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Cell wall properties and their effects

on the mechanical properties of fibers

A. BERGANDER, L. SALMÉN
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The properties of the cell wall are determined by its structure and by the properties of the
wood polymers. In this study, the influence of the elastic constants of the three wood
polymers on the elastic modulus of the cell wall was investigated. Cellulose was found to
dominate the properties in the longitudinal direction. In the transverse direction, the effect
of the properties of hemicellulose was more pronounced. The results show that it is
possible to reduce the discrepancy between experimental and modeled values of the
transverse modulus to a large extent by lowering the assumed values of the elastic
constants of hemicellulose and lignin. The thickness and fibril angles of the S1- and
S3-layers were also found to be important parameters for the transverse properties of the
fiber wall. These two layers should not be neglected when transverse elastic properties are
related to cell wall structure. C© 2002 Kluwer Academic Publishers

1. Introduction
Mathematical models of wood and its fibers play an
increasingly important role in the understanding of the
behavior of wood in different processes. The develop-
ment of powerful computers has increased the possi-
bility of making models in accordance with the native
wood structure [1–3]. The input parameters in these
models are usually the elastic constants for the three
major wood polymers: cellulose, hemicellulose and
lignin, of which only the longitudinal elastic proper-
ties of the cellulose have been obtained from measure-
ments on a native material (ramie fibers) [4]. The good
agreement between the mathematical models and ex-
perimental results in the longitudinal direction of the
fibers is mainly due to the fact that reliable data exist
for the longitudinal elastic properties of cellulose and
to the strong parallel orientation of the cellulose fibrils
in the fiber. The elastic constants used for hemicellu-
lose and lignin are derived indirectly from the prop-
erties of materials extracted from the wood cell wall.
Lignin is assumed in models of wood and wood fibers
to be an isotropic material (e.g. [3, 5]). This is per-
haps true for the extracted material but there is strong
evidence that lignin has an oriented structure within
the cell wall [6]. This lack of knowledge of the elas-
tic properties of hemicellulose and lignin may not be a
great disadvantage in the direction parallel to the fiber
axis but it may be a great problem in the transverse
direction.

The arrangement of the wood polymers also influ-
ences the stiffness properties of the cell wall. It is
clear that the lignin is arranged in more or less tangen-
tial lamellae in the cell wall [7, 8]. However, whether
lignin is to be considered to exist in separate layers or
as a mixture with the hemicelluloses is still under de-

bate. Some evidence clearly suggests that some of the
hemicelluloses must be allocated to the cellulose [9]
i.e. that hemicelluloses act as a matrix material for the
cellulose.

Another feature of importance for the elasticity of
the cell wall is the fibril angle of the different layers,
particularly those in the secondary wall. The influence
of the fibril angle of the S2-layer in the longitudinal
direction is well known [10, 11]. The fibril angle and
thickneses of the S1- and S3-layers are believed to be
of significance in the transverse direction [12, 13] but
experimental data are scarce.

This paper focuses on the elastic constants of hemi-
cellulose and lignin and their influence on the elastic
modulus in the longitudinal and the transverse direction
of the native wood cell wall. Furthermore, the influence
and magnitude of structural variations in wood fibers,
i.e. fibril angles and layer thickness is discussed in terms
of a laminate model of the cell wall. Both the case where
hemicelluloses act as a matrix material for the cellulose
with separate lignin lamellae and the case of a combined
hemicellulose-lignin matrix are considered.

2. Experimental
Two analytical models were used in which the double
cell wall of the native wood structure was modeled as a
layered laminate (Fig. 1). Both models contained nine
layers (S3, S2, S1, P, M, P, S1, S2, and S3) where the
middle lamella (M) consisted of a layer of a lignin-
hemicellulose matrix.

