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The nanostructure of the cell wall of softwoods and its functions003569

in a living tree

R. E. Booker, J. Sell

Trees are large engineering structures that have to with-
stand major wind and static forces and translocate con-
siderable volumes of water. Natural selection has over
millions of years optimised tree structure to maximise
survival of the species. Naturally this process does not
necessarily optimise the properties of the resultant lumber
such as hardness, stiffness and strength. Such wood
properties ¢an now be improved by genetic engineering
and tree breeding. If this is done without understanding
the contribution of wood structure to tree survival, this
can lead to increased susceptibility to windthrow, splitting
and branch damage in the standing tree and internal
checking and collapse during wood drying. As a first step
to quantifying these potential problems this paper reviews
latest findings on the nanostructure of the cell wall of
softwoods and then discusses the probable relationships
between microfibril directions in the secondary cell wall
layers and potential threats to the survival of trees such as
excessive vibration and crack propagation.

Nanostruktur der Zellwand des Nadelholzes und ihre

Funktion im lebenden Baum
Bdume konnen als grofle Holzkonstruktionen aufgefaf3t
werden, die starken statischen und Windbelastungen
ausgesetzt sind sowie grofle Mengen an Wasser transpor-
tieren. Die natiirliche Selektion hat iiber Jahrmillionen die
Holzstruktur und damit das Uberleben der Arten opti-
miert. Dieser Prozess optimierte nicht notwendigerweise
die resultierenden Eigenschaften von Schnittholz wie
Hirte, Steitheit und Festigkeit. Solche Holzeigenschaften
kénnen inzwischen durch Ziichtung und genetische Ma-
nipulation verbessert werden. Werden diese Versuche
unternommen, ohne die Bedeutung der Holzstruktur fiir
das Uberleben des Baumes zu kennen, so kann das zu
verstirkter Anfilligkeit fiir Windbruch, Risse und Ast-
schdden am stehenden Baum sowie zu Rifbildung und
Kollaps wihrend des Trocknens fithren. Als ersten Schritt
zur Quantifizierung dieser mdglichen Probleme gibt diese
Arbeit einen Uberblick iiber jiingste Erkenntnisse zur
Nanostruktur der Zellwand in Nadelholz. Daran anschlie-
Bend erfolgt eine Diskussion wahrscheinlicher Beziehun-
gen zwischen der Orientierung der Mikrofibrillen in den
Sekundirwinden und moglichen Gefahren fiir das Uber-
leben des Baumes wie {iberméflige Vibrationen und Rif}-
fortpflanzung,
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Introduction

5

Importance of wood structure for tree survival

and tree breeding

The general importance of wood structure for the func-
tions of a tree -~ a masterpiece of evolutionary design - is
quite obvious. This structure makes it possible for huge
amounts of biomass to be supported by astonishingly slim
stems to heights of sometimes more than 50 metres. Even
large static and dynamic forces of gravity and wind-loads
are usually accommodated without damage to the tree.
Additionally, the same wood structure provides for re-
markably efficient water transport from the roots to the
crown without causing collapse of the wood cell walls by
the high water tension necessary for this transport. With
the increasing importance and possibilities of genetic en-
gineering and tree breeding that can develop trees with
improved wood properties such as increased density and
decreased spiral grain, it is becoming imperative that the
relationships between wood structure and tree survival are
fully understood, to avoid breeding trees that have en-
hanced wood properties, but poor survival prospects. As a
first step to quantifying these potential problems this pa-
per discusses the nanostructure of the cell wall of soft-
woods and the relationships between microfibril directions
in the secondary cell wall layers and potential threats to
the survival of trees such as excessive vibration and crack
propagation.

1.2

Levels of wood structure

At least four different levels of wood structure can be
identified, requiring more and more sophisticated equip-
ment for analysis as the size decreases:

1. Macroscopic structure, visible by the naked eye; of the
order of millimetres or above. This includes large tissue
elements such as growth rings.

2. Microscopic structure, visible by light and electron
microscopy; of the order of micrometers. This includes
cellular structure.and dimensions and the main ele-
ments of the cell wall.

3. Nanostructure (“ultrastructure”), visible by electron
microscopy and “indirect methods” like X-ray diffrac-
tion; of the order of nanometres. This includes the fine
structure of the cell wall and fibril/matrix structure.

