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Abstract: Moisture plays a central role in the performance of wood products because it affects impor-
tant material properties such as the resistance to decomposition, the mechanical properties, and the
dimensions. To improve wood performance, a wide range of wood modification techniques that alter
the wood chemistry in various ways have been described in the literature. Typically, these modi-
fications aim to improve resistance to decomposition, dimensional stability, or, to introduce novel
functionalities in the wood. However, wood modification techniques can also be an important tool to
improve our understanding of the interactions between wood and moisture. In this review, we de-
scribe current knowledge gaps in our understanding of moisture in wood and how modification has
been and could be used to clarify some of these gaps. This review shows that introducing specific
chemical changes, and even controlling the distribution of these, in combination with the variety of
experimental methods available for characterization of moisture in wood, could give novel insights
into the interaction between moisture and wood. Such insights could further contribute to applica-
tions in several related fields of research such as how to enhance the resistance to decomposition,
how to improve the performance of moisture-induced wooden actuators, or how to improve the
utilization of wood biomass with challenging swelling anisotropy.

Keywords: moisture; wood; modification; sorption; equilibrium; swelling; hysteresis; kinetics;
diffusion; cell walls

1. Introduction

Wood is a hygroscopic material that can take up water molecules from its surround-
ings. This moisture within the material plays a central role in the performance of wooden
products because it affects important material characteristics such as resistance to decompo-
sition [1,2], the mechanical properties [3,4], and the dimensions [3,5]. Hence, predicting how
moisture affects the performance of wood is relevant for important applications of wood in
society, such as the service life of wooden building components. Alteration of the wood
chemistry, i.e., wood modification, can be used to enhance the performance of wood,
for instance, by increasing the resistance to decomposition or dimensional stability [6,7].
Key to both of these effects is how modification reduces the moisture content [7–9], al-
though the exact mechanisms behind the improved resistance to decomposition are still
unknown. A wide range of wood modification techniques have been described in the
literature, with various alterations of the wood chemistry. Many of these modifications are
aimed at enhancing specific material properties [10,11], while others introduce novel func-
tionalities to the wood material, e.g., magnetic properties [12] or stimuli-responsiveness to
pH or temperature [13].

In this review, we focus on how wood modification has been and could be used to
increase our fundamental understanding of the interactions between wood and moisture.
First, we briefly describe the current state of knowledge on fundamental aspects of moisture
in wood and highlight knowledge gaps, organized into four different themes. Second,
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we point out ways in which wood modifications could be used as a tool within each of these
four themes to clarify some of these knowledge gaps. The aim is, thus, not an exhaustive
compilation of all of the literature covering the effects of modification on wood-moisture
relations or to describe different modification processes, because such reviews already exist;
see, for example, [14–17]. Instead, we cover a focused selection of literature with the aim to
inspire future research in the important field of wood-moisture research in order to advance
the state-of-the-art about moisture in wood. With a better knowledge about moisture in
wood and the effects of wood chemistry, it would be possible to develop and optimize
modification processes and chemistries to further enhance the performance of wood.

2. Moisture in Wood: A Brief Overview of Knowledge Gaps

Moisture in wood has been studied for more than a century [3,18–20]. Despite a
century of research efforts and scientific advances, significant knowledge gaps remain
in our fundamental understanding of how moisture is taken up by wood and how it
affects material behavior. One reason for this is the complexity of the wood material
architecture and the properties of its building blocks. The porous and ordered structure
of wood is schematically illustrated in Figure 1. Water molecules can be taken up in
the variously sized macro-voids or in the solid cell walls where they interact with the
three main constituents: cellulose, hemicelluloses, and lignin. How the water molecules
interact with the wood, where they are located, and how the wood constituents and the
material architecture respond to this are central to understand moisture in wood. As the
following brief overview describes, much knowledge has been gained over the last century,
but important questions remain unanswered.
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Figure 1. Simplified overview of wood structure on different length scales: Wood macrostructure
with annual rings; porous microstructure with pits, which are pathways through cell walls that
connect lumina (singular: lumen) of adjacent cells; and cell wall material made from cellulose,
hemicelluloses, and lignin.

