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1. Introduction

Flax (Linum usitatissimum L.) has been cultivated for many

centuries. It is highly valued for its fibres, which are used as a

raw material to produce textiles, which has been the moti-

vation for its varietal selection. This expertise started to be

developed in the 1920s (Dor�e & Varoquaux, 2006;

Jankauskiene, 2014) with the aim of increasing the fibre
UMR CNRS 6027, IRDL, Ru
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production yield (Jankauskiene, 2014), improving the lodging

stability (Gibaud, Bourmaud, & Baley, 2015) and resistance

against diseases (Spielmeyer, Lagudah, Mendham, & Green,

1998). Although the influence of varietal selection can be

currently seen in terms of effective production yields, it has

also affected the plant's anatomy. The extraordinary me-

chanical properties of flax elementary fibres are stable with

similar variability whatever the considered flax variety
e de Saint-Maud�e, F-56100 Lorient, France. Fax: þ33 2 97 87 45 88.

mailto:alain.bourmaud@univ-ubs.fr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biosystemseng.2018.10.015&domain=pdf
www.elsevier.com/locate/issn/15375110
www.elsevier.com/locate/issn/15375110
https://doi.org/10.1016/j.biosystemseng.2018.10.015
https://doi.org/10.1016/j.biosystemseng.2018.10.015
https://doi.org/10.1016/j.biosystemseng.2018.10.015


Nomenclature

c function of n and m

d span length (mm)

D diameter of the stem (mm)

d deflection (mm)

dF/dy slope of the linear part of the

forceedisplacement curve (N mm�2)

e thickness of the fibre ring (mm)

E apparent flexural modulus of the stem or

modulus of elasticity (GPa)

EI flexural stiffness of the stem (N m2)

f applied force during a bending test (N)

F0 form factor

g acceleration due to gravity (m s�2)

H plant height (mm, m)

Hcr critical buckling height (m)

I second moment of area of the stem (mm4)

Ifibres second moment of area of the fibrous ring

(mm4)

K proportionality constant

L load factor (kg m�3)

m load distribution parameter

M mass of the top load (g)

n tapering parameter

SF safety factor

w bulk density (N m�3)

y displacement at the middle of the sample (mm)

Fig. 1 e Scaling relationship for plant height (H) and basal

diameter (D) measured on flax (Linum usitatissimum L) in

this study, in comparison with herbaceous plants analysed

by Niklas (1995) and using the predicted scaling of plants

and trees given in Niklas and Spatz (2004) by H ¼ 34:64�
D2=3 � 0:475. The assumption made here to predict the

scaling of trees is based on (Niklas & Spatz, 2004).
(Goudenhooft, Bourmaud, & Baley, 2017). This latter criterion

is of great interest, since the use of flax fibres is no longer

limited to the clothing industry. Indeed, flax technical fibres

have served as reinforcement in composite materials since

the late 1930s (de Bruyne, 1939). The numerous advantages of

flax fibres justify modern application; for instance, flax fibres

can now compete with glass fibres in terms of average specific

mechanical performance (Baley & Bourmaud, 2014) as well

providing interest through their interesting acoustic behav-

iour (Merotte, Le Duigou, Bourmaud, Behlouli, & Baley, 2016).

In contrast to glass-fibre composites, flax fibres also ensure

reduced environmental impacts when incorporated into flax-

based composite materials (Le Duigou, Davies, & Baley, 2011).

In addition to their industrial advantages, flax stems

possess outstanding morphological properties. The slender-

ness factor (i.e. the ratio between height and diameter of the

stem) of flax has no competitor among botanical herbs (her-

baceous plants) and trees. In fact, when compared to the 76

species of herb stems studied by Niklas (1995), flax possesses a

much greater slenderness (Fig. 1) taking an average basal

diameter of 3 mm and a total height of 1.17 m as measured in

the present work. The value for flax given here refers to a

recent variety and is based on plants cultivated using a con-

ventional seeding rate, i.e. providing a compromise between

fibre yield and plant stability (Bourmaud, Gibaud, & Baley,

2016). Finally, although flax is an herb with a limited second-

ary growth, it appears to follow a scaling relationship more

closely resembling trees rather than herbs plants, according
our understanding of the literature (Fig. 1) (Niklas & Spatz,

2004).

