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Abstract To understand moisture sorption and swelling of wood requires reveal-
ing the behavior at the S2 cell wall layer, one of the layers of the secondary cell
wall, at the atomistic scale. Difficulties in experimentally determining the organi-
zation and properties of S2 layer at such a small scale are a stumbling block for
understanding of swelling and sorption in their full complexity. Recent works using
atomistic modeling (Molecular Dynamics (MD) and Grand Canonical Monte Carlo)
provide complementary insights. The linear dependence between moisture content,
swelling, and porosity change is found to be correlated with the number and location
of water–polymer hydrogen bonds within the system. Such information is upscaled
for general use within a poromechanical framework. This chapter summarizes recent
new physical insights in the sorption and swelling behavior of the S2 cell wall layer,
stemming from validated MD work. The presented methodology is also used to
unravel other moisture-related mechanisms of wood, such as hysteretic behavior.
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Introduction

Wood, an orthotropic cellular biomaterial, has the capacity of adsorbing water
molecules from the surrounding environment into its hierarchical material struc-
ture. As water molecules attach themselves to the hydrophilic matrix in the cell
walls, the induced fluid–solid interaction forces result in a swelling of the cell walls.
Moisture-induced internal stresses due to restrained swelling highly influence the
hygromechanical behavior of wood as observed at the macroscale. Adsorption of
moisture in wood, in the hygroscopic range, i.e., until around 30% moisture content
mass per mass, results in swelling up to 10% volumetrically and reduces the stiffness
depending on the grain direction, with, e.g., a decrease of 20% in the longitudinal
direction and by half in the radial and tangential directions between 5 and 25% MC
for spruce (Neuhaus 1981, Forest Products Laboratory 2010).

Wood structural higher hierarchical levels can be considered as lumber, growth
ring, cell, and layered cell wall material. The variation of the cellular structure across
the growth ring has been found responsible, at least in part, for the anisotropy of
swelling and stiffness (Boutelje 1962; Watanabe et al. 2000). From cellular and sub-
cellular investigations, it has become clear that the microscopic origin of swelling
lies at the scales of the cell wall composite material.

The cell wall of sclerenchyma cells is composed of four layers built as exoskeleton
of the cell. The primary (P) layer is the first layer which is produced as the cell is
growing. At mature stage, the cell builds its secondary (S) layer in three phases. The
thin internal and external cell wall layers (i.e., S3 and S1) act as restraining corsets
due to the winding of the cellulose microfibrils around the cell. In the central and, by
far, thickest cell wall layer, namely S2, the cellulosemicrofibrils are almost parallel to
the longitudinal axis of the cells, although the presence of an angle (calledmicrofibril
angle, MFA) results in a helicoidal organization of the fibrils. The hypothesis, that
microfibrils were parallel to each other, is presently challenged as speculations of
more complex configurations tend to be confirmed lately with tomographic trans-
mission electron microscopy (Xu et al. 2007) or as developed by Salmén and Burgert
(2009).

The cell wall composite material is made of the stiff cellulose microfibrils, men-
tioned above, embedded in a soft polymericmatrix, as shown in Fig. 1a. Themicrofib-
rils are made of crystalline cellulose (hydrophobic or hydrophilic depending on the
surfaces of the crystal, where crystal dimensions are roughly 3×3×25 nm) bound
by hydrophilic amorphous hemicellulose, thus making long thin filaments. Amor-
phized cellulose may occur at this crystal/hemicellulose interface. These microfib-
rils can form bundles, named aggregates. Microfibrils and aggregates lie within the
hydrophilic amorphous matrix, composed of different hemicelluloses and lignins.
Hemicelluloses of interest here are galactoglucomannan and arabinoglucoronoxylan
(Salmén2004).Measurements indicate that the components closest to themicrofibrils
are somewhat oriented along these, while an orientation is not found for components
lying in the center of the inter-microfibril matrix (Salmén andBurgert 2009). Still, the
object of debate (Eichhorn 2011; Cosgrove 2014), the chemical components of the
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Fig. 1 a Schematic representation of the structure of the wood cell walls, with P primary layer, S
secondary layer, ML middle lamella, b schematic representation of the proportion of cellulose (C),
hemicelluloses (HC) and lignins (L) in the different cell wall layers and their thickness (Derome
et al. 2012, with permission)

S2 layer and their relative configuration are progressively elucidated. Nevertheless,
the distance between cellulose microfibrils is estimated to be in the order of 4–10 nm
in dry cell walls and filled with the amorphous matrix (Dinwoodie 2000; Fahlén and
Salmén 2005; Höfter et al. 2007). Proportion of the cellulose (C), hemicelluloses
(HC), and lignins (L) are given schematically for each wall layer in Fig. 1b, showing
that, overall, the cell wall material is composed in almost equal share of stiff cellulose
microfibrils and soft polymeric matrix.

