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Abstract Wood cells constitute the main building block in
engineered wood-based materials, whose delimiting property
frequently is moisture induced swelling. The hygroexpansion
properties of wood cells, technically known as fibers, are used
as input in predictive micromechanical models aimed for ma-
terials design. Values presented in the literature largely depend
on the microfibrillar angle, the geometry of the fiber and lim-
iting modelling assumptions. Synchrotron X-ray micro-com-
puted tomography has recently prompted means for detailed
measurements of the geometry of unconstrained individual
fibers undergoing moisture-induced swelling, which makes
it possible to directly quantify the hygroexpansion properties
of the cell wall. In addition to a well-defined three-dimension-
al geometry, the present approach also accounts for large de-
formations and the fact that cell-wall stiffness depends on the
presence of moisture. A mixed numerical-experimental ap-
proach is adopted where a finite-element updating scheme is
used to simulate the swelling of an earlywood spruce fiber

going from the experimental fiber geometry at 47 % relative
humidity to the predicted geometry of the fiber in the wet state
at 80 % relative humidity at equilibrium conditions. The
hygroexpansion coefficients are identified by comparing the
predicted and the experimental three-dimensional fiber geom-
etry in the wet state. The obtained values are 0.17 strain per
change in relative humidity transverse to the microfibrils in
the cell wall, and 0.014 along the microfibrils.

Keywords Wood fiber . X-raymicrotomography . Finite
element method . Hygroexpansion

Introduction

The drive for renewable materials has prompted increased
research for the use of natural cellulose fibers as reinforcement
in composites [1–3] and the use of wood in structural mem-
bers [4–6]. The use of renewable cellulose fibers, such as
wood fibers, in structural materials is challenging because of
their inherent hygroexpansion behavior caused by moisture
absorption. Due to the abundance of hydroxyl groups present
in a wood fiber, the fiber will inevitably take up water and
swell in a moist environment. In predictive micromechanical
models linking wood fiber hygroexpansion to the swelling of
engineered wood-based materials, a necessary input is the
hygroexpansion properties of the wood cell wall itself. Such
micromechanical models could potentially be used in mate-
rials design, where the limiting factor in many cases is
moisture-induced deformations. A weakest link in such
models is frequently the material properties of the constitu-
ents. The hygroexpansion coefficients of the wood fiber or
more specifically its cell wall is a crucial parameter, which is
not straightforward to measure directly. The cell-wall
hygroexpansion, intimately linked to the fiber swelling, has
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been estimated from (i) the swelling behavior of the polymer
constituents and ultrastructure (cf. [7–9]), measurements of sol-
id wood (e.g., [10]), or estimations from measurements of
wood-fiber composites [11]. Recent development in synchro-
tron X-ray computed microtomography provides us with a
powerful tool to measure dimensional changes in situ of minute
material samples, such as wood fibers. By a combination of
three-dimensional finite element analysis and three-
dimensional imaging of single wood fibers under different
states of equilibrium moisture contents, direct measurements
of the cell-wall swelling properties can be achieved. This is
the scope of the present work.

In order to relate the swelling of the cell-wall layers to that
of a wood fiber, the geometry, ultrastructure and layer compo-
sition need to be quantified. The wood fiber wall consists of an
assembly of several layers that show differences in their struc-
ture and chemical composition. The secondary fiber wall (S2
layer) forms the main part of the cell wall and thus has a large
influence on the mechanical and physical properties of the
fiber (see e.g., [12]). The S2 layer exhibits a helical structure
(see Fig. 1), where the cellulose microfibrils are wound
around the axis of the fiber with an angle, known as the mi-
crofibril angle (MFA). The microfibrils are surrounded by a
matrix of hemicelluloses and lignin. The helical structure of
the main layer of the cell-wall implies that the fiber will twist if
the moisture content changes [13, 14]. Given the significant
observed twist in free fibers, the inclined hygroelastic anisot-
ropy needs to be taken into consideration in a modelling ap-
proach. Due to the dominating relative significance of the S2
layer [7, 15], on the hygroelastic response of the fiber, only
this layer was included in the present study.

