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Abstract Moisture absorption in the cell wall struc-
ture of wood is well known to induce considerable
swelling of the wood exerting high expansion forces.
This swelling is mainly induced by the sorptive action
of the hydroxyl groups of the carbohydrate wood
polymers; cellulose and hemicelluloses. On the ultra-
structural level, there are, however, still questions with
regard to the detailed deformations induced by this
moisture absorption. Here, FTIR spectroscopy and
synchrotron-radiation-based X-ray diffraction were
used on paper samples to study the deformation of the
cellulose crystals as a consequence of moisture
absorption and desorption. Both techniques revealed
that the moisture absorption resulted in a transverse
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contraction of the cellulose crystals accompanied by a
somewhat smaller elongation in the cellulose chain
direction. The deformations were found to be a direct
response to the increased moisture content and were
also found to be reversible during moisture desorption.
It is hypothesised that these deformations are a
consequence of the swelling forces created by the
combined longitudinal and lateral expansions of the
non-crystalline cellulose molecules and the gluco-
mannan hemicellulose aligned along the cellulose
crystals. These forces will impose a lateral contraction
of the cellulose crystals, as well as a longitudinal
extension of it.
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Introduction

Cellulose, as a biopolymer, is naturally affected by
moisture and the relative content of it, the relative
humidity (RH), in the environment. This is highly
related to the molecular structure of the cellulose as
containing a high amount of specific sorption sites, the
hydroxyl groups (—OH), which attract the water
molecules. For decades, a great deal of research has
been devoted to the question of how and where the
water molecules attach to the cellulose molecules
(Lindh et al. 2017). What role the biological structural
arrangement in the cell wall has, as well as how
moisture influences the properties of this material are
questions addressed. The problem is related to the very
complex structure of the cellulose microfibrils (also
referred to as fibrils in literature), formed by biological
processes, the fine structure of which is not fully
established despite 100 years of studies (Salmén
2015). As a structure, the cellulose is arranged in the
form of extended microfibrils, generally considered to
have a diameter of around 3.0 to 3.5 nm (Fernandes
et al. 2011). The cellulose molecules extend in the
direction of the microfibril possessing both crystalline
areas as well as less ordered, non-crystalline areas. To
a large extent, the less ordered regions have been
assigned to the surface of the microfibril (Wickholm
et al. 1998), but areas interspersed between the
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cellulose crystalline domains along the microfibrils
have been indicated (Nishiyama 2009). The possible
twisting of the microfibrils (Fernandes et al. 2011)
could also contribute to non-regular structures in the
longitudinal direction. Considering this complex
structure, it is understandable that the question of
interaction with moisture poses a challenge. For the
crystalline part of the cellulose, it is accepted,
however, that moisture is not able to enter in-between
cellulose molecules and disrupt the crystallites
(Nishiyama et al. 2002). Studies of the deformation
of cellulose microfibrils under different moisture
conditions using dynamic FTIR spectroscopy indicate
that the deformation follows a relation of an arrange-
ment of parallel non-crystalline and crystalline struc-
tures (Salmén and Bergstrom 2009), i.e. a structure
where the less-ordered regions are dominantly posi-
tioned at the surface of the microfibrils. This is
corroborated by the fact, that for low microfibril
angles (MFA < 10°), more than 95% of the strain of
small wood elements exposed to a tensile stress is
given by the strain of the crystalline cellulose (Nakai
et al. 2006). Thus, it may be envisaged that non-
crystalline structures arranged in series with crys-
talline sections must have a rather limited extension,
possibly because of adjacent crystalline microfibrils,
which prevent them from being highly strained. Such a
structural interlocking may presumably be due to the
aggregated structure of the cellulose microfibrils, on
average making up a cluster of a diameter around
16 nm (Bardage et al. 2004; Fahlén and Salmén 2005).
In this structure, moisture interacts both with the outer
cellulose aggregate surfaces as well as with the interior



Cellulose (2021) 28:3347-3357

3349

surfaces of the aggregate, though to different extents
(Lindh and Salmén 2017; Lindh et al. 2017; Salmén
and Stevanic 2018). Thus, less mobile water will be
found in-between the cellulose fibrils in the aggregate
while more mobile water is located at the outer
aggregate surfaces.