2.1. Equilibrium Moisture States

Moisture in wood can be present both within and outside of cell walls; see Figure 2.
In the hygroscopic moisture range, generally defined as the range between 0 and 97–98%
relative humidity (RH), moisture is predominately found within cell walls. This mois-
ture interacts with the hydroxyl groups of the wood polymers by hydrogen bonding.
Because the cell walls are virtually non-porous in the dry state [21,22], sorption of water
in them results in swelling of the cell wall as well as of the bulk wood; see Section 2.2.
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The main mechanism of sorption for water outside of cell walls (in macro-voids such as
lumina, pit chambers) is capillary condensation. That is, in confined spaces such as small
macro-voids and pores within materials, water vapor condenses at a lower vapor pressure
than the saturation vapor pressure [23]. The relative humidity at which capillary condensa-
tion occurs depends on pore size and geometry [24]. Because of the large dimensions of the
macro-voids outside of cell walls, capillary condensation to a significant extent only occurs
at very high humidity levels, above about 99% RH [25–27]. Previously, it was hypothesized
that cell walls must be saturated before significant amounts of capillary condensed water
are present outside of cell walls [3]. However, recent research has shown that the cell walls
are not saturated until the whole piece of wood is completely saturated with water [28].
In the over-hygroscopic moisture range, moisture uptake within and outside of cell walls
thus occurs simultaneously [28], although the uptake outside of cell walls is generally
dominant in this range.
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Figure 2. Moisture in wood can be found in both the porous capillary structure (A) and the solid cell
wall material (B), where the water molecules interact with hydroxyls on the cell wall polymers (C).
Diagrams depict equilibrium moisture content as a function of relative humidity (sorption isotherms)
in both the hygroscopic (left) and over-hygroscopic (right) moisture ranges. In the hygroscopic mois-
ture range, changes in moisture content are dominated by changes in moisture content (blue spheres)
within the cell wall material (D,E), whereas changes in moisture content (blue filling in macro-voids)
in the capillary structure (F,G) becomes dominant in the over-hygroscopic moisture range. Mois-
ture history dependence is indicated by arrows indicating equilibrium reached by increasing relative
humidity (absorption isotherm) and decreasing relative humidity (desorption isotherm).

Sorption hysteresis exists in both the hygroscopic and the over-hygroscopic moisture
ranges; see Section 2.3. For this reason, capillary water can exist at lower relative humidity
levels than the relative humidity that corresponds to the limit for capillary condensation
for a specific void. The reason for this is anatomical features, for example, vestured pits
that act as ink-bottle necks and hinder the emptying of these macro-voids in desorption;
see Section 2.3. In desorption, capillary water has therefore been detected at relative humid-
ity levels down to 76–90% RH for some wood species [29–31]. In addition, water outside
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of cell walls is present if the wood is placed in contact with liquid water, e.g., in rain
exposed structures.

The equilibrium moisture content, e.g., the mass of water relative to the dry mass, as a
function of relative humidity, is generally presented in sorption isotherms; see Figure 2.
In the over-hygroscopic range, sorption isotherms are typically shown as a function of
pore water pressure or water potential instead of relative humidity; see, e.g., [28,32].
Substantial efforts have been devoted to understand the factors that control the amount of
water within cell walls. The water molecules here interact with hydroxyl groups, and the
amount of hydroxyl groups accessible to water molecules—the hydroxyl accessibility—has
been correlated to the moisture content [33], but it is not the only factor that controls
the moisture content of cell walls [34,35]. Additionally, the availability of space within
cell walls has been suggested to be a highly contributing factor [35]. The internal space
is controlled by the swelling of cell walls and, therefore, by the mechanics related to
this; see Section 2.2. The complex interplay between the various factors controlling the
equilibrium moisture content can be characterized by the thermodynamic state of water
within cell walls. By determining the difference in enthalpy between water in the vapor
phase or liquid state and water within cell walls, information about the interaction and
state of the latter can be gained. The difference in enthalpy between the liquid state and
the cell wall state of water has been denoted as mixing enthalpy by Nopens et al. [36].
This quantity can be thought of as the excess enthalpy, i.e., how much more heat is released
when an infinitesimal amount of water is absorbed in wood compared to how much heat
is released when the same amount of water condenses. The mixing enthalpy is therefore a
state variable that describes the interaction between water and wood at a given moisture
state. In the dry state of wood, the mixing enthalpy is around −1000 J/gwater, which is
similar to the difference found in the dry state for a range of biochemical substances [37].
However, the mixing enthalpy is moisture dependent and decreases as the moisture content
increases [36,38,39]. This indicates that, at higher moisture contents, the interaction energy
between wood and the last added water molecules decreases.