Different modelling approaches have been used aiming to
understand the hygroelastic behavior of wood [16–20]. Some
experiments have been carried out to validate such theoretical
approaches using direct measurement on wood sample [20],
electron microscopy [21] or X-ray microtomography [22]. In

wood, the fibers, or tracheids, are glued together by the middle
lamella and the twist of the fiber is constrained by its neigh-
bors. The relation between the cell-wall swelling and wood
tissue swelling is affected by the constraining stress transfer
between cells and the geometrical details of the wood micro-
structure. The unhindered cell-wall swelling of free-standing
fibers would be more directly linked to the intrinsic swelling
of the cell wall. In recent modelling work on hygroexpansion
of single wood fibers (e.g., [8, 23, 24]), there is a lack of
reliable input data on the hygroexpansion of the main cell-
wall layer or that of the constituent cell-wall polymers. Swell-
ing tests of individual free fibers is cumbersome due to the
small dimensions and irregular shape of the fibers. X-ray mi-
cro-computed tomography (XμCT) presents a three-
dimensional imaging technique with a resolution high enough
to capture microscopic swelling or shrinkage. To this end,
XμCT has already been successfully used to characterize the
microstructure of different engineering materials where wood
fibers are used as structural framework, such as wood itself
[22, 25, 26], cardboard [27], paper [28–32] or fiber reinforced
polymer composite materials [33, 34]. With the high resolu-
tion obtained in XμCT at synchrotron facilities, such as the
European Synchrotron Radiation Facility (ESRF), it has be-
come possible to obtain high quality images of isolated natural
fibers, in a relatively short time (of the order of minutes). The
relatively short scanning time is a necessity to capture
hygroscopically-induced shape changes in cellulosic fibers.
Recent work on this subject includes the study by Rafsanjani
et al. [35] who first used a focus ion beam to cut regular
rectangular blocks in the cell wall and then microtomography
to investigate the dimensional change due to moisture uptake.
This innovative approach has the advantage of quantifying the
swelling properties locally in the S2 layer from which the
rectangular block was cut. In the present work, the swelling
behavior of a whole tracheid was investigated. The irregular
shape of the fiber is accounted for in the numerical

Fig. 1 Scanning-electronmicrographs showing examples of the helical structure of a wood fiber: (a) a Norway spruce fiber in the green state, themicrofibrils of
cellulose are wound around the longitudinal axis of the fiber, and (b) a damaged spruce wood pulp fiber in paper revealing the helical structure of the fiber
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calculations to obtain the cell-wall properties. The fiber was
isolated and treated with care, to maintain its properties in the
native green state, thus avoiding any possible effects from
mechanical or ion beam cutting. The captured geometries can
then be used in numerical simulations to identify the cell-wall
hygroelastic properties. The hygroexpansion parameters must
then be identified by an inverse method. A rather comprehen-
sive review of such mixed numerical-experimental techniques
has been compiled by Avril et al. [36]. Some applications in
wood mechanics has been outlined by Gamstedt et al. [37].

In this study, a finite element model updating scheme is
applied to the deformation of a complex shaped wood obtain-
ed by the means of XμCT. The general idea is presented in
Fig. 2: XμCT is used to determine the geometry of an isolated
wood tracheid at two different ambient relative humidities.
The obtained geometry is then used as input of a finite element
simulation. The hygroexpansion coefficients used in the finite
element model were updated to have the numerical deforma-
tionmatching the experimental one. As a result, it was possible
to obtain the hygroexpansion coefficient of a single wood fiber
in both the direction transverse to the fibrils and the direction
longitudinal to the fibrils. The swelling of fiber might be
regarded as a structural property since it depends on some
variable parameters such as the MFA, the geometry of the fiber
and the thickness of the cell wall, which are likely to vary from
fiber to fiber in any wood sample. The hygroexpansion coef-
ficients of the cell-wall layer (essentially the S2 layer) mea-
sured here should be independent on the aforementioned pa-
rameters, and might thus be regarded as material properties. It
should be noted that the preparation and scanning processes
are time consuming for materials such as single wood fibers.
With the limitation in beam time, only one fiber could therefore
be scanned. Since different factors, such as the sample prepa-
ration or the variability of wood properties across the growth
rings, could affect the swelling properties, it is not possible to
conclude on whether or not theses values could be regarded as
material properties for spruce earlywood fibers. Before scan-
ning, the morphology of the selected fiber was carefully

investigated in a microscope and compared with other fibers
from spruce wood samples, to confirm that the chosen fiber
was structurally representative. However, in the future more
experiments should be carried out to give improved statistical
material and strengthen the strategy used.