4. Molecular structure, visible by atomic force microscopy
and indirect methods; of the order of tenths of nano-
metres.

All these structures are optimised with respect to the
functions mentioned above. In this article we describe new




findings on the nanostructure level and present a pro
for a modified cell wall model and its functions.

2
Anatomy of the cell wall

2.1

Microfibril orientation in cell wall layers

The literature on the nanostructure of wood describes its
cell wall as an arrangement of layers of different thick-
nesses that have different fractions of the main chemical
compounds. Cellulose occurs mainly in the helically
wound reinforcing fibrils while hemicellulose and lignin
serve as a gluing and stiffening matrix. As an analogy, the
cellulose microfibrils serve a function similar to the steel
rods in reinforced concrete, while hemicellulose acts like
the cement and lignin acts like the rock and sand filler. The
two walls of adjacent softwood cells are connected by a
compound middle lamella (CML), which consists mainly
of lignin. The walls themselves, which are called secondary
walls (S), form subsequent to the primary wall (P) in three
distinct layers.

The most commonly accepted cell structure is shown in
figure 1 (Harada and C6té, 1985). According to this model
the thin S1 layer lies adjacent to the CML (thickness about
0.1 to 0.2 pm) and consists mainly of cellulosic lamellae in
which the microfibril orientation is in alternating S-and Z-
helices with large inclinations to the longitudinal cell axis.
The inner S$3 layer (thickness 0.1 to 0.2 pum) lies adjacent
to the cell lumen and consists of a thin layer of microfibrils
with a flat helix like the S1 layer. The central thick S2 layer
(1 to 5 pm) has a particularly high content of cellulose
fibrils helically oriented with a typical Z inclination to the
cell axis of 10 to 30°. Most investigators also identify
transition lamellae S12 and $23 with microfibril orienta-
tions between those of the S1 and S2 and S2 and S3 res-
pectively. The fibrils of the S1 and $3 layers are more or
less perpendicularly oriented to the fibrils in the S2 layer.

Recently Abe, Ohtani and Fukuzawa (1991} using field
emission scanning electron microscopy investigated the
orientation of the microfibrils of the cell wall in Abies
sachalinensis Masters and modified this picture somewhat.
They found that in the St layer the microfibril orientation
changes stepwise in a counter-clockwise direction from the
outside to the inside, from roughly 45° in an S-helix in the
outermost lamella to about 70° in a Z-helix at the S12
boundary. In $12 the lamellae directions are intermediate
between S1 and S2. The S2 layer censists of closely packed
microfibrils at an angle between 0° and 20° in a Z-helix. In
the innermost S3 layer microfibril angles vary from 70° in
a Z-helix to about 30° in an S-helix. However, the micro-
fibril angle at the innermost S3 layer varies from tracheid
to tracheid, and ranges from about 30° in an S-helix t¢~
about 90°. In the $23 layer the angle ranges from 60 to.40°
in a Z-helix.

From a cell mechanical point of view it is sensible to
combine the S12 and S1 layers and S23 and S3 layers, so
that their results can be summarised as follows:

o There are effectively only three cell wall layers, S1, S2
and S3

e In the SI layer microfibrils change in orientation from
one side to the other from 45° in an $S helix through 90°
to about 70° Z on the other side. The microfibrils of the
outside and inside layers of S1 are essentially perpen-
dicular, while most microfibrils lie more or less per-
pendicular to the cell axis.

the S3 layer microfibrils are oriented from about 60°
Z on the outside to 30° S on the inside. Hence also in S3
the microfibrils of the outside and inside layers are
essentially perpendicular, while most lie more or less
perpendicular to the cell axis.

¢ In the S2 layer the microfibrils are closely packed, but
not in the other two layers.

"1t should be stressed that the microfibril angles deter-
mined by Abe et al. (1991) for the S1, 52 and S3 layers are
approximate only, as they clearly stated: “The boundaries
between each layer (S1, S2 and S3) could not be deter-
mined distinctly, because the angle of the microfibrils
shifted progressively from the outermost to the innermost
lamellae in the secondary wall.”

In addition, the patterns may vary somewhat between
species, but it is highly unlikely that this will affect the
simple model of a thick S2 layer enclosed by much thinner
S1 and $3 layers with microfibrils on average perpendic-
ular to those in the S2 layer with some cross-banding.