With flax as well as other crop plants such as wheat or

barley, lodging is amajor problem as it compromises yield and

quality (Berry & Spink, 2012; Fischer & Stapper, 1987; Vera

et al., 2012). To quantify the impact of varietal selection on

the lodging stability of flax stems, a crucial parameter to

consider is the mechanical stability of the plant (McMahon,

1973). Indeed, for flax, the risk of lodging increases with

rainfall and wind, but a high slenderness ratio also implies a

risk of elastic buckling due to self-weight and additional loads

such as rain. The degree of mechanical stability can be

assessed through the safety factor (SF) against buckling,

defined as the ratio between the critical buckling height and

actual height of the plant (Niklas, 1994). The critical buckling

height (Greenhill, 1881) is the maximum height that the plant

can reach while remaining stable, given its diameter and

material properties. In a study on tree saplings grown in a

tropical environment (Jaouen, Alm�eras, Coutand, & Fournier,

2007), showed that variations in critical buckling height also

strongly depend on “form” parameters, namely the distribu-

tion ofmass and diameters along the stem. The stability of the

plant may also depend on gradients in mechanical properties

along the stem.

This study investigates the stability of flax in order to un-

derstand how this plant can reach such a slender structure

while remaining mechanically stable. The architecture of flax

plants is studied through an anatomical analysis. This is fol-

lowed by an examination of the mechanical stability of the

plants which is assessed by determining their SF, taking into

account the distribution of diameters and mass along the

stem. Finally, the effect of gradients in elasticity modulus is

investigated using a numerical model of buckling.
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2. Material and methods

2.1. Plant materials and measurements

Flax seeds (Bolchoı̈, textile variety selected in 2014) were

provided by Terre de Lin (a flax cooperative in Normandy,

France). Sowing was carried out outdoor in April 2016 in Lor-

ient, France, using a conventional seeding density of about

1800 plants m�2 (Bourmaud et al., 2016). Ten stems were

pulled out 100 days after sowing, a period corresponding to an

accumulated temperature of 1010 �C taken as indicating plant

maturity (Goudenhooft et al., 2017). Immediately after being

pulled out, the technical stem height (i.e. the part of the stem

located below the first floral ramification) and the total height

of each stem were determined using a measuring tape. The

technical stem was then cut from the basal part into 4 por-

tions of 200 mm to make the samples (the last portion was

generally < 200 mm). For each sample, the diameter was

measured at mid-height using a calliper and its weight

recorded; the inflorescence was also weighed. Stem segments

were used for anatomical analysis and bending tests, as

detailed below.

2.2. Anatomical analysis

Mature stem portions about 10 mm in length were cut from

the middle of the 200-mm samples collected from an average

plant. These 10 mm samples were fixed in a solution of 4% v/v

formaldehyde in 0.1 M phosphate buffer (pH 7.2) at 4 �C
overnight. The samples were gradually dehydrated in a series

of ethanol solutions. Then, samples were cleaned using

increasing concentrations of Histoclear® (National Di-

agnostics™, Thermo Fisher Scientific, Illkirch-Graffenstaden,

France) in ethanol/Histoclear solutions. Later, samples were

immersed in Histoclear/paraffin (Paraplast Plus®, Leica, Wet-

zlar, Germany) baths with gradually increasing concentra-

tions of paraffin. Samples were finally embedded in pure

paraffin at 60 �C and immediately stored at 4 �C. Sections

(20 mm thick) were cut using a microtome (Leica RM2135

equipped with disposable blade) and placed on Superfrost

Plus® (Thermo Scientific™, Thermo Fisher Scientific, Illkirch-

Graffenstaden, France) slides on a hot plate (35 �C). Slides

were stored at 40 �C overnight. Then, sections were dewaxed

by immersion in two pure Histoclear baths followed by a se-

ries of solutions with decreasing ethanol concentrations.

Finally, sections were rinsed in distilled water, stained with

toluidine blue and covered with Eukitt® (SigmaeAldrich,

Saint-Quentin-Fallavier, France) and a glass coverslip.

