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Abstract A new methodology for restraining the swell-
ing of spruce wood samples in the micrometre range is
developed and presented. We show that the restraining
device successfully prevents the free swelling of wood
during moisture adsorption, thus modifying significantly
the anisotropy of swelling and provoking the intended
collapse and large deformations of the wood cells at the
edges of the sample in contact with the restraining
device. The device consists in a slotted cube designed
to res t r a in swe l l ing and i s made of PMMA
manufactured by laser ablation. The sample undergoing
the restraining experiment is imaged with high-
resolution synchrotron radiation phase contrast X-Ray
Tomographic Microscopy. The deformation of the
restraining device itself is only approximately 2 μm
with respect to a 500 μm width in cubes containing
latewood samples and half of that in the case of cubes
containing earlywood.

Keywords Sprucewood .Microscopic swelling . Phase
Contrast . SynchrotronX-ray Tomography .Moisture
sorption . Plexiglas . Restraining device

Introduction

Wood is a natural material known to swell and shrink when
exposed to various levels of relative humidity (RH). A main
feature of wood, especially when growing in temperate cli-
mate, is its yearly growth ring, where thin-walled large cells of
the earlywood grow in spring and thick-walled smaller cells of
latewood grow in summer. The cell wall material is composed
of a natural composite of crystalline cellulose fibers immersed
in a hydrophilic polymeric matrix of amorphous cellulose,
hemicelluloses and lignin. Given the low absorption of X-
ray by wood, phase contrast X-ray microscopy is a technique
well-suited for the study of free hygroscopic swelling of wood
at cellular scale, as reported in our previous works [1, 2]. The
free swelling/shrinkage of wood was investigated at cellular
scale, leading to the conclusion that, in addition to a general
global swelling, local deformations occur within the cellular
structure. These deformations should be evenmore significant
when the swelling of the wood cells is subjected to an external
restraint during hygroscopic cycles. It is long known that
internal strains influence the radial and the tangential swelling
rate of wood sample [3]. In [4], the swelling pressure during
swelling of red oak was measured with electrical resistance
strain-gage load cells designed to prevent the swelling. The
swelling pressure was higher in tangential than in radial di-
rection from dry to 50%RH, while similar in the two direc-
tions from 50 to 80 %RH. Although the mechanism of
restraining swelling of wood during moisture sorption has
been of interest, most of these investigations are performed
at the macroscale (e.g., [5–7]). Documenting restrained swell-
ing at the microscale could lead to a better understanding of
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the differential swelling undergoing in large timber exposed to
varying environmental conditions, thus to gradient inmoisture
content. Such differential swelling is known to lead to wood
checks and cracking over long time.

In this paper, we present a novel and efficient technique to
verify the occurrence of local deformations at cellular scale,
by restraining a microscopic piece of wood undergoing swell-
ing. Polymethylmethacrylate (PMMA or plexiglas) cubes
were used to restrain the free swelling of wood samples
subjected to relative humidity changes. The fabrication of
the restraining device is performed in two steps, where first
an industrial laser machine is used to produce the initial cubic
structure and, subsequently, the cube slot housing the wood
sample is cut with high-precision ps-laser ablation. The main
challenges are the selection of the material for the restraining
device which should be machinable with high-precision,
transparent to X-rays, and provide sufficient stiffness and the
attainment of perfect contact of the surfaces receiving the
sample. This paper relates the design of the device, its fabri-
cation combining mechanical and laser ablation processes and
its use during an experiment using synchrotron X-ray phase
contrast microtomography. The experiments highlight the ca-
pacity of the manufactured device to restrain swelling of wood
and induce local deformation on the wood cells. We perform
two- and three-dimensional analyses in order to identify the
restraint effect of the device.

Design of the Restraining Device: Material and Method

We present in this section the different steps taken towards
designing the restraining device.