While moisture equilibrium in the hygroscopic moisture range has been widely stud-
ied [40–45], the over-hygroscopic range has been less investigated. Because water is
simultaneously taken up by cell walls and macro-voids in this range, the characterization
of moisture states requires experimental techniques that can distinguish between water
in different environments (e.g., cell walls and macro-voids). Several methods are able to
partition the moisture content into different fractions based on the environment, such as
Differential Scanning Calorimetry (DSC) [28,46,47] and low-field Nuclear Magnetic Reso-
nance (NMR) [29,48–50], as well as the solute technique [50–53], although the latter can be
used only in the water-saturated state. These methods are based on different principles of
measurement and are associated with different types of errors and, therefore, give different
results [50]. For example, low-field NMR performed above 0 ◦C have been shown to un-
derestimate the moisture content within cell walls [49,50,54], which points out the need of
measuring the same parameter with several different methods when possible and assessing
the uncertainties of each method. Besides partitioning moisture in different locations,
the solute exclusion technique and low-field NMR can provide further insights about the
state of moisture in wood. The solute exclusion technique can, for instance, detail the
accessibility of cell walls to probes of different sizes [55,56]. Although the results do not
represent the absolute size distribution of water-filled nano-pores in cell walls [57,58],
they provide a window into the size range of these nano-pores. The low-field NMR method
can be used to determine location and state of water. Low-field NMR enables differentia-
tion between water within and outside of cell walls as well as water in differently sized
macro-voids [29,48]. While the method is commonly used to characterize moisture in
water-saturated wood [48–50,54], it can also be used to study wood after moisture condi-
tioning [29,59]. Conditioning, especially at high moisture contents is, however, often done
by drying samples down to a specific moisture content. This introduces moisture gra-
dients within the sample that can make the interpretation of results challenging due to
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non-uniform moisture distributions [60]. Increased knowledge on the location and state of
water at different water potentials therefore requires careful conditioning procedures in
order to get well-defined results.

Most commonly, 1D low-field NMR is used to partition moisture based on the re-
laxation time, T2, of the different moisture fractions [29,48,49,54]. However, the obtained
T2 is affected by both the chemical and physical environment. Instead, two-dimensional
(2D) low-field NMR offers the possibility to separate the effects of chemical and phys-
ical environments. Studies using this technique have found that there are two distinct
populations of moisture within cell walls [59,61–63], which has also been observed with
Quasielastic Neutron Scattering (QENS) [64]. It has been hypothesized that one of these
water populations is related to water bound to wood polymers while the other is related to
free water clusters [61], or that these water populations are present in different locations
in different chemical environments within the cell wall material [59,62,64]. However, it is
not yet clear what the two water populations observed with 2D low-field NMR and QENS
represent. Older studies using DSC also determined two populations of moisture within
cell walls: freezable and non-freezable water. However, Zelinka et al. [65] showed that the
freezable water fraction was actually located in small macro-voids outside the cell walls,
so this is most likely not related to the two water populations observed by 2D low-field
NMR and QENS.

In the end, much remains to be discovered about the factors controlling the equilibrium
moisture content in the full moisture range as well as the interplay between water in
different physical locations (cell walls, macro-voids) and chemical environments within
these. Central to gaining new knowledge will be the use of complimentary experimental
techniques to characterize the moisture as well as appropriate moisture conditioning to
ensure a uniform distribution of moisture states within the wood.

2.2. Swelling and Shrinkage

Dimensional change as a result of a change in moisture content is one of the obvious
effects of moisture on wood. In the dry state, the solid cell walls of wood are virtually non-
porous [21,22]. Therefore, water molecules entering the cell walls result in the creation of
transient nano-pores [66] and an increase in dimensions of the cell wall material (swelling).
Similarly, these nano-pores collapse, causing the dimensions to decrease (shrinkage) when
water molecules are removed from the cell walls upon drying the wood. The volumetric
changes of bulk wood are approximately linear in the moisture content range from dry to
25–30% [67–69]. Above this range the volumetric change per change in moisture content
gradually decreases to zero in the 40–45% moisture content range [67–69]. The maximum
moisture content for cell walls of many wood species is in the range 26–50% [46,47,49,50,70],
and capillary water becomes increasingly dominant in the over-hygroscopic range. It re-
mains to be seen whether the decline in volumetric changes corresponds with increasing
amounts of capillary water that does not contribute to shrinkage and swelling. Another pos-
sibility could be a difference in the contribution from the two water populations found
within cell walls, because the proportion of these changes with moisture content [59,64].
No matter the cause of the decreasing volumetric changes, more detailed information
can be obtained from measurements on a scale closer to that of the cell walls than mea-
surements on bulk wood specimens. For instance, X-ray tomography has been used to
characterize swelling behavior in the hygroscopic moisture range of wood tissue [71–73]
and on micro-pillars cut out of cell wall material [74]. Furthermore, developments in
experimental setups for moisture conditioning in the over-hygroscopic range during X-ray
tomography [75] could potentially also be used for swelling measurements.

