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Position-resolved small-angle X-ray scattering was
sed to investigate the nanostructure of the wood
ell wall in two softwood species (Norwegian spruce
nd Scots pine) and two hardwood species (peduncu-
ate oak and copper beech). The tilt angle of the
ellulose fibrils in the wood cell wall versus the
ongitudinal cell axis (microfibril angle) was system-
tically studied over a wide range of annual rings in
ach tree. The measured angles were correlated
ith the distance from the pith and the results were

ompared. The microfibril angle was found to de-
rease from pith to bark in all four trees, but was
enerally higher in the softwood than in the hard-
ood. In Norwegian spruce, the microfibril angles
ere higher in late wood than in early wood; in
cots pine the opposite was observed. In peduncu-

ate oak and copper beech, low angles were found
n the major part of the stem, except for the very
rst annual rings in pedunculate oak. The results
re interpreted in terms of mechanical optimiza-
ion. An attempt was made to give a quantitative
stimation for the mechanical constraints imposed
n a tree of given dimensions and to establish a
odel that could explain the general decrease of
icrofibril angles from pith to bark. r 1999 Academic

ress

Key Words: cellulose; hardwood; microfibril angle;
mall-angle scattering; softwood; wood; X-ray.

INTRODUCTION

The cellular structure of wood is designed to
rovide optimum conditions for the tree, using a
inimum of material. Softwoods and hardwoods
eet these requirements in different ways that

esult in anatomical differences on the macroscopic
cale (e.g., the shape of the trunk) as well as on the
icroscopic scale (cell morphology). On the microme-

er scale, softwoods consist of up to 95% tracheids
hat fulfill, at the same time, the function of conduct-

ng water and sustaining the tree mechanically. In e

257
ardwoods, specialized cells exhibiting different mor-
hologies carry out different tasks (Grosser, 1977).
n the nanometer scale, however, the architecture of

he wood cell wall essentially follows the same
rinciple: elementary cellulose fibrils with a diam-
ter in the nanometer range embedded in a hemicel-
ulose–lignin matrix are arranged in several layers
round the cell (Fengel and Wegener, 1984). In the
ajor part of the cell wall, the S2 layer, the cellulose

brils run fairly parallel to one another and follow a
teep helix around the cell. The angle between the
ellulose fibrils and the longitudinal cell axis, the
icrofibril angle (MFA), was found to be a crucial

actor in determining the mechanical properties of
ood (Cave, 1989; Cave and Walker, 1994; Reiterer

t al., 1999).
The microfibril angle has already been the subject

f extensive investigations (see, for example, Jakob
t al., 1994; Meylan, 1967; Sahlberg et al., 1997;
ardrop, 1952), most of them concerning softwoods.

t has been found that the MFA decreased from pith
o bark (e.g., Preston, 1934). There is, however, no
onsistent explanation for the differences in MFA
ithin a single stem.
In this paper we apply the technology of position-

esolved small-angle X-ray scattering (scanning
AXS) (Fratzl et al., 1997) for the systematic determi-
ation of the microfibril angle in the S2 layer of the
ood cell wall as a function of the distance from the
ith. We show that scanning SAXS is an appropriate
ool also for the investigation of anatomically differ-
nt hardwoods. Results from four different wood
pecies are presented: Picea abies (Norwegian
pruce), Pinus sylvestris (Scots pine), Quercus robur
pedunculate oak), and Fagus sylvatica (copper
eech). We compare the variations of the microfibril
ngle from pith to bark and discuss the differences in
iew of a mechanical optimization of wood by differ-

nt microfibril angles.
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258 LICHTENEGGER ET AL.
MATERIALS AND METHODS

ample Preparation

Two softwood species and two hardwood species were selected
or the study: P. abies (grown in the Erzgebirge, Germany) and P.
ylvestris, Q. robur, and F. sylvatica (all three grown in the
ienerwald, Austria). Discs were taken at breast height and one

ector was sawed out. Cubes of about 1 3 1 3 1 cm were cut out
long the radius. Radial slices 200 µm thick comprising several
nnual rings were cut by microtome from all four species and used
or small-angle X-ray scattering (SAXS). Additionally, tangential
ections of Q. robur containing exclusively late wood were pre-
ared. The slices were used as cut, without any further treatment,

ust encapsulated in plastic foil to keep them from drying and
hrinking in the vacuum chamber of the X-ray equipment.
In addition to the samples for the X-ray measurements, wood

amples from the same block were dried, washed with alcohol,
mbedded in methacrylate, and cut to 3-µm-thick cross sections
or light microscopy.

