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ABSTRACT: Plant fibers such as linen are remarkably stiff materials in the longitudinal direction of the fiber.
As plant cell walls are composites made of cellulose nanocrystals, the so-called microfibrils, embedded in a
disordered matrix, those nanocrystals should exhibit an even higher elastic modulus G. We have determined the
elastic properties of cellulose microfibrils via the sound velocities measured by inelastic X-ray scattering (IXS).
The IXS technique is particularly sensitive to crystal properties by discriminating the contribution of disordered
material. A strong anisotropy is observed, with a much lower elastic modulus perpendicular to the fiber direction
(G1 ) 15 GPa) than parallel to it (G2 ) 220 GPa). The latter modulus is considerably higher than all values
previously determined and will have a significant impact on models for the elastic properties of cellulose microfibrils
and of composites based on them.

1. Introduction

Cellulose is the most abundant biopolymer on earth and the
main building material of plant cell walls. It is a chainlike
biopolymer, which during biosynthesis tends to crystallize into
stiff, fibrillar nanocrystals, the so-called microfibrils.1 Those are
embedded in a softer matrix of disordered cellulose, other
polysaccharides (hemicelluloses), and in woody species, lignin.2

The understanding of the unique mechanical properties of
cellulosic materials such as native cellulose fibers (the Young’s
modulus of linen can be as high as that of Kevlar, an artificial
high-performance fiber) or wood (which provides a specific
strength higher than the one of steel) is thus only possible taking
into account their composite nature. In order to fully understand
and model the mechanical properties of plant cell walls, those
of the stiff particles, the crystalline microfibrils, are of utmost
importance. A more precise knowledge of the elastic constants
of crystalline cellulose will have a major impact on the
understanding of the plant cell wall composite as it will in turn
allow determining the mechanical properties of the disordered
matrix (as a term for all disordered material at the surface of
and in between microfibrils) with much higher accuracy than
presently possible. In the cell wall architecture, the matrix plays
a most crucial role; its properties are e.g. very sensitive to
moisture, which strongly influences the mechanical properties
of cellulose fibers and wood3,4 even though the crystalline
cellulose microfibrils are not influenced by the adsorbed water.5

Cellulose microfibrils in bast fibers such as flax (linen) and
ramie have the monoclinic cellulose I � structure6 predominant
in higher plants and have a typical diameter of 4-6 nm and a
length of about 0.1 µm.2 They are highly oriented along the
molecular axis (crystallographic c-axis, Figure 1) of the
molecules parallel to the macroscopic fiber axis.8 In such a
material with fiber texture, even the disordered cellulose mol-
ecules are well aligned with the longitudinal fiber axis,9 further
contributing to the fiber’s high Young’s modulus and strength.
Because of their small size, microfibrils cannot be mechanically
tested individually, but only inside the composite. The overall

mechanical properties are then determined by the stress transfer
properties of the embedding matrix. A unique way of studying
the mechanical behavior of the material and of the cellulose
microfibrils simultaneously is provided by the in situ combina-
tion of tensile tests experiments with X-ray diffraction. The local
strain of the microfibrils’ crystal lattice is measured by a shift
of the corresponding Bragg reflections (Figure 1). Mainly the
lattice strain in the tensile force direction, i.e., along the fiber
axis (c), is evaluated;10-14 however, the study of the Poisson
effect in lateral direction (mainly along a as the most compress-
ible direction because of weak van der Waals bonds) is possible
as well.14-17 In the fiber direction, strain inside the cellulose
crystals is usually found to be a factor of 3-5 smaller than the
macroscopic fiber strain. The calculation of the microfibril
Young’s modulus requires further knowledge of the stress
distribution in the composite and of its morphology. The small
lateral microfibril dimensions result in a substantial contribution
of surface chains with different molecular conformation from
the crystal core.18 Furthermore, the microfibril orientation
distribution depends on the tensile load, implying a contribution
of shear deformation.19 Thus, the published values for the elastic
modulus in the c-direction (130,10 ≈128,11 136,12 90,13 and 105
GPa)14 are based on stress distribution assumptions that are
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Figure 1. Crystal structure of native cellulose6 (hydrogen atoms are
not shown). The cellulose molecules are organized in hydrogen-bonded
sheets in the bc plane, whereas between these layers only van der Waals
interactions are present. (a) shows the crystallographic 200 lattice planes
and (b) the 004 planes (axis settings according to ref 7). For microfibrils
in native cellulose fibers with fiber texture, c is the fiber axis.
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difficult to prove. Similar problems occur when band shifts in
Raman scattering experiments are interpreted in terms of the
elastic modulus (143 GPa).20 Theoretical values for the axial
elastic modulus of cellulose crystals vary with the force field
used in the calculations (167.5,21 148,22 and 150 GPa).23 In
summary, reported values for the longitudinal Young’s modulus
of crystalline cellulose I � range from 90 to 170 GPa, a variation
in disagreement with the observed structural uniformity.2