The majority of the cellulose microfibrils are aligned in the same direction in the
dominant S2 layer of the secondary cell wall, which restricts dimensional changes in this
direction. Moreover, other cell wall layers with different microfibril orientations also affect
the swelling of the cell walls [76]. These constraints contribute to the marked swelling
anisotropy in wood, i.e., that shrinkage and swelling differ widely between the various
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anatomical directions of wood. At the same time, the constraint from the microfibrils
results in significant mechanical stress in the cell wall as it shrinks and swells, as is evident
from the deformation of the microfibrils themselves [77]. Swelling anisotropy can be
seen on several length scales: from isolated micro-pillars of cell wall material [74] to
isolated tissues of early- and latewood [71,72,78] and bulk wood [79,80]. On all these scales,
the dimensional changes of the wood material may be affected by mechanical interactions
between structural elements (cell wall biopolymers, cell wall layers, cells, tissues, etc.).
This complexity makes the study of moisture induced dimensional changes and cell wall
mechanics challenging [81], and so far the interaction between internal stress and moisture
in equilibrium has not been resolved.

2.3. Moisture History Dependence

The equilibrium state of moisture in wood exhibits history dependence, i.e., the equi-
librium state reached with specific external conditions does not only depend on these
conditions, but also on the previous moisture states. This is evident in the sorption
isotherms, where the equilibrium moisture content at a specific relative humidity depends
on whether equilibrium was reached by moisture uptake (absorption) or release (desorp-
tion). The moisture history dependence of the sorption isotherms is known as sorption
hysteresis. Figure 2 illustrates sorption hysteresis for wood in equilibrium reached by
absorption from the dry state and by desorption from the water-saturated state. The curves
illustrating these equilibrium states are known as the absorption isotherm and desorption
isotherm, respectively. Between these curves, there is a wide range of equilibrium states
that can be reached by absorption from non-dry equilibrium states or desorption from
non-saturated equilibrium states [82–85].

Sorption hysteresis exists in both the hygroscopic and over-hygroscopic moisture
ranges; see Figure 2. Because the mechanism of moisture sorption differs between these
two ranges, as described in Section 2.1, the physical background for sorption hysteresis is
also different. In the hygroscopic range, dominated by moisture in cell walls, sorption hys-
teresis decreases with increasing temperature and seemingly vanishes above 75 ◦C [40].
This has spawned the idea that sorption hysteresis is linked with softening of the hemi-
celluloses [86–88], which increases the mobility of these polymers. Hence, the cell walls
become more pliable and relaxation of mechanical stresses is faster. This hints at a con-
nection between sorption hysteresis and the mechanical stresses arising from shrinkage
and swelling. However, the exact mechanisms behind sorption hysteresis in cell walls
remain unresolved.

In the over-hygroscopic moisture range, moisture is predominantly found as capillary
water, and sorption hysteresis is even more pronounced than in the hygroscopic range;
see Figure 2. The sorption mechanism for capillary water relates to the wood anatomy, i.e.,
the sizes of macro-voids found in the wood structure, as described in Section 2.1. Thus,
capillary water held in smaller macro-voids exists at equilibrium with lower levels of rela-
tive humidity than capillary water in larger macro-voids. As a result, smaller macro-voids
will absorb capillary water before larger pores when wood is conditioned to successively
higher levels of relative humidity in the over-hygroscopic range. Some of the smallest
macro-voids of significant total volume in the porous wood structure are the pits connect-
ing adjacent cells. During desorption, these pits are thought to act as bottlenecks that
prevent emptying of larger macro-voids such as the cell lumina. Thus, sorption hysteresis
in the over-hygroscopic range is hypothesized to be caused by these different mecha-
nisms in absorption and desorption; capillary condensation of water in successively larger
macro-voids during absorption while emptying is controlled by the small bottleneck pits in
desorption [27,89]. On top of this, a small part of sorption hysteresis is related to sorption
hysteresis in cell walls, which persists also in the over-hygroscopic range [28].

Shrinkage and swelling are caused by changes in the cell wall moisture content.
Because the moisture content in equilibrium with specific climate conditions can vary as a
result of sorption hysteresis, the swelling of wood at these conditions can vary. However,



Forests 2021, 12, 372 7 of 18

studies on bulk wood have shown that the dimensions of the same piece of wood at similar
moisture content can be slightly higher if equilibrium is reached by desorption rather
than by absorption [90–94]. This swelling hysteresis is, however, small and sometimes not
found [4], which is also the case in studies of the swelling on the tissue scale using X-ray
tomography [72,73].