easurement

A scanning SAXS device (Bruker AXS) was used to determine
he microfibril angles in each of the four investigated trees over a
ide range of annual rings. The measurements were carried out

n point focus geometry using CuKa radiation obtained from a
otating anode generator equipped with Göbel mirrors. The beam
idth at the sample position was 200 µm. A two-dimensional
ultiwire detector was used to record the scattering patterns. The

istance of the sample to the detector was 63 cm. The sample was
laced on a computer-controlled movable stage and could be
canned through the beam in two orthogonal directions. This
echnique of scanning SAXS allows an accurate and reproducible
etermination of the beam position on the sample and an efficient
ollection of scattering patterns at positions of interest (Fratzl et
l., 1997).
In practice we obtained the information on the beam position by

apid scanning of the whole sample in steps of 200 µm and
ecording the total intensity at each position (SAXS tomography).
ince the total scattering intensity can be considered roughly
roportional to the amount of scattering material irradiated by
he beam, it can be used for determining the beam position on
amples that are inhomogeneous in density. In the case of wood,
he difference in density of early wood and late wood allows one to
mage the annual rings in a radial section. In a second step,
everal points of interest were chosen for small-angle X-ray
cattering. Scattering patterns were recorded within typically 3 h
n order to obtain good statistics. Extensive scans over radial
lices were carried out, and the MFA was determined from the
cattering pattern at each measurement point and correlated with
he distance from the pith.

All samples were characterized by taking polarization-micro-
cope images from cross sections cut from the same block as the
ample used for SAXS.

ata Evaluation

The intensity of the radiation scattered by the wood cell wall at
mall angles can be written as

(q) 5 I0 (rCellulose
e 2 rMatrix

e )2 0ev
exp (iqr ) d3r 0 2

(Jakob et al., 1995),

(1)

here q is the wave vector of the scattered beam, related to the

cattering angle 2u between the incident and the scattered beam 0
y 0q 0 5 (4p/l) sin u, and (rCellulose
e 2 rMatrix

e ) is the electron density
ontrast between the cellulose elementary fibrils and the surround-
ng matrix. This formula applies for cell walls hydrated above the
ber saturation point and 0q 0 . 0.3 nm21, where a contribution
rom pore scattering can be excluded (Jakob et al., 1996). The
cattering vector q can be expressed in polar coordinates (q, x)
nd I(q) as I(q, x), where q is the length of q and x the azimuthal
ngle of q in the detector plane. The integral in Eq. (1) yields
nformation on shape, size, and orientation of the cellulose fibrils.
he fibril orientation and thus the microfibril angle can be
xtracted from the angular distribution of the scattered intensity

H(x) 5 e
q1

q2
I(q, x) dq. (2)

he scattered intensity obtained from the experiment was there-
ore integrated over q and plotted versus the azimuthal angle x.
he lower integration limit q1 (here: 0.35 nm21) was chosen such
hat pinhole scattering and scattering from pores was excluded
rom the evaluation (Jakob et al., 1996), the upper limit q2 (here:
.15 nm21) was determined by the size of the detector area. The
esulting curve was then evaluated to obtain the microfibril angle
uantitatively. H(x) in Eq. (2) does not depend only on the
icrofibril angle distribution but is a function also of the orienta-

ion distribution of the cell walls and thus of the cell shape. This is
llustrated in Fig. 1, where µ is the microfibril angle and a denotes
he orientation of a cell wall. The orientation x of the resulting
treak on the detector is given by

tan x 5 2 tan µ · cos a. (3)

or the evaluation of cells with different shapes, i.e., different
istributions of a, different procedures must be applied. We
losely followed the evaluation method described in detail in
ichtenegger et al. (1998). Here, only a short overview will be
iven:
Cells with a rectangular cross section. If the sample is posi-

ioned such that the beam hits the cell at right angles, the
cattering pattern is a superposition of three streaks: one at x 5 0,
wo at x 5 6 µ. Hence, at this sample position, µ can be
etermined directly (Reiterer et al., 1997; Lichtenegger et al.,
998). In reality there is not only a single spiral angle µ but a
istribution of spiral angles f (µ) about a mean value of µ. In case
f rectangular cells this leads to a broadening of the streaks, the
ntensity distribution in x being proportional to f (µ).

FIG. 1. The small-angle scattering from a cellulose fibril
ields a narrow streak on the detector, whose orientation x was
etermined by the microfibril angle µ versus the longitudinal cell
xis and the rotation angle, a, of the fibril around the cell axis. a 5

° denotes the plane of observation.
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259MICROFIBRIL ANGLES IN SOFTWOODS AND HARDWOODS
Cells with a round cross section. For cells with circular cross
ection and a microfibril angle distribution f (µ), the intensity
istribution measured on the detector becomes

H(x) 5 4 e
x

p/2 f (µ) sin (µ)

Îcos2 x 2 cos2 µ
dµ (4)

Perret and Ruland, 1969). By inverting Eq. (4) one can in
rinciple calculate the microfibril angle distribution f (µ) exactly.
iven the limited accuracy of the experimental determination of
(x), we used a simpler approach described in Fratzl et al. (1996).
Here, the experimental data could always be fitted with a
aussian distribution f (µ), in the case of rectangular cells as well
s in the case of round cells, and the MFA distributions could
herefore be compared directly.