In Model 1, each of the nine layers was considered to
be a composite material with the cellulose fibrils em-
bedded in a matrix of hemicellulose and lignin. This
matrix was modeled as a 50/50 mixture of serial and
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Figure 1 A schematic description of the nine-layer structure of the dou-
ble cell wall in wood and the difference between the two laminate
models.

parallel aligned hemicellulose and lignin. This is con-
sidered to be a reasonably good approximation in view
of the lack of knowledge of the real structural arrange-
ment. The matrix and the cellulose fibrils were coupled
using the Halpin-Tsai equations [14] and the nine differ-
ent layers were joined to one unit by classic lamination
theory [15].

In Model 2, each of the eight layers of the primary
(P) and secondary wall (S) was subdivided into separate
layers of polysaccharides and lignin. The polysaccha-
ride layers were modeled as composite materials where
the cellulose fibrils were embedded in a matrix of hemi-
cellulose. Layers of pure lignin were placed between the
polysaccharide layers.

The different sets of elastic constants at a moisture
content of 12% used for the three different wood poly-
mers and the structural and chemical properties of the
cell wall are shown in Tables I and II respectively. Two
groups of lignin constants were used; the measured
isotropic lignin A and the estimated orthotropic lignin
B. In the latter case an orthotropic ratio of 2 was as-
sumed between the longitudinal and transverse elastic
properties of lignin.

T ABL E I The different cases of mechanical property data at 12%
moisture content for the cell wall polymers used in the two laminate
models

A B C

Lignin
Ex (GPa) 2.0 [16] 2.0 [16]
Ey (GPa) 2.0 [16] 1.0 (Est.)
G (GPa) 0.8 [17] 0.6 (Est.)
ν 0.3 [17] 0.3 [17]

Hemicellulose
Ex (GPa) 7.0 [18] 7.0 [18] 4.0 (Est.)
Ey (GPa) 3.5 (Est.) 1.4 (Est.) 0.8 (Est.)
G (GPa) 1.8 (Est.) 1.8 (Est.) 1.0 (Est.)
ν 0.2 (Est.) 0.2 (Est.) 0.2 (Est.)

Cellulose
Ex (GPa) 167.5 [19] 134 [4]
Ey (GPa) 30.5 [19] 27.2 [20]
G (GPa) 3.0 [19] 4.4 [20]
ν 0.1 [20] 0.1 [20]
l/d 5000 (Est.) 5000 (Est.)

TABLE I I The structural and chemical properties of the cell wall
layers of an earlywood fiber

Thickness Fibril angle Cellulose Hemicellulose Lignin
Layer (µm) degrees (%) (%) (%)

S3 0.03 70 48 36 16
S2 1.6 10 50 31 19
S1 0.15 −70, +70 28 31 41
P 0.1 unordered 15 33 52
M 0.3 – 0 44 56
Total 2.18 40 33 27

The measured elastic properties of an extracted hemi-
cellulose [18] were taken as the basis for hemicellulose
A. The orthotropic ratio between the longitudinal and
transverse elastic properties of hemicellulose was as-
sumed to be 2 in hemicellulose A and 5 in hemicel-
lulose B. This change was made so that the properties
should resemble the orthotropic ratio of cellulose, since
cellulose and hemicellulose are closely related to each
other in the secondary wall [21]. It is probable that
hemicellulose extracted from the cell wall crystallizes
and has a higher modulus than the material in its native
state. Kalichevsky et al. [22] have measured the elastic
modulus of amorphous amylopectin to be 4.5 GPa at
a moisture content of 12%. Even though the structure
of amylopectin differs from that of wood hemicellu-
lose, its elastic modulus indicates that it is possible
that wood hemicellulose in the cell wall has a lower
modulus than extracted hemicellulose [18]. The elastic
constants of hemicellulose C were therefore lowered
to the same level as amorphous amylopectin with the
same orthotropic ratio as in hemicellulose B.

Two different sets of properties of cellulose were
compared; Cellulose A with molecularly modeled elas-
tic constants of cellulose [19] and cellulose B in which
the elastic constants in the longitudinal direction were
taken from measured data for crystalline ramie fibrils
[4] and the transverse modulus was taken from molec-
ular modeling data [20].

