
Available online at www.sciencedirect.com
Polymer 49 (2008) 792e799
www.elsevier.com/locate/polymer
Anisotropy of the modulus of elasticity in regenerated cellulose fibres
related to molecular orientation

W. Gindl a,b,*, M. Reifferscheid a, R.-B. Adusumalli b, H. Weber b, T. Röder c,
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Abstract
Regenerated cellulose fibres of different origin were tested in tension and by means of nanoindentation. Their degree of molecular orientation
was characterised with birefringence measurements. An empirical relationship was set up between the degree of orientation expressed by
birefringence and the modulus of elasticity parallel to the fibre direction, and the ratio between this modulus and the modulus transverse to
the fibre direction, respectively.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Regenerated cellulose fibres [1], which are produced by the
dissolution of purified cellulose from, mostly woody, biomass
in a suitable solvent and subsequent spinning, own a significant
share of the textile fibre market. The widely used viscose
process involves the treatment of cellulose with sodium
hydroxide and carbon disulfide before it is spun into an acidic
precipitation bath. High-tenacity rayon fibres produced by
a modification of the classic viscose process find application
as reinforcement fibres in car tires. The more recently devel-
oped environmentally friendly lyocell process is based on
the direct dissolution of cellulose in a mixture of water and
N-methylmorpholine-N-oxide without derivatisation. Lyocell
fibres are currently used in textiles and nonwovens. Apart
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from these classical applications, the success of natural cellu-
lose fibres such as flax, kenaf, and hemp in the reinforcement
of polymer composites [2] has spurred considerable interest in
the suitability of regenerated cellulose fibres for polymer rein-
forcement [3e7]. Finally, regenerated cellulose fibres are also
of interest with regard to serving as precursor in the production
of carbon fibres [8,9]. When comparing lyocell and rayon, car-
bon fibres produced from lyocell precursor show significantly
improved properties compared to those produced from rayon
precursor [10,11].

Particularly, with regard to the non-textile use of regener-
ated cellulose fibres, their strength and stiffness, which can
be tuned within a wide range in the production process,
is of high importance. The relationship between the molecu-
lar and supramolecular structures of regenerated cellulose fi-
bres and their mechanical properties in the direction of the
fibre axis has been extensively studied (e.g., see Ref. [12e
16]). In the case of well-oriented cellulose fibres, the fibre
compliance is related to the orientation parameter hsin2FiE
by Eq. (1)
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where E is the modulus of elasticity in fibre direction, ec is the
chain modulus and g is the average shear modulus between ad-
jacent chains [17,18]. It is noted for clarity that throughout this
paper capital letters (E and G) are used to denote macroscopic
moduli, whereas moduli for the cellulose chain (e and g) are
given in lower case. The strain orientation parameter hsin2 FiE
represents the average orientation of all polymer chains at zero
strain. This orientation parameter is equivalent to the orienta-
tion parameter hsin2 qi (Eq. (2)), which is the second moment
of the molecular orientation distribution [19], only in well-ori-
ented fibres with a Gaussian distribution of chain orientation
[20].
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In Eq. (2), Dn is the measured birefringence and Dnmax is the
maximum birefringence of cellulose. The validity of the model
shown in Eq. (1) for well-oriented regenerated cellulose fibres
was confirmed recently [21]. However, in order to fully under-
stand the behaviour of cellulose fibre reinforcement in polymer
composites, it is also necessary to study mechanical fibre prop-
erties transverse to the fibre direction.