2.4. Sorption Kinetics and Diffusion

The time-dependent process of moisture being taken up or released when wood
approaches equilibrium is known as sorption kinetics. This involves the same physical
factors discussed previously for the equilibrium state, such as the cell wall mechanics
during shrinkage and swelling with, however, additional contributions from other phe-
nomena [95]; see Figure 3. These include temperature changes arising from the phase
change of water (difference in enthalpy), diffusion into cell walls, and resistance to this
from stagnant air at the surfaces. Moreover, for wood specimens without all surfaces in
direct contact with the external climate, the moisture uptake process also involves diffusion
into the porous wood structure and gradients in moisture and temperature on the bulk
scale. A complicating factor in analyzing sorption experiments is the effect of moisture
diffusion in the porous wood structure as well as contributions from the diffusion of cell
wall water in relation to moisture gradients in the bulk wood sample. This effect has been
investigated by using wood specimens of different (thin) thicknesses [96,97] to generate
different lengths of the diffusion pathways into the wood. The diffusion and sorption pro-
cesses hereafter needs to be disentangled by careful analysis. The reader is referred to [95]
for a more detailed discussion of the various phenomena involved in sorption kinetics.
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Figure 3. Sorption kinetics in wood involves a change in moisture content and temperature over time.
Here it is illustrated by water vapor absorption, which results in an increase in mass (moisture content,
blue curve), dimensions (swelling, black arrows), and temperature (red arrows and curve) in the
approach to equilibrium. During the absorption process, water vapor diffuses through the porous
wood microstructure (blue arrows), where it goes through lumina (A), pits (B), and cell walls,
while constantly exchanging water molecules (C) between the water vapor and the moisture within
the cell walls.

Research on moisture sorption kinetics in wood has increased over the last decades as
a result of the increased use of automated sorption balances in wood research laboratories.
This equipment allows the monitoring of mass changes during moisture sorption under
controlled climatic conditions with a high temporal and gravimetric resolution. The ex-
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perimental data hereby obtained, however, usually lacks complementary information
on the other phenomena occurring simultaneously with mass change such as tempera-
ture changes, with notable exceptions [98]. Decades ago, sorption studies on wood used
(non-automated) vacuum sorption balances with instrumentation to record the surface
temperature simultaneously with mass change [99,100].

Several theoretical models have been developed to describe sorption kinetics [101,102],
but one of the most popular was, for years, the Parallel Exponential Kinetics (PEK) model.
This model divides the moisture sorption process into two components with different
characteristic times (“fast” and “slow” moisture) based on fitting to experimental sorption
kinetic data. However, the PEK model was shown by Thybring et al. [101] to mischarac-
terize sorption kinetics because more than two components with different time constants
were often observed in the data [102]. The other theoretical models described in the litera-
ture include the thermally limited moisture transfer (TLMT) model by Willems [103,104].
Although this model has been criticized by Thybring et al. [95] on the same grounds
as the PEK model, i.e., describing sorption kinetics by only two process components,
Willems [104] argues that the TLMT behavior is a contribution to the overall sorption
kinetics. The lack of detailed experimental data for other physical properties than mass is,
however, a current barrier to a deeper understanding of sorption kinetics and to testing
hypotheses and model predictions.

As described previously, the uptake or release of moisture from bulk wood specimens
involves diffusion of water vapor in the porous wood structure. Furthermore, diffusion of
cell wall moisture also contributes to the overall transport of moisture in bulk wood. How-
ever, the dominant contribution to the moisture diffusivity for bulk wood, i.e., the material
property describing the correlation between moisture flux and moisture gradient in the
bulk material, comes from the transport of water vapor. This is evident from the signif-
icantly larger moisture diffusivity (approx. 4–20 times) in the longitudinal direction of
bulk wood than in the transverse (radial and tangential) directions [105]. The vast majority
of cells in the wood are oriented along the longitudinal direction, where their lumina
provide longer pathways for water vapor diffusion than in the across-the-cell direction;
typical cell length-to-width ratio of softwood tracheids is about 70:1 to 100:1 [106,107].
Given the dominant contribution of water vapor diffusion to moisture transport in bulk
wood, the contribution from moisture diffusion in cell walls is often assumed to be negligi-
ble [108]. The moisture diffusivity of cell walls has been estimated to a magnitude around
10−12 m2/s, with moisture content as the driving potential [88]. This is closely similar to the
diffusivity found by molecular dynamics simulations of moisture diffusion in amorphous
cellulose [109] when the results are transformed to the same driving potential. The moisture
diffusivity of cell walls remains scarcely experimentally characterized. In materials science,
moisture diffusivity is regularly determined from sorption experiments on specimens
with a simple geometry [110]. From these experiments, the diffusivity can be calculated
by modelling the change in moisture content using Fick’s laws of diffusion. For wood,
the sorption kinetics is affected by more phenomena than just diffusion, and sorption
experiments are therefore unable to provide insights to the moisture diffusivity. For bulk
wood specimens, the diffusivity can be determined from measurements of the flux through
a specimen exposed to a constant moisture gradient [105], i.e., a steady-state experiment
with an unchanging moisture distribution in the specimen such as by using the cup method.
While the traditional cup method uses bulk specimens, a similar setup has been developed
for measurements in a sorption balance using much smaller specimens [111]. However,
using this setup for small wood specimens does not provide information about the moisture
diffusivity of cell walls, because the measurement involves a dominant contribution from
water vapor diffusion in the porous wood structure.