The present article introduces a novel method for the
determination of the elastic moduli of nanocrystals in fibers.
Using the inelastic X-ray scattering (IXS) technique, the elastic
constants are obtained via the sound velocity as given by the
slope of the measured acoustic phonon dispersion relation in
the continuum (long-wavelength) limit close to the center
of the Brillouin zone, using Christoffel’s equation.24 Even
though the cellulose fiber is a composite with amorphous
regions, IXS is much less sensitive to the contributions of
disordered molecules with respect to those of crystals. In this
sense, the technique shows the same selectivity as X-ray
diffraction (see above), complementing macroscopic measure-
ments of the sound velocity, which have been used for a long
time in determining the macroscopic elastic properties of
fibers.25

The “classical” method for measuring a phonon dispersion
relation is inelastic neutron scattering (INS), which has been
carried out earlier on flax fibers to yield generalized phonon
densities of states.9 However, INS does not allow for a
determination of the longitudinal velocity of sound at small
momentum transfers, Q, due to kinematic limitations. In contrast,
these limitations do not exist for X-rays with their high incident
photon energy of typically 15-20 keV. The relevant energy-
momentum transfer region can thus be easily accessed, which
is of particular advantage for the investigation of polycrystalline
and textured materials,26-28 including DNA fibers.27 An IXS
experiment on oriented fibers may additionally provide direc-
tional sensitivity: parallel fiber bundles can be measured in two
orientations, with the scattering vector perpendicular (vertical
fibers) and parallel (horizontal fibers) to the crystal c-axis. In
the first case, scattering from phonon modes involving pre-
dominantly motions in the direction of the cellulose chains (c-
axis, see Figure 1) is suppressed, as already proven in INS
experiments.9

Here we will demonstrate the potential of IXS for the
determination of the anisotropic elastic constants of nanocrystals
in fibers by the example of flax fibers. The experimental setup
is described in the following section, followed by a summary
of the results and their discussion in the framework of the elastic
constants of cellulose, and conclusions.

2. Experimental Section

In the IXS experiments, industrially bleached flax fibers from
the same batch as in previous experiments8,9,19 were used. The
sample consisted of several bundles of flax fibers aligned in a
parallel fashion. The bundle orientation was checked beforehand
on a larger sample by X-ray fiber diffraction in the laboratory in
Kiel using an 18 kW rotating anode with Si(111) monochromator
selecting the characteristic Cu KR1 radiation of wavelength λ )
0.154 056 nm. Beam size was 0.1 × 1 mm2; the two-dimensional
diffraction diagrams (taken with a Photonics Science image-
intensified CCD detector) from 13 individual positions on the
sample were averaged to yield the fiber diffraction pattern shown
in Figure 2. (A similar average was achieved in the IXS experi-
ments; see below.) The azimuthal width of the strong equatorial
200 reflections was determined to 17.5°. This value is larger than
the intrinsic microfibril orientation distribution in a single flax fiber
of only 7° due to a nonperfect alignment of the individual fibers in
the bundles.8