Restraining Method

In recent years, micromechanical setups devised for tomogra-
phy have been developed in order to study the microstructure
of various materials under mechanical loading. For example,
[8] developed a micro-compression device for bone testing to
assess the dynamic image-guided failure of bone ultrastructure
and bone micro-damage and [9] made a compression testing
device to determine the cellular response of wood under
mechanical loading. These devices are made of three main
components: (a) a linear stepper motor which is attached to the
micro load-cell; (b) a sample stage and (c) an outer cylinder
made of carbon fibre reinforced plastic to transmit the load
without absorbing X-ray, the whole set-up being able to rotate.
In both cases, the samples can be subjected to compression
until mechanical failure. However, neither system can be used
to expose the samples to varying RH conditions, due to the
limitations in their designs. As few devices for micro-
compression test set-ups are sui table for X-ray
microtomography experiments under controlled RH and

temperature conditions, an innovative method is sought to
restrain micrometre-sized wood samples subjected to hygro-
scopic loading.

The aim is to design a restraining device which fits within
an environmental chamber with controlled air conditions.
Therefore, we considered a passive mode of restraint during
swelling by producing a device that resists the swelling of the
sample. A first complexity is posed by the natural cellular
structure of wood, which makes it impossible to produce a
plane surface as cutting through cells results always in dented
surfaces. We resorted to fabricate a solid restraining device
that would restrict swelling in one direction. Another design
constraint was that both the wood sample and its contact with
the restraining device must fit within the field of view (FOV)
of the microscopic setup to reach high-resolution. So the
chosen approach was to insert the sample within a slotted
cubic device. The slot should provide two flat smooth surfaces
to restrain the displacement of the sample undergoing swelling
and should be visible in the FOV. In addition, the slot allows
humid air to access the sample.

Selection of the Material of the Restraining Device

The main features required for the material in the fabrication
of the restraining device are high stiffness and transparency to
X-rays. The need for X-ray transparency disqualifies stiff
materials such as ceramics and metals. Polymers are classified
as moderate stiff materials, in a range similar to wood, with a
Young’s modulus between 0.1 and 10 GPa. Also, given their
lower density, polymers are quite transparent to X-rays. A
readily available and known polymer is PMMA.

In terms of physical properties, PMMA is a plastic product
with excellent optical clarity, good weathering resistance, high
tensile strength (48–76 MPa) and tensile modulus. This ma-
terial is a quite stiff material with a Young’s modulus ranging
between 1.8 and 3.1 GPa. Young’s modulus of polymers
varies with environmental factors such as temperature and
humidity. PMMA is reported to absorbwater with a maximum
of water absorption ratio of 0.3–0.4 % by weight. Swelling of
PMMA by water sorption is equal to 0.4 % at 25 °C and
100 % RH [10]. PMMAYoung’s modulus decreases linearly
with increasing RH [11–13].

The chemical formula of PMMA is (C5O2H8)n with density
ρ=1,190 kg/m3. In [14], the mass attenuation coefficient of
polymer compounds is calculated at photon energies from
1 keV to 20 MeV with:

μ=ρ ¼
X

I
wi μ=ρð Þi ð1Þ

where wi is the fraction by weight of the i
th atomic constituent

and (μ/ρ)i is the mass attenuation coefficient of each constit-
uent element. This results in a mass attenuation coefficient of
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μ/ρ=0.5714cm2/g in PMMA for E=20 keV, meaning that this
material is relatively transparent to X-rays [15].

The transparency of PMMA is required to allow the X-ray
to pass through the restraining device and to interact mainly
with the wood sample. A 20 keV photon energy, which is the
energy level used at the TOMCAT beamline of Swiss Light
Source (SLS) during the current experiments, is reported not
to produce damage to the PMMA [16].

Thus, for its transparency to X-ray and its high stiffness,
PMMA satisfies the requirements for the restraing device.