Experimental Procedures

Materials and X-ray Micro-Computed Tomography

Wet never dried earlywood tracheids were extracted from a
stem of Norway spruce (Picea Abies) using thin tweezers.
Limitations in beam time and computational resources con-
fined us to analyze only one earlywood fiber fully. Before
scanning, the morphology of the selected fiber was carefully
investigated under microscope and compared with other fibers
from spruce wood samples, to confirm that chosen fiber was
structurally representative. After the scanning the twist of oth-
er fibers were also observed under magnification, and showed
the same general behavior as the fiber analyzed in detail by
XμCT. The fiber was extracted imminently before the scans.
The scans were performed at two different levels of relative
humidity (RH): 47 %, which corresponds to the ambient RH,
and will be referred to as the dry state, and 80 % RH which
will be referred to as the wet state. The relative humidity was
controlled by a gentle flow of air at 80 % RH inside the
Plexiglas pipe where the fiber was located. During the scan-
ning time, the pipe was sealed to minimize fiber motion, and
the air was blown all around the Plexiglas pipe to keep the
surrounding climate at a constant temperature and relative
humidity (see Fig. 3). Equilibrium conditions were achieved
almost instantaneously due to the small dimensions of the
fiber and the scans were performed approximatively 10 min
after the desired relative humidity had been reached. Tomount
the sample, one end of the fiber was embedded in an epoxy
adhesive. The epoxy adhesive can slightly constrain the radial
swelling of the fiber in its vicinity. To minimize this effect the

Fig. 2 Approach developed in
the present study
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fiber was not studied anywhere close to the epoxy droplet. The
other extremity was loosely attached to the edge of an adhesive
tape, such that it could be removed when the relative humidly
was changed, and held in place during the scanning time to
avoid any excessivemovement of the fiber. The stabilization of
the adhesive tape and protective pipe was necessary to achieve
sufficiently high image quality. Absorption tests were per-
formed, going from equilibrium conditions at 47 % RH to
80 % RH. Note that below 80 % of RH the moisture is mainly
absorbed by the cell wall, where unbound water adsorbed on
lumen surfaces appears at higher relative humidity level [15].
In principle, the moisture content of the cell wall would be a
better physical measure than the ambient relative humidity, but
the mass of the fiber is too low to be measured accurately.
Although the sorption isotherm is known to be non-linear for
wood [38], it was considered that the experiments were carried
out in a linear regime between the far from completely drying
the fiber out and fiber saturation point. It was thus assumed that
moisture uptake of the cell wall is proportional to the change in
RH. The hysteresis of the sorption isotherm implies that the
absorption and desorption must be distinguished (see e.g., [25,
39]). Only absorption, relevant to dimensional instability of
swelling wood materials, was considered here.

The images were obtained by taking 1500 radiographs (ac-
quisition time of 0.2 s for each) over 180° of the single fiber at
each relative humidity step on the beamline ID19 of the ESRF
(Grenoble, France). The fiber was irradiated by an X-ray
monochromatic beam light (energy E=17.6 keV; ΔE/E=2×
10−5). The transmitted light was converted into visible light
using a GGG (Gd3Ga5O12) 6 μm scintillator and recorded
using the FReLoN camera at ESRF. The combination of the
used equipment gave a pixel size of 0.35 μm in the projected

2D images. The 3D images were reconstructed using a filter-
back projection algorithm [40].