For an anti-symmetric laminate the longitudinal (ε1)
and transverse strain (ε2) are given by:

ε1 = A∗
11 N1 + A∗

12 N2 + B∗
16 K6

ε2 = A∗
12 N1 + A∗

22 N2 + B∗
26 K6 (1)

where A∗
11, A∗

12, A∗
22, B∗

16, B∗
26 are the stiffness com-

ponents for the laminate in the respective directions,
ε1 and ε2 are the strains in the normal directions, and
N1, N2 and K6 are the normal forces of the laminate
and the twisting component respectively. If twisting is
restricted and only longitudinal or transverse forces are
applied, the engineering moduli of the fiber wall can be
derived as:

El = N1/ε1t = 1
/

A∗
11t

Et = N2/ε2t = 1
/

A∗
22t (2)

where El is the longitudinal modulus of the fiber wall,
Et is the transverse modulus of the fiber wall and t is
the thickness of the laminate.
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The sensitivities of the elastic constants of the fiber
wall to the elastic constants of cellulose, hemicellulose
and lignin were analyzed by a three-factor multilinear
regression model, Modde v5.0 (Umetrics AB, Sweden),
using the input parameters of Table I. The regression
model took account of the quadratic and interaction
terms of the three factors: hemicellulose (h), cellulose
(c) and lignin (1):

E = β0 + βh Xh + βl X l + βc Xc + βhh X2
h + βll X

2
l

+ βcc X2
c + βhl Xh X l + βhc Xh Xc + βlc X l Xc + ε

(3)

where E is the elastic modulus obtained from the re-
gression model, βj, βjj and βjk are the coefficients of the
linear, quadratic and interactions terms respectively, X j
is the factor concerned and ε is the residual error of the
regression.

3. Results and discussion
3.1. Longitudinal direction
The longitudinal modulus of the cell wall was not af-
fected by variations in either the hemicellulose or the
lignin modulus (Fig. 2). Nor was there any substantial
difference between the Models 1 and 2 in these calcu-
lations. At fibril angles above 30◦, there is a tendency
for the experimental values [3, 23] to deviate more from
the model. Cell walls with a high fibril angle are usu-
ally compression wood fibers, and these tend to have a
morphology and chemical composition different from
those of normal cell walls. For example, the S1- and
S2-layers are thicker in compression wood fibers and
the compositions and structures of cellulose, hemicel-
lulose and lignin are also different [24]. An increase in
the thickness of the S1- and S2-layers did not reduce
the deviation between modeled and experimental val-
ues at angles above 30◦. This behavior suggests that
the differences in the composition and structure of the
wood polymers in these fibers are more important for
the properties in the longitudinal direction. Since the
lignin and hemicellulose have a very small influence on
the elastic properties in this direction, it is probably the
properties of cellulose that vary and influence the lon-

Figure 2 The influence of changes in the hemicellulose and lignin mod-
uli on the longitudinal elastic modulus of the cell wall. The properties of
the cellulose were held constant using cellulose B.

Figure 3 The influence of the elastic properties of cellulose on the longi-
tudinal elastic modulus of the cell wall. The properties of hemicellulose
and lignin were held constant using hemicellulose C and lignin B.

gitudinal elasticity. The elastic properties of this type
of compression wood cellulose are unfortunately un-
known. In the present calculations, the only measured
values of cellulose are from measurements on crystals
of cellulose fibrils in ramie fibers [4] obtained by x-ray
diffraction. The validity of applying such values to the
modulus of fibers with not entirely crystalline fibrils of
cellulose is somewhat doubtful. No measurements have
been made in the transverse direction. Instead modeled
values of the cellulose structure and its hydrogen bond-
ing are used in this direction in models of the wood
fiber material.