Dimensioning of the Restraining Device

In order to restrain the swelling of the wood sample, the
dimensions of the cube and the slots are optimized to provide
an appropriate rigidity of the device and optimum space for
image acquisition. For this purpose, a finite element paramet-
ric study is carried out to estimate the deformation of the
device and slot boundaries under swelling pressures. The
swelling pressure of the spruce wood from dry to high RH is
known to be about 2MPA, based onmacroscopic experiments
(e.g. [17]). The selected material, PMMA, is elastic
isotropically with elastic Young’s modulus E=3 GPa and
Poisson’s ratio υ=0.3. Different geometries are considered.
The effect of swelling load is applied as a uniform pressure on
the top and bottom surfaces of the slot in a region of 1 mm
width through the whole opening and the deformation of the
cube is calculated using the finite element package ABAQUS
(Rising Sun Mills, USA). The results of the simulations for
different combinations of the cube and slot sizes in terms of
the deformation in the Y-direction are shown in Fig. 1. The 2×
2×2 mm3 cube is subjected to higher deformations compared
with the two bigger cubes under the above mentioned condi-
tions. Smaller deformations occur in the 3×3×3 mm3 PMMA
cube under load, while intermediate values are found in the
4×4×4 mm3 device. Based on this study, the 3×3×3 mm3

and the 4×4×4 mm3 cubes are selected as providing good
restraint to the swelling of the wood samples.

Production of the Restraining Device

In a first trial, a PMMA cube of 4×4×4 mm3 with a slot of
1 mm height and 2 mmwidth was produced with an industrial
laser cutting machine. The defects on the slot produced during
its manufacture resulted in discontinuous contact areas with
the wood sample due to melting of PMMA, which was
detected by the tomographic images. To avoid such difficul-
ties, an improved restraining device is manufactured by com-
bining picosecond laser ablation and mechanical processing,
enabling the drilling of a flat, precise and smaller slot in the
cube, thus allowing a use of smaller samples and therefore
achieving a higher image resolution.

Micromachining by ps-laser Ablation

The picosecond (ps)-laser ablation system is used to produce
the device. Such laser system has many applications in micro-
machining, such as micro-structuring surfaces, micro-cutting
and micro-drilling thin materials up to a fewmillimetres thick.
The ps-laser can ablate any type of material (polymers, metals,
semiconductors, glasses, and ceramics) without mechanical
force, without wear and tear and without thermal damages.
The YAG (yttrium aluminium garnet)-laser operates at 1,064,
532 and 355 nm with repetition rates 0–500 kHz and average
power up to 10 W at 1,064 nm and up to 4 W at 355 nm. The
scanning of the beam over the sample is possible either by
precise XY stages with travel range 350×210 mm2 or with
galvanic scanner covering 50×50 mm2 area. The sample is
positioned in the path of the beam by a CCD camera with
accuracy better than 10 μm.

The material removal rate as a function of average power at
50 kHz frequency is calibrated on a 2 mm thick PMMA
sample. The resulting depth and roughness are measured with
the Tencor P-10 Surface Profiler. A stylus scans the sample
across the grooves produced by the laser, which are schemat-
ically shown in Fig. 2(a). The depth as a function of the power
is plotted in Fig. 2(b). As can be seen from Fig. 2(b), the
material is not removed at power level of 50 mW, which
appears to be below the ablation threshold for the parameters
used. On the other hand, we also see a strong increase of the
removal rate at the power level of 1 W. We have noted that
material melting takes place at this power level, which makes
the ablation process similar to that of ns-laser. The dependence
of the removal rate on power was found to be quite linear in a
150–700 mW range. We have chosen 500 mW to produce the
0.5×2×4 mm3 (depth, width and length) slot in the 4×4×
4mm3 cubes (see Fig. 2) and the 0.5×1×3mm3 slot on the 3×
3×3 mm3 samples.

Fabrication of the Restraining Device

We found that the mechanical production of the cubes and
slots with the required dimensions appeared to be difficult,
since fabrication by ns-laser leads to local melting of the
PMMA, while fabrication by ps-laser is relatively slow and
leads to tapered sidewalls. Thus we used the advantages of
laser ablation and mechanical machining and combined these
methods for appropriate fabrication steps. Cubic-shape
PMMA samples with dimensions 4×4×4 mm3 and 3×3×
3 mm3 were first produced by an industrial ns-laser ablation
system. The 2×2×2 mm3 cubes and the slots in the cubes of
three sizes were cut by ps-laser ablation using wavelength of
355 nm, frequency of 50 kHz, and a hatch and spot-to spot
distance of 3 μm.