Microfibril Angle Measurement

The anisotropy of the cell wall is essentially controlled by the
direction of the microfibrils in the cell wall. This value is used
as an input to the numerical model. Themicrofibrils within the
cell wall are highly crystalline and aligned in the different
layers, S1, S2 and S3 [41]. As a result of the molecular orien-
tation, the birefringence clearly manifests itself when a thin
section of wood is analyzed in optical microscopy between
two crossed polarizing filters. This phenomenon has been
widely used to measure the average MFA of the cell wall
[42–44]. Because of the helical orientation of the fibrils (see
Fig. 1), only one cell wall has to be in the path of the light to
measure the MFA accurately. Thus in the present work, the
extremity of the fiber was sectioned longitudinally with a thin
razor blade. Then the fiber was rotated between two cross
polarizing filters to find the angle where no light is able to
go through the cell wall. This position is called the maximum
extinction position (MEP). The average MFA of the cell wall
corresponds to the angle between the fiber axis and the MEP.
It should be highlighted that the obtained value corresponds to
the weight average through the cell wall [45]. However, the
influence of P, S1 and S3 layers are in most cases negligible,
since the S2 layer is much more thicker and constitutes 90 %
of the cell wall [46]. For the same reasons, only the S2 layer
was included in numerical analysis. The MFAwas measured
on the same fiber as the one subsequently analyzed by XμCT.

Image Processing

A median filter, with a 3×3×3 mask, was applied to smooth
and remove the background noise of the images. The images
were then thresholded using a value determined manually.
Since the synchrotron images had a very high contrast, the
threshold level did not have a large impact on the obtained
thickness values of the cell wall. In order to facilitate the
meshing procedure the edges of the image were smoothed.
This was carried out using morphological opening [47] with
a radius of 5 voxels. The image processing is exemplified in
Fig. 4. Sometimes small thin sections that were considered as
sublayers from adjacent tracheids were found in the images, as
shown in Fig. 4(a) and (b). The adhering leaflets from adjacent
tracheids were assumed not to influence the global
hygroexpansion of the analyzed fiber. However, they were
used as markers to ensure that the same part of the fiber was
analyzed in the dry and in the wet state. Since the fiber was
moving as the relative humidity was changed, it was necessary
to find a unique reference point on the cell wall which was
tracked through the deformation for purpose of relocation.

Fig. 3 Schematic drawing showing the experimental setup. The adhesive
tape was removed when the relative humidity was changed
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Modelling the Hygroelastic Behavior
of a Wood Fiber

Constitutive Model

Two coordinate systems, a global Cartesian (X1,X2,X3) and a
local curved polar (r,θ,z), are introduced as illustrated in Fig. 5.
The global coordinate directions are such that X3 coincides with
the principal fiber direction. The helical fiber structure is as-
sumed to curl around X 3 along the fiber, and for simplicity, it
is further assumed that the MFA φ is constant along the whole
fiber (see Fig. 5) meaning that any variable transformation be-
tween the two coordinate systems becomes quite simple. Müller
et al. [48] used X-ray diffraction on a single wood fiber and
observed only very small variation inMFA inside the same fiber.
We assumed that the MFAwas constant throughout our fiber as
well. A variation in RH from 47 to 80 % should result in a
variation of MFA of less than one degree [13], and since this
limited variation was close to the measurement error, the MFA
was simply considered to be constant in the simulations. Due to
the severe moisture induced swelling of the fiber that took place,

both large deformations and rotations were included in the anal-
ysis. In the current deformed configuration, the position vectorX
refers to a position in the body in a fixed reference configuration
and x denotes the position vector to the same point in the de-
formed configuration. Both X and x are described in a Cartesian
coordinate system. A fundamental measure of deformation is
described by the deformation gradient given by

F ¼ dx
dX

ð1Þ

The change in volume of a material element between its ref-
erence and current configuration is given by dV=JdV0=
det(F)dV0. Because of the physical constraint that the volume
cannot obtain negative values, J is subjected to the condition
J=det(F) > 0. More details to this topic can be found in the
literature (cf. [49–51]). A Lagrangian formulation is applied
and an assumption that the body admits the right Cauchy-
Green strain tensor C given by