Experimental evidence of swelling has been long attained at wood scale. In partic-
ular, at the cellular tissue scale, a series of phase contrast synchrotron X-ray tomog-
raphy (at the Tomcat beamline, Swiss Light Source, Paul Scherrer Institute) has been
performed to identify the role of growth ring and cellular geometry in terms of effects
on swelling, swelling anisotropy as function of density and hysteresis in swelling
due to sorption hysteresis (Derome et al. 2011; Patera et al. 2013 and illustrated in
Fig. 2a, b). Careful geometry analysis of the hierarchical structure of wood tissues
is performed during moisture-induced deformations (swelling/shrinkage) at cellular
and sub-cellular scales. Swelling in adsorption and shrinkage in desorption displays
hysteresis, with higher deformation in desorption than in adsorption at the same
relative humidity. Moisture content curves are also hysteretic with higher moisture
content in desorption than in adsorption for the same relative humidity. However,
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softwood swelling is found to be non-hysteretic when considered in terms of mois-
ture content highlighting the capacity of wood to deform similarly for the same
moisture content and independently of moisture history. Further, these experimental
results show that anisotropy in swelling in the cross-sectional directions is function
of density, where the swelling of earlywood is restrained in the radial directions,
whereas the latewood, given its bulky structure, deforms quite isotropically. Further,
work using phase contrast synchrotron X-ray nanotomography captured the swelling
of the isolated cell wall materials, sculpted as pillars with focused ion beam, using
micropillars of the S2 layer (Fig. 2c and Rafsanjani et al. 2014) and of the middle
lamella (ML) layer (Fig. 2d and Patera 2014) and subjecting them to different relative
humidity. Observations reveal an anisotropic swelling in the S2 layer sample and an
isotropic swelling in the ML sample, i.e. made of cell binding material which does
not contain microfibrils. This indicates that swelling is driven from a sub-cellular
scale. To summarize, Fig. 3 shows how wood structure constrains the swelling of
its base material, with swelling coefficients for the S2 micropillars demonstrating
a much higher volumetric swelling than those of the cellular tissues, either from
earlywood or latewood. At cellular scale, the corset action of the S1 and S3 layers
must enter in play. At timber scale, in presence of growth rings, this swelling is even
further constrained.

Water molecules can easily form hydrogen bonds with the hydroxyl groups of the
amorphous components. For example, amorphous cellulose is a strongly hydrophilic
biopolymer (e.g., Beever andValentine 1958) due to its open porous structure and the
presence of exposed hydroxyl (O2 and O3) and hydroxymethyl (O6) groups. Thus,
as the adsorption process involves mainly atomistic interactions, molecular dynam-
ics (MD) simulations are an appropriate tool for its investigation. Typical scales of
the process range from angstroms to micrometers. Contrary to mesoscale methods,
such as coarse grain MD, atomistic MD can capture hydrogen bonds formation and
dipoles interaction and, unlike better resolutionmethods (e.g., DFT, generally limited
to sizes of hundreds of atoms and time-scales of picoseconds), MD enables simula-
tion of larger structures (up to millions of atoms) and at larger time scales (up to μs).
For the problem of moisture-related behavior, atomistic MD offers several advan-
tages. First, it allows full consideration of explicit water molecules. As such, MD
can deliver information on hydrogen bonds (Kulasinski et al. 2015a; Nishiyama et al.
2002) and on dipoles of the water molecules (e.g., Teleman et al. 1987; Kulasinski
et al. 2015c) and it can track themotion ofmolecules to document diffusion (Kulasin-
ski et al. 2015d). Second, if needed, MD allows control of atoms as external forces
can be applied to a group of atoms, hence enabling experimentally challenging oper-
ations, such as polymer chain pulling or free energy determination. Finally, as each
component is homogeneous, the properties of each component can be determined by
applying periodic boundary conditions on the representative volume element (RVE).
This means that atoms in the system interact across the boundary, and they can exit at
one end of the system and reenter from the other end. Furthermore, the application of
periodic boundary conditions allows determining the long-range electrostatic forces
by Ewald summation instead of truncation, which gives a better evaluation of the
long-range electrostatic interactions (Oostenbrink et al. 2004; Lins and Hünenberger
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Fig. 2 Imaging using X-ray CT during swelling experiment of a cellular structure at growth ring
border at 25% (red) and 50% RH (ochre), b swelling strains and moisture content versus relative
humidity, and swelling strains versus moisture content for 4 homogeneous wood tissues of high to
low porosity (ϕ) (EW earlywood, LW latewood, T tangential, R radial, dashed line in adsorption
and solid line in desorption) (from Patera et al. 2013, with permission) c S2 micropillar during
adsorption and desorption, d ML micropillar at 10 and 90% RH (from Patera 2014)

2005). For all these reasons, MD has been used toward studying the S2 cell wall
material behavior.