2.2

The S2 layer and microfibril fine structure

The transverse fibril/matrix structure of the wide S2 layer
forming approximately 80 to 90 percent of the thickness of
the double-wall of two adjacent softwood cells has not
always been described consistently. Several authors pos-
tulate an S2 structure consisting of thin, approximately
round concentric lamellae of helically winding fibrils with
inclinations ranging from about 5 to 30° (Braun, 1992;
COté, 1968; Liese, 1970; Ruel et al,, 1978; Scallan, 1974;
Stone et al,, 1971; Wardrop, 1954), see Fig. 1. Kerr and
Goring (1975) proposed an interrupted order of tangential
fibril layers according to their observations on potassium
permanganate - stained spruce wood. Other authors do
not mention a specific arrangement of the S2 fibrils in the
direction perpendicular to the cell axis with the exception
of “transition” lamellae between the S2 and the adjacent
layers S1 and S3 (eg. Core et al., 1979; Fujita and Harada,
1991). Chafe (1974) suggested that the S2 lamellation seen
on light and electron micrographs are more likely artefacts
and that the S2 appears to be a single thick lamella by its
own. Revol et al. (1982) by diffraction measurements

Fig. 1. Schematic diagram of the cell wall according to Bailey
(1938), COté (1968), Liese (1970), and Harada and Coté (1985). In
the S2 layer the microfibrils are laid down in a laminar circum-
ferential or concentric pattern

(




found a rather random orientation of the S2 fibrils per-
pendicular to the cell axis. Some radial structures have also
been reported. Radial lignin orientations of the S2 have
recently been described for softwood compression wood
(Singh, 1996). In addition, Chafe (1977) found radial
striations of the S2 fibrils of Eucalyptus wood of a tree
under severe growing stresses.

According to Abe et al. (1991) the S2 layer consists of
closely packed microfibrils at an angle between 0° and 20°
in a Z-helix. According to Donaldson (1992) the microfi-
bril angle in the S2 layer of radiata pine outerwood at
breast height ranges from 10 to 25° with an average of
approximately 20° in a Z-helix.
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Recent observations of further fine structure in the S2 layer
Recently one of the authors and his co-worker reported
observations on the transverse fracture surfaces of axially
tension-loaded normal softwood specimens (i.e. not
compression wood) by means of a high-resolution FE-SEM
(feld-emission cathode). This study revealed radial or
approximately radial (related to the long cell axis) orien-
tations of the transverse structure of the S2 layer which do
not fit the present model of concentric fibril lamellae
mentioned above, Fig. 2 (Sell and Zimmermann, 1993 a
and b; Sell, 1994a, Zimmermann and Sell, 1997).
However, there is considerable evidence that:

o the packing density and the bonds between the distin-
guishable S2 fibrils (with diameters between 10 to
100 nm) are stronger in the radial than in the tangential
direction.

o the fibrils of the S2 are oriented (or agglomerated) ra-
dially to the cell axis. The tangential thickness of these
agglomerations is 0.1 to 1.0 um. Radially, they often
extend from the S1 to the S3.

e the bonds between the S2 fibrils or of its radial ag-
glomerations, respectively, to the adjacent S1 and S3
layers seem to be stronger than between the S1 layer
and the CML, according to the fracture surfaces ob-
served.

Fig. 2. Schematic diagram of cell wall structure according to Sell
and Zimmermann (1993b). The Sz layer consists of radially ori-
ented agglomerations of microfibrils separated by more or less
radial layers of matrix material

The radial orientation of fibril agglomerations of the 52
layer of softwood tracheids has meanwhile been confirmed
by the light microscope (Sell, 1994b). This radial orienta-
tion was also found in fibre cells of hardwoods very re-
cently (Zimmermann and Sell, 1997). It needs, however,
further confirmations by other independent methods. In
this connection it is quite interesting that electron mic-
rographs of the lignin “skeleton” of transverse sections of
the coniferous cell wall from which cellulose has been
removed chemically by hydro-fluoric acid exhibit evident
radial structures of the S2 layer (e.g. see Fig. 13 of Core
et al., 1979; Parham and C6té, 1971) which have not been
mentioned by these authors, however, Further confirma-
tion of the radial orientation of the cellulosic fibrils and
the lignin of the S2 layer has been obtained recently by the
selective decomposition of cellulose or lignin by fungi
Larsen et al., 1995; Schwarze and Engels, 1997).