The IXS experiment was carried out using beamline ID28 at the
European Synchrotron Radiation Facility (ESRF, Grenoble, France).
We used the Si(11,11,11) backscattering reflection of the mono-
chromator (energy 21.747 keV) and the analyzers with an overall
instrumental energy resolution of ≈1.5 meV. The beam size at the
sample position was 250 × 80 µm2. Sample size was 0.5 × 10 ×
10 mm3 with oriented fibers mounted in an aluminum support frame
(Figure 3a). The horizontal scattering plane coincides with the plane
of the cellulose fibers such that the X-ray beam penetrated about
10 mm of sample in order to yield a sufficiently intense scattering
signal. Mounting the sample inside the ID28 standard vacuum
chamber minimized air scattering and eliminated the influence of
adsorbed water on the spectra taken. The oriented fibers were
measured in two orientations (Figure 3b) with the scattering vector
Qb perpendicular (orientation 1; fiber direction almost along the
X-ray beam) and parallel (orientation 2; fibers almost perpendicular
to the beam) to the longitudinal fiber axis. In the first case, scattering
from phonon modes involving predominantly motions in the
direction of the molecular chains (c-axis) is suppressed. In contrast,
in the second orientation, only those modes contribute. In the two
orientations, IXS spectra were recorded at 20 different Q values
(four analyzer settings for each orientation, ∆Q ) 1.5 nm-1). The

Figure 2. Fiber diffraction pattern of a 0.5 mm thick flax fiber bundle
(fiber axis was vertical) recorded at a laboratory X-ray source. The
scattering signals from 13 different positions on the bundle (exposure
time 10 min each) were averaged in order to yield a representa-
tive pattern in terms of fiber orientation. The equatorial 200 and the
meridional 004 reflections (arrows) correspond to the lattice planes in
parts a and b of Figure 1, respectively.

Figure 3. (a) IXS sample with oriented flax fibers in an aluminum
frame. (b) Oriented fibers were measured with the X-ray beam almost
parallel (top, orientation 1) and perpendicular (bottom, orientation 2)
to the fiber axis.
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Q positions cover more than the first two Brillouin zones of
cellulose in order to determine the longitudinal acoustic phonon
branches.

The measured spectra show very strong contributions of elastic
scattering (see Figure 4 for an example; please note the logarithmic
intensity scale). This scattering consists of both Bragg and disorder
scattering: the Bragg reflections are broadened due to the small
crystal size (see Figure 2), the amorphous material gives rise to an
underlying background, and the contrast between those two phases
results in strong small-angle scattering. In the Q range investigated
here, there is continuous elastic scattering visible on the equator.29

A reliable determination of the measured phonon excitation
positions was impossible using the standard fitting routines. We
decided to evaluate spectra with the elastic line subtracted instead.
The experimental ID28 energy resolution function at the relevant
energy, responsible for the elastic line shape, was parametrized with
a pseudo-Voigt function. This made it possible to adjust not only
the intensity but also the exact position of the elastic line and its
width before subtraction from the cellulose spectra. The positions
of the excitations could then be extracted from the difference spectra
and were averaged between the Stokes and anti-Stokes lines.

3. Results and Discussion

Figures 5 and 6 are color-coded two-dimensional interpolated
maps of all spectra measured in the respective direction; i.e., a
single spectrum such as in Figure 4 would correspond to a
vertical section (in that particular case at Q ) 24.8 nm-1). They
show the Q dependence of the flax fiber spectra after subtraction
of the strong elastic line (subtraction artifacts occur in the lighter
area around zero energy transfer ∆E) and on a logarithmic
intensity scale for the two fiber orientations. In the case of
orientation 2 (Qb along c, Figure 5), only very few spectra around
the reciprocal lattice points 002 and particularly around 004
contain significant inelastic intensity. In contrast, for orientation
1 with Qb perpendicular to c butsdue to the fiber texturesrandom
orientation with respect to a and b comparably well-defined
excitations are observed over the whole Q range covered. We
shall discuss the analysis of these spectra first.