The goal of this chapter is to convey the physical processes at play during water
sorption in wood cell wall using the particular lens of recent MD investigations. The
specific objectives are as follows:

1. To provide an overview of themethod, capacities, and limits ofmolecular dynam-
ics

2. To display the possible types of investigations and results achievable with this
modeling approach when looking at the impact of water on the behavior of the
S2 cell wall layer

3. To expose the underlying role of hydrogen bonding, as a unifying agent.
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Fig. 3 Comparison of swelling coefficients at three scales: samples A, B, C are S2 micropillars
(μm), the next four samples are pure early- or latewood samples (500×500μm) (Patera et al. 2013)
and for wood at plank scale cm (Rafsanjani 2013b), all of Norway spruce (from Rafsanjani et al.
2014, with permission)

Methods

Molecular Dynamics

Molecular dynamics simulations are carried out, for the most part, using Gromacs
software (Hess et al. 2008)with leap-frog algorithm for integration ofNewton’s equa-
tions ofmotion and theGromos 53a6 united-atom forcefield (Oostenbrink et al. 2004;
Lins and Hünenberger 2005). In section “Hysteresis”, molecular dynamics simula-
tions are carried out using LAMMPS (Large-Scale Atomic/Molecular Massively
Parallel Simulator) (Plimpton 1995) with velocity-Verlet algorithm for integration
of Newton’s equations of motion and the PCFF (Polymer Consistent Force Field)
force field (Sun et al. 1994).

The size of the studied systems (RVE) is in the order of nanometers, counting 105

atoms at maximum and the sampling time could reach 20 ns. All MD measurements
are carried out at a constant temperature, 300 K, and at constant pressure (using the
isobaric–isothermal ensemble NPT, i.e., constant number of atoms, pressure, and
temperature, while allowing variation in volume).

The initial configuration of the each polymer is constructed based on the position
of atoms in the chains as known from experiments or other MD works, e.g., for
xylan (Wagenführ and Scholz 2012; Jin et al. 2015) and for lignin (with predefined
sequence used in Charlier and Mazeau 2012; Petridis and Smith 2009; Petridis et al.
2011a, b; Sangha et al. 2012; or dynamic bond-forming procedure used by Jin et al.
2015). This initial structure must then find an equilibrium configuration. The proce-
dure of amorphization of polymeric chains has two stages (Kulasinski et al. 2014a).
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First, the polymer is raised to a temperature above its melting point and equilibrated
there in stress-free conditions until the chains lose their ordered structure, typically
after 1 ns. Then, the amorphized chains are quenched to room temperature and equi-
librated in stress-free conditions. For example, for single component, the number of
polymer atoms for such simulation is around 3000–5000, resulting in a domain of
3×3×3 nm3 and the largest system built to represent the S2 materials, with four
cellulose crystal separated by galactoglucomannan and surrounded by lignin, counts
close to 38 000 atoms and has a volume of 516 nm3. Periodic boundary conditions
(PBC) are employed in order to mimic bulk material properties, despite the small
size of the RVE. For those polymers with their size exceeding the MD box dimen-
sions, the PBC is achieved by covalently bonding the molecules to themselves across
the periodic boundary. For the S2 material, the RVE is configured as a unit which,
when repeated via the periodic boundaries conditions, yields an acceptable S2 overall
configuration.

In order to study the different responses of the polymers to water, e.g., the
responses being here mechanical, topological, hygric or thermal, water molecules
are introduced to the system (Smith and van Gunsteren 1994). The water model
used is the simple point charge water model (SPC) (from Berendsen et al. 1984).
The SPC water model has three interaction points corresponding to the three atoms
of the water molecule, with point charge on each site. Starting from a dry system,
water molecules are inserted one by one at random into the void space between the
polymer chains, see Fig. 4. A successful insertion of a water molecule is followed by
a relaxation run at stress-free conditions. Relaxation time and temperature usually
need to be adapted to each system and moisture content. Once the desired number
of water molecules has been inserted and the system allowed to relax, the system
is interrogated during production runs (Kulasinski et al. 2014b, 2015a, b, c, d). A
hydrogen bond can be recognized when the acceptor and the donor of a couple are
within 0.35 nm from each other and the angle between the prolongation of the OH
branch with the hydrogen bond is less than 30°, as shown in Fig. 5.

The production runs are used to study themoisture-related behavior of the different
polymers and the results are compared with experimental data for validation, as
explained below. In particular, the following properties can be determined and are
described in more detailed below. Water adsorption isotherms, as shown in Figs. 6
and 7, are obtained using One-Step Perturbation method (Zwanzig 1954) for the
determination of chemical potential. Swelling of the system at each water insertion
leads to the determination of the dependence of swelling coefficient (Fig. 8) and
porosity (Fig. 9) on moisture content. The mean square displacement of the water
molecules is used to determine water diffusion coefficient versus moisture content
(Fig. 10). Under mechanical loading, i.e., an anisotropic barostat is applied and the
pressure is specified, the system finds its equilibrium and a corresponding strain can
be measured. The bulk and shear moduli dependence on moisture content can be
determined, as shown in Fig. 11.