Fig. 3 shows the influence of the S2 fibril angle on
the longitudinal modulus of the cell wall using cellu-
lose A and B in Models 1 and 2. The higher values for
the constants in cellulose A give a curve parallel to the
highest experimental values obtained on wood by Cave
[23] and Persson [3]. However, molecular mechanics
calculations by Kroon-Batenburg et al. [25] points to
the unrealistically high values of the longitudinal elas-
tic constant of cellulose A. The value of 136 ± 6 GPa
obtained by Kroon-Batenburg et al. [25] fits instead
excellent to the experimental data of cellulose B. The
small number of high experimental values could come
from parts of the wood with a chemical composition
different from that of the rest of the wood, and this
could explain the deviation from the majority of the ex-
perimental values. If the chemical composition is the
same, the magnitude and variation of the experimental
and modeled elastic properties of cellulose need to be
further investigated.

3.2. Transverse direction
The influences of the elastic properties of lignin and
hemicellulose respectively on the transverse modu-
lus of the cell wall are shown for Model 1 and 2 in
Figs 4 and 5. It is clear that the properties of hemicellu-
lose have a greater influence on the transverse modulus
than the orthotropy of lignin (lignin B). The difference
between the two models was more pronounced using
isotropic lignin (lignin A) and the higher values for
hemicellulose (hemicellulose A and B).

153



Figure 4 The difference between the effects of lignin A (isotropic) and
lignin B (orthotropic) on the transverse elastic modulus in Models 1 and
2. The properties of cellulose and hemicellulose was held constant using
cellulose B and hemicellulose A.

Figure 5 The influence of changes in the hemicellulose constants on the
transverse elastic modulus in Models 1 and 2. The properties of cellulose
and lignin were held constant cellulose B and lignin A.

For fibril angles of the S2-layer between 10◦ and 20◦,
a change from lignin A to lignin B, i.e. from isotropic to
orthotropic lignin, resulted in a lowering of the trans-
verse modulus by 11% and 2% for Models 1 and 2
respectively (Fig. 4). Compared with hemicellulose A,
the more orthotropic hemicellulose B led to a decrease
in modulus of 20% for Model 1 and 26% for Model 2
(Fig. 5). These differences between the two models
show that, if lignin or hemicellulose make up a part
of the matrix material that surrounds the cellulose fib-
rils, their influence on the transverse modulus will be
greater. The orthotropy of lignin has no major influ-
ence on the modulus in Model 2 where the lignin lies
in separate layers.

The sensitivity of the transverse modulus to the
elastic properties of hemicellulose was also analyzed
(Fig. 5). A change from hemicellulose B to hemicellu-
lose C resulted in a reduction in the transverse modulus
by 14% and 19% in Models 1 and 2 respectively. The
lower reduction in Model 1 indicates that lignin in the
lignin-hemicellulose matrix has a moderating effect.

The total reduction in modulus achieved by reducing
the elastic constants of hemicellulose (hemicellulose
A to hemicellulose C) and introducing orthotropy of
lignin (lignin A to lignin B) was 37% for Model 1 and

Figure 6 The transverse elastic modulus as a function of the fibril angle
of the S2-layer. The properties of cellulose were held constant using
cellulose B.

42% for Model 2 (Fig. 6). This also diminished the dis-
crepancy between the two models. Thus, with a high
degree of orthotropy and lower moduli of hemicellu-
lose and lignin, the build up of the matrix surround-
ing the cellulose fibrils plays a less important role for
the laminate structure. Using these values of the elastic
properties of lignin and hemicellulose, the discrepancy
between the modeled transverse cell wall moduli and
the experimental elastic modulus measured on wood
fiber walls was reduced [13]. This also confirmed the
merits of assuming a 50/50 mixture of parallel and se-
rial alignment between the lignin and the hemicellulose
in fiber wall layers of model 1 and of the middle lamella
layer.