The stained slides were observed under an optical micro-

scope (Olympus AX70). Pictures were taken with an Olympus

DP25 camera and anatomical parameters were analysed using

image analysis. Namely, the outline of the central lacuna, of

the xylem tissue and of each fibre bundle visible on pictures of

stem cross-sections are manually drawn using Gimp® (GNU

Image Manipulation Program, version 2.10.6 of the software).

Then, the tissue content (% of the stem area devoid of lacuna

area) and the fibre content (total bundle area expressed in % of

the stem area and % of tissue content) are automatically

evaluated using ImageJ® (version 1.51 of this image processing
and analysis software in Java, developed by Wayne Rasband,

National Institutes of Health, Bethesda, Maryland, USA).

Finally, the average bundle thickness is calculated from 30

measurements around the stem cross-section with ImageJ®.

2.3. Three-point bending tests

Three-point bending tests were carried out on ten flax plants

using a universal MTS (Eden Prairie, Minnesota, USA) tensile

testing machine equipped with a 50 N capacity load cell. A

displacement rate of 0.1mms�1was used and a span length (d)

of 180mmwas fixed to allow pure bending stress during tests,

as demonstrated by R�equil�e, Goudenhooft, Bourmaud, Le

Duigou, & Baley (2018). Tested stem samples were all 200 mm

long, with a diameter of approximately 3 mm, in order to be

sufficiently slender to prevent significant shearing the stem.

Assuming the stem sample is a uniform beam, the

displacement (y) at the middle of the sample is given by Eq. (1)

(Timoshenko, 1930):

y ¼ fd3

48EI
(1)

where f is the applied force, d the span length and EI the

flexural stiffness, while E is the apparent flexuralmodulus and

I the second moment of area given as I ¼ ðp=64ÞD4 for a cir-

cular cross-section of diameter D. This formula is exact for a

cylindrical stem, but can be valid for a conical sample if the

diameter at the middle is taken as the representative value

(Alm�eras, Derycke, Jaouen, Beauchêne, & Fournier, 2009).

Finally, the apparent flexural modulus is obtained by Eq.

(2):

E ¼ df
dy

$
d3

48I
(2)

where df/dy is the slope of the linear part of the

forceedisplacement curve, from the beginning of the test and

for small strains.

2.4. Greenhill's model

Greenhill's model (Greenhill, 1881) can be used to determine

the “critical buckling height”, i.e. the maximum height that a

plant can reach while remaining stable, given its diameter D,

elasticmodulus E, and loads. The classically used formula is of

the following form:

Hcr ¼ K

�
E D2

w

�1
3

(3)

where K is a proportionality constant depending on the dis-

tribution of diameters and loads and w is the bulk density of

the stem. Starting from Greenhill's initial formulation, the

dependence of the critical buckling height in the distributions

of diameters and masses can be made explicit. The trunk

taper and load distribution are given by power laws charac-

terised by parameters n and m as described in Jaouen et al.

(2007) (n ¼ 0 for a cylindrical stem and 1 for a conical stem,

m ¼ 0 if load is concentrated at the top and 1 if load is uni-

formly distributed). Rearranging the equation of Jaouen et al.

(2007), the critical buckling height Hcr can be expressed as:

https://doi.org/10.1016/j.biosystemseng.2018.10.015
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Hcr ¼
�
E� F02 � D2

64g� L

�1
3

(4)

where g is the acceleration due to gravity, L is a load factor

defined as the ratio of total plant mass to stem volume, and F0

is a form factor given by F0 ¼ cðn;mÞ� jm� 4nþ 2j � ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2nþ 1

p
,

while c is a function of n and m whose numerical expression

can be found in Jaouen et al. (2007) (note that, because of a

different formulation, F0 slightly differs from the form factor F

defined in Jaouen et al. (2007)).