The effect of the added water to the properties of the
cellulose is well known on a macroscopic level, while
its interactions at the supramolecular level are not so
frequently discussed and still poses questions. Macro-
scopically the uptake of moisture leads to a weakening
of the structure of the material, lower stiffness, and an
expansion occurring mostly transverse to the cellulose
microfibrils (Megraw 1985; Salmén 2004). Indeed, the
moisture expansion along microfibrils is less than a
tenth of that in the transverse direction. On the
cellulose crystalline level, it has been observed that
drying of wood samples leads to a longitudinal
shrinkage of the cellulose crystal (Abe and Yamamoto
2005). Synchrotron radiation (SR)-based X-ray
diffraction studies of spruce wood have additionally
revealed that there is a correlation between the
expansion of the cellulose crystal chains in the
longitudinal direction and the increased equilibrium
moisture content below a moisture content of 15%
(Zabler et al. 2010). Accompanying this is a shrinkage
of the transverse dimension of the cellulose crystal, a
dimensional change which thus is opposite to the one
observed on a macroscopic, fibre scale although the
magnitude is much smaller (Zabler et al. 2010). Thus,
there are still questions regarding the causes of these
movements as well as the kinetics of the changes. On
the macroscopic level, it has been shown that for paper
the dimensional changes are directly coupled to the
amount of moisture sorbed and occur instantaneously
with the moisture uptake (Salmén and Olsson 2016).
In order to in-situ follow such changes in the
deformation of the cellulose structure, two useful
techniques may be identified: FTIR spectroscopy and
SR-based X-ray diffraction. Both techniques offer the
possibility of detecting changes in the molecular or
crystalline structure with the time-resolution required
for absorption-desorption studies, i.e. responses in the
region of seconds. Here, both techniques have been
applied to paper samples to identify the response to
moisture changes at the cellulose molecular and
structural level.

Materials and methods
Materials

Paper sheets for FTIR spectroscopy studies were made
from an unbleached softwood kraft pulp with a kappa
number of 58 and produced in a Finnish sheet former
at 20 g/m2 (ISO 5269-1). In order to facilitate IR
transmission, samples with a thickness of about 30 pm
were employed. These were cut into the dimensions of
18 x 25 mm (width-length).

Paper sheets for SR-based X-ray diffraction studies
were made from a chlorite delignified latewood (LW)
fibre enriched unbleached softwood kraft pulp (39%
LW fibres as compared to an original unfractionated
pulp of 28% LW fibres). The pulp fibres were beaten in
a PFI laboratory beater to 5000 revolutions, yielding a
Schopper-Riegler (SR, ISO 5267-1) value of 24.
Oriented sheets with a target dry basis weight of
45 g/m* were made with a Dynamic Sheet Former
laboratory apparatus from Fibertech (a.k.a. “French
sheet former”). The purpose was here to produce a
paper sheet with cellulose fibrils with the preferred
orientation; high fibre orientation and low microfib-
rillar angle (MFA, fibrils aligned in the fibre direc-
tion), with a high cellulose content to provide for
suitable SR-based X-ray diffraction studies. Samples
with a thickness of 50 pum were cut with the
dimensions of 15 x 35 mm (width-length in the
preferred orientation direction).

Methods

FTIR (Fourier Transform Infra-Red) spectroscopy
was performed using a Varian 680-IR.

FTIR spectrometer (Varian Inc., Santa Clara, CA,
USA), equipped with a DTGS detector and run in
transmission mode. The IR radiation was polarized by
a KRSS5 wire grid polarizer at 0° in relation to the
stretching direction of the samples. Samples were
mounted between two parallel jaws, with an initial
separation of 15 mm, in a specially constructed
Polymer Modulator (PM100) (MAT-Manning
Applied Technology Inc., Troy, ID, USA).

The stress in the samples was controlled using a
PicoScope oscilloscope and PicoScope software (Pico
Technology Ltd., St Neots Cambridgeshire, UK).
A Temperature Control System (TC100) (MAT-
Manning Applied Technology Inc., Troy, ID, USA)
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was used for controlling the temperature (30 °C)
inside the PM100.

A Modular Humidity Generator (MHG 32) (Project
Messtechnik, Ulm, Germany) was used for generating
the humid atmosphere, which was connected to the
TC100 with a mounted sample. Humidity was con-
trolled using MHG Control software (Project
Messtechnik, Ulm, Germany).

