periphery, develop early and extend longitudinally along the stem, from 
the base to the apex (Hernandez et al., 2007; Snegireva et al., 2015). 
Secondary fibres may also appear in the basal part of mature stems, 
depending on the cultivar and growing conditions (Chernova et al., 
2018). They provide additional mechanical support but are generally 
considered less suitable for high-value textile or composite applications 
due to their morphology (Bourmaud et al., 2017).

Hemp fibres, like flax fibres (Baley, 2002), are composed of 
concentric cell wall layers surrounding a central lumen. The outermost 
primary wall is relatively thin (0.1–0.2 μm) (Bos and Donald, 1999), 
while the secondary wall is thicker and consists of three layers (S1, S2, 
S3). The S2 layer is the most prominent, representing about 80% of the 
total wall thickness, and is composed of highly crystalline cellulose 
microfibrils embedded in a matrix of hemicelluloses and pectins 
(Crônier et al., 2005; Goubet et al., 1995).

Moreover the chemical composition of the cell wall strongly in
fluences mechanical properties. Cellulose, which has the highest elastic 
modulus (Kroon-Batenburg et al., 1986; Salmén, 2004), is the main 
determinant of fibre stiffness. The balance between structural and ma
trix pectins also affects wall cohesion and organisation (Lefeuvre et al., 
2015).

During fibre maturation, the structure and composition of cell wall 
change, leading to alterations in its mechanical properties (Kim et al., 
2021). For example, gradual thickening of the wall has been observed 
in flax fibres (Goudenhooft et al., 2018), contributing to a mechanical 
strengthening. These structural and mechanical changes are essential for 
understanding fibre performance and determining the optimal harvest 
stage for industrial applications.

In addition, several studies have demonstrated that the tensile 
strength and stiffness of fibres are highly dependent on their diameter 
(Hu et al., 2010; Andersons et al., 2005; Zafeiropoulos and Baillie, 
2007).

Traditionally, the mechanical properties of hemp fibres are evalu
ated through tensile testing, which provides an apparent Young’s 
modulus measured at the scale of the entire fibre. Complementary 
techniques such as nanoindentation and atomic force microscopy (AFM) 
have been increasingly used to investigate the local mechanical prop
erties of plant fibre cell walls. In the literature several studies have 
applied these methods to hemp fibres. (Marrot et al.,2013) employed 
nanoindentation to assess fibre mechanical properties, while (Bourmaud 
et al., 2017) combined nanoindentation and AFM to compare the me
chanical behaviour of primary and secondary fibres. The literature 
generally reports a high variability in the mechanical properties of in
dividual hemp fibres, with tensile Young’s modulus values ranging from 
approximately 14 GPa (Placet, 2009) to more than 32 GPa (Sawpan 
et al., 2011, Pinsard et al., 2023) depending on the study. Similarly, 
indentation modulus values measured using nanoindentation or AFM 
typically range between 15 and 23 GPa (Marrot et al.,2013; Bourmaud 
et al.,2017).

This variability highlights both the diversity of the evaluation tech
niques used and the intrinsic heterogeneity of hemp fibres, which can 
vary significantly even within the same stem (Beaugrand et al., 2014).

It is also important to note that tensile testing and indentation 
techniques probe different mechanical scales. Tensile testing evaluates 
the apparent Young’s modulus of the whole fibre, whereas nano
indentation and AFM probe the mechanical behaviour locally at the 
level of the cell wall. As a result, indentation measurements reflect the 
local mechanical response of the cell wall and provide insight into the 
structural organisation of the wall layers that cannot be captured by 
conventional tensile tests, the latter being strongly influenced by local 

defects at the fibre scale.
Despite these advances, most studies have addressed fibre 

morphology, biochemical composition and mechanical properties 
separately. Crônier et al. (2005) studied the development of the cell 
walls of hemp fibres at different stages of maturity focusing on changes 
in major structural components, including carbohydrates, phenolic 
compounds, and proteins. Although this study provided important in
sights into biochemical changes during fibre development, it did not 
include a direct analysis of mechanical properties during maturation. 
Similarly, (Kim et al.,2021) investigated structural changes in fibre cell 
walls as a function of developmental stage but did not link these ob
servations to local mechanical characterization or detailed biochemical 
analysis.

Consequently, the quantitative relationships between fibre 
morphology, biochemical organisation of the cell wall, and the local 
mechanical properties during fibre maturation remain poorly 
documented.

In this context, the present study aims to investigate the structural 
and mechanical evolution of hemp fibre cell walls during maturation by 
combining several complementary experimental techniques. Optical 
microscopy and X-ray microtomography are used to quantify fibre 
morphology, particularly lumen size and cell wall thickness. Micro- 
Raman spectroscopy is employed to monitor changes in biochemical 
composition during fibre maturation. Finally, nanoindentation and 
atomic force microscopy operating in PeakForce QNM mode provide 
high-resolution mapping of local stiffness within the fibre wall. This 
integrated approach makes it possible to establish correlations between 
fibre morphology, biochemical organisation, and mechanical behaviour 
during maturation.

2. Materials and methods

2.1. Plant material

Hemp (Cannabis sativa, variety Santhica 70) was grown under field 
conditions on April 29, 2024, in Piégros-la-Clastre (Drôme, southern 
France). Hemp was cultivated on alluvial soil with a relatively high clay 
content. Stems were harvested at three developmental stages: June 18 
(T1, 50 days after sowing), July 18 (T2, 80 days after sowing), and 
August 29 (T3, 122 days after sowing), the latter corresponding to the 
final harvest prior to retting. The sowing density was 70–80 kg⋅ha⁻¹ . No 
fertilizer was applied, and the field was not irrigated during plant 
growth. T1 and T2 correspond to the active growth phase, extending 
from plant emergence to the onset of flowering. The final harvest (T3) 
was performed at the end of the flowering stage. In this study, fibre 
analyses were performed in planta on samples collected from the middle 
section of the stem.

