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Abstract
Because of their complex hygromorphic shape, microstructural study of woodenmaterials behavior has recently been the point of
interest of researchers. The purpose of this study, in a first part, consists in characterizing by high resolution X-ray tomography
the microstructural properties of spruce wood. In a second part, the subresulting geometrical parameters will be incorporated
when evaluating the wooden hygrothermal transfers behavior. To do so, volume reconstructions of 3 Dimensional images (3D),
obtained with a voxel size of 0.5 μm were achieved. The post-treatment of the corresponding volumes has given access to
averages and standard deviations of lumens’ diameters and cell walls’ thicknesses. These results were performed for both early
wood and latewood. Further, a segmentation approach for individualizing wood lumens was developed, which presents an
important challenge in understanding localized physical properties. In this context, 3D heat and mass transfers within the real
reconstructed geometries took place in order to highlight the effect of wood directions on the equivalent conductivity and
moisture diffusion coefficients. Results confirm that the softwood cellular structure has a critical impact on the reliability of
the studied physical parameters.

Keywords HeatandMassTransfers .Sprucewoodcharacterization .Thermalconductivity .Moisturediffusioncoefficient .X-ray
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1 Introduction

Upon years, wood has been widely used as building construc-
tion material in the civil engineering community. It is mainly
recommended for inside use, either as panel or as insulation
material due to its thermal, acoustic and environmental per-
formances [1]. Beside its advantages, wood can present many
disadvantages, being a hygroscopic material that reacts very
sensibly to hygrothermal solicitations. Therefore, it is subject-
ed to swelling or shrinkage phenomena, depending if its rela-
tive humidity increases or decreases, respectively [2]. The
physical processes of transfers, the topology of vapor, liquid,

and air interfaces and their interactions with the solid matrix
(contact lines, detachment of vapor bubbles solid surfaces…)
make the problem extremely complex. All these constraints
are responsible for many damages, structural degradation,
hygrothermal properties modification [3]….

The considered wood type in this study is spruce wood.
This material is known by being large trees, that exist in the
most temperate and boreal regions [4, 5]. Upon age, they grow
by reproducing through layering. Each layer represents a cycle
in which early wood grows in spring and early summer,
followed later by the latewood development [6, 7] which ex-
hibit strong heterogeneities at the microscopic scale.

In fact, spruce wood is porous media, formed by tracheids,
parenchyma and pores (called lumens) that may contain var-
iable proportions of water and mixture of vapor and dry air. It
is difficult to predict accurately the transfers through the mi-
croscopic approach mainly because it is hard to reproduce
numerically complex geometrical structure of the porous me-
dium. That’s why researchers have, until now, used the mac-
roscopic models which can override this difficulty. Various
approaches for predicting the heat and mass transfers through
the wooden materials are available in literature [8, 9]. Other
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researches were interested in wood’s performances, either by
studying its mechanical behavior, or quantifying its transfer’s
properties [4, 8, 10–15]. Nowadays, the apparition of the non-
destructive reconstruction methods allows overcoming these
difficulties.

Moreover, most of the phenomena involved at the micro-
scopic scale are at the origin of the phenomena presented on
the macroscopic scale: the macroscopic behavior of wood is
strongly dependent on the mechanisms acting at the levels of
the material’s constituents. At the same time, there are still
lacks in the knowledge concerning the definition of the prob-
lem especially when considering the anatomical anisotropy of
wood. In fact, just few papers of these studies concerned the
microscopic scale [16–19].

At this level, early wood is characterized by cells having
relatively large cavities called lumens and thin cell walls,
whereas latewood contains smaller lumens and thicker cell
walls [20]. Actually, the wood cells are of a characteristic size
of some micrometers. It is thus necessary to deepen the re-
search at this scale, and use a specific experimental technique,
in order to distinguish all wood’s components and face the
morphological complexity of the problem.Most of these tech-
niques are non-destructive. In this study, the selected method
is X-ray tomography, which offers different resolutions that
belay a precision of few micrometers [21, 22].

Two distinct morphological properties can be offered by
early wood and latewood, which consequently leads to differ-
ent transfer behaviors.