Tests were performed during an absorption—des-
orption cycle from 30% RH to 80% RH and back again
to 30% RH with a cycle time of 30 minutes for
adsorption and desorption, respectively. Prior to the
test cycle the sample had been conditioned at 30% RH
for 2 hours at a low load of 1.5 N to avoid buckling of
the sample sheet. All spectra during the sorption cycle
were collected as unloaded (i.e. at low load of 1.5 N to
avoid the buckling of the sample sheet). Background
and sample spectra were scanned using a spectral
resolution of 1cm™' and a spectral range of
4000-700 cm™ '; 32 scans were collected. Spectra
were baseline corrected using a Varian Resolution Pro
software. Spectra were normalized at 1160 cm™ '
(cellulose glycosidic bond (C-O-C) anti-symmetric
stretching vibration).

All experimental cases were run in duplicate.

SR-based X-ray diffraction experiments were per-
formed at the beamline P03 “MiNaXS” at Petra III
storage ring at DESY, Hamburg, Germany. The
experimental setup consisted of a tensile testing load
stage (TS600) from Anton Paar GmbH, Austria,
mounted in a casing for climate control, with Kapton
windows for beam transmission. The sample strips
were mounted in the tensile stage with an original
clamp length of 24 mm, fastened with only one clamp
and run as completely unloaded (load 0 N). Temper-
ature and humidity controls were arranged by con-
necting the casing to a commercial programmable
humidity control unit (MHG 32, see the above
description for FTIR spectroscopy, only that prior to
the test cycle the sample had been conditioned at 30%
RH for 1 hour and at no-load, 0 N).

The X-ray wavelength used was 0.1068 nm. The
WAXS (Wide Angle X-ray Scattering) detector was a
tailor-made “L” shaped Lambda 2 M detector devel-
oped by DESY, see Fig. 1. The system was calibrated
in WAXS measuring mode using a reference sample
of cerium dioxide (CeO,). Background scans were
collected at the constant humidities of 30% and 80%
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Fig.1 aLambda detector image; b azimuthal integrated image
converted from a, reflection is marked inside the dashed box

RH using the empty TS600 encapsulated into the
humidity chamber.

A large beam-size of approximately 100 x 100
um? was chosen for better statistics as the cross-
section of late-wood fibres is around 30-40 pm.
Collected images were scrutinized for X-ray beam-
damage. The exposure time at each measurement
position was then set to 1 s with the X-ray beam
scanning over the sample to distribute the X-ray dose
during the experiment. This was achieved by the
movement of an X, Y, Z position table on which the
sample stage was mounted.

Tests were performed during three humidity half-
cycles (a first absorption half-cycle: 30% — 80% RH,
a desorption half-cycle: 80% — 30% RH and a second
absorption half-cycle: 30% — 80% RH); 10 scans
were collected for each half-cycle, i.e. during 30 min
at times arranged equally with respect to log time. In
each scan, scattering data from 6 different positions
across the sample width were acquired, after which the
acquisition was moved to a new length-wise position
for the next scan. The spacing between the positions
was such that double exposure did not take place.
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The WAXS signals were analysed as 1D scattering
profiles, i.e. diffractograms. The crystalline structure
is shown as series scattering signals peaks (Fig. 2),
where the signal maxima peak position, i.e. scattering
vector (g), is directly related to the d-spacing, the
distance between adjacent lattice planes, Eq. (1):

2n
== (1)

The signal position (gq) is related to the scattering
angle (20) by:

g="Tsin(0) 2)

q

where A is the wavelength of the applied radiation

(here 0.1068 nm). Upon deformation, d can be
stretched or compressed, showing as a signal shift in
the scattering patterns. By using the Eq. (3), the strain
of the crystalline phase (¢;) could be estimated as:

€ = (d — 1> ¢ 100% (3)
do
where d is the distance between the lattice planes
determined from the scattering during deformation, dy
is the one determined from the sample in the reference
state.

Deformations of the crystals in different directions
may be followed by monitoring of the different
crystallographic lattice planes. Figure 2 illustrates
how the cellulose unit cell (i.e. crystallite) relates to
the corresponding scattering signals. A straining in the
longitudinal direction of the cellulose molecule will
result in an increase of the distances between the (004)

—
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1§ ——RH 30%
] h‘ ——RH 80%
—~ — g.tl
3: & .‘. ——
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planes and a shift in its scattering signal towards
smaller angles. Also, the (102) planes will deform in a
similar manner while the (200) planes will contract,
shifting the associated scattering signal towards higher
scattering angles due to the Poisson effect.