It is important to note that fibre properties may vary significantly 
along the stem height due to asynchronous development. Therefore, the 
present results may differ from literature data obtained from other stem 
regions. All comparisons across the three developmental stages were 
conducted on samples taken from the same median region of the stem, 
ensuring consistency in the assessment of maturation trends.

Meteorological data, including daily minimum and maximum tem
peratures and rainfall, were obtained from local monitoring (Météo- 
France). As shown in Fig. 1, weather conditions varied considerably 
throughout the growing season, with a progressive increase in temper
ature, reaching up to 38 ◦C during summer, and heterogeneous rainfall. 
A pronounced dry period occurred in July and August, with only eight 
rainy days over these two months, corresponding to 46 mm (approxi
mately 12.5% of the total rainfall from sowing to T3 sampling). Imme
diately after collection, the samples were preserved in an ethanol/water 
solution (70/30, v/v) for subsequent analysis.
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2.2. Sample preparation for microscopic investigations

Stem segments less than 1 cm in length were cut and progressively 
dehydrated. The samples were first immersed in 100% ethanol for 1 h at 
room temperature, before being transferred to 100% acetone for 30 min. 
This step ensures optimal transition for resin impregnation (https:// 
myscope.training/).

Embedding in resin was performed in two stages. First, fibres were 
gradually impregnated in a mixture of low-viscosity Agar resin and 
acetone (50/50v/v) for 1 h, followed by final immersion in 100% resin 
for 1 h. Final polymerization was carried out in an oven (Heraeus 
Thermo Scientific) at 60◦C overnight. Once polymerized, the resin 
blocks were cut using a diamond wire saw (well, model 3500) to obtain 
3–4 mm fragments. These fragments were then glued onto circular metal 
supports.

Surface preparation for specimen analysis was carried out using an 
ultramicrotome (Leica Ultracut R, Wetzlar, germany) equipped with 
diamond knives (Trim Diatome and Ultra AFM, Nidau, Switzerland). A 
reduced cutting speed (≈1 mm/s) was applied to minimize topographic 
artifacts and ensure an optimal surface for nanomechanical 
measurements.

Sample preparation is a critical step in this study. It is well estab
lished that dehydration procedures prior to embedding, as well as the 
embedding medium itself, can alter the mechanical properties of the cell 
wall (Meng et al., 2012). These effects may introduce potential biases in 
nanomechanical measurements. Such biases can be stage-dependent. 
Young fibres, characterized by thinner and more porous walls, are 
likely to experience greater infiltration of the embedding medium than 
mature fibres, which can lead to apparent differences in mechanical 
properties between developmental stages.

However, the use of an embedding medium is necessary to preserve 
the structural integrity of the cell wall during subsequent surface prep
aration. In particular, embedding prevents mechanical damage and 
detachment of the G-layer (Clair et al., 2005). Moreover, embedding 
improves sample stability and reduces surface roughness artefacts and 
edge effects, which is essential for obtaining reliable Peak Force QNM 
AFM measurements (Arnould and Arinero, 2015).

2.3. Morphological analysis

The morphological evolution of hemp fibres was studied using a 
Keyence VHX-S770E optical microscope, based on stem cross-sections 
prepared as described above. Detailed observations were performed to 
characterise structural variations in stem sections at different stages of 
maturity. Additionally, X-ray tomography (RX Solution) was carried out 
on the same sample prior to resin impregnation to provide comple
mentary morphological information. The stems were cut into quarters to 
improve imaging resolution, with approximate dimensions of 
2 × 1 × 10 mm³ . The samples were placed in Eppendorf microtubes 
(0.5 ML) to preserve moisture content. The samples were placed on the 
rotating stage of the machine. Acquisition parameters included a tube 
voltage of 60 keV and a current of 122 µA. A total of 1440 projections 
were taken in four turns (each 0.25◦) with an exposure time of 1000 ms 
and an average of 2 images, resulting in a total scan time of approxi
mately 60 min. The voxel size was fixed at 1.2 µm, and reconstructions 
were performed using filtered back projection implemented in Xact 
software (RX Solution). The 3D renderings and segmentation were 
produced using VG StudioMax 2025.1 software (Fig. 2).

In addition to 3D visualization, a morphological analysis of the bi
nary images was performed to quantitatively assess the internal struc
ture of the fibres. This analysis was conducted using a custom MATLAB 
script. The binary images were first manually thresholded to remove 
noise by excluding the smallest particles (artifacts) and the largest ones 
(likely resulting from cell fusion). Once a clean segmentation was ob
tained, the centroids of individual fibres were detected. For each fiber, 
the area of each lumen was determined by counting the number of pixels 
and converting the scale.

Feret diameters were then computed to determine both the minimum 
and maximum diameters of the elliptical lumens, providing insight into 
fibre shape variability. The Feret diameter corresponds to the distance 
between two parallel tangents on opposite sides of the fibre boundary, 
measured at a given orientation. This measurement reflects the distance 
between two opposing points of the object projected in a specific di
rection, offering a robust estimate of the "apparent diameter" of the fiber 
cross-section. The maximum Feret diameter is obtained by identifying 
the largest distance between two opposing points of the object across all 
orientations, whereas the minimum Feret diameter corresponds to the 
smallest such distance. This approach is particularly well suited for 

Fig. 1. Daily minimum and maximum temperatures, and rainfall during plant growth.
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characterizing non-circular fibres, as it captures variations in shape and 
orientation, unlike methods based on an assumed equivalent circular 
diameter.