Some studies in relation with the wood’s structural charac-
terization can be found: Trtik et al. [23] treated spruce wood’s
microstructure, using very small specimens, for which a voxel
size of 0.7 μm was obtained on the tomograph. These authors
were specifically interested on the observation of the pits and
the cell walls’ thicknesses. For the same voxel size, Sedighi-
Gilani et al. [7] analyzed the spruce wood degradation by
Physisporinus vitreus and Xylaria longipes. They calculated
an approximate pores’ diameter for early wood and latewood,
and reported their porosity values.

Despite the fact that local heat and mass transfer properties
of multi-phase flows have been performed by X-ray tomogra-
phy images [24, 25], a similar study has not been considered
yet for spruce wood microstructure.

Actually, most of the papers that treat wooden materials
don’t consider any correlation between the wood microstruc-
ture and the heat and mass transfer’s properties. Hence, the
necessity to develop new approaches to extract more refines
structural information to simulate microscopic physical
phenomena.

In this context, the objective of this paper is, first to propose
a reliable microtomographic characterization of spruce wood
with a small voxel size of 0.5 μm to better understand the
material morphology. The studied properties for early wood
and latewood phases deal with the porosity, the pore and solid

size distribution, the lumens’ diameters as well as the cell
walls’ thicknesses. Also, we present an original and efficient
method to segment the wood fibers. Even though the experi-
mental microtomographic work did not concern the
hygrothermal behavior of the material, the microstructure of
reconstructed volumes shows big correlation with the transfer
properties. In a second part, heat and mass transfers have been
performed on the 3D real reconstructed geometry of wood,
and equivalent transfer’s properties have been calculated in
the three principal directions, in order to highlight the effect
of the morphological disorder on the transport phenomena.

2 Experimental procedure

The wood’s transition between two cycles is identified by
having latewood cells of the older cycle preceding early wood
cells of the new one. This transition presents immediate leap
from small to big lumens and from thick to thin cell walls [26].
In this study, the wood specimens tested correspond to either
early wood phase or latewood/early wood transition.

In order to verify the repeatability of each test, six spruce
wood specimens of dimensions 2x2x20mm3 were thoroughly
prepared. They were set in a 25 °C room temperature, before
being scanned using the non-destructive X-ray tomography
method, which allows having 3D images of a defined volume
[27]. Half the samples contained a part corresponding to the
latewood/early wood transition, and the rest were cut from the
early wood phase. This choice was made to compare the mi-
crostructure of both wood types. The longitudinal direction of
wood was along the 20 mm side. All scanned samples were
without decay, knots and obvious defects.

The specimens were scanned with MicroXCT-400
tomograph at CEREGE in Aix-en-Provence, which uses the
linear attenuation method. The focal-spot size of x-ray beam
was 5–7 μm. Considering that wood is a weakly absorbing
material, a low voltage of 80 kV and an emission current of
50 μAwere selected for all the scans performed in this study.
The geometrical voxel size determined by the size and number
of detector elements, and by the source-object-detector dis-
tances (magnification), was fixed to 0.5 μm. The microXCT-
400 is equipped with many optical lenses that lead to an ad-
ditional optical magnification. In this work, a ×40 optical lens
was used [28].

For a spot size larger than the voxel size, the penumbra is
limiting the image quality particularly in thick body parts and
degrades the spatial resolution by producing Bedge
unsharpness^ or blur. The adapted voltage and emission
courant, and the absorptivity contrast of the different features
into the sample improve the resolution. To ensure that the
spatial resolution is sufficient to separate cell walls structures
from the wood fibers we plot for the both samples a grey level
profile line along the radial direction through several fibers
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(Fig. 1). This figure shows the Bedge unsharpness^ of the solid
that will give uncertainties in the measurements on solid wall
thickness and porosity estimation. Nevertheless, we observe
that the resolution and the contrast are high enough to separate
the different phases with a simple threshold.

3 Post-processing

After volume reconstruction phase, many post processing soft-
wares facilitating the microscopic analysis and available in lit-
erature can be used, like ImageJ, iMorph and Avizo [29–33].