An analysis of the nanoscopic behavior of polymer–water systems is possible
given the unique level of information provided byMD simulations. For example, the
shift in the diffusion coefficient dependence is seen to concur with the percolation
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Fig. 4 MD results of amorphous cellulose at different moisture contents, a 0%, b 10.1, c 30.1%

of water molecules through the polymer (Kulasinski et al. 2014b). Another series of
analysis can be based on the average lifetime, location and number of hydrogen bonds
in the polymeric systems. Comparing the number of hydrogen bonds, as described
in Fig. 5, between polymers versus the number of such bonds between polymer and
water, can reveal insightful information as shown in Fig. 12.

As mentioned above, the methods described are used to determine the moisture
adsorption isotherm, the moisture dependency of swelling, mechanical properties,
and diffusion coefficient for all components and systems, in order to have a full char-
acterization of the S2 layer, in addition to a better insight of S2 behavior in contact
with moisture. The involved polymers are crystalline cellulose, amorphous cellu-
lose, galactoglucomannan, arabinoglucuronoxylan, condensed lignin, and uncon-
densed lignin. Cellulose is a polysaccharide consisting of a linear chain of β(1→4)
linkedD-glucose units. It can form crystalline, paracrystalline, and amorphous states.
There are twomajor species of hemicellulose in softwood, namely galactoglucoman-
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0.35 nm

(a) (b)

Fig. 5 Criteria of the existence of hydrogen bonds in terms of angle and distance, a schematic
representation, b color visualization in a MD system with hydrogen bonds, shown in red, present
between polymers (covalent bonds and carbon shown in black), between polymer and water (with
blue bonds between oxygen in red and hydrogen in white) and between water molecules (from
Kulasinski 2015 with permission)

Fig. 6 Validation example of comparison of simulation and experiments results, taken fromBeever
and Valentine (1958), of the isotherm of amorphous cellulose of moisture content versus relative
humidity (RH) (from Kulasinski et al. 2014b with permission). Given the periodic boundary con-
ditions used in MD, the modeled system is considered bulk amorphous cellulose, thus comparable
with experiments on bulk amorphous cellulose

nan, which consists of a backbone of randomly distributed (1→4)-linked mannose
and glucose units with (1→6)-linked galactose units attached to mannose units,
and arabinoglucuronoxylan which consists of a backbone of β(1→4) linked D-
xylopyranose with MeGlcA and α-L-Araf residues attached at positions 2 and 3.
Softwood lignin majorly consists of coniferyl units. Condensed lignin is a complex
randomly branched polymer with several linkage types, e.g., β-O-4, α-O4, β-4, 5-
5, and 5-O-4. Uncondensed lignin is more a linear polymer, with majorly β-O-4
linkages.

In addition to the individual components, we introduce three composite systems:
a matrix mix of xylan and uncondensed lignin, microfibrils made of galactoglu-
comannan wrapping crystalline cellulose and S2 understood here to be microfibril



256 D. Derome et al.

Table 1 Types of studied systems, full names, acronyms and symbols

Type Class Full name Acronym Symbol

Single component Cellulose Crystalline cellulose CC –a

Single component Cellulose Amorphous cellulose AC

Single component Hemicellulose Galactoglucomannan GGM

Single component Hemicellulose Arabinoglucuronoxylan Xyl

Single component Lignin Condensed lignin cLGN

Single component Lignin Uncondensed lignin uLGN

Composite Matrix Xyl+uLGN Matrix

Composite Microfibrils CC+GGM (red) as per inset
(a) below

μF

Composite S2 CC+GGM (red)+LGN
(black) as per inset (b) below

S2

ano symbol as no result of single CC is presented in this chapter

aggregates, where four microfibrils are wrapped by lignin. The list of systems is
found in Table 1.

Grand Canonical Monte Carlo
A limitation of applying MD in sorption problems is that the random insertion of
water molecules does not recognize the difference of potential fields within different
pores. This makes it impossible to distinguish between adsorption and desorption as
potential landscapes of the polymer system. To study sorption hysteresis, an alterna-
tive way is to include the Grand Canonical Monte Carlo method (GCMC). Instead
of imposing a certain number of water molecules and then determining the chemi-
cal potential, GCMC operates in an opposite way, that is, the chemical potential is
imposed as the boundary conditionwhile the number of the adsorbedwatermolecules
is determined based on statistics of the simulation results. Specifically, after impos-
ing the chemical potential, the GCMC employs the Metropolis algorithm to perform
a certain number of trial insertions and removals, which can be accepted or rejected.
The acceptation/rejection probability is determined by the chemical potential and the
potential landscapewithin the polymer system. In this way, the difference of potential
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landscapes between adsorption and desorption caused by different configurations is
taken into consideration so that one canmimic the physical process of adsorption and
desorption, respectively, thus with the possibility to describe the hysteretic behavior.