A striking feature of the two-dimensional representation
(Figure 6) is the clear periodicity of the spectra in Q. The period
apparently corresponds to the wave vector transfer of the most
intense equatorial reflection 200 (see Figure 2). 200 is the first
h00 reflection with a significant structure factor. In the corre-

sponding first Brillouin zone, essentially the longitudinal
acoustic phonon branches contribute to the IXS signal.28

Beyond the first zone, transversal modes may contribute as
well, and the overall shape of the measured spectra should
approximate dispersionless feature originating from the
phonon density of states.30 It is thus not surprising that in
the second and the first half of the third Brillouin zone the
excitations are much less well-defined, even thoughsat least
close to the 200 reflectionssome excitations of the longitu-
dinal phonon dispersion are still visible.

In Figure 7 the positions of the phonon excitations are plotted.
Because of the low intensities, some energies, in particular in

Figure 4. IXS spectrum of flax fibers in orientation 2 at Q ) 24.8
nm-1, close to the 004 reciprocal lattice point (blue data points). Please
note the logarithmic scale. The elastic line is so strong that phonon
frequencies can only be determined from spectra with the elastic line
subtracted (black line: experimental resolution function for the same
analyzer, scaled to maximum for comparison).

Figure 5. Q dependence of inelastic X-ray spectra of oriented flax fibers
with Q along [00l] (orientation 2) on a logarithmic intensity scale (dark
blue: lowest; red: highest intensity). The shaded area for energy transfer
|∆E| e 2 meV contains artifacts from the subtraction of the elastic
line. The positions of the 002 and 004 reciprocal lattice points are
shown; they correspond to meridional reflections in the fiber diagram
(Figure 2).

Figure 6. Q dependence of inelastic X-ray spectra of oriented flax
fibers with Q along [hk0] (orientation 1) on a logarithmic intensity
scale (dark blue: lowest; red: highest intensity). The shaded area
for energy transfer |∆E| e 2 meV contains artifacts from the
subtraction of the elastic line. The position of the 200 reciprocal
lattice point is shown; it corresponds to an equatorial reflection in
the fiber diagram (Figure 2).
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the higher Brillouins zones, could only be determined with large
errors. The solid line is a fit with the commonly used function

(where VL is the longitudinal speed of sound) describing the
sinusoidal dispersion of an acoustic phonon branch with
periodicity given by Qmax. One would principally have the choice
of either fixing it to a value obtained by approximating the
Brillouin zone by a sphere with radius Qmax according to the
zone volume or to leave it as free parameter in the fit,31 which
we decided to do here. For a reliable determination of the
parameter Qmax the excitations in the second Brillouin zone (up
to 21 nm-1) were included in the fit. The resulting Qmax ) 8.1
( 0.1 nm-1 turns out to be very close to half the expected 16.1
nm-1 of the 200 Bragg reflection. Considering the high structure
factor of the 200 equatorial cellulose reflection, the phonons
that could principally be detected in general [hk0] directions
(fiber texture) are probably dominated by the [h00] contribution.
We thus assume that the IXS signal is dominated by a
longitudinal acoustic phonon branch along [100]. A sound
velocity VL,1 ) 2973 ( 85 m/s is obtained. The effective elastic
modulus G1 (the index in both cases stands for orientation 1) is
derived using Christoffel’s equation

with the density of crystalline cellulose, Fc. Fc was calculated
using the most recent cellulose I � crystal structure6 as 1.676
g/cm3, slightly higher than a value given by Krässig32 (1.625
g/cm3). With the first value, G1 ) 14.8 ( 0.8 GPa is calculated.

This transverse elastic modulus G1 of crystalline cellulose,
determined here for the first time experimentally, is supposed
to be dominated by the [h00] direction (see above) where the
cellulose molecules sheets are only weakly van der Waals
bonded. Calculations gave a transverse modulus of about 10
GPa,12 indicating that the [h00] direction is the least stiff one
of a cellulose crystal. The agreement with our result is good.