RESULTS

icea abies (Norwegian Spruce)

Figure 2 shows a polarized light microscopic image
f a cross section taken from a stem of P. abies. The
racheids are typically regularly ordered and almost
erfectly rectangular in cross section. The thin-
alled cells with large lumen are early wood cells

EW), and the thick-walled ones belong to late wood
LW). In Fig. 3 typical scattering patterns and the
valuation with regard to the microfibril angle distri-
ution are shown. The scattering pattern in Fig. 3a
1) is a superposition of three streaks, as expected for
ectangular cells oriented perpendicular to the inci-
ent beam (see evaluation section). The longitudinal

FIG. 2. Polarization microscopic image of a cross section of
icea abies (stem, mature wood). The direction of growth is from
he left to the right, as denoted on the top of the figure. The right
anel shows thick-walled late wood (LW) tracheids and thin-
alled early wood (EW) tracheids in greater magnification. Note
ohe rectangular shape and the regular order of the cells.
ell axis was oriented vertically. In Fig. 3a (2) the
ata integrated over q are plotted versus the azi-
uth x. The curve could be fitted with three Gauss-

ans of equal width. Figure 3a (3) shows the resulting
FA distribution: a Gaussian centered at 19.9° and
ith a width of s 5 8°. A mean MFA of 20° had been

ound to be typical for mature late wood in P. abies
Jakob et al., 1994). The scattering pattern in Fig. 3b
1) was obtained from mature early wood and con-
isted of only one narrow streak. Integrating the
ata over q gave a narrow peak (Fig. 3b (2)). Assum-
ng the same distribution width as in late wood
s 5 8°), one single Gaussian sufficed for a good fit.
his corresponds to a mean microfibril angle of 0°
nd a distribution width of s 5 8°, as had been found
n early wood in a number of individuals of P. abies
Jakob et al., 1994).

inus sylvestris (Scots Pine)

In Fig. 4, a microscope image of a cross section of P.
ylvestris (stem) is shown. P. sylvestris also belongs
o the softwoods, but its tracheids are much less
egular in cross section and order than those of P.
bies. As in P. abies, EW and LW can be distin-
uished by the thickness of the cell wall and the size
f the lumen. In Fig. 5a (1) a typical scattering
attern from juvenile wood near the pith is shown.
he fit with three Gaussians (Fig. 5a (2)) yielded a
ean microfibril angle of 29° and a distribution
idth of 10.5° (Fig. 5a (3)). Below, in Fig. 5b (1), the

cattering pattern of mature late wood is shown.
here is only a single broad streak without any
isible splitting. Upon integration we obtained a
road peak that could be fitted either with three
aussians (Fig. 5b (2)) or, equally well, with just a

ingle broad Gaussian (Fig. 5b (4)). The two fits yield
ifferent MFA distributions: a mean MFA of 15.7°
nd a distribution width of 8.6° (Fig. 5b (3)) or a
ean MFA of 0° and a distribution width of 14.5°

Fig. 5b (5)), respectively. In a SAXS measurement
hese two MFA distributions both yield the same
xperimental data and thus cannot be distinguished.

uercus robur (Pedunculate Oak)

Figure 6 shows a microscopic picture of a cross
ection of Q. robur (stem). Like all hardwoods, Q.
obur consists of a variety of cell types: vessels for
onducting water, libriform fibers and fiber tracheids
or mechanical support, parenchyma cells for nutri-
nt storage, etc. Since Q. robur is a ring porous
ardwood species, the large early wood vessels are
gglomerated in rings, allowing an easy distinction
etween EW and LW. Also the late wood cells are

rganized in groups: (a) the libriform fibers and (b)



t
r

e
c
w
L
c
y
g
d
b
a
r
i
t
s
i
i
b
t
t

o
7
r
a
m
a
j
w
t
w
s
w
i
l
a
d
(
t
fi
s

v
(
i
p
G
S
n

260 LICHTENEGGER ET AL.
he latewood vessels and fiber tracheids, resulting in
adial stripes.
With help of the scanning SAXS technique (Fratzl

t al., 1997), we succeeded in discriminating the two
ell groups in a tangential section of Q. robur late
ood and recording separate scattering patterns.
ibriform fibers were recognized due to their thicker
ell walls and smaller lumen (Fig. 6, right panel)
ielding a higher total SAXS intensity. The cell
roups were about 0.5 to 1 mm wide in tangential
irection, so the position resolution of 200 µm, given
y the size of the beam, sufficed to image the
lternation of libriform fiber regions with vessel
egions. In Fig. 6, on the left edge, the total scattered
ntensity recorded at each point of a scan through a
angential slice is plotted versus the position on the
ample. The dashed line through the central picture
ndicates where the scan was performed. Higher
ntensity indicates a predominance of libriform fi-
ers, and lower intensity late wood vessels and fiber
racheids. This allowed the SAXS data to be assigned