Validation
In the work presented below, the different systems are evaluated in terms ofmoisture-
related behavior by studying the systems at different moisture content. As for any
modeling investigation, validation of the work is required. This is done here by
comparing the simulation results with experimental values. It was found that MD
simulations provide results that are in agreement with experiments, even if the size of
a MDmodel is rather limited, for adsorption isotherms (an example is given in Fig. 6
for amorphous cellulose), mechanical moduli, swelling coefficient, heat of sorption,
and diffusion coefficients from experiments carried out using wood or components.
This said we note that experimental data at comparable scales or for comparable
chemical compositions, as some polymers may undergo modifications during wood
extraction, are not abundant.

Results

Sorption

Isotherms provide the total moisture content (m� (mwet − mdry)/mdry) adsorbed at
different relative humidity (RH, the conventional surrogate for chemical potential μ,
and kBT ln(RH)�μ − μsat with kB Boltzmann constant, T temperature, μsat chem-
ical potential of saturated vapor), determined as described above from the chemical
potential resulting from the addition of water molecules in the polymeric systems.

0.2 0.4 0.6 0.8 1
RH

0

0.2

0.4

m

AC
GGM
Xyl

0 0.5 1
RH

0

0.1

0.2

0.3

m

F
S2

(a) (b)

Fig. 7 Adsorption curves for a amorphous cellulose and two hemicelluloses, bmicrofibrils and S2
composite systems, in function of relative humidity (RH) (graph b from Kulasinski 2015), where
m is moisture content



258 D. Derome et al.

For the single components, we verify that water distribution within the polymer is
quite uniform. The sorption isotherms agree with experimental results in terms of
the shape of the curve and of the moisture content range attained (Fig. 7a). For the
composite systems, we find that more water is adsorbed at the interface between two
polymers showing higher water density profiles. Nevertheless, due to the presence
of crystalline cellulose which does not absorb any water molecule, the total moisture
contents are significantly lower in the microfibril systems than in the single systems
(Fig. 7b).

Swelling

The introduction of water molecules results in a displacement of the polymeric sys-
tems, as visible in Fig. 4 with the reference geometry given by a red rectangle,
leading to an overall material swelling. For the single components and the matrix
system, made of amorphous components, swelling is found to be isotropic. Figure 8
shows that volumetric swelling strains (determined by (V − V 0)/V 0, where V, V 0

represent the current and dry volumes of the system, respectively) vary linearly with
moisture content larger than 17%, the slope of this relationship yielding the swelling
coefficient. Swelling coefficients are ranging from 1.07 for S2 to 2.0 for GGM. The
different swelling coefficients stem from the combined effects of initial density and
porosity, number of hydroxyl sites, and bulk modulus, resulting from the different
monomers content and arrangement of each system. We note that the slope at low
moisture content is always smaller and nonlinear, this aspect is further discussed in
the section “Porosity”. The volumetric swelling of S2 layer is found to be smaller
than those of hemicellulose and lignin alone. The crystalline cellulose acts as a stiff
skeleton preventing the system from deformation. This effect is particularly pro-

(a) (b)

Fig. 8 a Volumetric swelling strain (εV) of four polymers and one amorphous composite system
and of μF and S2, over the full range of moisture content (m). b orthotropic swelling strains (εl) of
μF and S2, in function of moisture content (m)
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nounced in the longitudinal direction, where due to cellulose covalent bonds, the
swelling coefficient is two orders of magnitude smaller (εz �2×10−3 at maximum
moisture content) than in the other directions. This indicates that, for the microfibril
systems, anisotropy directly results from the presence of crystalline cellulose that
restrains most of the deformation in the direction of the crystal.

Porosity

The porosity of a structure is estimated by sampling the volume with a probe, after
removing the adsorbed water, without changing the position of the atoms (Kulasinski
et al. 2015a). Pore volume is defined as the void space between polymer chains which
is large enough to accommodate spheres of given radius or molecules, here we use
water molecule. Pore size distribution is probed by spheres of varying radius, i.e.,
starting with a radius of 1 nm and gradually decreasing the radius of the probe by an
interval of 0.1 nm until reaching a radius of 0.1 nm (Fig. 9a). The total porosity is

0 0.2 0.4 0.6 0.8 1
r (nm)

10-3

10-2

10-1

100

p

Dry

AC
GGM
Xyl
uLGN
Matrix

0 0.2 0.4 0.6 0.8 1
r (nm)