C ¼ FTF; ð2Þ
is made. Further, assume the humidity η and C are indepen-
dent mechanical variables. Suppose further the existence of a
Helmholtz free energy function in the form of ψ=ψ(C,η) (cf.
[52]). The conjugated second Piola-Kirchhoff stress S of a
point at a certain load is then a nonlinear tensor of the two
variables C and η, i.e., S=S(C,η). The stress increment dS is
then obtained by taking the differential of the stress S accord-
ing to [52]

dS ¼ D :
1

2
dC þ B : dη; where ð3Þ

D ¼ 2
∂S C;ηð Þ

∂C
dC ¼ 4

∂2ψ C;ηð Þ
∂C∂C

and ð4Þ

B ¼ ∂S C;ηð Þ
∂η

¼ 2
∂2ψ C;ηð Þ
∂C∂η

ð5Þ

is the elasticity stiffness tensor and the stress-humidity tensor,
respectively. Both tensors are symmetric, D of rank 4 while B
has rank 2. The stress increment dS thus measures the change
in stress that results from a change in strain or humidity,

Fig. 4 Cross-section of a fiber (a) before any image processing, (b) after thresholding, and (c) after morphological opening

Fig. 5 Global X 1;X 2;X 3ð Þ and local r; θ; zð Þ coordinate system, where
φ represents the MFA
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respectively. The updated second Piola-Kirchhoff stress after
humidity change dη during a time Δt, from t to t+Δt, using
(3), becomes

tþΔtS ¼tS þ dS¼tSþtD :
1

2
dC þ tB : dη ð6Þ

For processes involving change of humidity η the volume
might change (cf. [53]). This is here accounted for using the
Cauchy stress σ, which measures the stress in the current
configuration and is obtained from a Piola transformation of
S (cf. [52, 54]). The current updated Cauchy stress, after hu-
midity change dη, becomes

tþΔtσ ¼ J−1FSFT
tþΔt ð7Þ

In equation (4), it is assumed that the tensors D and B are
constant within each small humidity increment dη. Moreover,
the tensors D and B are given in the global Cartesian coordi-
nate system (X1,X2,X3), while the material properties of the
fiber are given in the local polar coordinate system (r,θ,z)
wherefore appropriate rotations have to be made.

The global stiffness matrix is obtained by two straightfor-
ward transformations. First, the elastic stiffness tensor, E, of
the cell wall in local coordinates (r,θ,z), with θ being the fibril
direction, is rotated with an angle φ to the cylindrical coordi-
nate system, Ẽ=TETT, and then rotated once again an angle ω
(as shown in Fig. 5) to the global Cartesian coordinate system
(X1,X2,X3),D=L−1ẼL−T. The rotation matrices [L] and [T] are
given and illustrated in Appendix A. The cell wall can be
assumed transversely isotropic normal to the direction of the
fibrils [55]. The stiffness tensor C used in this study has been
calculated from the elastic properties of the wood polymers and
is given as a function of the relative humidity in Appendix B.
The stiffness tensor is updated after each small humidity incre-
ment dη. The stress-humidity tensor is given by B=L−1TEβ,
where β is the hygroexpansion coefficient expressed in the
local coordinate system (r,θ,z). The hygroexpansion coeffi-
cient is assumed to be transversely isotropic in the fibril direc-

tion, i.e., β ¼ βT ; βL; βT ; 0; 0; 0f gT in the local
coordinate system.