The 2 mm-thick devices required a scanning time up to 5 s
at 300 mW power at each scan (in the X-Y plane), while the
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thicker samples needed 10 s for one X-Y scan at higher power
(up to 500 mW). The ps-laser ablation allowed manufacturing
of even smaller PMMA cubic samples, with a size of 2×2×
2mm3 and a slot size of 0.5×1×2mm3. In this case, the power
was decreased down to 300 mW to reduce the melting effects,
which were arising on the sample surface during multiple
scanning. In total, 10 restraining devices were manufactured.

The procedure followed for the slots preparation is de-
scribed below:

– The laser beam is scanned in the X-Y directions on
one side of the cube to form the first part of the slot.
This step leads to the half part of the first slot with a
conical shape.

Fig. 1 Above, three-dimensional illustrations of the PMMA cubic sample with the cross-shaped slots, below, displacement field along the y-direction of
three different configurations of restraining device

Fig. 2 (a) Schematic representa-
tion of micro-machining by laser
ablation at different power values
(from 50 mW to 1 W). (b) Graph
of depth of groove with one pass
in X and Y directions attained
versus power used
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– The sample is rotated to the other side (at 180°) to
continue the machining of the remaining part of the first
slot.

– The first two steps are repeated for the manufacture of the
second slot, perpendicular to the first one.

– A 0.5 mm screw (corresponding to the slot depth) is
carefully used to remove some remaining material in
order to get a rectangular shape for the slot. The manip-
ulation was controlled under an optical microscope.

– Finally, a silicon carbine paper is used to polish the
internal slot.

Preparation of the Wood Samples

The 0.5 mm×0.5 mm (tangential and radial cross-sectional
dimensions) spruce wood samples (Picea Abies, L. Karst) are
cut from 20 mm×20 mm×20 mm (tangential, radial and
longitudinal directions) wood cubes with a razor blade. As
required for the surface of the PMMA slot, the surfaces of the
wood samples have also to be as flat and smooth as possible,
in order to fit in the slot and to be perfectly in contact with its
surface. Laser ablation is not appropriate for the wood samples
preparation, since it leads to burning and internal modification
on the wood surface. Thus, wood samples were mounted on
the translational stage and cut by razor blade in 0.5 mm slices
along the tangential/radial cross-section.

Finally, the samples are manually cut along the longitudinal
direction with the proper length (corresponding to half of the
slot length) with a razor blade. Then, the samples are placed in
a dry desiccator until placement in the restraining devices.

Mounting of the Samples

The dimensions of the wood samples are 0.5 mm×0.5 mm×
1 mm (tangential×radial×longitudinal directions) to be
inserted in a 2×2×2 mm3 restraining device, 0.5 mm×
0.5 mm×1.5 mm for the 3×3×3 mm3 device, and 0.5 mm×
0.5 mm×2mm for the 4×4×4mm3 device. Once inserted, the
samples are observed under an optical microscope in order to
observe and quantify the size of the wood samples, the
smoothness of the slot surfaces and the quality of contact
between wood samples and slots as shown in Fig. 3.

The wood samples for the PMMA cubes are first kept in a
desiccator over desiccant for 3 days to reach dry state. Then,
one series of the mounted samples are placed in the desiccator
with water to reach the 100 % RH equilibrium for 3 days and
again visualized under the optical microscope. A visual com-
parison between the two states allows to conclude that the 4×
4×4 mm3 PMMA cubes exert a major constraint to the free
swelling of wood compared to the two smaller systems. Fur-
ther observations highlight roughness on the slot surface and
presence of cracks and bubbles in the 3×3×3 mm3 cubes (see
Fig. 3(b)). Using the images, the position of the wood samples

Fig. 3 2D pictures of three wood samples located respectively in (a) 2×2×2 mm3, (b) 3×3×3 mm3, showing cracks and surface roughness, and in (c)
4×4×4 mm3 PMMA cubes, acquired by optical microscopy

Table 1 Initial dimensions of the wood samples before insertion into the
cubes

Samples/Loading direction Latewood Earlywood

Tangential 690 μm 520 μm

Radial 600 μm 460 μm
Fig. 4 Typical hygroscopic loading protocol representing the different
RH values to which wood samples are exposed during the tomographic
scans
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in the cubes is optimized under the optical microscope and
their tangential and radial dimensions are measured and re-
ported in Table 1.