In our case, the 3D reconstruction was achieved using the
software efX. For the morphological analysis work, we devel-
oped a specific module into the iMorph software, to propose
an automatic wood fiber extraction [29]. This software permits
the morphological characterization of porous media.
Topological descriptions of both pores and solid phases can
be analyzed. In addition, a very practical interaction with 3D
segmented objects is available. The binarization process that
consists in identifying voxels belonging to solid or void struc-
tures is obtained through a simple threshold applied to grey
level distribution of voxels. This threshold can be chosen to
approach the wood porosity. The incertitude in the arbitrary
threshold (close to the porosity value), mainly due to the res-
olution limitation will impact only the voxels located at the
interface between solid and void. This systematic error will
have an impact on every morphological estimation (cell wall’s
thickness and fiber diameter). This error will mainly impact

the cell wall’s thickness estimation as only few solid voxels
can be located into wall structures. The granulometry analysis
of the solid structures gives a mean thickness of 5-6 μm that
correspond to 10–12 voxels). For the rest of this work, and
specifically for the fiber individualization process, we can
consider to have enough voxels to localize the solid structures.
Somemorphological filters have been applied on the binarized
image. A closing filter (made of one dilatation and erosion
morphological filter) has been applied to connect closed wall
structures and remove holes. Then every small disconnected
solid objects (isolated islands) have been removed to eliminate
noisy solid voxels inside pore fibers (Fig. 1).

Wood microstructure is a quasi-periodic repetition of tra-
cheids, each one formed by cell wall and a corresponding
cavity (lumen). In this study, solid phases represent the cell
walls, for either tracheids or other cells like parenchyma. In
this context, a specific investigation was made, in order to
individualize each lumen, and extract all its morphological
characteristics, hence the originality of this contribution.

In fact, lumen identification is not a trivial task [34]. Most
of the classical methods try to apply filters in order to close
holes in the cell wall that can be due to an insufficient resolu-
tion or to the presence of parenchyma’s network. Originally
used to segment cellular materials such as open cells metal
foams, iMorph uses maximal ball identification and a water-
shed method to individualize cells. This method can be gen-
eralized to identify all porous items surrounded by walls or
constrictions. Applied directly to the wood fibers, over-
segmented pores are obtained as represented in Fig. 2a.
Starting from this segmentation, the contact surface between
adjacent pores (constriction surfaces) is characterized, and the
connectivity graph joining pores to pores through a given
contact surface is constructed. The pores that belong to the
same lumen will be joined by large surface compared to pores
that belong to different lumens connected by small paren-
chyma’s surface. The merging process consists to merging
pores with large contact surface and let disconnected pores
with small contact surface. Once lumens are individualized

Fig. 1 Grey levels density profile line along radial directions of early
(top) and latewood/early (bottom) wood for several fibers. Threshold is
adjusting to fit wood porosity. Isolated islands into fibers are removed
through connected components analysis

Fig. 2 Lumens’ segmentation procedure: a- Over-segmented pores, b-
Lumens’ segmentation results
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as illustrated in Fig. 2b, more precise investigation can be
done to identify pits and parenchyma’s network.

Firstly, the preliminary reconstructed volume contained the
specimen, as well as the air around it. Therefore, a Region Of
Interest (ROI) was cropped for each specimen to be carefully
analyzed. The ROI dimensions were 600x600x1000 pixels3,
which corresponds to 0.3 × 0.3 × 0.5 mm3. Actually, the ROI
were not necessarily oriented along the principle directions of
wood. Therefore, it is important to note that for some recon-
structed volumes, a rotation was performed in order to have
horizontal and vertical axis respectively refer to tangential and
radial directions of wood.

Secondly, pores and solid granulometries were calculated for
each specimen. The corresponding results are respectively pre-
sented later on as lumens’ diameters and cell walls’ thicknesses
distributions. Working with high resolution permits to give re-
liable and precise information concerning the morphological
aspects of suchmaterial. Therefore, average values and standard
deviations of morphological data (lumens’ diameters and cell
walls’ thicknesses) for early wood and latewood are calculated.

4 Numerical procedure

Wood can be considered as open porous media containing var-
iable proportion of water and a mixture of vapor and air. The
nature of the resulting transfers is related to the properties of the
material that can induce specific phenomena such as: evapora-
tion/condensation, sorption/desorption and hysteresis. It is then
necessary to dispose of macroscopic laws that allow us to take
into account the heterogeneity and complexity of porous media
and describe their overall behavior on a large scale.

One possible solution to describe the high heterogeneity on
the pore scale is to assimilate it to the equivalent continuous
media on a macroscopic scale, with the same average behav-
ior, using homogenizationmethods, which are also called scal-
ing method or micro–macro transition. The effective medium
is then characterized by effective transport properties, or mac-
roscopic coefficients reflecting physics at the pore scale [35].
This technique is not always valid for hygroscopic materials
such wood because of their high hygromorphic character.