FIG. 3. (a) (1) Typical small-angle X-ray scattering pattern
ertical. The three streaks in the pattern correspond to the scat
scattering from the major cell wall layer, the S2 layer). The wea
ntensity of the scattered radiation was integrated over the scat
atterns from SAXS are symmetric by principle, only one half of
aussians. (3) The microfibril angle distribution f (µ) was a Gau
cattering pattern obtained from P. abies early wood, consisting
arrow peak that could be fitted with a single Gaussian. (3) The m
o the cell type. f
In Figs. 7a (1) and 7b (1) scattering patterns
btained from libriform fibers are shown. Whereas
a was recorded in the second annual ring, 7b was
ecorded in mature wood. Since the libriform fibers
re round cells, the data were fitted according to the
ethod described in Fratzl et al. (1997) (Figs. 7a (2)

nd 7b (2)). The mean MFA was 23.3° in the case of
uvenile wood and 0° in the case of mature wood. The
idths of the distributions were 7.5° and 6.4°, respec-

ively. In Fig. 7c (1) a scattering pattern from late
ood vessels and fiber tracheids is shown. The

cattered intensity was low due to the thinner cell
alls and the signal was broad (Fig. 7c (2)). This is,

ndeed, much different from the signal obtained from
ibriform fibers, although it was recorded in the same
nnual ring. The fit yielded a very broad MFA
istribution centered at 0° and with a width of 22°
Fig. 7c (3)). Note that without experimental separa-
ion of libriform fibers from late wood vessels and
ber tracheids, one would always observe a superpo-
ition of these X-ray patterns. In practice, the signal

ed from P. abies late wood. The longitudinal tracheid axis was
expected from rectangular cells hit at right angles by the beam
rtical streak is due to scattering from the thin S1 layer. (2) The
vector q and plotted versus the azimuth x. Since the scattering
ttern needs to be evaluated. The curve could be fitted with three
with mean value 19.9° and a Gaussian width of s 5 8°. (b) (1)
one narrow streak. (2) Integration of the data over q yielded a
A was 0°, and the distribution width was s 5 8°.
obtain
tering
ker ve
tering
the pa
ssian
of only
ean MF
rom the late wood vessels and fiber tracheids would
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261MICROFIBRIL ANGLES IN SOFTWOODS AND HARDWOODS
robably be overlooked because of its comparative
eakness. In Fig. 7d (1) the scattering from early
ood tracheids is depicted. The integration over q

learly shows that there is no preferred orientation
Fig. 7d (2)).

. sylvatica (Copper Beech)

In F. sylvatica, a diffuse porous hardwood species,
arly wood and late wood cannot be distinguished as
asily as in ring porous hardwoods, because the transi-
ion from EW to LW is continuous and the distribution
f vessels is random (Fig. 8). But still the density is
igher and the vessels are smaller in late wood than in
arly wood. Since, in contrast to Q. robur, there are
o particular agglomerations of cells, it was not
ossible to take separate SAXS patterns from differ-
nt cell types, but the scattering signal was a super-
osition of contributions from all kinds of cells.
In Fig. 9 two typical scattering patterns are dis-

layed. Figure 9a (1) shows a typical scattering
attern from juvenile wood. The peak obtained by
ntegration over q was broad and the MFA distribu-
ion derived from the fit according to the fit for round
ells (Fratzl et al., 1996) was centered at 0°, with a
idth of 13.9° (Fig. 9a (3)). Figure 9b (1) shows the

cattering pattern of mature wood. It consists of a
trong single streak and a weak contribution of two
nclined streaks. The contributions were fitted sepa-

FIG. 4. Cross section of Pinus sylvestris (stem, mature wood)
nder the polarized light microscope. EW and LW can be distin-
uished by the thickness of the cell wall and the size of the lumen
see the greater magnification in the right panel). The cell shape is
ear to rectangular, but less regular than that in P. abies. The
ound holes seen in the picture in the left panel are resin canals.
ately (Fig. 9b (2)), yielding an MFA distribution d
Fig. 9b (3)) that could be expressed as the sum of a
arrow Gaussian centered at 0° and a broader
aussian centered at 30°, normalized to their rela-

ive intensities in the scattering pattern. In analogy
o Q. robur, one may assume that the strongest part
f the signal was due to the scattering from the
ibriform fibers and the weaker signal indicating a
arger MFA and a broader distribution should be
ssigned to vessels and libriform fibers.