In the present study, we chose two different approaches to
study the changing ratio of the modulus of elasticity of regen-
erated cellulose fibres parallel and transverse to the fibre direc-
tion, respectively, independent of their degree of preferred
molecular orientation. First, a high number of regenerated
cellulose fibres and few cellulose films, covering a broad range
of preferred orientation, were tested in tension and preferred
orientation was determined by means of birefringence mea-
surements. By fitting an empirical mathematical relationship
to these experimental data, the modulus of elasticity transverse
to the direction of the cellulose chain can be inferred, and an
estimate of the anisotropy (i.e. the ratio of the modulus of elas-
ticity parallel and transverse to the fibre direction) of a regen-
erated cellulose fibre can be made from the degree of preferred
orientation of its constituent cellulose chains. In a second
approach, direct measurements of the modulus of elasticity
of cellulose fibres parallel and transverse to the fibre direction
were undertaken by means of nanoindentation technique and
the fibre anisotropy was calculated from these measurements.
The results of both approaches are compared and an assess-
ment of their respective validity is made.

2. Materials and methods

Viscose and lyocell fibres were obtained from Lenzing
R&D, Lenzing, Austria. Viscose fibres were received as staple
fibres with a length of 38 mm. The four different lyocell fibres
selected for this study were produced from the same spinning
dope and differed only in the draw which was applied during
production, resulting in different diameter and, consequently,
different structural ad mechanical properties. Bocell fibres
were kindly supplied by Dr. S. J. Eichhorn, University of Man-
chester, UK. These high-modulus/high-strength experimental
fibres spun from an anisotropic solution in phosphoric acid
owe their outstanding mechanical properties to exceptionally
high crystallinity and high molecular orientation as described
in detail by Northolt et al. [20] and Eichhorn et al. [16].
Regenerated cellulose films were prepared by dissolution of
lyocell fibres in lithium chloride/N,N-dimethylacetamide
solvent and subsequent casting as described in detail in
Ref. [22]. The thickness of these films was between 0.1 mm
and 0.2 mm. While one set of films was tested as produced,
a second set was subjected to a uniaxial stretching procedure
in order to introduce preferred orientation. Square pieces of
cellulose film with a size of 50 mm� 50 mm were submerged
in distilled water until saturation and subsequently fixed to the
grips of a Zwick 20 kN universal testing machine. The films
were stretched to a strain of 50% in wet condition and left
to dry in the stretched state, thus preserving the obtained
preferred orientation [22].
2.1. Characterisation of molecular orientation
The degree of preferred orientation in cellulose fibres and
films was determined by means of birefringence measure-
ments. A Zeiss Axioimager microscope equipped with a Berek
compensator 5l was used. The birefringence Dn of a specimen
was obtained by dividing the measured retardation of polarised
light by the respective specimen thickness. By relating Dn to
the maximum birefringence of cellulose Dnmax, the orientation
factor f (Hermans’ orientation factor) was calculated according
to Eq. (3).

f ¼ Dn

Dnmax

ð3Þ

Hermans’ orientation factor is 1 for perfect orientation parallel
to the fibre direction, 0 for random orientation, and �1 for per-
fect transverse orientation. While this procedure is straightfor-
ward for cellulose fibres, two birefringence values at an angle of
90� to each other were measured for cellulose films transverse
to the direction of loading. A representative value of birefrin-
gence was estimated from these measurements by calculating
an average value.
2.2. Determination of Poisson’s ratio
Poisson’s ratio was determined for the cellulose II crystallite
[23]. It was found to vary between 0.30 for the 200/004 plane
and 0.46 for the 110/004 plane. For the 110=004 plane, a nega-
tive Poisson’s ratio of�0.37 was calculated. Since it is difficult
to derive a representative Poisson’s ratio for bulk cellulose
specimens from these values, own measurements were per-
formed using unoriented cellulose films. The films were fixed
to the grips of a universal testing machine and strained. During
straining, the deformation of the specimen was monitored by
means of an electronic laser speckle interferometer system
(ESPI, Dantec-Ettemaier). By differentiation of the obtained



Table 1

Average diameter, mechanical properties, and degree of orientation of different kinds of regenerated cellulose fibres

Fibre d E (GPa) smax (MPa) 3max (%) El-NI (GPa) Et-NI (GPa) Dn f

Bocell 11.6 46.6� 6.5 1170� 165 6.1� 0.8 18.2� 1.7 6.7� 0.3 0.0536� 0.0035 0.87� 0.057