The proposed solution here is to simulate directly the
hygrothermal behavior on the real structure of the materials.
Few researches can be found on that approach; for example,
Perré et al. [36] studied the spruce wood structure where 2D
simulations were performed to evaluate the thermal conduc-
tivity and the moisture diffusion coefficient. The material’s
mechanical behavior was considered too. Indeed, the effect
of the wood anisotropy on the intrinsic hygric properties has
not been studied yet.

Therefore, the simulations are achieved on the real struc-
ture of a specimen of dimensions 0.3 × 0.3 × 0.5 mm3, using
Cast3m software [37]. The used volume represents the real 3D

structure of wood, being previously scanned by X-ray tomog-
raphy. The finite element method has been used, with 8-node
cubic elements.

Concerning the thermal transfer, the conventional driving
potential is the temperature gradient. The energy balance
equation is used where the heat transfer has been attributed
to the conduction calculated by the Fourier’s law, represented
in equation 1 [38]. φ [W.m−2], λ [W.m−1.K−1] and T [K]
correspond respectively to the heat flux, the material thermal
conductivity and the temperature. Heat transfer by radiation
and convection are negligible. Concerning the moisture trans-
fer, the unanimity considers that the vapor moves inside the
porous material by diffusion according to the Fick law, rep-
resented in equation 2 [39]. J [kg.m2.s−1], D [m2.s−1] and w
[kg/kg] correspond respectively to the vapor flux, the mois-
ture diffusion coefficient, and the water content. The two
transfer’s modes are treated separately.

φ ¼ λ ΔT ð1Þ
J ¼ D Δw ð2Þ

The simulation task leads to extract the equivalent thermal
conductivity and moisture diffusion coefficients. However,
taking into consideration that the material’s microstructure
contains solid and air phases, the transfer properties of each
phase should be attributed. After that, for each meshed ele-
ment, the adapted thermal conductivity and the moisture dif-
fusion parameters correspond to those of the element phase
(solid or porosity).

Firstly, the thermal conductivity of cell walls and lumens
(the air phase) should be identified for each phase. The

Fig. 3 Solid phase reconstruction of a ROI (0.3 × 0.3 × 0.5 mm3) of a
specimen with latewood/early wood transition
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thermal input parameters correspond to a conductivity factor
λcell walls/λlumens = 45 [36].

By the same, the vapor diffusion coefficient was attributed
for the cell walls and the lumens: the dimensionless diffusion
properties are Dcell walls = 0.004 and Dlumens = 1 [36] for the
solid and the air phases respectively. These hygric values rep-
resent bound water diffusion in wood at 12%moisture content
[40] which is relatively close to the conditions of the wood
specimen during the scan test. In other manner, in the hygro-
scopic zone, liquid-vapor interface is assumed in thermody-
namic equilibrium and the liquid transfer is not considered in
this zone.

The Dirichlet boundary conditions are set 1 and 0 on
both sides of the solicited direction and adiabatic condi-
tions are considered on the other sides. These conditions
depend on the selected direction of the study. Finally, the
equivalent macroscopic conductivity and diffusion coeffi-
cients are calculated in all 3 directions of wood (radial,
tangential and longitudinal).

5 Results and discussion

In this section, various results are presented. First of all, dimen-
sionless analysis of microstructural details of individualized

lumens is performed, which provides information about tra-
cheids’ orientation, pits and parenchyma. After that, early
wood and latewood representative structural parameters are
evaluated, in order to give information about lumens’ diame-
ters and cell walls’ thicknesses. Finally, the reconstructed vol-
umes served to achieve thermal and diffusion simulations in all
3 directions of wood, and the corresponding effective conduc-
tivity and diffusion coefficients are calculated, in order to high-
light the anisotropy effect of such morphology on transfer
properties.

5.1 Microstructural characterization

The ROI of specimens with latewood/early wood transition is
presented in Fig. 3. This volume shows very refined descrip-
tion of the material. The latewood cell walls and their corre-
sponding lumens are well identified, regarding their small
dimensions. In addition, it is important to note that the cell
walls’ roughness along the longitudinal direction is easily
detected.