omparison

In Fig. 10 the plots of the MFA versus distance
rom the pith in all four wood species investigated
re arranged side by side for comparison: (a) P. abies,
b) P. sylvestris, (c) Q. robur, and (d) F. sylvatica. It is
bvious, with the exception of (d), that the microfibril
ngle decreased from pith to bark. There were,
owever, differences regarding the detailed course of
icrofibril angle with increasing stem diameter.
In P. abies (Fig. 10a) the microfibril angle de-

reased from about 30° near the pith to 0° near the
ark. In the range of 50 to 130 mm from the pith the
FA values of early wood (open symbols) and late
ood (filled symbols) stayed at constant but consider-
bly different values: 0° in early wood and 20° in late
ood. This behavior had been found in a number of

ndividuals of P. abies (Jakob et al., 1995; Reiterer et
l., 1998). In the outermost annual rings the MFA in
ate wood suddenly dropped to 0°, to the value found
n early wood, and remained constant for the rest of
he annual rings. In some annual rings nearer to the
ith late wood a MFA of 0° was observed, too, but
hese results should be regarded with care. In those
nnual rings the proportion of late wood was so low
hat it was difficult to measure exclusively late wood
nd therefore the scattering patterns might as well
ontain scattering from early wood.
In P. sylvestris (Fig. 10b) the decrease of the MFA

rom the pith toward the bark was more gradual
han that in P. abies. In contrast to P. abies, the
FAs in early wood were higher than those in late
ood. The data were fitted with three Gaussians, except

n a few cases where the fit with three Gaussians yielded
nreasonable results, like a distribution width much
igher than the mean fibril angle or a distribution width
onsiderably smaller than 7°. In those cases the data
ere fitted with single Gaussians only, yielding a
ean MFA of 0°. In any case, the width of the MFA

istribution derived from the SAXS patterns (indi-
ated by error bars) was larger than in that P. abies.
In Fig. 10c, results from Q. robur are shown. The
icrofibril angle decreased from 20° near the pith to

° at a distance of about 40 mm from the pith and
hen stayed approximately constant. The full circles

enote the contribution from libriform fibers. The



i
w

t
a
n
d
o

w
a

t

p
U
G
a
o
1
o
0 he thre

262 LICHTENEGGER ET AL.
nsert in Fig. 10c shows the microfibril angle in late
ood vessels and fiber tracheids (small diamonds).
In F. sylvatica (Fig. 10d) the MFA calculated from

he strongest component of the scattering signal
ssigned to libriform fibers was generally small, even
ear the pith, where it was still found to be 0°, only the
istribution width was larger. The MFAstayed constant

FIG. 5. (a) (1) Small-angle scattering pattern obtained from
attern consisted of three clearly split streaks (S2 layer) and a we
pon integration of the scattered radiation intensity over the sca
aussians. (3) The mean MFA was 29°, and the width of the MFA d
nnual ring of a P. sylvestris stem (mature wood). There was only
ver q, the data could be fitted with three Gaussians. (3) The fit w
5.7° and whose width was 8.6°. (4) An alternative way of fitting w
ne obtained with three Gaussians shown in (2). (5) The MFA distr
° and the width (s 5 14.5°) was considerably larger than that of t
ver the whole stem. The weak contribution of cell walls t
ith a microfibril angle of about 30°, probably vessels
nd fiber tracheids, is denoted by small diamonds.

DISCUSSION

Although there are great differences in cell archi-
ecture among the four investigated wood species on

vestris juvenile wood in the second annual ring. The scattering
rtical streak that corresponds to scattering from the S1 layer. (2)
vector q we obtained three peaks that could be fitted with three
tion f (µ) was 10.5°. (b) (1) Scattering pattern recorded in the 50th
e broad streak without any visible splitting. (2) After integration
ree Gaussian peaks yielded an MFA distribution that peaked at
y one single Gaussian peak. The quality of the fit was equal to the
n f (µ) derived from the fit with a single Gaussian was centered at
e-peak fit.
P. syl
aker ve
ttering
istribu
a singl
ith th

ith onl
ibutio
he microscopic scale, in particular between soft-
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263MICROFIBRIL ANGLES IN SOFTWOODS AND HARDWOODS
oods and hardwoods (see, for example, Grosser,
977), we observed a consistent trend of the mean
icrofibril angle to decrease from pith to bark, with

he exception of F. sylvatica, where only the MFA
istribution was found to be higher near the pith.
owever, in softwoods the microfibril angles were

ignificantly higher than those in the hardwood
pecies, not only near the pith, where they reached
p to 45° in contrast to 20° in Q. robur and even 0° in
. sylvatica, but stayed higher over a wider range of
nnual rings and dropped to very small values only
n the outer part of the stem.