Lyocell A 9.0 31.2� 1.5 624� 58 6.8� 1.7 17.5� 0.8 4.9� 0.2 0.0449� 0.0003 0.73� 0.005

Lyocell B 10.5 30.3� 2.2 621� 57 7.5� 1.8 17.4� 0.7 4.9� 0.3 0.0446� 0.0004 0.72� 0.006

Lyocell C 17.3 27.3� 2.0 551� 27 9.8� 1.4 14.6� 0.8 5.0� 0.3 0.0430� 0.0003 0.70� 0.005

Lyocell D 26.5 22.4� 1.5 472� 29 13.7� 1.7 14.2� 0.8 5.8� 0.3 0.0397� 0.0002 0.64� 0.003

Viscose 10.5 11.5� 2.0 423� 48 19.0� 2.7 9.2� 0.6 6.1� 0.3 0.0247� 0.0029 0.40� 0.047

d: diameter; E: modulus of elasticity in fibre direction measured in a tensile test; smax: tensile strength; 3max: elongation at break; El-NI: modulus of elasticity in fibre

direction measured by nanoindentation; Et-NI: modulus of elasticity transverse to the fibre direction measured by nanoindentation; Dn: birefringence; f: Hermans’

orientation parameter.
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displacement maps, the strains parallel and transverse to the
direction of loading were obtained and Poisson’s ratio was cal-
culated. A detailed description of the method may be found in
Ref. [24]. The value obtained from these measurements covers
both crystalline and amorphous cellulose at random orientation
and is therefore presumed suitable for further calculations.
2.3. Tensile testing
The cellulose fibres were fixed to paper frames with a free
length of 30 mm as described in detail in Ref. [25] and tested
until failure at a speed of 1 mm min�1. For the mechanical char-
acterisation of cellulose films, strips with a width of 5 mm and
a length of 50 mm were cut. In the case of those films, which
were stretched to introduce preferred orientation, the strips for
tensile testing were cut with their length transverse to the direc-
tion of stretching, in order to obtain data points for cellulose with
preferred orientation transverse to the direction of straining and
thus very low modulus. While the calculation of strain from the
tested free length and the recorded machine cross-head displace-
ment is sufficiently accurate for cellulose fibres [25], direct
deformation measurement was performed for all tested cellulose
films using Zwick Macrosence clip-on displacement sensors.
2.4. Nanoindentation
Table 2

Mechanical properties, and degree of orientation of an unstretched and

a stretched regenerated cellulose films tested in tension transverse to the direc-

tion of stretching

E (GPa) smax

(MPa)

3max

(%)

Dn f

Unstretched

film

8.5� 1.6 149� 7 11.6� 1.4 0.0089� 0.0003 0.14� 0.005

Stretched

film

4.1� 0.5 62� 8 10.9� 3.3 �0.0262� 0.0006 �0.42� 0.009

E: modulus of elasticity; smax: tensile strength; 3max: elongation at break;