In the other orientation (2), which is for measuring phonons
along the fiber axis, the phonon intensity is significant only close
to the meridional reflections 002 and 004 (Figure 5). (Figure 4

is actually a logarithmic plot of a spectrum close to 004,
exhibiting a very strong elastic contribution.) A clear periodicity
of the pattern is absent. Instead of analyzing the dispersion over
several Brillouin zones, we show the excitations close to the
Bragg peaks in a reduced zone scheme (Figure 8) where the
phonon wave vector qb) Qb - Gb00l for l ) 2, 4 (Gbhkl: reciprocal
lattice vector). The four excitations close to 002 and 004 are
found on a straight line through the origin (which was included
in the fit), yielding a longitudinal (i.e., along the fiber axis,
orientation 2) velocity of sound for longitudinal acoustic
phonons, VL,2. The thus-obtained VL,2 ) 11 450 ( 1290 m/s can
be used to calculate the elastic modulus of cellulose crystals in
the fiber direction via eq 2, giving G2 ) 220 ( 50 GPa.

The longitudinal modulus of elasticity, G2, determined here
is larger than previously measured10-14 or calculated21-23 (see
Introduction). One should, however, keep in mind that the
“classical” X-ray diffraction experiments rather underesti-
mate the mechanical properties of crystalline material as they
crucially depend on an as efficient as possible stress transfer
mechanism in the composite. Variations of the stress distribution
in the complex molecular network of the embedding matrix can
e.g. turn the normal Poisson effect of spruce wood cell wall
cellulose microfibrils in the native wood cell wall17 into a
negative Poisson effect upon chemical modification (delignifi-
cation, Kraft pulping) of the cell wall matrix.16

The value for the longitudinal sound velocity of cellulose
crystals (about 11500 m/s) found in this work is high. Compar-
ing cellulose to other carbon-containing structures, the cellulose
sound velocity is close to that of diamond (18 000 m/s).28 This
means that the predominant strong covalent bonds (C-C and
C-O) in cellulose are responsible for the high sound speed. It
is reflected in the stiffness of the material: the corresponding
Young’s modulus of cellulose along the fiber direction of 220
GPa even exceeds that of steel.

4. Conclusions

The elastic constants of native cellulose crystals as determined
heres220 GPa in fiber direction, 15 GPa perpendicular to the
sheets of cellulose moleculessconstitute an important step
toward a more exact determination of the mechanical properties
of cellulose. The elastic modulus in fiber direction is significantly
higher than all previously reported values. The observed elastic
anisotropy by a factor of 15 reflects the different bonding

Figure 7. Experimental phonon dispersion of native cellulose fibers in
orientation 1 in a repeated-zone scheme (circles). The fit with a sine
function (eq 1) up to 21 nm-1 is shown as a solid line and its extension
(not fitted!) by a broken line. The Q value of the equatorial 200
reflection is 16.1 nm-1, almost exactly in the center of the second
Brillouin zone (Q ) 16.2 nm-1) as determined in the fit.

E(Q) ) 2p
π
VLQmax|sin(π

2
Q

Qmax
)| (1)

G1 ) FcVL,1
2 (2)

Figure 8. Experimental phonon dispersion of native cellulose fibers in
orientation 2 in a reduced-zone scheme (circles). The linear fit is shown
as a solid line.
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systems in different crystallographic directions: covalent bonds
in c-direction, van der Waals forces along a.

In general, the inelastic X-ray scattering technique as
presented here is free from artifacts, which in X-ray diffraction
experiments would arise from details of the stress transfer
between matrix and crystals in plant cell walls. IXS thus does
not underestimate the elastic moduli and provides a much more
direct access to the elastic properties of nanocrystals in
composite materials. Further systematic experiments are on the
way in order to investigate the impact of the degree of
orientation of fibers, of a possible double orientation in the
crystallographic texture,6 or of the crystal size on the IXS
spectra.
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