On the other hand, some lumens present in the core of the
samples are individualized (Fig. 4). Tracheids, parenchyma
and pits can be easily recognized. It is known that tracheids
are oriented in the longitudinal direction, parenchyma are per-
pendicular to the tracheids, while pits are punctuations that

Fig. 5 Lumens’ diameters
distribution of an early wood
specimen and a specimen with
latewood/early wood transition of
dimensions 0.3 × 0.3 × 0.5 mm3

Fig. 4 Individualized cavities:
lumens corresponding to
tracheids with accentuated curves,
parenchyma and pits connecting
lumens of neighbouring tracheids
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connect different lumens. Trtik et al. [23] showed that pits’
diameters vary from 1.8 μm to 7 μm. Figure 4 shows as well
that although tracheids tend to be parallel to the longitudinal
direction of the tree, there could be located ones that present
accentuated curves. The reason for these irregularities can be
any environmental or mechanical localized solicitations, ap-
plied on a bunch of fibers, which disturb their growth and
make them curve.

In order to better characterize spruce wood, cell walls’
thicknesses and lumens’ diameters have been calculated, for
both early wood and latewood cells (Fig. 5 and Fig. 6) [41]. In
fact, using a high resolution provides this work with much
more diameters’ variety. With such a high resolution, it is
possible to calculate average and standard deviation of lu-
mens’ diameters and cell walls’ thicknesses of early wood
and latewood, unlike other studies that provided literature
with just average values with high uncertainty, because of
the limited resolution obtained. The measurements’ uncertain-
ty for both cell walls’ thicknesses and lumens’ diameters is
calculated for a specimen scanned twice with the same envi-
ronmental conditions and scan parameters, and is reported to
be 0.002 for each frequency calculation.

Concerning lumens’ diameters (Fig. 5), both diagrams
present two distinguished peaks, the first corresponding to
small cells representing latewood phase, and the second one
to big cells representing early wood phase. The latewood/early
wood specimen contains the most of small lumens, and the
less of the biggest lumens. The biggest lumens are mainly

present in the early wood specimen. Indeed, latewood lumens
have an average diameter of 11 μm, and a standard deviation
of 5.5 μm, while early wood lumens have an average diameter
of 27 μm and a standard deviation of 8.5 μm. Regarding
literature works, Sedighi-Gilani et al. [7] obtained an approx-
imate pores diameter of 50 μm for early wood, and reported
porosity values of 79% for early wood and 27% for latewood,
with a voxel size of 0.7 μm. Big similitude between these
average values and the present results can be observed.

Concerning cell walls’ thicknesses (Fig. 6), latewood and
early wood distributions can be easily distinguished, because
of the small voxel size. The average cell walls’ thicknesses
and their standard deviation are 6.3 μm and 1.6 μm respec-
tively for latewood, and 5.1 μm and 1.4 μm for early wood.

The calculated parameters show different structural dimen-
sions for early wood and latewood, as well as high standard
deviations for each parameter in both wood types. Therefore,
it is recommended to work with the real structure especially
that it is very difficult to reproduce numerically the wood
microstructure as it is, taking into consideration the parenchy-
ma, the pits and the various irregularities that exist.

This section concerns the post-treatment of the X-ray to-
mography reconstructed volumes. Although this experimental
work does not treat the heat and mass transfers in wood, it
provides the study with qualitative interpretations. In fact, the
illustrated morphological disorder, the refine identification of
the pits, the parenchyma, as well as the accented anisotropy of
wood, can highly influence transfers within wood. Actually,

Fig. 6 Cell walls’ thicknesses
distribution of an early wood
specimen and a specimen with
latewood/early wood transition of
dimensions 0.3 × 0.3 × 0.5 mm3

Fig. 7 Equilibrate temperature
fields calculated numerically on a
volume of dimensions
150x150x150 μm3 in all
directions: a- radial, b- tangential,
c- longitudinal
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heat and mass transfers are affected by the morphology of the
porous matrix. Hence, the elongated tracheids along the lon-
gitudinal direction and the different alignments of the cells
between the radial and tangential directions influence surely
the conductivity and diffusion coefficients.

The results obtained in this section serve as well as input
parameters by providing further works with morphological
dimensions of several spruce woods’ components to simulate
microscopic physical phenomena.