The critical buckling height of each plant was computed

from Eq. (4), with D being the diameter of the basal segment, E

the mean elastic modulus over the four tested segments. L is

estimated from the volume of the segments and the total

mass of the plant, n is obtained by log/log regression of the

segment diameter versus its relative position along the stem

and m is computed so the height of the centre of mass of the

modelled plant matches that of the real plant. The SF of each

plant was obtained by dividing the critical buckling height by

the real plant height H:

SF ¼ Hcr

H
(5)

2.5. Effect of a gradient in elastic modulus

Greenhill's model (Eq. (3)) assumes that the elastic modulus of

the stem is uniform. However, gradients in elastic modulus

along the stem may contribute to the stability of the plant. To

test this hypothesis, a numerical buckling model that can be

applied to any distribution of diameters, loads and elastic

moduli along the stem is used. The principle of thismodel is to

set an initial small disturbance (inclination angle of 1�) and
compute the shape of the deformed stem submitted to its self-

weight, accounting for the non-linear effect of large dis-

placements. The related equations and algorithm are
Fig. 2 e Numerical computation of the critical buckling height acc

of the plant as a conical stem topped with the load of inflorescen

the stem starts bending, yielding in a deflection d. (B) Deflection

regimes: below the critical load, the deflection remains small be

critical load, the stem bends and the deflection increases linearl

two lines.
described by Alm�eras, Gril, and Costes (2002). If the plant is

stable, the deflection remains small; if the plant is close to

buckling, the deflection becomes large. This model is applied

to the case of conical stem topped with a load corresponding

to the inflorescence, setting average values of flax stem

properties (Fig. 2(A)). The critical load of the plant was

computed by varying the top load and calculating the deflec-

tion, and taken as the intersection point of the two regimes

(Fig. 2(B)). To assess the effect of gradient in elastic modulus,

this computation is carried out for a stemwith uniform elastic

properties, and for stems with variable gradients in elastic

modulus, keeping the same average elastic modulus.
3. Results

All following results, as mentioned earlier, are based on the

same 10 stems. This small sampling size can be justified by the

fact that, in literature, similar stem architecture (height and

diameter, thus slenderness too) as well as anatomy are ob-

tained on stems from different varieties (Goudenhooft,

Bourmaud, & Baley, 2018; Goudenhooft et al., 2017; R�equil�e

et al., 2018). Moreover, fibres also exhibited the same range

of mechanical properties whatever the cultivation year

(Lefeuvre, Bourmaud, Lebrun, Morvan, & Baley, 2013) or vari-

ety (Goudenhooft et al., 2017). Hence, the following results are

assumed to be representative of the general behaviour of flax

plants.

3.1. Stem properties and anatomical analysis

By taking into account the diameter of the very base of the

stem and the related total stem height, the average slender-

ness H/D of flax was evaluated to be 365 ± 33, highlighting the

impressive feature of this plant. Changes in stem properties

are then evaluated in samples collected along the stem, as
ounting for gradients in elastic modulus. (A) Representation

ce. When the top loadM is increased above the critical limit,

d as a function of the top load M. The curve shows two

cause the stem is loaded in pure compression; above the

y. The critical load is computed as the intersection of these

https://doi.org/10.1016/j.biosystemseng.2018.10.015
https://doi.org/10.1016/j.biosystemseng.2018.10.015


Table 1 e Characteristics of flax stem samples along the
stem; means and standard deviations are calculated on
10 tested plants.

Sample Height
(mm)

Linear weight
(mg mm�1)

Stem diameter
(mm)

A 100 7.06 ± 2.01 3.12 ± 0.38

B 300 5.08 ± 1.58 2.88 ± 0.41

C 500 3.83 ± 0.93 2.56 ± 0.41

D 700 3.16 ± 0.90 2.09 ± 0.34

Table 2 e Analyses of stem samples corresponding to
transverse sections visible in Fig. 3(A) for illustrative
purposes.

Sample Tissue
content

(% of stem
area)

Fibre
content

(% of stem
area)

Fibre
content

(% of tissue
area)

Bundle
thickness

(mm)

A 68 17 25 77 ± 8

B 62 21 34 82 ± 12

C 55 20 36 83 ± 8

D 63 23 36 73 ± 11
illustrated in Fig. 3(A), and the associated average character-

istics are presented in Table 1.