Once the wall thickness values were determined, an external contour 
line representing the outer surface of the stem section was manually or 
semi-automatically traced. Each fibre was then spatially located with 
respect to this external boundary. This enabled us to analyse how fibre 
wall thickness varies according to their radial position within the stem, 
particularly in relation to their proximity to the epidermis. This spatial 
mapping provided valuable insight into the maturation gradient and 
structural organisation of the fibre bundle across the stem cross-section. 
To assess the robustness of the custom MATLAB detection algorithm, 
multiple images were extracted along the height (each 50 µm on 500µm) 
of the hemp stem to evaluate the consistency of the results. These cross- 
sections showed good reproducibility in fibre detection and 
morphological

quantification, indicating reliable performance of the image pro
cessing pipeline. Additionally, to validate the automation of the image 
processing procedure, a subset of 10 fibres was manually measured for 
minimum and maximum Feret diameters as well as wall thickness. The 
comparison showed very small discrepancies, below 3 pixels for mini
mum Feret diameters, 2 pixels for maximum Feret diameters, and 1 pixel 
for wall thickness measurements. Based on this validation, a single 
representative image was selected for each maturity level. This approach 
allowed for the analysis of approximately one hundred fibres per con
dition, ensuring statistically meaningful and reproducible results across 
all stages of plant development.

2.4. Nanoindentation (NI) measurements

Nanoindentation analyses were carried out using a commercial 
Nanoindenter XP system (MTS Nano Instruments), under controlled 
conditions of 23◦C and 50% relative humidity (RH). The instrument was 
equipped with a Berkovich-type diamond indenter, characterized by a 
three-sided pyramidal geometry, enabling local mechanical character
ization of fibre cell walls.

For all samples, a maximum indentation depth of 120 nm was 
applied. The experimental protocol included a loading phase at a strain 
rate of 0.05 s-¹ , followed by a 20-second hold at maximum load. 
Unloading was then performed at a constant rate of 10 μN/s.

The load-displacement curves were analysed using the method pro
posed by Oliver and Pharr (1992), which determines the indentation 
modulus from the slope of the unloading curve. This methodology, 

widely used for the characterization of biological materials and poly
mers, provides a reliable estimate of the mechanical properties of hemp 
fibres.

In this study, indentation modulus and hardness were calculated 
during the unloading stage, to avoid the influence of possible structural 
changes occurring during the loading phase.

For each stage of development, nanoindentation experiments were 
conducted on three independent stems to assess inter-stem variability. 
For each stem, 20 indentations were performed per fibre, and four fibres 
were analysed per stem, resulting in a total of 80 indentations per stem.

The indentation values were first averaged at the fibre level prior to 
statistical analysis to evaluate the local mechanical properties of the cell 
wall.

The results showed high consistency among the stems. For clarity, 
the data presented in this study correspond to a single representative 
stem, selected based on the consistency observed among the three stems. 
The reported indentation modulus values were obtained by averaging 
the measurements across the four fibres of this stem.

For the multiscale correlative analysis, the same representative stem 
was used for all subsequent characterizations (AFM, Raman micro
spectroscopy, and X-ray microtomography), thereby ensuring a consis
tent multiscale description of fiber structure and mechanical properties.

2.5. AFM peak force QNM measurements

Analyses were performed using a multimode atomic force micro
scope (AFM) (Bruker Corporation, USA) operating in Peak Force 
Quantitative Nanomechanical Mapping (PF-QNM) mode. A 
RTESPA− 525 probe (Bruker), with a spring constant of 200 N/m and a 
tip radius of 43 nm, was used.

The probe was calibrated using the Sader method (https://sader
method.org/), resulting in optimum measurement accuracy. The tip 
radius, initially estimated at 43 nm, was refined during measurements 
using a Kevlar sample, which served as a reference material with an 
indentation modulus of between 18 and 20 GPa. All measurements were 
carried out with a scan speed of 5 µm/s and a maximum applied force of 
200 nN.

For each developmental stage, AFM measurements were performed 
on two independent stems that had previously been used for nano
indentation to assess reproducibility. Two images were acquired per 
stem. Indentation modulus maps were analysed to extract local values, 
and both the mean and distribution of values were reported for each 
stage. The results showed high consistency between the stems. To ensure 

Fig. 2. Schematic of hemp stems sample preparation for multi-scale analyses.
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consistency within the correlative multiscale framework, the AFM re
sults presented correspond to the same representative stem selected for 
the nanoindentation analysis.

2.6. Raman micro-spectroscopy

Raman spectra were recorded using an InVia confocal Raman 
microspectrometer (Renishaw, Wotton-under-Edge, England). Confocal 
Raman microscopy is a sensitive surface technique with a spatial reso
lution up to 250–500 nm. A 785 nm laser with a power of 100 mW was 
used with a grating of 1200 grooves/mm. The spectra were collected 
between 300 and 3200 cm− 1 at a 1 cm− 1 resolution using an X100 
objective and a slit opening of 65 µm. We collected 10 points for each 
stage of development. Wire 5.4 software was used to acquire and process 
the recorded data, in order to remove spikes and perform baseline 
correction. Data smoothing, vectorial normalization, and spectral 
averaging were performed with the Unscrambler 10.1 software (CAMO, 
Oslo, Norway).

Characteristic Raman bands were identified for the main fibre 
components, in agreement with the literature (Wiley and Atalla, 1987): 
cellulose and hemicellulose (400–530, 1095, 1120, 1335, 1375 cm⁻¹), 
crystalline cellulose (380 cm⁻¹), and lignin (1600–1630 cm⁻¹).