3. Wood Modifications and Their Effect on Moisture

Literature is abundant with modifications for altering the chemistry of wood, and new
modification techniques continue to be developed in laboratories worldwide; see, for in-
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stance, [6,16,112]. In this section, we focus on a handful of effects of modification on wood
chemistry that are relevant to moisture in wood. These effects are of course simplifications
of the complexity of real modifications on the wood chemistry, but they help illustrate
some common traits among wood modifications. Figure 4 shows a schematic illustration
of the five effects described in more detail below.
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Figure 4. Types of wood modifications affecting the cellulose (yellow), hemicelluloses (purple),
and lignin (brown) of the cell wall material as well as the interactions with water (blue spheres).
Hydroxyl removal reduces the number of hydroxyls (OH); bulking adds volume within cell walls;
cross-linking covalently joins adjacent wood components; component removal selectively removes or
reduces a specific component (here illustrated by delignification, i.e., removal of lignin); and thermal
modification involves both component removal (primarily hemicelluloses) and hydroxyl removal,
and cross-linking during the treatment.

• Hydroxyl removal: Many modifications involve chemical reaction with hydroxyl
groups on the wood components. Because hydroxyls are the main functional group in-
teracting with moisture, hydroxyl removal can affect the number of functional groups
interacting with moisture [34]. Hydroxyl removal occurs, for instance, by chemical
reaction where hydroxyls are substituted for another type of functional group [113].
However, these functional groups can contain hydroxyl groups themselves, and the
hydroxyl concentration after modification may therefore be decreased, preserved,
or increased. Examples: Acetylation [114], DMDHEU treatment [17], hexamethy-
lene diisocyanate treatment [115].

• Bulking: Modifications that add molecular moieties inside the wood cell walls and
reduce the available space for moisture [35]. Moieties can either be added through
reaction with functional groups on wood components, e.g., hydroxyls, or by in-situ
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polymerisation reactions. Examples: Acetylation [114], furfurylation [116], DMD-
HEU treatment [17].

• Cross-linking: Modifications involving chemicals that can react with at least two func-
tional groups may create molecular moieties that form a covalently bonded bridge
between adjacent wood components. This restricts the mobility of these adjacent com-
ponents and reduces the capacity for swelling [17]. Examples: Formaldehyde treat-
ment [117], DMDHEU treatment [17], hexamethylene diisocyanate treatment [115].

• Component removal: Modifications that predominantly remove one of the main
cell wall components change the chemical composition and may increase the avail-
able space for moisture. Examples: Delignification [118], hemicellulose removal by
hydrothermal treatment [119].

• Thermal modification: A variety of thermal modification processes has been de-
scribed in the literature. In these, the wood is heated to around 150–240 ◦C [14],
whereby primarily hemicelluloses are thermally degraded and partially removed.
Depending on the atmosphere, including the amount of moisture in the treatment
process, a variety of chemical reactions can occur, e.g., cross-linking reactions [14].
Thus, thermal modification can have multiple effects on the moisture in the modified
wood, depending on the process conditions. Examples: Open and closed processes in
wet or dry moisture conditions; see more in [14].

Apart from using different types of modifications, as described above, a possible
variation is to use targeted modification, i.e., tuning the spatial distribution of modification
reactions in the wood structure. Multiple examples exist of modifications that are limited
to the macro-void structure or have either little or full penetration into cell walls. However,
Keplinger et al. [120] pioneered the deliberate tuning of the spatial distribution to either
full cell wall modification or limited modification reactions to the cell wall surfaces through
selection of the chemical route. Targeted modification has also been further explored by
Digaitis et al. [121] for acetylation.

3.1. Modifying the Equilibrium Moisture States

The moisture in cell walls interacts with hydroxyl groups within small internal spaces
(nano-pores) created by the water molecules by swelling the cell wall material. All of these
factors can be altered by a range of modification techniques that may reduce the hydroxyl
accessibility [14,122] and the available space within cell walls [56], as well as the cell
wall moisture content [35]. For example, thermal treatment can give a similar decrease in
hydroxyl accessibility but reduce the moisture content to different extents, depending on the
treatment process [123]. Modification with DMDHEU restricts swelling by crosslinking but
simultaneously increases the hydroxyl accessibility [124]. Acetylation reduces the hydroxyl
accessibility with an increased degree of modification [122,125] and limits the available
space within cell walls [56]. Alternatively, the internal space and swelling behavior can be
altered by selective component removal. For example, hemicellulose extraction reduces
the moisture content [126], while delignification increases the moisture content in the
hygroscopic range [118], except when performed to such a high degree that it causes
collapse of the cell wall [118]. In the latter case, both absorption and desorption has been
seen to decrease but, interestingly, the desorption isotherm above 90% RH was found to
increase [118]. Moreover, component removal gives additional possibilities for changing
the factors affecting moisture equilibrium by a subsequent treatment such as a bulking
or cross-linking modification [119]. There are, thus, multiple ways in which different
modifications can be used and combined to achieve certain properties of the wood cell
walls. For example, a recent study [35] has shown that it is possible to independently alter
hydroxyl accessibility and available space within cell walls.