Experimental Procedure: Setup and Tomography

The measurements are carried out at the TOMCAT beamline
of Swiss Light Source (SLS), Paul Scherrer Institut. The
experimental setup consists of a synchrotron radiation X-
Ray Tomographic Microscope for image acquisition and a
climatic chamber for conditioning the samples. The wood
sample, prepared and located inside the restraining device, is
mounted on a rotational stage and scanned with an energy of
20 keVand an exposure time of 40 ms. The detector to sample
distance is optimized to 20 mm. A total of 1,000 projections
per tomographic scan are acquired with a standard CCD
camera, PCO 2000, by employing a 2× binning factor, which
results in a field of view (FOV) of 757×757 μm2 and an
effective pixel size of 0.74×74 μm2. This brings to a

1,024×1,024 pixel effective resolution. Thus, the sample is
exposed to only 40 s of X-ray radiation during one scan, a
main advantage of using synchrotron radiation X-ray tomog-
raphy instead of conventional CT towards ensuring that the
sample is not damaged, nor deformed by X-rays.

The reconstruction is performed in two steps. First the
phase shift introduced by the wood is retrieved using the
algorithm based on the homogenous object assumption
[18]. This algorithm is derived from the ‘transport-of-in-
tensity equation’ and is well applicable for the wood sam-
ples which are representing a homogenous object for X-
rays meaning that its 3D complex refractive distribution
consists of only two components: wood and air. Under the
approximation of a “homogeneous” object the real and the
imaginary parts of the refractive index representing the
phase shift and attenuation are proportional to each other
and can be calculated from the images acquired at a single
propagation distance. After the phase retrieval step we
used the Fourier based tomographic reconstruction method
[19] to obtain the 3D volumes.

Four wood samples, two of latewood (LWt and LWr) and
two of earlywood (EWt and EWr), are located inside the 4×4×
4 mm3 PMMA cubes. The samples are exposed to relative
humidity cycles from RH=15 % to RH=85 % in adsorption
and desorption during the tomographic scans. Specifically, the
procedures are as follows: LWt: 15 – 25 – 65 – 75 – 85 – 75 –
65 – 25 – 15 % RH, see results from a RH sensor located
inside the environmental chamber in Fig. 4; LWr: 15 – 65 – 85
– 65 – 2 % RH; EWt: 15 – 25 – 65 – 75 – 85 – 75 – 65 – 25 –
15 % RH; EWr: Dry – Wet – Dry. Each RH condition is
maintained approximately for one hour before the tomograph-
ic scans in order to ensure moisture content equilibrium.

The PMMA cubes and the slots were recognized by iden-
tifying their edges and by contact zones between plexiglass
and wood. A three dimensional visualization of the four
systems is represented in Fig. 5. Volume rendering is per-
formed on the reconstructed datasets for the four samples at
dried state.

The system in Fig. 5(d) (radial earlywood) shows a
rougher slot surface although the contact with the wood
sample is still good. Further, the wood samples squeezed
inside the PMMA cubes reveal deformations of some cells
at the edges, in particular in the two latewood specimens
(Fig. 5(a) and (c)).

Fig. 5 Volume rendering on four datasets at 10 %RH for (a) latewood in
tangential direction, (b) earlywood in tangential direction, (c) latewood in
radial direction and (d) earlywood in radial direction

Table 2 Maximum increase of
the height of the cube slot under
the swelling pressure of the four
samples

PMMA samples/loading direction Latewood Earlywood

Absolute Percentage Absolute Percentage

Tangential 2.36 μm 0.5 % 0.79 μm 0.2 %

Radial 1.52 μm 0.3 % 0.22 μm 0.04 %
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Fig. 6 2D cross-sectional view of
wood samples inside the PMMA
cubes. (a) Latewood in tangential,
(b) earlywood in tangential, (c)
latewood in radial, (d) earlywood
in radial directions (note the dif-
ferent RH values)
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Results and Discussion

In this section, the adequacy of the PMMA as a restraining
device for wood is demonstrated by 2D image analysis first
and then in 3D, with more sophisticated tools.