The linear weight of the stem greatly decreases with

height, varying on average from 7.06 mg mm�1 for the basal

samples to 3.16 � 10�3 mg mm�1 for the apical samples. This

can be explained by the taper of the stem, reflecting the

changes in diameter along the stem height, which decreases

acropetally from 3.12 mm at a height of 100 mm to 2.09 mm at

700 mm (Fig. 3(A)). The internal structure of a representative

cross-section is presented in Fig. 3(B), defining the different

tissues that compose the flax stem. Based on the tissues

mentioned in this latter figure, Table 2 gives the anatomical

criteria corresponding to the cross-sections illustrated in

Fig. 3(A).

This analysis only took into account the tissues having a

mechanical key role, namely the fibre bundles and the xylem

(Fig. 3(B)). The tissue content is at a maximum towards the

base of the technical stem, whereas it reaches a minimum

around mid-height i.e. around 500 mm height. The fibre con-

tent is lower in the basal region of the stem (Table 2) and does

not change significantly between 300 and 700 mm. Fibre

bundles have a similar thickness along the stem despite the

changes in stem diameter.

3.2. Three-point bending test

Samples from green stems were collected as illustrated in

Fig. 3(A) and evaluated by three-point bending tests. Resulting

properties are presented in Table 3.

The tests show that stem flexural stiffness increases with

the diameter, i.e. the closer to the apex the tested sample, the

lower the flexural stiffness. This latter parameter ranges from

0.013 ± 0.006 N m2 in the top sample to 0.044 ± 0.020 N m2 in

the basal sample. The apparent flexural modulus sharply in-

creases along the stem, from 8.7 ± 0.5 GPa for the basal

segment to 12.9 ± 1.8 GPa for the apical segment (Fig. 4), with a

mean gradient of 6.6 GPa m�1. These results reflect the

gradient in mechanical properties along the stem.

In order to evaluate the influence of the fibres on the

apparent flexural modulus of the stem, the fibre contribution

to inertia was computed for each sample as:
Fig. 3 e (A) Schematic diagram of sampling along a flax stem a

plant, with (a) being the basal sample and (d) the apical one. (B) D
Fibre contributionð%Þ¼ Ifibres
I

�100¼ 1�
�
1�2e

D

�4
!
�100 (6)

where I is the second moment of area of the stem sample

(previously defined), Ifibres is the second moment of area of the

fibrous ring, D is the sample average diameter and e is the

thickness of the fibre ring given by the average thickness of

the fibre bundles (Table 2). The relation between the fibre

contribution and the apparent flexural modulus of the stem is

illustrated in Fig. 4. This graph shows that the gradient in

apparent flexural modulus along the stem is mainly driven by

the variation in fibre contribution. In fact, this gradient results

from the distribution of fibres along the stem; the thickness of

the fibre bundles is almost unchanged whereas the diameter

decreases along the stem.
nd associated transverse sections (a,b, c and d) of a single

escription of different tissues of a transverse stem section.
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Table 3 e Characteristics of flax stem samples along the
stem obtained from three-point bending test. Means and
standard deviation are calculated on 10 tested plants.

Sample Second
moment of
area (mm4)

Flexural
stiffness
(N m2)

Apparent flexural
modulus (GPa)

a 5.0 ± 2.3 0.044 ± 0.020 8.7 ± 0.5

b 3.7 ± 1.9 0.036 ± 0.016 10.0 ± 1.1

c 2.3 ± 1.1 0.024 ± 0.016 10.5 ± 1.1

d 1.1 ± 0.6 0.013 ± 0.006 12.9 ± 1.8

Fig. 4 e Apparent flexural modulus of green flax stem

samples plotted against the contribution of fibres to the

second moment of inertia of the stem; a linear regression

can be calculated with its intercept fixed at zero (R2 ¼ 0.985;

P < 0.05).

Fig. 5 e Effect of elastic modulus gradient (for a fixed

average elastic modulus) on the stability of flax,

numerically evaluated by changes in the critical load.
3.3. Safety against buckling

Measurements carried out on green stems yield a total plant

height of 1.17 ± 0.04 m for an average diameter of

3.24 ± 0.37 mm at the very base of the stems, and a total

weight of 5.76 ± 1.65 g, while the average apparent flexural

modulus of the samples is estimated at 10.5 ± 0.84 GPa by

bending tests. The SF against buckling ranges between 1.30

and 1.60, with a mean value of 1.44. The fact that SF > 1 for all

plants implies that the flax plants were stable, in agreement

with field observations showing their self-supporting habit.