Dn: birefringence; f: Hermans’ orientation parameter.
In order to provide a second, independent data set on the
mechanical properties of cellulose fibres with varying degree
of preferred orientation, nanoindentation measurements were
performed parallel and transverse to the fibre direction.
For this purpose, fibres were embedded in epoxy resin and
a smooth surface was cut by means of an ultramicrotome
equipped with a diamond knife. Before performing nanoin-
dentation, the fibres were imaged with an AFM (Digital Instru-
ments DI Dimension 3100). From the AFM data, the diameter
of the fibre was determined and the surface roughness of the
specimens was evaluated. The average surface roughness
was less than 2 nm, which is considered by far sufficiently
smooth for our nanoindentation experiments. Using a Hysitron
Triboscope indentation device, measurements were performed
in a force-controlled mode with a Berkovich-type triangular
diamond pyramid, applying a peak force of 140 mN. The
elastic modulus was evaluated according to Oliver and
Pharr [26].
3. Results
3.1. Molecular orientation
The materials selected for this study show a high variability
in birefringence as shown in Tables 1 and 2. In order to calcu-
late the average molecular orientation from birefringence mea-
surements, the value of maximum birefringence in the case of
perfect orientation of all cellulose chains parallel to the fibre
direction has to be known. An evaluation of the maximum
birefringence can be made by plotting the fibre birefringence
against fibre compliance for well-oriented fibres (compli-
ance< 0.04, [27]). When the compliance of the cellulose
chain is known, the maximum birefringence can be derived
by fitting a linear regression to the plotted data (Fig. 1). In
the present study, the compliance of the cellulose chain was
assumed to be 1/88 GPa�1 as calculated by Nishino et al.
[28]. Based on these assumptions, a value of 0.0615 was ob-
tained for maximum birefringence (Fig. 1), and used thereafter
for the calculation of Hermans’ orientation factor f according
to Eq. (3). As seen in Tables 1 and 2, a large part of the
theoretical range of f from 1 at perfectly longitudinal to �1
at perfectly transverse orientation is covered by experimental
data obtained in the present study, providing a good basis
for further analysis.
3.2. Mechanical properties by tensile testing
Typical stressestrain curves and average values of the mod-
ulus of elasticity, the tensile strength, and the elongation at
break of a wide range of regenerated cellulose fibres are shown
in Fig. 2 and in Table 1. The highest modulus and strength
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Fig. 1. Relationship between the compliance (1/E ) of well-oriented regener-

ated cellulose fibres and their birefringence. By fitting a linear regression,
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Fig. 2. Typical stressestrain curves for different regenerated cellulose fibres.
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were achieved for the non-industrial Bocell fibre whereas tex-
tile viscose showed the lowest values. All four kinds of lyocell
fibres tested showed an intermediate behaviour. In order to
further extend the range of modulus of elasticity covered by
experimental data, films of regenerated cellulose were pro-
duced and also tested in tension. The results of these tests
are shown in Fig. 3 and Table 2. The strength and modulus
of the cellulose films tested here is well below the values
observed for fibres. Since Poisson’s ratio is an input parameter
required for the full description of the relationship between
structure and mechanical fibre performance, it was also deter-
mined using electronic laser speckle interferometry for two-
dimensional strain measurement. The resulting Poisson’s ratio
obtained from measurements on six unstretched regenerated
cellulose films was 0.30� 0.015.
3.3. Mechanical properties by nanoindentation
A direct measurement of the modulus of elasticity in fibre
direction and transverse to the fibre direction was performed
by means of nanoindentation. Fig. 4 shows an AFM image
of the cross-section of a single regenerated cellulose fibre (lyo-
cell) before and after a nanoindentation experiment. The aver-
age roughness of the surface of the fibres was very smooth
with (between 1 mm and 2 nm) and well below the size of
the indents. Two typical loadedepth curves from a nanoinden-
tation experiment (Fig. 5) demonstrate that there is a clear dif-
ference in the mechanical properties parallel and transverse to
the fibre direction, respectively. An evaluation of loadedepth
curves according to the Oliver and Pharr method [26] yielded
average elastic moduli shown in Table 1.
3.4. Analysis of experimental data
In this section, a simple, purely empirical model is developed,
which allows making an estimate of the anisotropy of regener-
ated cellulose fibres based on their degree of preferred orientation
expressed by birefringence. A mathematical function of the form

E¼ aþ b� eðc�DnÞ ð4Þ

was used and the parameters a, b, and c were determined by
least squares fitting. The result of the fitting procedure is shown
in Fig. 6. As a result of the fit, the longitudinal modulus of a
regenerated cellulose fibre can be estimated from its birefrin-
gence by means of Eq. (5)



Fig. 4. AFM images of a lyocell fibre before (left) and after (right) a nanoindentation experiment. The grey scale indicates image height.
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E¼ 2:8343þ 2:9184� eð49:4404�DnÞ: ð5Þ

Since the sign of birefringence will change when the axis of
reference is rotated by 90�, the corresponding transverse mod-
ulus can be estimated from the birefringence value used for the
calculation of the longitudinal modulus multiplied by �1.
Results are shown in Table 3.