Two-dimensional Image Analysis Combined with Sorption
Analysis of the Cube Slot Surfaces

Two datasets acquired at 15 and 85% RH for each sample, are
compared slice by slice. The main technique adopted for this
investigation is affine registration, using the image analysis
and visualization toolbox available in Matlab. Affine registra-
tion consists in aligning two images by removing the global
geometrical differences due to translation, rotation, shear and
scaling. The initial four control points given as input to the
algorithm are selected across the boundary of the PMMA slot
in order to quantify possible deformations of the cube after
moisture sorption. The images are pre-processed in order to
remove the region of interest (ROI) containing the wood
sample and to verify the presence of deformations. Then, the
affine registration is performed on the PMMA slots by com-
parison of two cross-sectional pictures at the same plane and at
two RH conditions, i.e. 15 and 85 %. The results are reported
in Table 2.

It has been recently documented that, in free swelling, the
latewood deforms much more isotropically than earlywood
which is markedly anisotropy, and that the ratios of tangential
to radial swelling is increasing with decreasing porosity [2].

Four different samples were squeezed inside the PMMA
slots provoking an initial collapse of some cells at the edges of
the sample and, consequently, an initial expansion of the slot
near the contact regions (as showed in the scans at 15 % RH).
The scans at 85 % RH show that the cell collapse is clearly
increasing during the swelling of the cell wall due to water
sorption, as highlighted by red circles in Fig. 6.

The wood sample exerts a pressure on the PMMA, due to
the swelling pressure in spruce wood samples. We predicted
by simulations that the maximum strain along the Y direction
under the conditions of a cube of size 4×4×4 mm3 with slot
cross section of 0.5×2 mm2 would be equal to 2.8 μm. The
maximum deformation, resulting from the experiments for
RH=85 %, ranges between 0.22 and 2.36 μm. This result
shows the adequacy of the designmethodology for optimizing
the geometry of the restraining device for the experiments.

In addition, we performed a dynamic vapour sorption
(DVS) measurement on a PMMA cube, in order to verify
the hygroscopic behaviour of the restraining device. In
Fig. 7, the PMMA moisture content (MC) is plotted versus
RH. The MC ranges between 0 and 0.3 % for RH values
between 5 % (considered as dry state) and 90 %. Thus, the
amount of moisture adsorbed by PMMA in the hygroscopic
range is negligible compared with the MC of wood in the

same range. This leads to the very small deformations induced
by moisture in PMMA.

As shown in Table 2, the deformation of the cube slots due to
the swelling of wood from 15 to 85 % RH is equal, in percent-
age, to 0.5 % in the cube containing the LWt, 0.3 % in the cube
with LWr, 0.2 and 0.04 % in cubes containing EWt and EWt,
respectively. Given the swelling of PMMA measured above,
then we can say that only the first 0.6–0.8 μm of the slot
deformation is due to PMMA swelling and the rest to mechan-
ical deformation due to the stress imposed by the samples.

Also, we see that as the wood samples undergo sorption of
water, the cells at edge of the sample and in contact with the
restraining surface undergo buckling. Similar mechanism oc-
curs in both tissues but less in latewood. We remind that the
samples were cut with a razor blade, thus most likely initially
in some deformed or disturbed state due to cutting and inser-
tion into the cube. Such state must facilitate the occurrence of
buckling. Although a more detailed analysis of buckling
would require local deformation, or non-affine registration,
and is not in the scope of the present study, the capacity of the
restraining device to lead to buckling is seen.

Three-dimensional Image Analysis on Different ROIs

The four datasets are analysed with 3D image analysis tools in
order to determine the level of swelling/shrinkage in the
tangential, radial and longitudinal directions of wood. As
confirmed from our previous studies [1, 2, 20], the longitudi-
nal strains measured here tend to zero and so are not presented
further during this analysis.