Results and discussion
FTIR spectroscopy measurements

The occurrence of changes in the FTIR spectra for a
paper sample due to an increase in moisture content
from 30 to 80% RH was clearly evident from the
example of the difference spectrum shown in Fig. 3
(the original spectra shows the typical absorption
peaks for wood pulps). The 30 to 80% RH change
corresponds to a change in moisture content from
4-5% (depending on the cycle) to about 10 to 11%.
This moisture is only present as bound water in the
material and will thus result in a corresponding
volume expansion of the material (Salmén and Olsson
2016). A split signal (a signal with a peak both above
and below 0 absorbance) was seen in the difference
spectrum obtained by subtracting the spectrum taken
at 80% RH with that taken at the reference 30% RH.
The split signal was due to the fact that the position of
the 1162 cm™ ' absorbance maximum was shifted to
lower wavenumbers at the higher RH, indicating that
the bond length had been enlarged. The reference
spectrum was taken at 30% RH after a conditioning
time of 2 hours. This clearly indicated that the
absorbed moisture yielded stresses on the cellulose

1
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it
?

P

o4 ,

tS)

Fig. 2 Diffractogram (left) and crystallographic lattice plains
of cellulose allomorph 1B (i.e. delignified pulp) (right). The
arrows indicate changes that would occur due to a straining of

the cellulose crystal, i.e. the cellulose unit cell (or crystallite) in
its longitudinal direction
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Fig. 3 Example of a
difference spectrum
(80-30% RH) illustrating
the effect of the relative
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molecules resulting in the whole cellulose crystal
being stretched. The additional changes seen in the
spectrum were due to the absorbed moisture, two
signals in the OH-region of loosely and more strongly
absorbed moisture at 3600 cm~ ' and 3200 cm™ '
respectively (Olsson and Salmén 2004), and the signal
from the absorbed water itself at 1640 cm™ '. The
negative signals of the CH-vibration at 3000 to
2700 cm~ ' and the fingerprint region 1100 to
900 cm™ ' are presumably related to the fact that the
expansion of the paper sample leads to that less
material is present within the IR beam and thus a lower
absorbance.

In Fig. 4, the changes of the length of the cellulose
glycosidic C—O-C bond as a result of the stepwise RH
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changes of 10% in a cycle from 30-80% and back to
30% RH is illustrated. Here, the change was monitored
as the absolute signal height (top to bottom) of the split
signal. It should be noted that the signal height is a
trigonometric function of the signal shift, related to the
length change of the glycosidic C—O-C bond, and is
hence not linearly related to the bond length. It
nonetheless clearly shows that the cellulose molecules
were strained in their longitudinal direction by the
increasing RH, the more so the higher the RH, and that
upon desorption the length retracted back towards the
initial length. The discrepancy at 30% RH between the
starting value and the one reached at the end of the
desorption cycle was most probably related to the
effect of moisture hysteresis, i.e. that the paper
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Fig. 4 Changes in height of 0.07
the split absorption signal of

the cellulose glycosidic (C—

O-C) bond at 1162 cm™", 0.08
calculated from difference
spectra between the actual
spectrum and that at 30%
RH, as a function of RH
during absorption and
desorption

0.05
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contains more moisture absorbed when coming from
the higher RH than that reached when conditioned
from lower RH values (Urquhart 1929).

SR-based X-ray diffraction measurements

From the synchrotron X-ray diffraction measure-
ments, the lattice deformations as shown in Fig. 5
clearly indicate that moisture changes resulted in
deformations of the cellulose crystals. The changes
occurred quickly and were directly related to the
change in relative humidity within the measuring
chamber. The scattering from the (004) plane, indi-
cating the length changes along the cellulose crys-
talline chains, clearly showed that with increasing RH,
i.e. with increasing moisture content in the paper, the
cellulose crystals were strained in the longitudinal
direction. When the RH again reverted to 30% RH, the
deformation retracted back at the same speed as the
decrease of the RH. Simultaneous changes occurred
for the (200) deformation, the transverse dimension of
the crystals, which was clearly compressed and
compressed to a larger extent than the longitudinal
straining. The ratio of the magnitude of the strain
along (004) and (200) was about 0.3 which is close to
values reported on the ratio of these cellulose crystal
deformations for wood samples under moisture des-
orption and reabsorption conditions (Zahler et al.
(2010)). The evolution of the strain along (102), which
is very similar to the (004) strain, clearly supports a
deformation of the cellulose crystal in the longitudinal

-
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P
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RH (%)

—=—SetRH
—=— Read RH!