Comparing the two softwoods, the most striking
ifference is the fact that in P. abies the microfibril
ngle in early wood was lower (0°) than that in late
ood (20°), whereas in P. sylvestris the opposite

rend was found: the MFA was always about 5–10°
igher in early wood than in late wood. It should be
oted, however, that the MFA distribution width in
. sylvestris was relatively large (up to 13°) and
herefore the determination of small fibril angles
as not very accurate. Since the quantitative evalu-
tion of microfibril angles is sensitive to the cell

FIG. 6. Polarization microscopic image of a cross section of
uercus robur (stem, mature wood). Q. robur is a ring porous
ardwood species, so called because of the characteristic arrange-
ent of large EW vessels in concentric rings. In the LW, different

ells are arranged in groups that form irregular radial stripes:
ound, thick-walled libriform fibers with small lumen (shown in
reater magnification in the right panel (a)) and thin-walled late
ood vessels surrounded by fiber tracheids (right panel (b)). The

ells arranged in straight horizontal lines, one at the top, one at
he bottom of the picture in the left panel, are radially running
arenchyma cells. Rapid scanning of the X-ray beam along the
ashed line over a tangential slice prepared out of exclusively late
ood yielded a variation of the total scattered intensity recorded
t each point with the scan position, as displayed on the very left
dge. A higher total intensity can be assigned to libriform fibers
nd a lower intensity to late wood vessels and fiber tracheids.
hape, the broadening of the streaks may be due to
he somewhat irregular shape of cells that can only
e roughly approximated by rectangles (compare
ig. 4). On the contrary, in P. abies the Gaussian
idth of the MFA distribution was only 5–8°, allow-

ng a more accurate determination of fibril angles. So
he abrupt jumps of microfibril angles between two
iscrete values (0° and 20°) within each annual ring
ver a wide range of the stem are with certainty not
ue to artifacts and therefore particularly remark-
ble. The same abrupt alternation between 0° and
0° had been found in a number of individuals of P.
bies (Jakob et al., 1994, 1995; Reiterer et al., 1999),
ut has not to our knowledge been observed in any
ther wood species.
In contrast to softwoods, hardwoods are generally

uite difficult to investigate by X-ray scattering, due
o their more complex anatomy. The major problem
s the fact that various cell types are hit by the beam
imultaneously. Their contribution to the scattering
ignal cannot be separated. Using the technique of
canning SAXS, we succeeded in overcoming the
roblem of signal superposition in the case of Q.
obur and obtained separate information on the
icrofibril angle in different cell types in hardwood.

ndeed, the microfibril angle distribution in the
ibriform fibers was different from that in vessels
nd fiber tracheids. However, by far the strongest
ontribution comes from the libriform fibers, whose
hick cell walls represent the major part of cell wall
aterial. Thus for an interpretation in terms of
echanical optimization of the whole composite, it
ay suffice to consider only the microfibril angle of

ibriform fibers. This should also apply to F. syl-
atica. Regarding the libriform fibers, in both species
mall angles were found throughout the stem, except
or the very first annual rings in Q. robur.

nterpretation in Terms of Mechanical Optimization

In this section we speculate that the general
ecrease of microfibril angles from pith to bark
orresponds to a mechanical optimization process. In
articular, we consider three different loading condi-
ions of a stem or branch which is very roughly
escribed by a cylinder of constant diameter D and
eight H. In Fig. 11 the three situations are sketched.
ll the estimates in this section are taken from the

extbook by Landau and Lifschitz (1986); some of the
quations can also be found in Ashby (1983) and
attheck and Kubler (1995).
(a) Lateral forces (e.g., wind). Given a lateral

orce FL, the largest bending moment of a stem
ill be

M 5 FL H 5
E I

, (1)

R
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FIG. 7. (a) (1) Small-angle X-ray scattering obtained from lib
learly see the splitting of the scattering pattern into two streaks
tted according to the method described in this paper for round ce
3.3° with a width of s 5 7.5°. (b) (1) Small-angle scattering from m
f a narrow streak. (2) Integration over q yielded a narrow peak t
riform fibers in the second annual ring of a stem of Q. robur. One can
. (2) The data were integrated over q, plotted versus the azimuth x, and
lls. (3) MFA distribution calculated from the fit: a Gaussian centered at
ature libriform fibers in Q. robur: the scattering pattern consisted only

hat was again fitted with the method used for round cells. (3) The MFA
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265MICROFIBRIL ANGLES IN SOFTWOODS AND HARDWOODS
here E is the Young’s modulus, I is the moment of
nertia, and R is the radius of curvature of the stem.
he stresses occurring on the surface of the cylinder

tensile ones on the side where FL is applied, compres-
ive ones on the opposite side) are given by s 5 (D/2)
/R. Let s0 be the maximum stress that can be
upported by the material. For a given diameter of
he trunk D and for given lateral forces FL, the
eight of the trunk is limited to