Numerical Method

The finite element calculations were carried out in a Matlab
(2015) code. A 3D isoparametric solid material 8-node el-
ement, with three nodal degrees of freedom i.e., translation
in X1, X2 and X3-directions, were used. The model
consisted of around 4000 elements. The element formula-
tions were capable of handling large strains and rotations,
and followed standard implementation algorithms found in
e.g., Bathe [49] or Crisfield et al. [50]. A total Lagrange
formulation is the basis for all kinematic relations. Appro-
priate stress and deformation measures were obtained as

described in the previous section. A Newton–Raphson iter-
ation scheme for the solution of nonlinear finite-element
equations is employed in all time steps. The governing
quasi-static equations were

tKΔU ið Þ¼tþΔtR−tþΔtF i−1ð Þ ð8Þ
tþΔtU ið Þ¼tþΔtU i−1ð Þ þΔU ið Þ ð9Þ

where tK is the stiffness matrix at time t, t+ΔtR is a load vector
representing the driving forces including the body and surface
forces at time t+Δt, t+ΔtF(i−1) is the nodal force vector corre-
sponding to the elements stresses due to the displacement
vector t+ΔtU(i−1). The superscript i denotes the iteration num-
ber and the vectorΔU(i) represents the increment in the nodal
displacement at iteration i. It is noted that the load vector R in
equation (8) was included for the sake of completeness. In the
present study there are no externally applied loads, andR=0 at
all times. The incremental nonlinear Green deformation tensor
dC in (4) was continuously updated at every Newton-iteration
until Cauchy stress equilibrium, equation (7), prevailed every-
where in the body and the solved displacements t+ΔtU(i)were
obtained. It is underlined that all deformations originated en-
tirely from a humidity change dη in (4) and the consequence
of stress equilibrium.

Meshing

The 3D image obtained in the reference configuration
(47 % RH) was used as a framework for building a mesh
with 8-node volume elements. The meshing technique was
adapted for slender hollow irregular twisted tubes such as
wood fibers. The core of the method consisted of (i) de-
termining the cross section of the slender object, (ii) de-
tecting the curves that formed their inner and outer bound-
aries, as shown in Fig. 6(a), and (iii) fitting an ellipsoid to
determine the starting points for the meshing. These oper-
ations were followed by constructing layers of nodes from
the inner and outer curves, as illustrated in Fig. 6(b).
Since the inner and outer boundaries were detected from
thresholded images, the initial mesh (cf. Fig. 6(c)) was
edgy with a step size given by the scanning resolution.
To get around this, the mesh was smoothed first in the
horizontal and then in the vertical direction. Horizontally,
the points on the inner and outer boundaries were
smoothed using quadratic local regression [56]. The mesh
was then smoothed in the vertical direction by applying
quadratic local regression to each set of mesh nodes con-
nected in the vertical direction. The layers of nodes were
then connected to form a smooth mesh, as can be seen in
Fig. 6(c).

Around 4000 hexahedral elements were created in
this way.
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Boundary Conditions

To capture the relatively large rotations and deformations in-
duced by the swelling mechanism observed in experiments,
two nodes of the first external layer were clamped at one end
of the fiber while the rest of the nodes of this layer were freely
able to move in the X1-X2 plane. The rest of structure was
unconstrained. Using these boundary conditions, the rotation
of the first layer was constrained without significantly affect-
ing the global swelling behavior of the fiber, since less than
0.1 % of the fiber was constrained in this way. In the experi-
ment the fiber was also rotating between the fixation and the
segment considered in the numerical simulation (see Fig. 3).
As a result there was a difference of orientation between the
first layer of the model and the first slice of the experiment. To
compare the experimental and numerical results it was thus
necessary to account for a rigid body motion, which was done
by rotating the original image around the X3 axis in order to
align both orientations.

Simulation and Updating of the Material Properties

First the meshing procedure described in the previous section
was applied to the scan of the wet fiber (80 % RH), in order to
avoid any bias due to irreversible operation such as smoothing
or morphological opening used during the meshing process.
Then the fiber geometry resulting from the finite-element sim-
ulation of the wet fiber was compared with this mesh of the

scanned wet fiber. To quantify the distance between the ge-
ometry of the simulation and the measurement, three different
measures were defined as the difference of (i) the volume of
the fibers which was computed as the sum of the volume of
each element (ii), the length of the fibers which was approx-
imated by adding the distance between the mass center of all
the elements within one layer of node, and (iii) the twist of the
fibers which was taken as the difference of angle between the
main direction of the ellipsoids fitted to the first and last layer
of node.