3.3. Relative influences
of the wood polymers

In order to estimate the relative influences of the three
wood polymers on the modeled elastic properties of
the fiber in different directions, a multilinear regression
model was developed. The significant coefficients from
the regression model of the results from calculations of
transverse and longitudinal moduli respectively using
Models 1 and 2 are shown in Figs 7 and 8. The analysis

Figure 7 The significant coefficients and their 95% confidence intervals
obtained for a multilinear regression model of the transverse elastic mod-
ulus in Models 1 and 2 using the different groups of elastic constants of
hemicellulose, cellulose and lignin in Table I.
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Figure 8 The significant coefficients and their 95% confidence intervals
obtained for a multilinear regression model of the longitudinal elastic
modulus in Models 1 and 2 using the different groups of elastic constants
of hemicellulose, cellulose and lignin in Table I.

showed that the properties of the hemicellulose had the
greatest influence on the transverse modulus (Fig. 7),
while the properties of cellulose dominated in the lon-
gitudinal direction (Fig. 8). The difference between the
two laminate models was insignificant in the longitudi-
nal direction. In the transverse direction, the coefficients
relating to lignin and hemicellulose differed in that the
hemicellulose properties were much more important in
Model 2 than in Model 1 while lignin properties influ-
enced only Model 1.

3.4. Layer thickness and fibril angles
of the S1- and S3-layer

The S1- and S3-layers of the secondary wall are some-
times neglected in models since they are known to have
only a minor effect on the properties in the longitudi-
nal direction of the cell wall. In the transverse direction,
however, their influence is larger and can explain differ-
ences between the moduli of early- and latewood fibers
[13]. The influences of the thickness and fibril angle of
the S1-layer are shown in Fig. 9.

When the thickness of the S1-layer was doubled at
a fibril angle of 70◦, the modulus was increased by
20% and a change in fibril angle of the S1-layer from
60 to 80◦ increased the transverse modulus by 15%,
regardless of the model used. These increases show the
importance of the cell wall morphology and structure
of the wood fiber material for its mechanical properties
in the transverse direction.

Abe et al. [26] have measured the variation in the S3
fibril angle from the lumen side and have found large
variations in fibril angle of the last deposited layer of
cellulose fibrils. Since the S3-layer is very thin com-
pared to the S1-layer, its influence on the properties in
the transverse direction should be smaller than that of
the S1-layer. A change in fibril angle of the S3-layer
from 50◦ to 80◦ resulted in a 9% increase in the trans-
verse modulus in the two analytical models. This in-
crease is the same as the influence of the S2-layer at
fibril angles between 0◦ and 25◦ (Fig. 6). The influence

Figure 9 The influence of thickness of the S1-layer on the transverse
elastic modulus of the cell wall as a function of the S1 fibril angle. The
properties of cellulose, hemicellulose and lignin were held constant using
cellulose B, lignin B and hemicellulose C. The fibril angles of the S2-
and S3-layers were held constant at 10◦ and 70◦ respectively.

of the S3-layer in the transverse direction can therefore
be regarded as being of the same magnitude as that of
the S2-layer.

4. Conclusions
Based on the model analysis it was concluded that:

• The elastic constants of cellulose are almost ex-
clusively determining the elastic properties in the
longitudinal direction of the cell wall. There is
a surprisingly good agreement between the mod-
eled and the experimental values considering that
the elastic constants for purely crystalline cellu-
lose are used which may not be representative
of the semicrystalline fibril structure in the cell
wall. However, if even better modeling prediction
is needed in the longitudinal direction, a more ac-
curate knowledge of the elastic constants and struc-
ture of the cellulose is necessary.

• For the transverse cell wall modulus the properties
of the hemicellulose are dominating. The use of
orthotropic elastic constants of both hemicellulose
and lignin gave a much better fit to experimental
data suggesting this to be a more representative
structure. Surprisingly, the arrangement of the ma-
trix polymers had no major influence on the trans-
verse properties.

• Although the S2-layer is the dominant part of the
cell wall, the S1-layer is an important parameter for
the properties in the transverse direction. Knowl-
edge regarding the variation in both its thickness
and fibril angle is of great importance to improve
the modeled properties of cell walls in the trans-
verse direction.
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