H ,
2 I

D FL
s0, (2)

here I can also be replaced by p D4/64 for a trunk
ith a circular cross section. This means that the
eight is effectively limited by s0.
(b) Vertical compressive forces due to gravitation.

n this situation, the height is limited by the buck-
ing instability of the cylinder, which yields

H ,
p

2 ÎE I

FG
, (3)

FIG. 8. Cross section of Fagus sylvatica (stem, mature wood)
nder the polarization microscope. F. sylvatica is a diffuse porous
ardwood, i.e., the vessels are distributed randomly in early wood
nd late wood. In EW the size of the vessels is larger than that in
W and thus the density is lower. The right panel shows a vessel
urrounded by thick-walled libriform fibers in greater magnifica-
ion.

istribution f (µ) peaked at 0°, with a Gaussian width of s 5 6.4
racheids surrounding the late wood vessels in Q. robur: a single, v
n the same annual ring and within the same time as those in (b)). (
pplied. (3) The calculated MFA distribution was extremely broad
arly wood (mainly large early wood vessels). (2) The integration

ellulose fibrils in Q. robur early wood.
here FG is the gravitational force. The limiting
actor for the height is the elastic modulus, which
eans that the material should be optimized for
aximum stiffness.
(c) Bending up to a critical angle. This point is

ased on the idea that in order to avoid breaking due
o a moving obstacle, such as, e.g., a large animal,
assing by, the tree has to bend up to a critical angle
0. Similarly, considering a branch, u0 could be the
ritical angle where, for example, snow glides off.
ending up to an angle u0 results in a bending
oment M 5 F0 x,

where x 5 Î2 I E

F0
cos u0 .

he force F0 is the largest force before the branch or
runk is relieved by either the snow gliding off or the
nimal passing over. F0 and u0 are related by

H 5 Î I E

2 F0
e

u0

p/2 du

Îcos u0 2 cos u
. (4)

he largest bending moment that needs to be sup-
orted then becomes

M0 5 l0I E/H, (5)

here l0 5 Îcos u eu0

p/2 du/Îcosu0 2 cosu is just a
umerical factor depending on u0. Consequently, the
adius of curvature R due to the maximum bending
oment M0 is

R 5 E I/M0 5 H/l0.

inally, considering the fact that the largest strains
ccurring at the surface of the cylinder are given by
(D/2)/R, we get

H . l0

D

2 e0
, (6)

here e0 is the largest strain that can sustained by
he material. Quite remarkably, condition (6) is a

1) Scattering pattern obtained from late wood vessels and fiber
oad streak and a comparably weak signal (the data were collected
data were integrated over q and the fit method for round cells was
.3°) and peaked at 0°. (d) (1) Small-angle scattering from Q. robur
scattered intensity over q revealed a random orientation of the
°. (c) (
ery br
2) The
(s 5 22

of the
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266 LICHTENEGGER ET AL.
ower bound for the height of the trunk (or the length
f the branch). It also means that the lower the
aximum strain, e0, the larger the ratio H/D must be.
The analysis shows three ways of optimization in

esponse to different loading situations: high frac-
ure stress for resisting lateral forces, high elastic
odulus for resisting compressive forces, or large

racture strain to survive bending. It is interesting to
ote that all three parameters have been shown to
epend on the microfibril angle (Reiterer et al., 1998;
ave and Walker, 1994). The trunk of a large tree
ill hardly be subjected to bending by animals
assing by, but rather has to support lateral wind
orces and compressive forces due to gravitation.
ence it seems reasonable to expect an optimization

n the largest possible values for s0 and E. This is,
ndeed, consistent with the fact that the MFA in the
uter annual rings of a large tree was found to be
lose to 0°. For younger trees and branches, however,
he loading situation (c) may become crucial and

FIG. 9. (a) (1) X-ray scattering pattern recorded in juvenile w
as observed. (2) Upon integration a broad peak was obtained
istribution peaked at 0° and the Gaussian width was 13.9°. (b)
attern was a superposition of a strong, narrow streak and two we
learly showed the two contributions to the pattern. The narrow p
ssuming round cells. (3) The MFA distribution was given by
istribution (s 5 16°) peaked at 30°. The two components were n
attern.
onditions (3) and (6) must be fulfilled simulta- b
eously, that is

l0

D

2 e0
, H ,

p

2 ÎE I

FG
,

hich implies that

E e0
2 .