By deliberate tuning of the factors described above, including the chemical compo-
sition of the cell walls, knowledge gaps about the equilibrium moisture state could be
addressed. For example, by studies of changes in equilibrium moisture content as function
of these many factors. Additionally, altering the hydroxyl accessibility and the mechanical
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properties of the cell walls are expected to affect the strength of the interaction with water
and the mechanical work required to swell the cell wall material. This would undoubtedly
affect the thermodynamics of moisture sorption, and characterization of the enthalpy of
water within cell walls by calorimetric measurements could hereby be a novel window
into insights about moisture in wood.

Complementary information about the equilibrium state at different moisture contents
could be gained from studies of the two water populations within cell walls observed
with 2D low-field NMR and QENS; see Section 2.1. Thermally treated oak [63] and sulfur
dioxide treated spruce [62] have previously been characterized with 2D low-field NMR.
However, a carefully designed study using wood with altered chemical composition by
component removal and subsequent tuning of the internal space and hydroxyl accessibility
by modification could be helpful in the understanding of these two water populations and
their chemical environments.

Modification does not only affect moisture within cell walls. For instance, acety-
lation and furfurylation have been shown to affect the interaction between wood and
capillary water [54,119,127]. This could be caused by a change in contact angle, which has
been observed for both acetylated and furfurylated wood [128]. If such a change in contact
angle also occurs within cell lumina, it would presumably affect at which relative humidity
capillary condensation occurs within the macro-voids because this also depends on the
contact angle [24]. Targeted modification of the cell wall-lumen interface can therefore
be used to change the contact angle and thus control the interaction with capillary water
independent from the interaction with water in cell walls. This would enable studies of the
interplay between capillary water in different macro-voids and moisture within cell walls.
Alternatively, the latter can be isolated completely for studies in the over-hygroscopic mois-
ture range by filling up lumina and other macro-voids, as will be described in Section 3.4.

3.2. Modifying the Swelling and Shrinkage

One of the original targets of wood modification was dimensional stabilization of the
material [11], i.e., to limit the shrinkage and swelling. Thus, many of the available wood
modification technologies reduce the dimensional changes, partly because less moisture
is taken up by the wood cell walls. However, modifications affect the physical properties
of wood in different ways, as described in the beginning of Section 3. Selective removal
of cell wall components loosens the structure and creates space within cell walls for more
water [129]. On the other hand, cross-linking modifications may increase the cell wall
stiffness and limit stress relaxation [130]. Certain cross-linking modifications even contain
hydroxyls, which enables the modification to simultaneously reduce the cell wall moisture
content and increase hydroxyl accessibility of the modified cell walls [124]. Thermal modi-
fication removes mainly hemicelluloses, and cross-linking reactions may occur depending
on the moisture conditions during modification. As a result, thermally modified wood
can be processed to either increase or decrease the swelling [123]. By tuning the internal
space within cell walls for moisture and the stiffness of the cell wall material, it might
be possible to elucidate the interaction between moisture induced swelling and cell wall
mechanics. Furthermore, the potential difference in swelling contribution between the
two water populations found within cell walls could be studied in this way [63]. A deeper
understanding of this interaction will, however, require a shift away from measurements
on the bulk wood scale to detailed investigations on smaller length scales. A variety of
non-destructive characterization techniques offers possibilities for investigation of wood
swelling at the micro-scale, such as X-ray tomography [71,72,74] or deformations and
moisture states at even smaller scales by scattering techniques [76,81,131].

3.3. Modifying the Moisture History Dependence

Many wood modifications reduce the cell wall moisture content, as described in
Section 3.1. This generally leads to a reduction in the absolute difference between the ab-
sorption and desorption isotherms for bulking and cross-linking modifications [125,132,133].
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However, modifications that remove material from the cell walls, such as thermal treat-
ment or delignification, have been observed to increase the sorption hysteresis at least
temporarily or for certain segments of the moisture range [118,134,135]. This variability in
the effect of modification on sorption hysteresis presents an opportunity for investigating
the fundamental mechanisms behind this phenomenon.