Samples LWt and EWt show a good contact with the
PMMA slot surface during the whole hygroscopic protocol
in adsorption and in desorption, except in two RH conditions
in desorption at 15 and 25%. Sample LWr showsmore contact
at 85 % RH and then a lower level of contact in the other RH

Fig. 7 Dynamic vapour sorption analysis on a PMMA sample. The
adsorption and desorption curves are represented respectively in grey
and black
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values. Due to setting problems of the environmental control
system machine during the tomographic scan, we are unable
to recover the exact RH values to which sample EWr was
exposed and, additionally, we notice no contact for this sample
to the restraining device, thus we omit this dataset for the 3D
analysis.

We consider regions of interest (ROIs) in the centre of
the wood samples and at the edges in contact with the
PMMA cube, containing from 29 up to 60 cells (see
Fig. 8) and we calculate the porosity, the cell wall thick-
ness and the swelling/shrinkage strains in the tangential
and radial directions.

The porosity and the cell wall thickness are measured by
using the software for image analysis and visualization VG
Studio MAX 2.0, while the affine registration for the calcula-
tion of the strains is performed with 3D Slicer [21].

The cellular porosity is defined as the ratio of the volume of
the cell wall material (represented as a solid white volume) to
the volume enclosing the cell wall. The volumes are binarized
by thresholding and the cell wall material is considered by
counting the number of white voxels from the binarized
images. As thresholding method, we use the region growing
algorithm available in the software. The approach to this
segmentation algorithm considers an initial “seed point”

Fig. 9 3D distribution map of the cell wall thickness on the ROI 1 located in the centre of the wood samples considered for this analysis

Fig. 8 ROIs considered for this analysis. ROI 1 in blue and ROI 2 in red
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which grows incorporating all the voxel neighbours which
respect certain criteria of connectivity [22, 23]. In this way, all
the voxels which follow similar criteria are added to the initial
volume, thus determining the cell wall volume. The samples
porosity varies between 54 % in latewood up to 65 % in the
earlywood tissue. Such information provides a basic charac-
teristic of each sample.

The wall thickness analysis performed using an
existing module in the software allows to first identify
cell walls and then measure their thicknesses. We allo-
cate colours per cell wall thickness for illustration in
Fig. 9. The histograms of each dataset indicate how the
cell wall thickness in latewood is covering a wider
range of values than earlywood. The average cell wall
thickness for each sample is given in Table 3.

The swelling/shrinkage strains are determined by affine
registration as explained in detail in [1]. In general, a 3D affine
transformation, f, which maps two volumes by a linear func-
tion, is defined by twelve parameters: three for translation,
three for rotation, three for scaling and three for shear. Math-
ematically such mapping can be described as

x̄0 ¼ f x̄
� �

¼ A
��
x̄ þ T̄ ð2Þ

where x 0 is the transformed and xthe original image coordinates,
A
��

is a 3×3 matrix of real numbers referred to the shear, scale
and rotation contribution and T is a column translation vector. In
practice, the affine deformation hypothesis does not necessarily
hold exactly since non-affine deformations can occur. We as-
sume in this paper that the affine deformation is a good approx-
imation for describing the deformation between the two vol-
umes, especially for the ROIs I in the centre of the samples.

We consider the state at 15 % RH as the reference state and
we calculate the relative deformation at the states of the other
RHs.We split each dataset into 5 stacks of 150 slices each and
register each stack, allowing to calculate the average strains in
each direction with respective standard deviations.

The results of this calculation are reported in Figs. 10 for
ROI1 and Figs. 11 for ROI2. Table 3 includes the total
tangential and radial swelling percentage, i.e. considering the
reference state at 15 % and the derformed state at 85 %, and
the tangential to radial swelling ratios.

The results reported in Table 3 show that the tangential to
radial swelling ratios are equal to 0.8 in latewood sample
subjected to tangential restraint and 5.3 for the latewood
sample restrained radially. In [2], this ratio in homogeneous
tissues of similar density is around 1.3. Thus, the device
prevents enough tangential swelling to reduce the ratio from

Fig. 10 Tangential strains (black line) and radial strains (grey line) calculated for ROI 1 in LWt, LWr and EWt.Continued lines for desorption conditions
and dashed lines for adsorption conditions. The error bars are the standard deviations on each measurement point

Table 3 Cell wall thickness, po-
rosity, cells number, tangential/
radial swelling and T/R swelling
ratio of ROI 1 and ROI 2 shown
in Fig. 8, for three samples