A modified model of the entire cell wall of softwoods
has been proposed which includes the recent findings of
radial fibril orientations of the S2 of softwood tracheids
(Sell and Zimmermann, 1993b), as shown in Fig. 2. In
conclusion, the structure of the double cell wall might be
described as a sandwich consisting of the S2 as thick core
layers whereas the CML and its adjacent S1 layers are
acting as connecting parts and the S3 layers as cross-
banding faces. Advantages of such a mechanical structure
will be discussed below.

3

Engineering requirements of tree structure

Trees grow tall to intercept the sunlight required for
photosynthesis before other plants such as grasses and
shrubs can intercept it. This strategy carries several dis-
advantages with it:

e the trunk has to support a large weight of biomass and
water

e the tree must translocate water/sap a long distance
against gravity

e the structure is exposed to strong winds and could be
damaged by vibrations

This imposes a number of engineering requirements on
the structure of trees, of which only those relevant to this
discussion are listed below. The tree must:

1. prevent cell collapse under the large water tensions re-
quired for sap movement

2. have sufficient bending stiffness

. resist crack propagation

4. be able to carry the crown’s weight on the stem, as well
as resist the forces generated by wind

5. have an efficient vibration damping mechanism

w

According to Mattheck (1991) natural selection has
ensured that tree structure and wood structure at the
cellular level are optimised to satisfy the engineering re-
quirements, The work to be described will show that wood
at the nanostructural level is similarly optimised.

4
Effect of microfibril orientation on tree function
and wood properties

4.1

Engineering model of the cell wall

Until now the familiar biological model of wood structure
has been used in which the S1 layer adjacent to the
compound middle lamella forms the outside of the cell and
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the S3 layer the interior. When it comes to an analysis of
the mechanical behaviour of wood, the engineering model
proposed by Barber and Meylan (1964) is much more
useful. In this model there are no single cells, only double
cell walls that can carry loads. The lumens are non-load
carrying empty volumes. A cross-section of a double cell
wall is shown in Figure 3. It consists of a sandwich
structure consisting of the following layers: 3, S2, SI,
CML, S§1, S2, and $3. In the engineering model the very
thin S3 layer lies on the outside of the double cell walls,
while in the biological model the S3 layer lines the inside
of the cell.

4.2
Function of the S2 layer

4,21

Strength and stiffness in the axial direction

The S2 layer is reinforced by microfibrils that usually lie
from 5 to 30 degrees to the axis, and it is about forty times
thicker than any of the other layers. Quite clearly this layer
is very important in supporting the weight of the tree. It
has been shown by Cave that both the strength and stiff-
ness (Young’s modulus) of wood are very dependent on
the microfibrillar angle (Cave, 1968, 1969, 1978; Cave and
Walker 1994). The most efficient weight carrying structure
with the greatest axial modulus and strength would be one
in which the microfibril orientation was perfectly aligned
with the axis. It will next be shown that a tradeoff is in-
volved, and that a microfibril angle of 0° would make the
cells very susceptible to transwall fracture, and would
destroy the tree’s ability to resist wind damage by dissi-
pation of vibration energy.

4.2.2

Axial crack propagation

Consider the propagation of a crack along the axial di-
rection through the double cell wall layer of Figures 1 or 2.
Most of the resistance to crack propagation (fracture) will
occur in the S2 layers, as these are the thickest. In a single
cell wall a crack would propagate by cutting through the
matrix material in the same direction as the microfibrils,
as the energy required to cut through microfibrils is much
larger than that to cut through the matrix material. The
fracture would hence propagate at an angle ¢ to the axis,
where ¢ is the microfibril angle. In the case of a double cell

Bending force
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Fig. 3. Cross-section of a double cell wall, showing the direction
of bending in the transverse direction. The microfibrils in the S3
layer , unlike those in S2, lie within the plane, where they increase
the bending strength

wall with a double S2 layer with microfibril angles of +¢
and —¢ respectively, a fracture can follow two different
pathways, and the fracture will follow the path that re-
quires the least fracture energy. The fracture can either
propagate in the axial direction and cut alternately
through the microfibrils and the matrix material (Fig. 4)
or it can follow the microfibril direction in each S2 layer
(Fig. 5), which means that the crack front separates into
separate cracks in each S2 layer, connected by a fracture
surface through the middle lamella region of the double
cell wall. This very rapidly reaches the corners of the cell,
so that this type of transwall fracture will change rapidly
into intrawall fracture.