The taper coefficient (n) was close to 0.5 (0.49 ± 0.07), indi-

cating that the flax stems have a paraboloid shape. The load

distribution parameter (m) of 1.08 ± 0.05, i.e. close to unity,

indicates that the centre ofmass of the plant is located near its

mid-height. The load factor (L) was estimated at

1159 ± 82 kg m�3.

3.4. Effect of elastic modulus gradient

Figure 5 shows the effect of an elasticmodulus gradient on the

stability of flax plants. From a qualitative viewpoint, the curve

presents an optimum near �2 GPa m�1, implying that the

plant is more stable if the modulus of elasticity decreases

slightly along the stem, so a strong positive gradient would
mean that the situation of the flax stem is suboptimal. How-

ever, from a quantitative viewpoint, it appears that this effect

is negligible. The strong positive gradient of þ6.6 GPa m�1

observed in flax only reduces the critical load by approxi-

mately 3% compared to the optimum situation.
4. Discussion

The specific morphology of flax enables it to be much taller

than other herbs of the same basal diameter, as illustrated on

Fig. 1, while staying mechanically stable. The constraint of

mechanical stability has implications in terms of how height

scales to diameter. Substituting Eq. (4) into Eq. (5), it can be

shown that, in order to ensure a given SF against buckling,

plants of different size must scale such that H3~D2, provided

intensive parameters (form factors, load factor and modulus

of elasticity) do not change with size. This scaling law corre-

sponds to a straight line on Fig. 1, with a slope of 2/3. The

dotted line in Fig. 1 represents the observed scaling relation-

ship between diameter and height of trees, for which the slope

is equal to 2/3, suggesting that trees of different size have a

constant SF against buckling. That most herbs do not align

with this line can be ascribed to the fact that intensive pa-

rameters, such as the modulus of elasticity, are not actually

the same as in trees. The modulus of elasticity of herbs is

usually much lower than for trees (Herrel, Speck, & Rowe,

2006; Leblicq, Vanmaercke, Ramon, & Saeys, 2015; Niklas,

1995; O'Dogherty, Huber, Dyson, & Marshall, 1995). This

lower performance is reflected by the fact that all the herbs

studied by Niklas (1995) lie below the line of trees. Flax,

however, appears aligned with trees in Fig. 1, suggesting that

it competes with trees in terms of its performance regarding

intensive parameters.

The taper coefficient (n), close to 0.5, is slightly lower than

the mean value of 0.66 observed by Jaouen et al. (2007) for

forest tree saplings. The load distribution parameter (m) is

close to unity, and lower than the average value of 1.62 ob-

tained by Jaouen et al. (2007), indicating that the relative

https://doi.org/10.1016/j.biosystemseng.2018.10.015
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position of the centre of mass is higher in flax than in tree

saplings. This is due to the concentration of loads near the top,

caused by the terminal inflorescence, so the load distribution

should have a negative effect on the stability of flax. The load

factor (L) is 1159 kg m�3, which is slightly lower than the value

of 1340 obtained by Jaouen et al. (2007). This low value is due to

the low bulk stem density (on average, about 850 kg m�3 for

the technical stem) of flax compared to trees. This low load

factor is beneficial for the stability of flax plants. The apparent

flexural modulus of flax stems (10.5 GPa in average) is much

higher than other herbs (Herrel et al., 2006; Leblicq et al., 2015;

Niklas, 1995; O'Dogherty et al., 1995) and closer to woody

plants including self-supporting trees and shrubs (Speck &

Burgert, 2011). For green wood, the flexural modulus typi-

cally ranges between 5 and 20 GPa (Kretschmann, 2010). The

values obtained on flax stems are thus comparable with the

modulus of trees. This flexural modulus, exceptionally high

for an herb, explains why flax is aligned with trees on Fig. 1; it

is related to the specific architecture of flax stem, namely to

the presence of an external ring of fibres with extraordinary

mechanical properties. If the mechanical contribution of tis-

sues other than phloem fibres is neglected, the relationship

shown on Fig. 4 would yield an apparent modulus of 46.7 GPa

for green fibres. This value is slightly lower than that given in

the literature for dehydrated flax fibres, namely

52.5 ± 8.6 GPa (Baley & Bourmaud, 2014), but consistent with

the apparent tensile modulus obtained on green fibres,

namely 45.3 ± 9.7 GPa (Goudenhooft, Siniscalco, et al., 2018).