5.2 Hygrothermal simulation

In a first step, the temperature and vapor transfer’s profiles
resulting from the numerical simulation were examined.
Figures 7 and Fig. 8 respectively show the temperature and
the vapor content fields of a specimen of dimensions
150x150x150 μm3, solicited in the 3 principal directions (ra-
dial, tangential and longitudinal). The corresponding equiva-
lent thermal conductivity and moisture diffusion coefficients
are shown in Table 1.

With such a small voxel size, it is difficult to make heat and
mass transfer simulations within bigger volumes. However,
the volume studied is sufficient to conduct a reliable study
for the calculation of equivalent parameters.

Concerning heat transfer within the material, the obtained
equivalent thermal conductivity is higher in the longitudinal
direction, compared to the other two directions. This is due to
the regular alignment of the tracheids along the axis of the
tree, especially that the solid phase presents a higher conduc-
tivity than the air. Comparing the different temperature fields
in Fig. 7, we can still see some inhomogeneous fields, because
of the irregularities in wood.

Concerning mass transfer, the vapor content distribution is
more heterogeneous; it can be distinguished on the wood cells,
especially in the radial and tangential directions (Fig. 8).
Visibly, these cells have a curtail role on the moisture transfer.
In fact, the longitudinal equivalent diffusion coefficient shows
a much higher value than the radial and tangential ones. This
is certainly due to the open cavities (lumens) of the tracheids
in the axis of the tree, and evidently on the high diffusivity
factor between air and cell walls. On the other hand, the dif-
fusion in the radial and tangential directions is highly depen-
dent on the pits present in the cell walls that connect tracheids.

Actually, the heat transfer is faster in the cell walls than in the
lumens, but obviously the conductivity factor is much smaller
than the diffusivity regarding the insulation character of spruce
wood. Therefore, for mass transfers, the diffusion fields does
not show a transition phase similar to the temperature fields,
because of the cell walls that brake the transfer’s kinetic.

6 Conclusion

Through this study, we have shown the utility of the use of
tomographic volumes for the morphological characterization
of spruce wood, but also for the calculation of its
hygrothermal properties under 3D real simulations.

At first, microstructural characterization was performed,
and various parameters were calculated with a small voxel
size of 0.5 μm. The studied properties of early wood and
latewood phases deal with the porosity, the pore and solid size
distribution, the average and standard deviations of lumens’
diameters as well as cell walls’ thicknesses. Post-processing
the reconstructed volumes on iMorph served as well to devel-
op a new technique to individualize lumens, and identify
wood’s pits and parenchyma.

Results reveal that early wood and latewood cells have
average lumens’ diameters of around 27 μm and 11 μm re-
spectively, and average walls’ thicknesses of around 5.1 μm
and 6.3 μm respectively. In addition, the standard deviations
calculated are considerable, and require to be taken into con-
sideration for simulations. Obviously, both wood types’ dif-
ferences, which cause the anisotropy of this material, have a

Fig. 8 Equilibrate vapor content
fields calculated numerically on a
volume of dimensions
150x150x150 μm3 in all
directions: a- radial, b- tangential,
c- longitudinal

Table 1 Equivalent dimensionless conductivity and diffusion
coefficients in the three principal wood directions, calculated
numerically on a volume of dimensions 150x150x150 μm3

Conductivity Diffusion

Radial direction 0.112 0.179

Tangential direction 0.099 0.262

Longitudinal direction 0.188 0.761
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considerable influence on the transfers’ phenomena as well as
on the mechanical properties of spruce wood.

In fact, the 3D numerical calculations realized on the real
wood structure demonstrate the anisotropy effect of the equiv-
alent hygrothermal properties: thermal conductivity and mois-
ture diffusion coefficients. It is essentially dependent on the
cells’ roughness and the presence of pits within material. This
anisotropy is more significant concerning the thermal conduc-
tivity which can be explained by the thermal insulation aspect
of the wood. Further works, considering the swelling phenom-
ena when studying the moisture transfer are required. In addi-
tion, further comparison of the equivalent hygrothermal pa-
rameters obtained with experimental results should be
investigated.

This study provides future researches with sufficient re-
fined structural properties concerning spruce wood’s micro-
scopic characterization. These results are primordial for either
transfers or mechanical wood studies, and serve as well as
input parameters for physical simulations.
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