2.7. Statistical analysis and data treatment

To determine whether the differences observed between the groups 
were statistically significant, a one-way ANOVA was performed when 
comparing more than two developmental stages. For pairwise compar
isons, a Student’s t-test was used. When ANOVA revealed significant 
differences, post-hoc pairwise comparisons between stages were carried 
out using Tukey’s HSD test. A p-value < 0.05 indicates a statistically 
significant difference. The results from nanoindentation and AFM were 
represented using box plots, following the standard representation of 
box plots in Excel (e.g., as described by Excelguru.com). This format 
displays, the interquartile range (IQR) the median and potential outliers, 

allowing for robust visualization of the distribution of data between 
different samples or stages of development.

3. Results and discussion

3.1. Evolution of stem architecture and fibre morphology along plant 
development

Fig. 3 illustrates the morphological evolution of hemp fibres at the 
three maturity stages studied (50, 80, and 122 days after sowing). There 
is a progressive change in fibre structure, characterized by an increase in 
cell wall thickness. At 122 days, the primary fibres are more developed, 
with a thicker secondary cell wall and a smaller lumen compared to 
those at 50 and 80 days, reflecting an ongoing maturation process.

This trend is quantitatively supported by Table 1 and Fig. 4(a–c), 
which show a consistent reduction in lumen size with increasing fibre 
maturity. The maximum Feret diameter of the lumen decreases from 
17.2 µm at 50 days to 16.3 µm at 80 days, and reaches 10.3 µm at 122 
days. A similar evolution is observed when considering the lumen area, 
which declines from 163 µm² at 50 days to 148 µm² at 80 days, and drops 
further to 57 µm² at 122 days. Despite the relatively large standard 
deviations, these changes are not simply the result of natural variability. 
The entire distributions of both lumen diameter and lumen area shift 
toward smaller values, demonstrating a coordinated and progressive 
reduction in lumen cross-section throughout development.

Importantly, this reduction does not reflect a collapse of the lumen 
but rather the progressive thickening of the fibre walls associated with 
secondary wall deposition. As the wall layers accumulate, the internal 
cavity is gradually constricted, leading to smaller lumen diameters and 
areas. The combined analysis of these two metrics therefore provides a 
coherent and robust anatomical signature of fibre maturation, directly 
linked to the dynamics of wall thickening.

Simultaneously, as shown in Fig. 4(c), the cell wall thickness in
creases with maturity, suggesting that the fibres progressively fill in
ward with wall material mainly cellulose and non-cellulosic polymers 

Fig. 3. Optical microscopy and X-ray tomography of hemp stems at three developmental stages (50,80, and 122 days). Observations were performed on one stem per 
stage, sampled at the middle region of the stem. a, b, c: Optical microscopy images. d, e, f: Transverse cross-sections obtained by X-ray tomography. g, h, i: Zoomed 
views of the transverse tomography sections; in h, areas circled in red may correspond to possible secondary fibres. j, k, l: 3D representations of fibres virtually 
extracted from the stem. Developmental stages: a, d, g, j: Primary fibres at 50 days; poorly developed, thin walls, large lumen. b, e, h, k: Fibres at 80 days; inter
mediate development. c, f, i, l: Fibres at 122 days; fully mature with thickened cell walls. Abbreviations: Ep: epidermis; pf: primary fibre; xy: xylem.
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while the outer fibre diameter remains relatively constant. This obser
vation reinforces the idea of a maturation-driven reinforcement process, 
where fibres do not expand externally but densify internally.

Further insights are provided by Fig. 5, which plots the wall thick
ness of fibres as a function of their radial position in the stem. At 50 and 
80 days of maturity, fibres closer to the stem periphery exhibit notice
ably thicker walls than those nearer the center. This spatial variation 
may reflect a radial gradient of fibre maturation, with peripheral fibres 
initiating the thickening phase earlier than those closer to the core. This 
pattern supports the hypothesis of centripetal maturation of hemp fibres, 
meaning that fibres located at the periphery of the stem begin thickening 
earlier than those closer to the center. This outward to inward pro
gression is accompanied by a progressive deposition of the secondary 
cell wall, similar to the dynamics observed in flax (Gorshkova et al., 
2003). These observations are also consistent with Kim et al. (2021), 
who reported a progressive increase in secondary wall thickness in hemp 
fibres during their maturation.

Very few secondary fibres were observed in the analysed samples. 
However, some structures are briefly visible at 80 days (Fig. 3h, circled 
in red), suggesting the presence of a small proprotion of secondary fi
bres. Quantification of their surface area, compared with that of primary 
fibres, shows that secondary fibres represent only 6% of the total fibre 
fraction, which is low compared with previously published studies 
(Snegireva et al., 2015). Their limited presence can be explained by the 
fact that the sections studied here were taken from the middle part of the 
stem, whereas secondary fibres, which provide additional mechanical 
support during plant growth, are generally more abundant in the lower 
part of the stem (Snegireva et al., 2015).

3.2. Development of cell wall mechanical during hemp stem development

The mechanical properties of hemp fibre cell walls were analysed 

using nanoindentation, allowing the measurement of indentation 
modulus and hardness. Analysis of fibres at the three developmental 
stages revealed a progressive increase in both indentation modulus and 
hardness during maturation (Fig. 6).At 50 days, the indentation modulus 
of fibres was 16.7 ± 1.9 GPa, increasing to 18.0 ± 1.6 GPa at 80 days 
and 21.5 ± 2.1 GPa at 122 days (Fig. 6a). One-way ANOVA revealed a 
significant effect of developmental stage (p < 0.05), and Tukey’s HSD 
test indicated significant differences between all stages.