This present result confirms that the high flexural modulus of

the flax plant can be attributed to the performance of its fibres.

Moreover, the distribution of these fibres within the section

make them a very efficient reinforcement. Indeed, the

contribution of a fibre to the flexural stiffness depends on its

distance to the neutral line of the section, which is positioned

at its centre. Being located at the periphery of the section,

phloem fibres are optimally positioned to provide the stem

with high flexural stiffness.

The observed gradient in flexural modulus along flax stems

is directly related to constraints of stem anatomy. The

development of flax phloem fibres is such that they form a

continuous ring of fixed thickness, irrespective of the diam-

eter of the section (Table 2). As a consequence, the relative

contribution of fibres to inertia is larger for sections of smaller

diameter (Fig. 4), located in apical parts of the stem. As fibres

are the main contributor to flexural stiffness, the flexural

modulus follows the same pattern and the gradient in flexural

modulus is a consequence of the constancy of the fibre ring

thickness. The numerical analysis (Fig. 5) shows that this

gradient has very low impact on the mechanical stability of

the plants. Compared to a situation where the flexural

modulus would be constant (for example if the fibre ring

thickness was proportional to the section diameter), the me-

chanical stability of flax is reduced by only a few percent. This

shows that the distribution of fibres along the stem, contrary

to their distribution within the section, is mostly neutral in

terms of plant stability. Concentrating fibres in basal or apical

parts does not impact themechanical stability. This is because

all parts of the plant, basal and apical, actually contribute

equally to the bending of the plant. Indeed, basal parts are
submitted to larger loads, but also have a larger inertia

because of their larger diameter. Apical parts are less loaded

but also have a lower inertia. Reinforcing a part of the stem at

the expense of another results in compensation of the con-

tributions of these two parts, and it does not affect the overall

stability of the plant.

The key to themechanical performance of flax stems lies in

the performance of its fibres, and in their optimal distribution

within the section. It can be easily shown that, for a given

amount of fibres, the specific core-rind structure set during

flax growthmaximises flexural stiffness. This is a well-known

fact in engineering sciences; for a given amount of material, a

tubular structure is more efficient than a cylindrical structure.

This strategy has, however, some drawbacks as in a tubular

structure, the risk of stem ovalisation and local buckling ap-

pears (Baley, Goudenhooft, Gibaud, & Bourmaud, 2018). In the

case of flax, this risk is prevented by the presence of an inner

layer of xylem. Data from Fig. 3 and Table 2 show that the

xylem area is reaches a maximum in the basal parts of the

stem. This efficiently prevents the problem of local buckling in

the basal part of the stem, where the risk is highest because of

the lowest relative thickness of the fibre ring at that level.
5. Conclusions

Compared to other plants and trees, the flax plant is a

remarkable structure which despite considerable slenderness

is mechanically stable. The stability of the flax plant can be

explained by the high apparent flexural modulus of the stem

(maximum values of 12.9 ± 1.8 GPa for the apical part of the

technical stem). This is much higher than observed in other

herbs. The difference in this modulus could be related to the

fibrous external ring formed by the fibre bundles within the

flax stem. This ring accounts for a flexural modulus reaching

values comparable with that of trees. In addition, although to

a lesser extent, other parameters are favourable for the sta-

bility of flax; namely, its paraboloid shape (reflected by a taper

coefficient of 0.5) and a rather low load factor of 1159 kg m�3

when compared with trees. Moreover, the unusually high

centre of mass reduces the stability of the plant only by a

small extent. Finally, varietal selection of flax overmany years

and cultural practices such as planting density have led to

increases in fibre yield and lodging resistance, giving rise to its

current extremely slender but mechanically stable structure.

The uncommon characteristics of flax makes make it a very

instructive model for bioinspired materials. Better monitor

the lodging behaviour of the stem, complementary in-

vestigations about the SF during ontogeny as well as the in-

fluence of the variety on the mechanical stability will be

performed in further studies.
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