More results can be derived from the experimental data on
birefringence and modulus of elasticity by assuming that the
value of 88 GPa for the modulus of the cellulose II crystal
measured by Nishino et al. [28] is correct. This enables the
use of the value of 0.0615 for Dnmax derived in Fig. 1 for
the calculation of Hermans’ orientation factor f for further
analysis. A plot showing the dependence of the measured ten-
sile modulus and also the elastic moduli inferred from nanoin-
dentation on the degree of molecular orientation expressed by
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Hermans’ orientation factor is shown in Fig. 7. When Eq. (5)
is extrapolated to f¼ 1 and f¼�1, the modulus of elasticity at
perfect longitudinal and perfect transverse orientations can be
derived. For the fibres characterised in the present study,
E( f¼1)¼ 63.9 GPa and E( f¼�1)¼ 2.9 GPa. The macroscopic
shear modulus G of regenerated cellulose can be derived
according to Eq. (6) for isotropic samples

G¼ E

2ð1þ nÞ ð6Þ

where n is the macroscopic Poisson’s ratio. The material
closest to isotropy characterised in the present study is the
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against their birefringence with fit of Eq. (4) and residual error of the fit.



Table 3

Anisotropy A of the modulus of elasticity in different regenerated cellulose

fibres

Fibre ANI AEq. (5)

Bocell 2.7 15.3

Lyocell A 3.6 9.9

Lyocell B 3.6 9.6

Lyocell C 2.9 8.6

Lyocell D 2.4 6.9

Viscose 1.5 3.1

ANI: ratio of the modulus of elasticity in fibre direction and transverse to the

fibre direction measured by nanoindentation; AEq. (5): ratio of the moduli

obtained by dividing the longitudinal modulus of elasticity measured in tensile

testing by the transverse modulus estimated from Eq. (5).
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unstretched regenerated cellulose film, which was also used
for the determination of the macroscopic Poisson’s ratio. For
this film, a macroscopic shear modulus G of 3.3 GPa is ob-
tained. A different approach is applicable to the determination
of g, the average shear modulus between adjacent cellulose
chains, for well-oriented cellulose fibres [29]. In a plot of
E�1 versus Dn the ratio of the slope and the intercept of the
curve with the Dn axis is given by

slope

intercept
¼ 3g

1þ 3g
ec

ð7Þ

Such an analysis was performed individually for Bocell fibres,
lyocell and viscose, assuming again a value of 88 GPa for ec.
The resulting values for g are 3.6 GPa for Bocell, 2.0 GPa for
lyocell, and 0.8 GPa for viscose. Using the latter values, the
relationship between molecular orientation and the macro-
scopic modulus of elasticity of well-oriented cellulose fibres
can be described by Eq. (8) [29]

1

E
¼ 1
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3g

�
1� Dn

Dnmax

�
: ð8Þ
0

10

20

30

40

50

60

70

-1-0.500.51
Herman's orientation factor f

M
o
d
u
l
u
s
 
o
f
 
e
l
a
s
t
i
c
i
t
y
 
(
G
P
a
)

 Tensile testing
Nanoindentation

Fig. 7. Plot of the modulus of elasticity of various cellulose fibres and films

measured by tensile testing against Hermans’ orientation factor f compared

to the corresponding moduli obtained from nanoindentation. Both data series

were fitted with Eq. (4).
Results shown in Fig. 8 indicate a good fit of experimental
data only with the highest value of g derived from Bocell
fibres.