4.2.3

The effect of microfibril angle on transwall

and intrawall fracture

Tangential transwall fracture occurs if the energy required
to cut through a given length of cell wall in the direction of
the cell axis is less than that required to propagate a crack
for the same distance along the CML or S1/S2 boundary. A
mathematical relation between transwall and intrawall
cracking was derived by Booker (1995) and shows that
transwall fracture can only occur when the microfibril
angle is less than a maximum value. According to Booker
(1995) transwall fracture can only occur when:

i< (23] (]

where:

I

microfibril angle

tangential cell diameter

radial cell diameter

double cell wall thickness

the smaller of the energies required to split 1 m” of
CML or S1/S2 surface

= the energy required to cut through the microfibrils
in 1 m? of S2 layer oriented perpendicular to the mic-
rofibril direction

ot R g

If some reasonable values are substituted such as
a=>b=40 um, t = 4 um, and the assumption is made
that in the case of most efficient biomass distribution
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Fig. 4. Transwall fracture propagating through a double cell wall
along the axial direction, cutting through microfibril agglomer-
ations (shown in grey) in the process. A A: fracture pathway, B:
axial direction
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Fig. 5a~c. Conversion of transwall fracture into intrawall fracture
a Start of the crack through the matrix material, b Transverse
section of the wall lower down, showing how the cracks in S2 have
propagated along, the microfibril direction through the matrix
and opened a crack through the CML. ¢ Transverse section of the
wall still further down, where the crack is now confined to the
CML

transwall and intrawall failure are equally probable at an
average microfibril angle of 20 degrees, it follows that the
ratio of the energy required to cut through unit area of cell
wall perpendicular to the microfibril direction divided by
the energy to cut through unit area of matrix material (i.e.
nE/F) is of the order of 40.

The above formula shows that when the wall thickness
increases, transwall fracture will become less probable
unless the mean microfibril angle decreases at the same
time. In latewood the microfibril angle is smaller than in
earlywood, so that the-elastic modulus and strength of the
latewood in the axial direction is not only greater because
of its greater wall thickness and hence density, but also
because of the decrease in microfibrillar angle (Mark,
1967). Yet this is achieved without increasing the pro-
pensity to transwall checking.

4.2.4

Energy absorption mechanism in the tree

A further reason why a microfibril angle in S2 that is
greater than zero is advantageous to the tree is that it
provides a vibration damping mechanism at the cellular
level that prevents damage to the tree. When a tree sways
in the wind, one side of the stem is compressed and the
other side is in tension. On the compression side each
double cell wall experiences a compression force. Because
the microfibrils in the S2 layer of each cell lie at an angle to
the axis, under compression each cell will rotate slightly
(Fig. 6). Adjacent cells have similar microfibril angles, but
the layers in the double cell wall have opposite microfibril
orientations, so that the two halves of the cell wall rotate in
the opposite direction by an equal amount (Fig. 7). This
places the compound middle lamella layer between them
in shear. When the tree sways the other way, each half of
the double cell wall layer will now rotate in the opposite
direction, but again the two halves are rotating in opposite

Axial force
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Fig. 6. Compression of the S2 layer of the anisotropic single
cell wall results in rotation and an increase in diameter
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Fig. 7. Transverse view of a number of cells rotating in the same
direction (anti-clockwise). The two halves of each double cell wall
rotate in opposite directions, placing the middle lamella in shear

directions, so that the CML region will again be sheared.
The strongly lignified middle lamella region, like rubber,
consists of three-dimensionally connected chain molecules
that can move with respect to each other when a shear
stress is applied. This dissipates vibrational energy. In the
engineering profession polymers in shear (usually rubber)
are frequently used for vibration absorption purposes. In
other words, the CML has the function in the tree of a
vibration absorber at the cellular level.

Further vibration absorption is introduced by the cel-
lulose rib-like structures in the S2 layer of each individual
cell. As shown in Figure 6 cyclical rotation of the cell
places the radial lignin layers between the cellulose rib-like
structures in cyclical shear. This causes vibration damping
in this lignin in the same way as it occurs the middle
lamella.