10-4

10-3

10-2

10-1

100

p

Saturated

AC
GGM
Xyl
uLGN
Matrix

0 0.2 0.4 0.6 0.8
0

0.2

0.4

0.6

0.8

1

m

AC
GGM
Xyl
uLGN
Matrix

(a)

(b) (c)

Fig. 9 a Porosity (φ) of homogeneous components and the amorphous composite as function of
moisture content (m). Pores size distribution (p) of b dry and c saturated system, corresponding
to moisture contents for AC of 50%, GGM 44.8%, Xyl 70%, uLGN 48.5% and matrix 49%, in
function of equivalent pore radius (r)
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found to increase linearly with moisture content above 10% moisture content (MC).
The rate of increase is higher for GGM and lower for AC, a trend which follows the
swelling results presented above. The slower rate of increase seen below 10%MC is
due to the initial porosity. The pores present initially are filledwithwater that is barely
displacing the polymers as seen in Fig. 8. Once the initial porosity is occupied, any
further water molecule absorption results in a displacement of the polymeric chains,
thus yielding porosity and swelling strains to increase linearly. In contrast, in the first
part of the curves, the swelling strains and porosity are increasing nonlinearly.

The pore size distribution for each system is given in dry and wet states (Fig. 9b,
c). The profiles are very similar for all polymers in dry or in wet states. However, a
general shift of the profile toward larger pore size is clearly observed.

Diffusion

MD allows for the careful observation of the displacement of water molecules within
the polymeric systems at different moisture content. It is seen that water molecules
alternate between hydrogen-bonded states with little displacement, or waiting time,
and “free” movement with the systems. Waiting time is determined by measuring
the length of the sections in mean square displacement when the deviation of the
displacement from its average value is smaller than 0.1 nm (OH bond length) and
the rate of change of its squared displacement is smaller than 8×10−8 nm2 ns−1.
Bonding energy is calculated using transition state theory with waiting time and sep-
arately determined characteristic oscillation frequency (Kulasinski 2015d). Sorption
sites, i.e., hydroxyls, are strongly polarized and this electrostatic attractiveness is con-
ducive to the formation of hydrogen bonds, however, the presence of neighbor water
molecules canmitigate this attractiveness.When a systemholds fewwatermolecules,
a water molecule bonded to a sorption site on a polymeric chain is not perturbed by

(a) (b) (c)

Fig. 10 a Bond energy of water with polymer, εB, b waiting time of bonded water molecule, τW,
and c diffusion coefficient, D, versus normalized number of water molecules, where Nmax is the
maximum number of molecules that can be adsorbed in each system. Nmax is determined from
experimentally measured adsorption isotherms and is equal to 800, 2900, and 1000 for AC, HC,
and μF, respectively (adapted from Kulasinski et al. 2015d)
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neighborwatermolecules, resulting in the hydrogen bond to be of higher bond energy
and to undergo a longer waiting time, than seen of water–hydroxyl hydrogen bonds
within water-abundant systems, as shown respectively in Fig. 10a, b. To calculate the
diffusion coefficient, the mean square displacement (MSD) of the water molecules
is followed over a sufficient time interval, i.e., larger than 1 ns, and its averaging,
as per Einstein’s equation, yields the diffusion coefficient. As the waiting time of
bonded water molecules decreases, consequently, the global diffusion coefficient of
water in the polymeric systems increases markedly with moisture content, Fig. 10c.

Mechanical Behavior

As moisture content increases, all investigated polymeric systems show a decrease
in elastic moduli. In single systems, the decrease of the bulk moduli, determined by
imposing tensile or compressive stress, is seen to be in the range of factor 3 or 4.
Remarkably, the decrease in shear moduli is much more substantial, over one magni-
tude (Fig. 11a, b). These lower shearmoduli at highermoisture content are in part due
to the presence of water layers offering almost no resistance in shear. For anisotropic
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Fig. 11 Mechanical properties, a bulk (K) and b shear modulus (G) of AC and GGM, and Young’s
modulus of μF and S2 (E) c perpendicular and d parallel to crystalline cellulose, in function of
moisture content (m) (adapted from Kulasinski 2015)
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composite systems, Young’s moduli are determined in the three principal directions.
Results in the two directions x and y, perpendicular to the crystal orientation, are
very similar. The weaker behavior with increasing moisture content is similar in all
directions, but the magnitudes are very different for the behavior parallel to the crys-
tal orientation (Fig. 11c, d). The difference between microfibril and S2 is in large
part due to the lignin which makes about one-quarter of the S2 layer and which was
here implemented with a low level of cross-polymerization, and as such is observed
to weaken significantly.