Regarding hardness (Fig. 6b), the mean value was 342 ± 57 MPa at 
50 days, followed by a slight increase to 350 ± 33 MPa at 80 days, with 
no statistically significant difference between these stages (one-way 
ANOVA, p > 0.05). In contrast, a significant increase was observed at 
122 days, with a hardness of 429 ± 57 MPa (p < 0.05, Tukey’s HSD 
test). These results indicate that the cell walls become progressively 
stiffer and harder as the fibres mature. The indentation modulus and 
hardness are indicative of the behaviour of cellulose microfibrils and 
non-cellulosic polymers, respectively (Eder et al., 2013). Hardness is 
particularly influenced by non-cellulosic polymers (such as pectins and 
hemicelluloses in the case of hemp fibres). The gradual increase in 
hardness during development suggests a structural reinforcement of the 
cell walls, likely linked to the accumulation of polysaccharides. As 
observed in the indentation analysis, these non-cellulosic components 
are expected to contribute to fibre stiffening and enhance their me
chanical strength.

These observations are consistent with those reported in flax by 
(Goudenhooft et al., 2018), who showed that the transition to mature 
fibres is accompanied by changes in cell wall composition, with a 
gradual shift from a galactan-enriched Gn layer to a more homogeneous 
and compact G layer that is less rich in galactans, thereby contributing to 
increased fibre stiffening during maturation.

Similarly, (Gorshkova and Morvan, 2006) highlighted the crucial 
role of galactans in the early stages of fibre development, with their 

Table 1 
Mean values and standard deviations of morphological parameters (lumen area, maximum Feret diameter, minimum Feret diameter, and fibre wall thickness) 
measured at threedevelopmental stages (50, 80, and 122 days). For each stage, one stem was analysed. Values shown represent the mean per stem.

Maturity stem analysed Number of analysed fibres Lumen area (µm2) Lumen max diameter (µm) Lumen min diameter (µm) Fibre wall thickness (µm)

50 days 1 102 163 ± 95 17.2 ± 6.5 10.4 ± 4.3 4.8 ± 0.8
80 days 1 105 148 ± 110 16.3 ± 8.9 9.8 ± 5.7 6.7 ± 1.7
122 days 1 62 57 ± 50 10.3 ± 5 6.4 ± 2.5 8.6 ± 2.5

Fig. 4. Cumulative probabilities of the morphological detection from tomographic images for 4 parameters. (a) for the lumen area in µm2, (b) for the Feret maximum 
lumen diameter, (c) for the Feret minimum lumen diameter and (d) for the fibre wall thickness. For each stage, one stem was analysed.
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progressive reduction being associated with the formation of the gelat
inous layer (G-layer) and fibre stiffening.

These results emphasize the key role of non-cellulosic polymers in 
the mechanical resistance of plant cell walls and confirm that their 
evolution directly influences fibre properties.

The mechanical properties of hemp fibres were also characterized by 
AFM-PF-QNM to complement the nanoindentation analysis (Fig. 6), 
offering a comparable measurement mode with higher spatial resolu
tion. Measurements were performed on the same fibres, enabling direct 

comparison between the two techniques.
The modulus obtained by AFM PF-QNM follows a similar trend to 

that measured by nanoindentation, confirming a progressive increase in 
mechanical properties during fibre development. Using nano
indentation, indentation moduli were found to be 16.7 ± 1.9 GPa at 50 
days, 18.0 ± 1.6 GPa at 80 days, and 21.5 ± 2.1 GPa at 122 days 
(Fig. 6).

AFM PF-QNM measurements revealed comparable values, with an 
indentation modulus of 15.7 ± 1.5 GPa at 50 days. One-way ANOVA 

Fig. 5. Values of the fibre wall thickness as a function of the position from the stem periphery. a for 50 days stem, b for 80 days stem and c for 122 days stem. For 
each stage, one stem was analysed.

Fig. 6. Nanomechanical properties of hemp cell walls at three developmental stages (50, 80, and 122 days) obtained by nanoindentation: (a): Nanoindentation 
modulus (NI). (b): Nanoindentation hardness. The box plots represent the distribution of values obtained from 20 indentations per fibre, performed on 4 individual 
fibres. Boxes with different superscript letters (a, b, c) indicate statistically significant differences between groups (p < 0.05, one-way ANOVA followed by Tukey’s 
post-hoc test). All assays were performed on one stem per developmental stage.
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indicated a significant effect of developmental stage (p < 0.05), with a 
marked increase to 19.6 ± 1.6 GPa at 80 days and a further rise to 20.6 
± 1.9 GPa at 122 days (Fig. 7). Tukey’s HSD test confirmed that the 
differences between all stages were statistically significant (p < 0.05).

These results highlight the progressive stiffening of cell walls asso
ciated with fibre maturation and demonstrate a similar increase in 
modulus measured by both AFM and nanoindentation, confirming the 
complementarity of the two techniques. However, these methods differ 
in terms of spatial resolution and indentation depth. Nanoindentation 
exhibits a greater indentation depth (approximately 120 nm), allowing a 
larger interaction volume to be probed and providing an averaged me
chanical response over a deeper region of the cell wall. In contrast, AFM 
offers higher spatial resolution and a much smaller indentation depth 
(approximately 2–3 nm), enabling the measurement of mechanical 
properties at the nanoscale and the detection of local heterogeneities 
within the cell wall. Thus, AFM allows fine mapping of mechanical 
properties, whereas nanoindentation provides local mechanical char
acterization at a slightly larger scale.It is important to note that both 
techniques rely on model assumptions that can influence the measured 
modulus. AFM-PF-QNM measurements depend on the chosen contact 
model; in this study, the DMT model was used to estimate the contact 
modulus, assuming a linearly elastic and isotropic material. The re
ported values therefore correspond to the contact modulus under these 
assumptions. Calibration of the AFM tip (tip radius, cantilever sensi
tivity, spring constant) was performed prior to each measurement series 
to minimize systematic errors.For nanoindentation, the modulus is 
calculated according to the Oliver-Pharr model, which assumes a ho
mogeneous and isotropic material at the scale of the indentation. This 
assumption may introduce biases when measuring heterogeneous cell 
walls, particularly at early stages of fibre maturation. Additionally, 
indentation depth was chosen to remain below 10–20% of the cell wall 
thickness to limit the influence of the lumen or substrate. Nevertheless, 
at early stages, when the walls are very thin, proximity effects of the 
lumen or resin infiltration can influence the measured values, repre
senting a limitation to be considered when interpreting the data.