4.3
Function of the S1 layer

4.3.1

Limitation of excessive cell expansion

under longitudinal compression

When the S2 layer of a cell experiences a compression
force, the presence of the microfibrils causes the cell to
rotate (Fig. 6). An increase in cell diameter is associated
with this rotation. The S1 layer is concentric with the S2
layer and encloses it like a sleeve. According to Abe et al.
(1991) the microfibrils in the S1 layer change in
orientation from one side to the other from 45° in an S




helix through 90° to about 45° on the other side. The
microfibrils of the outside and inside layers of S1 are es-
sentially perpendicular, while most lie more or less per-
pendicular to the cell axis. In other words, the microfibrils
have practically the same orientation as the reinforcing
mesh in a plastic garden hose. Just as this mesh limits the
increase in diameter of the hose, the reinforcing in the S1
layer prevents excessive radial expansion of the §2 layer
under compression. As radial expansion and rotation of
the S2 layer are coupled, this also limits the maximum
rotation of the secondary wall that can occur, which in
turn limits the maximum shear stress in the CML and in
the matrix material between the radial microfibril ag-
glomerations in the S2 layer. However, as the microfibrils
in S1 are not tightly packed (Abe et al., 1991) the S1 layer
surrounds the S2 like a loose sleeve, so that the above
mechanism probably does not come into play until the
increase in cell diameter reaches a given limit. This means
that the sleeve effect would only cut in when deformation
becomes so large that it threatens to fracture the S2 layer.

4.3.2

Effect of S1 microfibril direction on transwall fracture
Intrawall fracture does not occur by fracture through the
CML, but by fracture along the CML/S1 boundary or the
S1/S2 boundary (Donaldson, 1996). An S1 layer with a
microfibril angle of 90° would be just as effective in acting
as a protective sleeve than one in which the outer and
inner layers are at right angles to each other. However, the
latter structure will also resist crack propagation, so that
its structure will also help to prevent the transformation of
intrawall fracture along the CML/S1 boundary into trans-
wall fracture.

4.4
Function of the S3 layer

4.4.1
Collapse resistance
In trees, water moves from the roots to the leaves or
needles in continuous water columns under the action of a
water tension gradient. This is the Dixon-Joly theory of
transpiration (Meidner and Sheriff, 1976). The water ten-
sion gradient not only has to overcome the capillary ten-
sion of the soil water and the resistance to flow, but it also
has to move the water against gravity. In the sapwood
tracheids of conifers the lumens are water-filled and con-
duct the sap. The tension in the water is usually of the
order of 0.3 to 0.5 MPa and can reach a maximum of about
2 MPa before stomatal closure occurs. The cell walls have
to be able to withstand collapse under these hydrostatic
tension forces that act perpendicular to the cell walls of the
sapwood as shown in Figure 8. The water tension causes a
compression force to act on the cell walls (Booker 1993),
which reduces cell volume reversibly, as demonstrated for
instance by the diurnal variation in the length of a
dendrometer under varying water stress. Considering two
adjacent cells, if one is water-filled and the other air or
vapour-filled, the transverse forces on the double wall
between them are no longer equal and opposite. The
transverse force on the cell wall tends to push the cell wall
into the lumen, causing cell collapse.

Figure 3 shows the structure of the double cell wall. The
CML layer in the centre of the double wall lies at the
neutral plane of bending, and its properties are of no

Fig. 8. Hydrostatic tension forces on the cell walls of conifer
sapwood
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Fig. 9. Direction of the forces acting during the formation of a
crack in the transverse direction

importance as far as bending strength is concerned.
However, the S3 layers lie at the surfaces of the double cell
wall at the position of maximum compressive and tensile
stress in the wall. The average microfibril orientation in
the $3 layer lies close to the plane of the cell walls along the
tangential direction, while that of the S2 layer lies ap-
proximately perpendicular to the tangential direction.
Hence the microfibrils in the S3 layer are comparatively
much more effective in stiffening the wall in the transverse
plane than those of the S2 layer. Booker (1993) has cal-
culated that the stiffness of the cell walls to sideways de-
flection is increased by a factor of about 2] by the presence
of the S3 cell wall layers acting as cross-banding faces. This
makes the cell walls much more capable of withstanding
the water tension forces in the xylem cells. On the other
hand, it should be borne in mind that it is the total wall
thickness that has the greatest effect on collapse resistance.