Sd.(%)

0 1000 2000 3000 4000 5000 6000
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Fig. 5 Lattice strains of cellulose as a function of time during
cyclic humidity changes between 30% and 80% RH under no-
load conditions (0 N). The RH was monitored within the
measuring chamber (red curve in the top panel) with the dashed
line marking the onset of RH change. Approximately 10 minutes
was required for the RH to reach the target value. The (004)
strain represents the longitudinal crystal direction while the
(200) strain represents the transverse direction. The (102) also
represents a longitudinal deformation. The solid lines in the
bottom panel are the mean values of those at 6 different
positions at each sampling time, representing repeated
measurement

direction. There also seemed to be some drift in the
measurements, presumably due to some issue with the
data sampling and recording as the drift is similar for
all signals. The changes seen in the longitudinal and
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transverse directions of the cellulose crystals were
thus similar to the SR-based X-ray diffraction obser-
vations made by Zahler et al. (2010) upon drying of
wood samples.

Origin of deformations

From both the FTIR spectroscopy and SR-based X-ray
diffraction measurements, it seems clear that increased
moisture content induced a longitudinal deformation
of the cellulose crystal, which was accompanied by a
lateral contraction. As it is fully established that
cellulose does not absorb moisture within its crys-
talline structure (Nishiyama et al. 2002), the defor-
mations have to be related to swelling forces
originating from other components in the cell wall.
Both hemicelluloses and the non-crystalline parts of
the cellulose do absorb moisture and consequently
also swell, i.e. expand in relation to the volume of the
absorbed water molecules. It could be argued that the
non-crystalline cellulose components that are located
at the surface of the cellulose crystals, when taking up
moisture and swelling, could impose the observed
longitudinal strain on the crystalline parts. The fact
that the glucomannan hemicellulose is highly associ-
ated to the cellulose microfibrils and oriented parallel
to the cellulose molecules (Stevanic and Salmén 2009)
would impose additional swelling forces on the
cellulose in its longitudinal direction. The lateral
contraction of the cellulose crystals could then be a
Poisson effect. Although earlier estimates indicated a
very low Poisson’s ratio of 0.1 for cellulose (Mark
1967), more recent studies give values of 0.3 to 0.46
based on measurements (Roberts et al. 1994; Naka-
mura et al. 2004) and force field simulations (Wu et al.
2014). However, considering deformations caused by
a longitudinal straining would mean, in our case, a
Poisson’s ratio of €gansversal/€axial Of 3.33; an impos-
sible value.

On the macroscopic level the swelling of the non-
crystalline material is manifested in the much higher
expansion of wood in its radial and tangential direc-
tions than that in its longitudinal direction (Megraw
1985). This is not surprising as it is well established
that the swelling of an anisotropic material occurs
mainly in the direction of least stiffness, i.e. perpen-
dicular to the longitudinal direction of the polymers
(de Ruvo et al. 1976). Thus, one could envisage that
such lateral forces could create a compression of the
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cellulose crystal and, due to the Poisson effect, impose
the resulting longitudinal crystal extension. The
Poisson’s ratio would then, in our case, be &,/
€qransversal = 0.3. However, when considering defor-
mations induced by lateral compression or straining,
the Poisson’s ratio is only, based on force field
simulations, in the range of 0.01 to 0.04 (Wu et al.
2014) (no experimental data has yet been published).
This means that neither a longitudinal straining nor a
lateral compression may alone be responsible for the
observed deformations. As the swelling of the non-
crystalline carbohydrates, the surface non-crystalline
cellulose and the glucomannan, results in expansions
both in their lateral direction as well as in their
longitudinal direction, it is suggested that it is the
combination of these swelling forces that result in the
observed deformation of the cellulose crystals.