Another possibility to control the extent of sorption hysteresis could be by changing
the stiffness of the cell wall. The mechanical properties of the cell walls can, for instance,
be altered by cross-linking modifications that reduce the polymer mobility and increase the
stiffness. This would not only reduce the cell wall moisture content, but also restrain soft-
ening of the cell wall polymers [136]. Softening may also be hindered by modifications that
reduce the cell wall moisture content without cross-linking polymers, e.g., bulking, simply
because too few water molecules are present to promote polymer mobility [137]. Thus,
acetylation has been shown to increase the softening point of water-saturated wood [138].
However, it is also possible that bulking may facilitate softening by acting as a plasticizer,
similar to the effect of impregnating wood with polyethylene glycols [139]. The effect
of modification on the softening and cell wall mechanics may require both advanced
experimental techniques and new analysis methods [137,140].

3.4. Modifying the Sorption Kinetics and Diffusion

Wood modification provides several opportunities for manipulating the sorption pro-
cess in order to elucidate the fundamental mechanisms. One strategy for disentangling the
simultaneous diffusion and sorption processes occurring in bulk wood samples is to remove
the diffusion of water vapor. Hereby, the moisture uptake process is restricted to sorption
and diffusion of cell wall moisture. This was done by Stamm [141] by impregnating wood
samples with a metal alloy of low melting temperature. After cooling, the impregnated sam-
ples had most of the cell lumina filled with stiff metal. The disadvantage of this approach
is that the impregnated metal might limit swelling and thereby generate stresses within the
wood, and cracks might form at the interfaces between cell wall surfaces and the metal.
Instead, the porous wood structure could be filled with hydrophobic, flexible polymers that
are grafted onto the cell wall surfaces, as done previously by Keplinger et al. [120,142] for
other purposes. Moreover, the effect of the temperature change associated with moisture
sorption could be manipulated with a similar methodology by the inclusion of thermally
conductive fillers in lumen-filling polymers [143]. Irrespective of how the thermal proper-
ties of the material are manipulated by modification, it is necessary to characterize changes
in both mass and temperature in order to gain a deeper understanding of the sorption
kinetics of wood.

Filling up the macro-voids in the wood structure with hydrophobic polymers, grafted to
cell wall surfaces, could also be used to investigate moisture diffusion in cell walls. Mod-
ifications that reduce the moisture content of cell walls can be expected to decrease the
diffusivity in agreement with results on bulk wood moisture diffusivity after thermal
modification [144]. Subsequent modification of cell walls after lumen filling could isolate
moisture diffusion to cell walls. A potential challenge with the incomplete filling of lumina
could be circumvented by using small, thin specimens and characterizing their diffusivity
using an adapted cup method setup in a sorption balance [111].

4. Perspectives

Introducing specific chemical changes and even controlling the spatial distribution of
these, in combination with detailed characterization of moisture in wood, could give novel
insights into the interaction between moisture and wood. Such novel insights could further
contribute to applications in several related fields of research. For example, it could give
new insights into how to enhance the resistance of wood to fungal decomposition in moist
environments. Water is an essential parameter in decomposition processes, but the exact
role of water in the decomposition processes is not yet fully understood, neither in un-
treated wood nor in modified wood [1]. A more detailed understanding of wood-moisture
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interactions could give important knowledge on the role of water in decomposition pro-
cesses. This would in turn give important information on how to design modification
techniques and processes to further enhance the performance of wood in outdoor structures
in a sustainable and cost-effective way.

Additionally, an in-depth understanding of the interaction between moisture and wood
could give new insights into how to further improve the performance of moisture-induced
wooden actuators by altering the swelling and/or swelling anisotropy. Such wooden
actuators can be used in architectural and constructional elements that adapt when the
ambient climate changes [145,146], with the advantage that they do not need a power
supply, which is valuable in large-scale applications [146]. Because of the anisotropic
structure of wood, several different types of moisture-induced actuation, e.g., bending or
torsional actuation, are possible. Detailed knowledge on how to control and predict
these moisture induced deformations would thus be beneficial for research within this
field. Furthermore, novel insights into wood-moisture interactions and moisture induced
deformations could give valuable input on how to improve the utilization of wood biomass
with problematic swelling anisotropy, for example, wood species with spiral grain or
juvenile wood in the upper parts of the stem. This could enable new applications for some
wood species or a more effective use of the whole wood stem.

5. Conclusions

This review shows that there are multiple interesting pathways in which wood modi-
fication could be used as a tool to learn more about the interactions between moisture and
wood, native as well as modified. By using already existing modification techniques, com-
bining different modification techniques, and/or controlling the spatial distribution of the
modification, several of the existing knowledge gaps within the field could be addressed.
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