4.4.2

Transwall fracture in the transverse direction

Figure 9 shows the direction of the forces that would act
during the propagation of a crack in the transverse di-
rection. The crack first has to penetrate the S3 layer in
which most of the reinforcing microfibrils lie almost ex-
actly perpendicular to the direction of the crack. In addi-
tion the microfibrils in the outer and inner S3 lie
perpendicular to each other. These factors severely restrict
the occurrence of transverse checking. In compression
wood, where the $3 layer is frequently missing, this often
results in checks forming in the unprotected S2 layer.




Table 1. Functions of the cell wall layers in the living tree

The S3 layer:

Strengthens the cell against collapse (ie. implosion caused by water tension)

Resists transwall fracture in the transverse directions

The S2 layer:

In the stem carries the weight as well as the tension and compression forces generated by the wind

Strongly resists transwall crack propagation in the axial direction

Is part of an energy absorption mechanism at the cellular level with the CML layer that controls wind damage

The S1 layer:

Limits the maximum shear forces in the CML during axial compression, by limiting the maximum diameter increase of the S2 layer

Prevents intrawall cracks from developing into transwall cracks

Combined S3, S2 and Si:

In the Zimmermann and Sell model (1994) the sandwich construction with microfibril-reinforced radial ribs creates extra resistance

against buckling and collapse

The CML layer:

Resists delamination of the double cell walls (intrawall checking) and prevents internal checking (Booker 1994)

Forms part of the vibration energy absorption mechanism.

4.5

Strength of the combined three layer secondary wall
According to Sell and Zimmermann (1993 a, b) and
Zimmermann and Sell (1997) the microfibrils in S2 are
densely packed into rib-like structures that are radially
oriented and bonded to the S1 and S2 layers (Fig. 2). Such
a structure has several advantages over one in which the
microfibrils in S2 are arranged in concentric lamellae
(Fig. 1). A single microfibril would have little compression
strength because it could easily buckle, although it would
be strong in tension. Multiple interconnections between
microfibrils greatly increase their buckling resistance un-
der axial compression. The collection of microfibrils in the
S2 cell wall layer into rib-like structures that are anchored
to the S1 and S3 boundaries increases the bending strength
of the cells and adds greatly to buckling resistance.

The S1, S2 and S3 layers are strongly bonded together
into a sandwich like structure similar to plywood in that the
microfibril orientations of the S1 and S3 outer layers are
perpendicular to that of the core S2 layer. The sandwich-
like structure gives additional strength to the structure:

» collapse resistance against water tension
» buckling resistance against axial compression forces
* bending stiffness against bending forces.

4.6

Structures at other levels of organisation

that affect strength

This article is concerned with the relationship between
nanostructure and the properties that enhance tree func-
tion and survival. For completeness it should be stressed
that similar relationships exist at higher levels of organi-
sation. For instance, the tips of tracheids are turned over at
an angle of approximately 90° to the cell axis to reduce
fracture forces between cells that could cause the wood to
split. Similarly, interlocked grain protects wood from
cracking by increasing the surface area and hence the
fracture energy of a crack.

5

Conclusion

To us, it makes sense to discuss models of the nano-
structure of wood not only from the anatomical point of
view, but also with respect to the evolutionary optimised
mechanical functions for a living tree.

A physical relationship has been shown to exist between
transwall and intrawall checking and microfibril angle. The
reasons for the microfibrillar angles in the S1, S2 and §3
layers have been elucidated in terms of the mechanical
requirements for the successful functioning of trees. These
relationships are listed in Table 1 and are extremely im-
portant for tree breeding.

For instance, it has recently been suggested by Cave and
Walker (1994) that tree breeding could be used to increase
the stiffness of the corewood of radiata pine by breeding
for trees with a smaller microfibril angle in the corewood.
This is a very valuable suggestion as long as it is realised
that a tradeoff is involved, and that an excess of zeal in this
direction would result in wood that has poor vibration
energy absorption and is also very susceptible to transwall
checking. Such a tree could be considerably more prone to
wind damage. Generalising, it should be clear that single-
minded concentration on tree breeding programmes for
achieving desirable properties identified by wood tech-
nologists, without understanding their relationship to tree
growth is likely to lead to poor growth or wind damage.
Millions of years of natural selection have eliminated tree
designs that are not optimised, and changes to this
structure without an understanding of function will lead to
serious problems.
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