Boxes with different superscript letters (a, b, c) indicate statistically 
significant differences between groups (p < 0.05, one-way ANOVA fol
lowed by Tukey’s post-hoc test)

AFM PF-QNM images (Fig. 8) also enable the analysis of morpho
logical variations in fibres as a function of their developmental stage. 
Progressive thickening of the cell wall is clearly observed, accompanied 
by a corresponding reduction in lumen size, which becomes very small 
after 122 days, consistent with enhanced mechanical performance.

3.3. Progressive evolution of the compound middle lamellae

The compound middle lamella (CML) is an intercellular structure 

that ensures the cohesion of adjacent plant cells. It is located between 
the primary walls and plays a key role in cell adhesion (Zamil and 
Geitmann., 2017).

In the present study, its mechanical evolution was monitored during 
hemp fibre maturation using AFM PF-QNM. Fig. 9 shows the AFM QNM 
modulus maps obtained for samples at 50, 80, and 122 days of devel
opment, along with the corresponding AFM QNM modulus distributions 
for the central lamella region. These results reveal a progressive increase 
in CML stiffness during development.

At 50 days after sowing, the CML exhibits a relatively homogeneous 
structure and low stiffness, with an average indentation modulus of 7.1 
± 0.7 GPa. The distribution of values is narrow and centered around 
7 GPa. At 80 days, a significant increase in modulus is observed 
(p < 0.05), reaching an average of 10.8 ± 0.8 GPa. This increase is 
accompanied by a moderate broadening of the distribution, suggesting 
growing heterogeneity in mechanical properties.

At 122 days, ML stiffness increases even more markedly, with a mean 
modulus of 13.6 ± 2.2 GPa, significantly higher than that measured at 
80 days (p < 0.05). The wider distribution at this stage reflects increased 
structural variability, likely linked to cell wall maturation and reor
ganisation processes. The values are comparable to those reported by 
(Melelli et al., 2020) for the middle lamellae of hemp. Our results show a 
correlation between fibre development and ML strengthening, probably 
linked to progressive densification of the extracellular matrix, associated 
with lignification of cell wall. Understanding the progressive stiffening 
of this zone is essential. (Fuentes et al., 2017) showed that technical 
fibres with strong cohesion, richer in substituted pectins, exhibit better 
mechanical performance than those with weaker cohesion, thus high
lighting the key role of this interfacial zone in the mechanical behaviour 
of fibres.

3.4. Heterogeneity of fibre maturation

Morphological heterogeneity is observed among fibres at different 
developmental stages. At 50 days, most fibres exhibit thin cell walls 
associated with large lumens, as illustrated by the lumen area distribu
tion (Fig. 10). However, some fibres display a markedly reduced lumen, 
indicating early thickening of the secondary cell wall. This pattern 
highlights an asynchronous maturation process, in which some fibres 
rapidly progress toward a mature state while others remain at an earlier 
stage of development.

To clarify this distinction, these early-maturing fibres are referred to 
here as “filled fibres”, characterized by a strongly reduced lumen due to 
pronounced secondary wall thickening. A fibre is considered filled when 
its lumen represents 9–16% (or less) of the total cross-sectional area, a 
threshold consistent with values reported in the literature for mature 
hemp fibres (Schäfer and Honermeier, 2006).

Based on this criterion, a threshold value of 15% for lumen area was 
defined, and the proportion of filled fibres (i.e., fibres with a lumen area 
below 15% of the total fibre area) was estimated at approximately 3.9% 
(Table 2) at 50 days, indicating the early presence of a fraction of fibres 
already advanced in maturation. This proportion increases to 32.3% 
(Table 2) at 80 days, reflecting the progressive thickening of the cell wall 
during development. At 122 days, corresponding to a stage close to seed 
maturity, the majority of fibres (80.7%; Table 2) exhibit a strongly 
reduced lumen, characteristic of a fully mature state.

Mechanical analysis of these filled fibres at 50 days reveals distinct 
properties: their indentation modulus reaches 19.7 ± 0.5 GPa in nano
indentation, with a hardness of 369 ± 12 MPa, while AFM-PF-QNM 
measurements give a modulus of 19.5 ± 2.5 GPa.

Compared with unfilled fibres at the same developmental stage (50 
days) (Fig. 11), filled fibres show a significantly higher indentation 
modulus (nanoindentation, data not shown) and a higher modulus 
measured by AFM PF-QNM (p < 0.05) (Fig. 11c). These values, close to 
those of fibres sampled at 80 and 122 days, suggest that some fibres at 50 
days reach advanced mechanical properties at an early stage, in contrast 

Fig. 7. AFM QNM modulus of hemp fibres at three developmental stages (50, 
80, 122 days). Boxplots represent the distribution of modulus values measured 
point by point within a single fibre per developmental stage, illustrating local 
variability along the cell wall.
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to fibres that are still developing at the same stage.
The coexistence, within a single bundle, of mechanically mature and 

immature fibres may have mechanical implications and could influence 
the overall mechanical behaviour of the stem, particularly during the 
early stages of development. More generally, this asynchronous matu
ration highlights the importance of taking into account the distribution 
of fibre maturity stages within the stem.