4. Discussion
4.1. Molecular orientation
The determination of the average molecular orientation, i.e.
the choice of the correct value of maximum birefringence for
cellulose, is a critical aspect in studies relating orientation
derived from birefringence with mechanical properties. In
the literature, different values ranging from 0.0545 [20] to
0.062 [14] and 0.081 [21] can be found. The value of 0.0545
derived from measurements with high-modulus fibres spun
from phosphoric acid solution [20] was considered unsuitable
for the data obtained in the present study, as it lead to physi-
cally impossible values (>1) for the Hermans’ orientation
factor f in many cases. By contrast, use of the rather high value
of 0.081 recently published by Kong and Eichhorn [21] would
require the chain modulus g of cellulose II to be more than
180 GPa in order to fit our experimental data as shown in
Fig. 8, which is a highly improbable value considering the lit-
erature [15,30]. Since the maximum birefringence of 0.0615
determined in the present study agrees very well with the value
of 0.062 published by Lenz et al. [14], it was presumed
suitable for further analysis.
4.2. Fibre anisotropy calculated from orientation
measurements and tensile tests
By means of simple models such as the one shown in Eq.
(1), the relationship between molecular orientation and the
modulus of elasticity of well-oriented regenerated cellulose



Polyaramid

Nylon 6:6

Polypropylene

Polyethylene terephthalate

Polyethylene

Regenerated cellulose

0 20 40 60
Anisotropy

Fig. 9. The range of anisotropy (ratio between the modulus of elasticity paral-

lel and transverse to the fibre direction) of different polymer fibres compared

to regenerated cellulose fibres.

798 W. Gindl et al. / Polymer 49 (2008) 792e799
fibres can be described when the elastic and shear moduli at
the level of the cellulose chain (ec and g) are known [29].
Since there should be no difference in the modulus of elastic-
ity of perfectly straight and parallel aligned noncrystalline
cellulose macromolecules and cellulose crystallites [14],
crystallinity is not considered here. Furthermore, it is also nec-
essary to find a reasonable relation between the orientation pa-
rameter hsin2 qi determined from birefringence and the strain
orientation parameter hsin2FiE. A comprehensive discussion
on the various assumptions involved in finding such estimates
is given in Ref. [20]. With respect to constitutive models such
as Eq. (1), the empirical procedure chosen here has the advan-
tage of relying solely on directly measured data (E and Dn).
Also, the empirical relation derived here is applicable to the
full range of possible Hermans’ orientation factors, which is
not the case for Eq. (1).

The calculated anisotropy of regenerated cellulose fibres
characterised in the present study ranges from 3.1 for textile
viscose up to 15.3 for the experimental Bocell fibre (Table
3). Using a range of different devices, the transverse modulus
of various polymer fibres was measured and compared to the
longitudinal modulus [31e36]. In Fig. 9 the range of anisot-
ropy observed in a number of polymer fibres is compared to
the anisotropy calculated for different regenerated cellulose
fibres in the present study. It can be seen that regenerated
cellulose behaves quite similar to other polymer fibres, with
the notable exception of polyaramid, which shows much
higher anisotropy.

In addition to fibre anisotropy, estimates for a number of
macroscopic and microscopic material parameters were in-
ferred from the experimental data measured in the present
study. On the macroscopic scale, the shear modulus G and
the modulus of elasticity E at perfect orientation parallel and
transverse, respectively, to the fibre axis were calculated.
The value of 63.9 GPa found for perfect orientation parallel
to the fibre axis (E(f¼1)) should theoretically be equal to the
modulus of the cellulose II chain of 88 GPa [28]. The
disagreement found with present data may be due to the fact
that a static modulus with fixed gage length was determined
here as opposed to sonic modulus measurements, which give
higher values in modulus [20]. In addition to the longitudinal
modulus at perfectly parallel orientation, a value of 2.9 GPa
was calculated for the expected modulus at perfect transverse
orientation (E( f¼�1)). This leads to a maximum possible an-
isotropy for cellulose fibres of 22 when characterised by static
tensile tests as performed in the present study. Disregarding
potential inaccuracies in the estimation of E( f¼�1) discussed
for E( f¼1) it can be assumed that E( f¼�1)¼ 2.9 GPa is equal
to the average transverse modulus of elasticity of the cellulose
chain. This value is to be considered an average value, since it
does not take into account the different mechanical behaviour
of cellulose in the transverse directions in the plane e and
normal to the plane of the glucopyranose ring. The estimated
anisotropy of the cellulose II chain can consequently be
calculated from 88 GPa/2.9 GPa, which gives 30.