LWt LWr EWt

ROI 1 ROI 2 ROI 1 ROI 1 ROI 2

Average cell wall thickness [μm] 7.5 6.0 5.7

Porosity [%] 54 60 65

Cell number 60 49 46 51 29

Total tangential swelling [%] 2.0 1.0 5.3 2.6 0.3

Total radial swelling [%] 2.5 2.1 1.0 1.1 1.2

T/R swelling ratio 0.8 0.5 5.3 2.4 0.25
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1.3 to 0.8. However, when the restraint is in the radial direc-
tion, the radial swelling is markedly hindered and the ratio
augments from 1.3 to 5.3. For the earlywood sample, the
restrained swelling led to a ratio of 2.4, which indicate a
hindering of tangential swelling when compared to the 3.7
reported in [2].

The ratio seen in the ROI 2 of LWt is 0.5, which is much
lower than the 0.8 seen in centre. The ROI 2 of EWt, displays a
ratio of 0.25, compared to the 2.4 seen in the centre, again
showing the larger deformation occurring in earlywood. Thus
the extent of deformation is different at the edges of the
samples.

To complete the 2D analysis described in the previous
section, we performed a three-dimensional affine registra-
tion on the four PMMA cubes. Here, we considered the
whole stack of 750 images at 15 and 85 % RH and we cut
out the regions containing the wood samples in order to
align only the cube surfaces. The results are reported in
Table 4.

The maximum volumetric swelling of the cubes with less
or nor contact with the wood samples (LWr, EWr) is slightly
lower comparedwith the one calculated in the case of a perfect
contact (LWt, EWt). However, the volumetric swelling in
PMMA is really negligible compared with the swelling in
wood due to moisture sorption.

The swelling strains and the anisotropic ratios are clear
evidences of the restraining role of the PMMA cubes on the
wood samples.

Conclusions

The three dimensional evidence, combined with the 2D cal-
culation on the slot surface and the sorption analysis highlight
the adequacy of the PMMA cube as restraining device.

The cube size was optimized by performing finite element
simulations in order to achieve the desired rigidity. The ex-
perimental tests performed with the optical microscope,lead to
the observation of higher stiffness in the two cubes under
swelling load and higher sensitivity to mechanical stress in
the 3×3×3 mm3 cube. These preliminary investigations bring
on the conclusion that the optimal size for the PMMA cube to
operate as restraining device is of 4×4×4 mm3. With this
device, we were able to obtain a very good contact between
PMMA and wood in most of the observed surfaces, leading to
the study of the hygro-mechanical properties of wood subject-
ed to restraining conditions.

The strains are strongly dependent on the swelling proper-
ties of wood at the different moisture content values. In fact, as
latewood swells more than earlywood in tangential and radial
directions, the strains in the cubes containing latewood are
higher than the strains in cubes with earlywood. These obser-
vations are highlighted in 2D by affine registration on the slot
surface and in 3D on different regions of interest of the wood
samples and on the PMMA cubes. We show that the
restraining device successfully prevents the free swelling of
wood during moisture adsorption, thus modifying significant-
ly the anisotropy of swelling.

As general conclusion, for future investigations on the
mechanical properties of wood with respect to moisture con-
tent at cellular scale, the PMMA device shows an adequate
level of strain to operate as restraining device. This restraining
experiment is also appropriate for a further characterization of
the local deformations in the wood cells and of the anisotropy/
isotropy in swelling of latewood and earlywood induced by
variations in moisture conditions and could provide the

Table 4 Volumetric swelling of the four PMMA cubes under wood
swelling pressure and hygroscopic loading

Loading direction LWt LWr EWt EWr

Volumetric swelling [%] 0.55 0.35 0.42 0. 32

Fig. 11 Tangential strains (black
line) and radial strains (grey line)
calculated for ROI 2 in LWt and
EWt. Continued lines for desorp-
tion conditions and dashed lines
for adsorption conditions. The er-
ror bars are the standard devia-
tions on each measurement
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necessary date for a further understanding of the impact of
differential swelling at timber scale.
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