From an application perspective, these results demonstrate that fibre 
maturation is a key determinant of mechanical performance. Conse
quently, for applications requiring high mechanical properties, har
vesting at a late developmental stage, close to seed maturity, appears to 

be the most suitable strategy, as it maximizes the proportion of me
chanically mature fibres.

AFM PF-QNM can reveal gradients in mechanical properties and 
areas of heterogeneity within the fibre cell wall. This heterogeneity is 
particularly visible on the AFM QNM modulus mapping (Fig. 12), where 
it manifests as low modulus regions, which appear as slightly darker or 
lower-contrast areas. These variations in contrast reflect local differ
ences in stiffness.

The distribution of AFM QNM modulus for filled fibre at 50 days 
(orange curve Fig. 12) shows marked variability, with values ranging 
from 10 GPa to over 24 GPa. Notably, some regions of the cell wall reach 

Fig. 8. AFM-PF-QNM modulus mapping of the hemp fibre walls at different stages of development. (A) 50 days, (B) 80 days, and (C) 122 days. Each image cor
responds to a 384 × 384 pixel map, where each pixel represents a local modulus measurement obtained from force-distance curves.

Fig. 9. Evolution of the AFM QNM modulus of ML during hemp fibre maturation. (A-C): AFM QNM modulus mappings of ML at the three developmental stages.: (A) 
50 days, (B) 80 days, and (C) 122 days. (D): Corresponding distributions of AFM QNM modules extracted specifically from areas of the middle lamella for each stage. 
(A) 50 days, (B) 80 days, and (C) 122 days. Images are 384 × 384 pixels.
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high values, sometimes comparable to those observed in more mature 
fibres sampled at 80 and 122 days. The modulus distribution for filled 
fibres at 50 days exhibits two distinct maxima, indicating the presence of 
two populations within the fibre. This bimodality may reflect non- 
homogeneous maturation, with certain regions already exhibiting 

higher moduli characteristic of a more advanced developmental stage. It 
may also result from an uneven distribution of cell wall components, 
suggesting that the maturation process is still ongoing.

These results suggest that, although at an earlier stage of develop
ment overall, some fibres at 50 days already exhibit locally very stiff 
regions, indicative of advanced mechanical maturation. This partial 
maturity contrasts with the relative homogeneity observed in unfilled 
fibres at the same age, whose modulus remains generally lower and 
more uniform.

This heterogeneity may reflect non-uniform cell wall maturation 
within a single fibre cross-section. It can be explained by the progressive 
action of galactosidase enzymes, which are responsible for the break
down of galactan chains and, consequently, for the gradual stiffening of 
the cell wall, given the key role of these polymers in cell wall cohesion 
and structure (Goudenhooft et al., 2018; Gorshkova Morvan, 2006).

Compared with previous studies, notably in hemp (Kim et al., 2021) 

Fig. 10. Illustration of the segmentation of fibre lumens in cross-sections at the three developmental stages studied: (A): 50 days. (B): 80 days. (C): 122 days. 
Observations were performed on one stem per stage.

Table 2 
Evolution of filled fibres and lumen proportion during fibre maturation. For each 
stage, one stem was analysed.

Maturity Stem 
analysed

Number of 
analysed 
fibres

Number 
of filled 
fibres

Percentage 
of filled 
fibres

Average 
lumen 
Size (%)

50 days 1 102 4 3.9 % 35.9 %
80 days 1 105 34 32.4 % 24.3 %
122 days 1 62 50 80.7 % 10.67 %

Fig. 11. Comparison of unfilled and filled fibres at 50 days. (a): AFM QNM modulus mapping of a 50-day unfilled fibre. Red arrows indicate these low-modulus 
regions. (b): AFM QNM modulus mapping of a 50-day filled fibre with a smaller lumen. (c): Comparison of AFM QNM modulus for the unfilled 50-day fibre and 
the filled 50-day fibre. Boxes with different superscript letters (a, b) indicate statistically significant differences (P < 0.05). Images are 384 × 384 pixels.
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and flax (Goudenhooft et al., 2018), we were unable to definitively 
identify the presence of Gn layers during fibre maturation. Analyses 
performed on fibres from the middle part of the stem at 50 and 80 days 
did not reveal structures exhibiting the typical characteristics of Gn 
layers. However, certain mechanically heterogeneous zones observed in 
fibres at 50 days display features that could suggest the presence of such 
structures, although it is not possible to draw a definitive conclusion 
regarding their presence at this stage.