Finally, values of 3.6 GPa (Bocell), 2.0 GPa (lyocell), and
0.8 GPa (viscose) were found for the average shear modulus
between adjacent cellulose II chains. According to Ref. [20],
g changes independent of the degree of orientation of cellulose
bonding due to different degrees of hydrogen bonding. The
value for g obtained in the present study lies close to the range
of values from 1.8 GPa for textile viscose to 3.8 GPa for the
Bocell fibre published by Northolt et al. [20]. Furthermore,
a value of 3.6 GPa derived from an analysis of a number of
different lyocell fibres [21] is also reasonably close to the
value found in this study, considering that fibres with different
orientation were used.
4.3. Fibre anisotropy calculated from nanoindentation
measurements
As shown in Table 1 there is great discrepancy between the
longitudinal modulus of elasticity measured by tensile tests and
the modulus measured by nanoindentation. The difference is
small for the low-modulus viscose fibre, but increases signifi-
cantly with increasing fibre stiffness. While the longitudinal
modulus of elasticity is severely underestimated by nanoinden-
tation, the contrary holds true for the transverse modulus, which
is overestimated in general, when compared to values expected
according to the fit shown in Fig. 7. Consequently, also the de-
gree of anisotropy of the cellulose fibres tested here is underes-
timated when derived from nanoindentation results (Table 3).
From theoretical calculations and experiments with a variety
of different materials [37e40], it is well known that in nanoin-
dentation experiments with anisotropic materials the higher
modulus tends to be underestimated while the lower modulus
is overestimated. This phenomenon is attributed to the fact
that, due to the inclination of the flanks of the indenter body
with respect to the principal material axes of the sample to be
characterised, the measured apparent modulus is affected by
the moduli along all material axes due to the multiaxial stress
state under the indenter. For the regenerated cellulose fibres
as characterised in the present study, the tensile modulus corre-
sponding to the respective value measured by nanoindentation
can be estimated from Fig. 10. Currently, there is no general
solution available for the discrepancy between tensile modulus
and nanoindentation modulus, but efforts are being undertaken
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in, among others, the laboratory of the authors. It is expected
that a uniaxial stress state allowing the calculation of a correct
value for the modulus of elasticity will build up under a flat in-
denter body (‘‘flat punch’’). First prototype flat punch indenters
have been produced by means of a focussed ion beam station,
but more development is necessary at this state.

In spite of the fact that correct measurements of the elastic
modulus of regenerated cellulose fibres could not be taken
with the Berkovich indenter used in the current study, results
achieved with the indenter are still very useful since they indi-
cate that the transverse modulus of elasticity of different
cellulose fibres calculated using the fit shown in Fig. 7 is
most probably in the correct order of magnitude.

5. Concluding remarks

By combining results from tensile tests and birefringence
measurements it was shown in the present study that it is
possible to describe the relationship between the degree of
preferred molecular orientation of a variety of regenerated
cellulose fibres and the modulus of elasticity in the direction
of the fibre, and the ratio between this modulus and the mod-
ulus transverse to the fibre using a simple empirical model.
Using the model and parameters presented here, an estimate
of the anisotropy of a given regenerated cellulose fibre can
be made from only one input parameter, i.e. the degree of pre-
ferred orientation expressed by birefringence. Direct measure-
ment of fibre anisotropy was also attempted by means of
nanoindentation. However, the results of these measurements
show that with the indenter geometry used in the present study
it is not possible to obtain accurate values for the elastic mod-
uli of cellulose fibres. We conclude that similar to other aniso-
tropic materials, there is a discrepancy between the true
modulus and the apparent nanoindentation modulus due to
the inclination of the indenter pyramid with regard to the prin-
cipal material axes.
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