The inverse problem then consisted in identifying the
hygroexpansion coefficients βL and βT which minimized the
distance difference between the two meshes, d, expressed as

d ¼ Δθj j
Δθexp

� �2

þ ΔLj j
ΔLexp

� �2

þ ΔVj j
ΔV exp

� �2

ð9Þ

where Δθ, ΔL and ΔV are the variation of angle, length and
volume between the numerical and experimental meshes, nor-
malized with Δθexp, ΔLexp and ΔVexp, corresponding to the
difference between the two experimental geometries for 47
and 80 % RH. Figure 7 summarizes the updating procedure
used in this study. The minimization was performed using the
built-in ‘fminsearch’ function in Matlab and no particular
weights was given to the different parts in equation (9). The
initial values for the hygroexpansion coefficient were taken
from litterature [14] and constrained to positive values. The
experimental change in RH was simulated from 47 to 80 %
using an increment dR (see equation 4) equal to 1 % RH. This
step size was found to be sufficiently small in solving the
initial value problem.

Results and Discussion

The microfibril angle for spruce fiber studied was found to be
15° by optical microscopywith transmitted light through cross
polarized filters. The mixed numerical-experimental approach
described above was used to calculate hygroexpansion coef-
ficient of the cell wall. The results are presented in Table 1,
together with values reported elsewhere. A three-dimensional
visualization of the studied fiber is shown in Fig. 8.

The obtained value for the transverse hygroexpansion co-
efficient fall in the lower part of the range 0.1-0.4 supported by
other investigations such as estimation from sorption tests of
composites [11], paper [57], and wood [10] or measurement
on pulp fiber bymeans of X-ray microtomography [58]. How-
ever, it should be highlighted that the hygroexpansion was
here measured in the direction of the fibrils, whereas all the
aforementioned studies dealt with an average of the swelling
of different fibers having different geometries as well as

Fig. 6 Illustration of the meshing process of a 3D image of a wood fiber
obtained using X-ray microtomography: (a) Detection of the inner and
outer contours of the fiber cross sections, and fitting of an ellipsoid to find
the starting points (po and pi) of the meshing procedure. (b) Repartition of
the FEM mesh nodes in a fiber cross section. (c) Illustration of the
complete finite-element mesh built from the X-ray image before (left)
and after (right) smoothing operation. The length of the fiber is
approximately 300μm. The red line is used to follow the twist of the fiber
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different MFA. In processed fibers, such as pulp fibers, the
cellulose ultrastructure is modified [59], and as a result the
mobility of the polymer chains within the cell wall is affected,
which impacts the hygroelas t ic proper t ies . The
micromechanical models in Table 1 are based on different sets
of assumptions. The assumptions in the present model are con-
sidered to be more realistic and less constraining than those in
the other approaches. The advantages of the present approach
are that (i) the detailed geometry of the fibers is taken into
account, (ii) large deformations and rotations are considered,
(iii) the transverse and longitudinal hygroexpansion coeffi-
cients are identified independently, (iv) the moisture dependen-
cy of the elastic properties is represented.

As expected the longitudinal hygroexpansion coefficient is
one order of magnitude lower than the transverse one. This is
due to the orientation of the wood polymers within the cell
wall: the hemicelluloses do not significantly swell in the lon-
gitudinal direction due to the relative rigidity of the aligned
cellulose microfibrils [15]. Thus the swelling in the direction
of the cellulose fibrils is significantly lower than that in the
transverse direction. The βL/βT roughly equals that of the of

the EL/ET ratio, which has also been found in previous studies
[60, 61]. This indicates that compliance and swelling induced
bymoisture uptake in the considered hydrophilic polymers are
related. The underlying molecular mechanism is that breakage
of hydrogen bond of hydroxyl groups by water molecule in-
duces both expansion and reduction in stiffness [62]. The
values measured here are given as a strain per change in rel-
ative humidity. Using sorption isotherm of spruce earlywood
[63], it is possible to convert these values as a strain per
change in moisture content. Thus, the values reported here
become 0.45 for βT and 0.037 for βL strain per change in
moisture content.