3.5. Raman spectroscopy investigations

Mean Raman spectra are shown in Fig. 13. These spectra reveal 
bands attributed to the three main fibre components: cellulose and 
hemicelluloses at 400–530, 1095, 1120, 1335, and 1375 cm⁻¹ ; crystal
line cellulose at 380 cm⁻¹ ; and lignin at 1600–1630 cm⁻¹ , as previously 
reported in the literature (Wiley and Atalla; 1987). Interestingly, we 
observe an increase in the more specific cellulose peak intensities (380 
and 1375 cm⁻¹) as a function of the maturation stage, consistent with 
higher cellulose content at the mature stage. The increase in peaks from 
440 to 530 cm⁻¹ , 1095 cm⁻¹ , and 1120 cm⁻¹ , all assigned to both cel
lulose and hemicellulose, clearly correlates with and supports the in
crease in nanoindentation modulus and hardness highlighted in the 
previous sections. The mechanical and tensile properties of many bio
based composites are known to be highly sensitive to cellulose content 
(Mathel et al., 2025; Nuez et al., 2020), as well as at the cell wall scale 
(Del Masto et al., 2019). Regarding the hemicellulose component, we 
note a higher intensity of the band at 570 cm⁻¹ . As we calculate a 
decrease in the I₄₉₄/I₅₇₀ ratio, an indicator of increased substitution of 

xylan by arabinose residues, we can expect a higher degree of substi
tution of the xylan backbone by arabinose side groups. It has been 
proved, in literature (Mathel et al., 2025), that the arabinoxylan poly
mer stiffness increases with their substitution degree, mainly due to the 
higher glass transition. Furthermore, this substitution induces increased 
branching and the removal of hydrophilic groups, resulting in fewer 
hydrogen bonds between water (Ying et al., 2011) and the arabinoxylan 
chains, as well as a less mobile backbone, thereby promoting stiffening. 
Literature report that xylan more branched by arabinose side groups 
have brittle behavior when manufactured for film packaging (Ying et al., 
2015). In the cell wall, a remodeling of the arabinoxylan toward more 
branched polymers would certainly favor less water molecules in
teractions and concomitantly higher stiffness of the polymer network.

These observations are confirmed by the principal component anal
ysis (Fig. 14). PC1 explains 56% of the total variance in the dataset and 
discriminates samples according to their developmental stage. The 
corresponding loading plot, which allows the identification of relevant 
wavenumbers, assigns positive values to the main compositional fea
tures of the 80- and 122-day samples. It highlights compositional 
changes related to cellulose and hemicellulose contents, which are 
higher in the older samples. This analysis reveals an increase in crys
talline cellulose from 50 to 80 days, which then stabilizes at the mature 
stage.Raman measurements were used to estimate the cellulose crys
tallinity index, following the adapted method of (Agarwal et al., 2010). 
Fibres at 50 days showed relatively low crystallinity (41%), whereas 
fibres collected at 80 and 122 days reached high values (87–88%), 
corresponding to an advanced stage of maturation.

As mentioned above, at 50 days, fibres exhibited heterogeneity. Both 
thin-walled fibres with large lumens and thick-walled fibres, referred to 
as “filled fibres” with strongly reduced lumens, were observed. These 
filled fibres showed higher crystallinity (75 %) and a significantly higher 
indentation modulus compared to thin-walled fibres at the same stage. 
This confirms that some fibres reach near-mature mechanical and 
biochemical properties at an early developmental stage.

However, this difference remains relative: the crystallinity and 
modulus of filled fibres at 50 days are still lower than those of fibres 
observed at 80 and 122 days, indicating that even early-developing fi
bres are not yet fully mature. This observation highlights the asyn
chronous and heterogeneous nature of fibre maturation within a single 
developmental stage.

It should be noted that all analyses were performed on fibres from the 
same stem, ensuring that the measured trends are comparable across 
techniques at the stem level. However, mechanical measurements (AFM 
PF-QNM and nanoindentation) were conducted on the same fibres, 
whereas optical microscopy, Raman spectroscopy, and tomography 
were performed on different fibres from the same stem. Despite this 
limitation, a clear positive correlation is observed between cellulose 
crystallinity and the indentation modulus measured by nano
indentation, as illustrated in Fig. 15.

Therefore, quantitative correlations between mechanical properties 
and morphological or chemical data can only be assessed at the stem or 
regional level, rather than on the exact same fibres. This limitation 
should be taken into account when interpreting the results obtained 
from the different techniques.

4. Conclusion

Hemp fibre maturation involves progressive and coordinated cell 
wall transformations at the structural, mechanical, and biochemical 
levels, which directly influence their properties.

In this study, we demonstrated that the evolution of cell wall 
composition, particularly cellulose and hemicellulose, is associated with 
a significant increase in the indentation modulus measured by nano
indentation and AFM-PF-QNM. At 50 days, fibres exhibit thin cell walls 
and low modulus, while cell wall thickening, initiated at 80 days along 
with lumen reduction, continues until 122 days at which point fibres 

Fig. 12. AFM-PF-QNM modulus distribution of hemp fibres at three develop
mental stages.

Fig. 13. Mean Raman spectra of hemp fibres at three developmental stages.
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display dense walls, reduced lumen, and enhanced mechanical 
properties.

The use of these techniques allowed us to demonstrate that 
morphological changes (wall thickening and lumen reduction) are 
accompanied by an increase in cell wall mechanical properties, as ex
pected. We also observed that stem filling occurs from the outer to the 
inner regions, as previously reported for flax. Raman spectroscopy 
showed that mechanically advanced fibres have a higher degree of cel
lulose crystallinity and a more mature biochemical composition con
firming the link between structure, mechanics, and chemistry. Notably, 
we observed heterogeneity in fibre maturation. At 50 days, most fibres 
have thin walls and large lumens, while some fibres (3,9%) exhibit 
thicker walls and are designated as “filled fibres”. This asynchronous 
maturation is particularly important to understand. The proportion of 
filled fibres increases from 3,9% at 50 days to 32,4% at 80 days and 
reaches 80,7% at 122 days, where nearly all fibres are filled with thick 
walls and reduced lumen.

This maturation dynamic is crucial for applications such as textile or 
composite preforms development requiring high mechanical perfor
mance fibres, as it provides insights into the optimal harvesting window 
to maximize the proportion of mature fibres. Understanding the asyn
chronous and heterogeneous nature of fibre maturation is therefore 
essential for optimizing hemp fibre properties.
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