The fact that the measurements here performed on
paper, i.e. detecting the deformations of the cellulose
crystals in a structure where much of the lignin has
been removed, were very similar to the results
obtained on wood (Zabler et al. 2010) indicates that
the structural forces due to the swelling should be
independent of the lignin within the cell wall. In the
cell wall structure of the kraft pulp fibre the removed
lignin will leave empty pores behind, see Fig. 6. This
is a consequence of the cellulose microfibrils/aggre-
gates not being completely straight, but having an
undulating arrangement with lenticular spaces inter-
spersed with the matrix material (hemicelluloses and
lignin) (Boyd 1982; Bardage et al. 2004). In the dried
paper the empty lenticular spaces will be collapsed and
to some extent bonded to each other, the structure is
“hornified”. Thus, in both cases, that of wood and that
of pulp fibres, the swelling of the non-crystalline
carbohydrates will impose lateral forces on the
cellulose crystals. As illustrated in Fig. 6, the swelling
forces created by the moisture uptake and expansion of
these carbohydrates will cause both a lateral compres-
sion as well as an axial elongation of the cellulose
crystals. Further studies should be performed in order
to verify these hypotheses.

The high stiffness of the cellulose crystal is well
documented generally considered to be in the range of
112 to 134 GPa in the axial direction, and in the range
of 18 to 25 GPa in the transverse direction (Salmén
2004; Pakzad et al. 2012; Wu et al. 2014). However,
one should also remember that in the transverse
direction the cellulose crystal poses anisotropy,
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Fig. 6 Schematic structure
of the undulating cellulose
microfibrils with oriented
glucomannan attached to the
non-crystalline cellulose
surface molecules. The
adsorption of moisture in
these structures will lead to
both a lateral and a
longitudinal expansion
creating lateral compression
forces as well as axial

cellulose swelling forces
microfibrils caused by the
adsorption of
glucomannan moisture
hemicellulose
lignin in the case of
wood;
pores in the case of oriented glucomannan

kraft paper — pores
that will be collapsed

with internal bonds

ihemicellulose

extension forces on the created in the dried cellulos.e )
cellulose crystals paper crystalline non-crystalline
microfibrils cellulose
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Fig. 7 Top panel: Azimuthal distribution of the (200) intensity
for the narrow (black symbols/red solid line) and wide (void
symbols/blue solid line) distribution examples, with the circles
(red for narrow; blue for wide) marking the selected positions in
the bottom panel. A Gaussian fitting curve (red) was used to

although experimental data are not available. Model-
ling using for instance density functional theory
estimates moduli in-between the cellulose sheets to
19 GPa, in the direction of the hydrogen bonding of the

extract the FWHM. Bottom panel: Summarized (200) FWHM of
experimental data (black dots) and after averaging (red curve) of
each set of data points at a specific time (i.e. groups of 6 black
dots); blue curve shows the RH reading during the experiment
(the same as in Fig. 5)

sheets to as high as 75 GPa with a modulus in the axial
direction as high as 206 GPa (Dri et al. 2013).
Anyhow, by taking only the lower values of the moduli
into consideration, the forces required to deform the
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cellulose crystals to the extent observed here would
still amount to about 0.22 GPa in the axial direction
and to about 0.14 GPa in the transvers direction.
Although high, these values are still below estimated
values of the ultimate stress of the cellulose crystal
(Mark 1967; Wu et al. 2014). The high swelling forces
of wood due to moisture uptake are not a surprise,
since wetting of wooden plugs have been used since
ancient times to crack rocks.

The deformation behaviour observed also supports
the idea that non-crystalline parts are not very frequent
along the cellulose microfibrils as such areas would
supposedly induce compressive strains in the longitu-
dinal direction of the cellulose microfibrils, which is
not the case observed here. The mechanism is also
reflected in the azimuthal full width at half maximum
(FWHM) of the (200) intensity, which is extracted
from the signal intensity as a function of azimuthal
angle, see Fig. 7. Given the preferred orientation of the
non-crystalline cellulose and the glucomannan, the
swelling will deform the lenticular amorphous poly-
mers between the cellulose microfibril aggregates
resulting in increased curvature, which shows as a
broadening of the FWHM. The FWHM at the max-
imum swelling was 1.5 times that at the drier
condition.

Conclusions

Both FTIR spectroscopy and SR-based X-ray diffrac-
tion measurements have shown that during moisture
absorption the cellulose crystals are elongated and
simultaneously compressed. These deformations
occurred simultaneously with the increased moisture
uptake and as a direct consequence of it. The
deformations were also shown to be reversible. It is
here hypothesised that these deformations are a
consequence of the swelling forces created by the
combined longitudinal and lateral expansions of the
non-crystalline cellulose molecules and the gluco-
mannan hemicellulose aligned along the cellulose
crystals.
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