We believe that the obtained values of the hygroexpansion
coefficients obtained of a never dried Norway spruce fiber can
in principle be regarded as material property to a larger degree
than other reported values, since the values are obtained di-
rectly from a free-standing individual fiber and that the neces-
sary assumptions are physically justified, namely the irregular
fiber geometry, large deformations and microfibril angle are
accounted for. It is therefore expected that the values could be
used as input when modelling hygroexpansion of wood and

Table 1 Hygroexpansion
coefficient estimated here and
value from literature

Method βL (ε/RH) βT (ε/RH)

Identified from X-μCT and FE simulation (green state), this study 0.014 0.17

Back calculated from composite properties (pulp fibers)a 0.28

Measured from X-μCT images (pulp fibers)b 0.3

Measured from X-μCT images (wood)c 0.22

Estimated from paper sampled 0.17

Estimated from wood samplese 0.21

Estimated from FE simulationf 0.13

Analytical modelling based from input obtained by molecular
dynamic simulation of the cell-wall polymersg

0.02 0.44

References: (a) [64] (b) [58] (c) [35] (d) [57] (e) [10] (f) [9] (g) [14]

Fig. 7 Scheme of the finite-
element updating approach used
in the present study
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wood-basedmaterials, provided that the cell-wall has a similar
composition and ultrastructure.

Conclusions

A never dry cellulosic wood fiber was scanned in synchrotron
X-ray micro-computed tomography under equilibrium condi-
tions at two different levels of relative humidity. The obtained
images were then used as input geometry in a three-
dimensional finite element simulation. A mixed numerical-
experimental method was used to identify the hygroelastic
deformation of the wood fiber such that the numerical simu-
lation matched the experimental results. Using this method it
was possible to measure the hygroexpansion coefficients of an
anisotropic irregular structure having a cross section smaller
than 40 μm. The obtained values were 0.014 strain per change
in relative humidity in the microfibril direction of the cell wall,
and 0.17 in the transverse direction. Whereas the swelling of
wood fiber depends on external parameters such as the micro-
fibril angle and the geometry of the fiber, the method de-
scribed here allows us to estimate coefficients independent
of theses parameters. These coefficients can thus be used as
inputs for models aiming to predict the hygroelastic behaviour
of wood-fiber based engineering materials.
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Appendix A – Coordinate Transformation

Coordinate Transformation

The rotation tensor around X3 axis is given on matrix form
given by:

L ¼

c2 s2 0 2cs 0 0
s2 c2 0 −2cs 0 0
0 0 1 0 0 0
−cs cs 0 c2−s2 0 0
0 0 0 0 c −s
0 0 0 0 s c

2
6666664

3
7777775

ðA1Þ
where ω is the angle between the X1 axis and the r axis,
c = cosω and s = sinω. The rotation matrix around the r axis
to account for the MFA is given by:

T ¼

1 0 0 0 0
0 C2 S2 2CS 0
0 S2 C2 −2CS 0
0 0 0 0 S
0 �CS CS C2−S2 0
0 0 0 0 C

0
0
0
C
0
S

2
6666664

3
7777775

ðA2Þ
wereC = cosφ and S = sinφ. The effects of the rotations on the
reference coordinate system are illustrated in Fig. 9.

Fig. 9 Effects of the rotations on
the reference coordinate system
(in red) (a) Orientation after the
first rotation around X3, (b)
rotation to account for the
microfibril angle

Fig. 8 Three-dimensional view of a fiber at ambient relative humidity
obtained by XμCT (length of the imaged zone of the fiber is 0.6 mm and
the diameter is approximately 25 μm)
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Appendix B – Elastic Tensor

The material stiffness tensor Eijkl (in the local coordinate sys-
tem) used in the model was obtained from the properties and
volume fraction of lignin, hemicellulose and cellulose using a
composite micromechanical model at different levels of rela-
tive humidity as described by Joffre et al. [8]. The stiffness
tensor Eijkl was calculated as a function of the relative humid-
ity from the engineering constants given in Table 2. For sim-
ulation purposes, a linear interpolation was used for approxi-
mating intermediate states.
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