Analysis Based on Hydrogen Bonds

Hydrogen bonds play a crucial role in the mechanical response of the polymeric sys-
tems studied here as they are exposed to increasing moisture content. As moisture
content increases, hydrogen bonds linking polymer to polymer (HBPP) are broken
to create space for the water molecules and the adsorption sites that thus become
available can undergo hydrogen-bonding polymer towater (HBPW). Aswater content
further increases, twowatermolecules in close neighborhood can also bond (HBWW).
With higher water content, swelling occurs and porosity increases. Figure 12a shows
the power-law relationship between normalized number of hydrogen bonds and
porosity. Further, Fig. 12b presents the clear relationship between the normalized
bulk and shear moduli and the number of polymer–polymer hydrogen bonds, indi-
cating that hydrogen-bond breaking, due to water molecules adsorption, is directly
responsible for the weakening of the mechanical behavior of the polymers, either
amorphous cellulose or hemicellulose (GGM).

Fig. 12 Relationships between normalized, denoted with tilde, a number of polymer–polymer
hydrogen bonds (HB) and porosity (φ), where λ is the slope, and b bulk (K) and shear (G) moduli
and number of hydrogen bonds (adapted from Kulasinski et al. 2015a)
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Fig. 13 Isotherms of
moisture content versus
relative humidity (RH) for a
deformable (black) and a
rigid (red) AC samples, with
circle for adsorption and
triangle for desorption
compared with experimental
data blue (Mihranyan et al.
2004)

Hysteresis

Simulations of adsorption and desorption can be conducted in sequence following
the GCMC approach described in section “Grand Canonical Monte Carlo”. For the
adsorption branch, dry AC is considered as initial configuration and several simula-
tions are conducted at different chemical potentials to obtain the adsorption isotherm,
shownwith circles in Fig. 13. In desorption, the saturated state is the initial configura-
tion and another series of simulations is conducted to obtain the desorption isotherm,
as shown with triangle. Agreement with experiment (blue curves) is found accept-
able. When the polymeric system is rigidly maintained in place, once the preexistent
pores are filled, no further moisture sorption occurrs as shown in red. This result
displays that absorption as seen in such polymers is possible due to the occurrence of
material swelling. Also, moisture content versus volumetric strain is found to follow
a linear relationship except at lowmoisture content range, where the curve is convex.

As AC is a non-crosslinked polymer, hydrogen bonds play a crucial role in both
sorptive and deforming process and this is studied for both adsorption and desorption
curves. When a water molecule is absorbed, it can form hydrogen bonds with either
the sorption sites on the cellulose chains or with other present water molecules.
Hydrogen bonds, formed between polymer to polymer (HBPP), cellulose to water
(HBPW), and water to water (HBWW), are counted at each moisture content states.
Hysteresis in number of HB is found in all cases with more HBPP and HBWW in
adsorption than desorption but with more HBPW in desorption than adsorption. This
can be attributed to the fact that more hydroxyl sites are exposed and become new
adsorption sites because of the breakage of HBPP as the moisture content increases.
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Upscaling MD Results

MDsimulations yield results that are analogous to experimentally determined behav-
ior. Actually, there is a significant lack of information of the behavior of the con-
stituents ofwood and such informationwould be needed inmultiscalemodeling of the
moisture behavior of wood from nanoscale to macroscale taking into consideration
its constituents. To circumvent this scarcity, somemultiscale works rely onmicrome-
chanics. Hofstetter et al. (2005) developed a continuum micromechanics multiscale
model for softwood, where the elastic behavior of the cell wall material, composed
of crystalline and amorphous cellulose embedded in polymer matrix, is estimated
by a Mori-Tanaka scheme. Bader et al. (2011) extended this micromechanics frame-
work to study the poroelastic role of water in the cell walls of softwoods. Following
poro-micromechanics of multiphase materials, they estimated the effective poroe-
lastic properties of softwood from a hierarchical set of matrix-inclusion problems at
different length scales. Qing and Michnaevsky (2009) developed a multiscale finite
element model to study the effects of microstructure on the moisture-related proper-
ties of softwood. Rafsanjani et al. (2013a) developed amultiscalemodel starting from
the cell wall components and upscaled over cell wall to cellular structure and geom-
etry, where they used for the lower scales the tri-layered structure of the cell wall.
The material properties of the components came from previous experimental charac-
terization and micromechanical homogenization. However, in all these approaches,
strong assumptions and simplified modeling are made, in particular for the lower
scale material behavior.

In a natural prolongation of the work, the MD material properties determined
above can be parametrized and used directly to determine the properties of materials
at higher scale using a poroelastic framework described below, removing the need to
revolve to the many assumptions used in micromechanical modeling, in particular,
the geometry of the inclusions and the absence of interface.