64

p3

l0
2 FG

D2
.

t is obvious that the larger FG and the smaller the
iameter D of the trunk (this would correspond to a
lim tree with a large height to diameter ratio and/or
comparatively large crown) the more stringent this

ondition becomes. It may well be that this is the
eason the tree has to increase E e0

2 in its first years
f life by an increased MFA. Indeed, our data for
orwegian spruce indicate an increase of E · e0

2 with
ncreasing microfibril angle from 0° to an angle of 26°

th annual ring) of a F. sylvatica stem. Only a single broad streak
tted according to the fit method for round cells. (3) The MFA
attering from F. sylvatica mature wood (80th annual ring). The
lined streaks. (2) The curve resulting from the integration over q
the center and the split contribution were fitted separately, both

m of a narrow distribution (s 5 8°) peaked at 0° and a broad
ized to the intensities with which they appear in the scattering
ood (fif
and fi
(1) Sc
ak, inc
eak in
the su
ormal
y almost a factor of 5 (Fig. 12). This may explain the
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267MICROFIBRIL ANGLES IN SOFTWOODS AND HARDWOODS
requent occurrence of microfibril angles about 30°
ear the pith. For larger MFAs as they are found on
he lower side of conifer branches, the values of E · e0

2

re even higher.

CONCLUSION

In this paper we used position-resolved small-
ngle X-ray scattering to investigate the microfibril

FIG. 10. Comparison of microfibril angles as a function of the
enote early wood. The error bars indicate the Gaussian width
ecreased from 35° near the pith to 0° near the bark. In the region
wo discrete values (0° in early wood and 20° in late wood) in eac
ropped to 0°. Late wood with an MFA of 0° was also found in so
roportion of early wood was very low. (b) P. sylvestris: the MFA de
ark, in late wood even down to 0° in the last annual rings. In contr
c) Q. robur: the plot consists of two parts: the main part contain
maller plot at the top displaying the MFA as it was found in late
aximum microfibril angles of about 20° were found near the pith

° at 40 mm and stayed there in the rest of the stem. The MFA in l
istribution width (denoted by the error bars) around the mean v
denoted by full circles) was small throughout the stem radius, ev

FA of 0° was observed. The small diamonds at MFA values of abo
f the scattering signal that was assigned to late wood vessels and
ngles in two softwood species, P. abies and P. t
ylvestris, and two hardwood species, Q. robur and F.
ylvatica. As main results we found that: (1) Position-
esolved SAXS is an appropriate tool in investigating
natomically complex hardwoods. It is possible to
btain separate information on the structures of
ifferent cells, at least in Q. robur or anatomically
imilar species. (2) Despite considerable differences
n the detailed course of the microfibril angle with

nce from the pith. Full circles denote late wood, and open circles
microfibril angle distribution. (a) P. abies: the microfibril angle
50 to 130 mm from the pith, the MFA was found to jump between
al ring. In the outermost part of the stem the MFA in late wood

nual rings nearer to the pith, but exclusively in those where the
d from a maximum of 45° near the pith to smaller angles near the
P. abies, the MFA in early wood was higher than that in late wood.
l circles that denote the MFA measured in libriform fibers and a
essels and fiber tracheids (small diamonds). For libriform fibers,

increasing distance from the pith the MFA gradually decreased to
od vessels and fiber tracheids (smaller plot) was about 0°, but the
as extremely broad. (d) F. sylvatica: the MFA in libriform fibers

se to the pith, where only a larger distribution around the mean
orrespond to the microfibril angle determined from the weak part

racheids.
dista
of the
from

h annu
me an
crease
ast to

ing ful
wood v
. With
ate wo
alue w
en clo

ut 30° c
he annual rings, the MFA decreased from the pith to
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268 LICHTENEGGER ET AL.
he bark in all four trees. (3) The microfibril angles in
he two hardwood species were generally lower than
hose in the two softwood species.

We suggest an interpretation of these results in
erms of a mechanical optimization by different
icrofibril angles. Our model is based on the me-

hanical constraints to tree growth resulting from
hree main loading conditions of a tree: (a) lateral
orces, (b) gravitational forces, and (c) bending to a
ritical angle. The last condition implies a maximiza-
ion of E · e0

2, where E is the longitudinal Young’s
odulus and e0 is the fracture strain. As a conse-

uence, loading condition (c) needs large MFAs,
hile both (a) and (b) require small MFAs. The

ypical decrease of microfibril angles from juvenile to
ature wood would therefore result from different

ypical loading patterns during the development of
he tree.

We thank G. Dinst from the Ludwig Boltzmann Institute for
steology, Vienna, for the preparation of the cross sections for

FIG. 11. Sketch of the three main loading conditions: (a) latera
or example, by animals passing by or until the snow glides off a br

FIG. 12. E · e0
2 (E, longitudinal Young’s modulus; e0, strain at

aximum stress) plotted versus the microfibril angle. Data from
icroscopy. We are grateful to the Fonds zur Förderung der
issenschaftlichen Forschung (FWF) for financial support (Project
10729-BIO).
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