In a nanopore, the fluid is not in its bulk state as its molecules interact with the
atoms of the polymer, thus being in an adsorbed state. For such nanoporous materi-
als, conventional poromechanics breaks down. Brochard et al. (2012) developed an
adequate poromechanical approach, where the equations are validated using GCMC
simulations and applied the model to the case of methane adsorption in coal. There
is still very little work along these lines where the actual interaction of the fluid
in a nanoporous material, such as wood cell wall material, is taken into account.
Nevertheless, the MD results of this chapter have successfully been upscaled to a
poromechanical framework (Kulasinski et al. 2015a, b, c, d, Rafsanjani et al. 2015
following the methodology of Carmeliet et al. 2013). This model leads to the explicit
formulation of the dependence of the poroelastic properties on mechanical loading
and number of water molecules, as follows:

dε � Cdσ + Bdn (1)

dμ � −Bdσ + M−1dn, (2)
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Fig. 14 MD results (dots)
and poroelastic model results
(blue line) of undrained bulk
modulus (K) in function of
moisture concentration (n)
(from Kulasinski et al. 2015b
with permission)

where ε is volumetric strain, C bulk compliance, σ volumetric stress, B a coupling
coefficient, μ molar chemical potential, n molar concentration of water molecules,
and M moisture capacity. To determine the necessary coefficients in the energy
formulation, the MD results of adsorption, nonlinear swelling at zero stress and
mechanical weakening of the bulk stiffness are used. The model can also describe
mechano-sorptive effects, meaning sorption to be dependent on mechanical loading.
Drained bulk modulus becomes stress dependent, even when the porous medium
behaves linearly in undrained conditions. The poroelastic constitutive equations have
been developed for a particular nanoporous material, amorphous cellulose, but this
approach is generally applicable to the other components of wood or other materials
(Fig. 14).

Outlook

The approach and work presented above allow detailed investigations of material
behavior and physical phenomena. Only a small fraction of possibilities have been
explored yet. Several paths are worthy and different scenarios could be tested. Pos-
sible outlook and perspectives could include:

1. Investigation of shape memory effect, another interesting hygromechanical
behavior aside from swelling.

2. As computational capability grows, we can expect larger atomistic model, which
reflects behaviors at larger scale, and reduces the disadvantages of present limited
sized system.

3. Controlling chemical potential of water molecules, using the GCMC-MD hybrid
method described above, for the determination of drained properties, which may
also need longer simulations.

4. Keeping abreast of further chemical determination of the S2 polymeric con-
stituents and configurations, including the shape of cellulose crystals (Fig. 15).
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Fig. 15 Different water molecule profiles around two shapes of crystalline cellulose as example
of further work. Crystalline cellulose is shown in cyan (carbon atom) and red (oxygen atom). Blue
dots denote water molecule

5. Further development of a multiscale modeling framework from nano- to
macroscale, with multiscale validation, combining experimental, MD and even
mecoscopic modeling work.

Summary

Using atomistic modeling approach (molecular dynamics MD), we observed at
nanoscale that, during adsorption of water molecules within hydrophilic polymers,
watermolecules first fill the existing pore space and afterwards displace the polymeric
chains, leading to mostly linear swelling and weakening mechanical properties, in
part due to the changes in hydrogen-bond network (Kulasinski et al. 2014b, 2015a,
b, c, d). In addition to having demonstrated the capacity of MD to mimic macro
phenomena at nanoscale, we show that 1. Moisture-related phenomena are scale-
invariant, 2. HB dynamics play a key role in the control the moisture response, 3.
Highly coupled phenomena are occurring. This work can lead to the construction of
larger models, using MD as an input, to answer higher scale-related questions, such
as shape memory effect known since long and seen experimentally at cellular scale
in Derome et al. (2012).

Wood is almost ubiquitous as it is found in buildings structure, finishings, and
furniture. Controlling swelling has been an everlasting challenge of the users of
wood, therefore a better understanding of the swelling of wood can lead to better
wood products design and longer durability. The understanding of the swelling of
the S2 layer, a nanoporous composite material that interact strongly with moisture,
can inspire the design of new materials where swelling would be desirable as with
moisture-sensitive sensors, where anisotropy should be controlled either through
careful design of the matrix, the fibrils or their interface, or where moisture-induced
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shapememorywould be aimed, taking benefit of a network of the fibrils. As source of
raw material, cellulose crystals (nanowhiskers) and cellulose fibrils transformation
are being industrialized and industrial-scale production is now thinkable. Thus, the
investigation of S2 layer system could provide ideas and insights for the development
of new functional nanomaterials, coatings, and nanocomposites, for a huge variety of
engineering and other applications, including biomedical applications, using renew-
ables. An ability to deform material during sorption of fluids offers a lot of possible
applications related to enhanced environmental problems such as energy, climatic
change, water, and CO2 sequestration. Therefore, a fundamental understanding and
modeling of sorption and its coupling to swelling and weakening are mandatory for
their reliable implementation in engineering applications and the work presented in
this chapter offer one promising way to achieve such understanding.
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