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Abstract The material properties of wood are 
intimately tied to the amount of moisture contained 
in the wood cell walls. The moisture content depends 
on the environmental conditions, i.e. temperature and 
relative humidity, but also on material characteristics 
of the wood itself. The exact mechanisms governing 
moisture equilibrium between wood cell walls and 
environmental conditions remain obscure, likely 
because multiple material characteristics have been 
proposed to be involved. In this study, we used a data 
exploration approach to illuminate the important wood 

characteristics determining the cell wall moisture 
content in the full moisture range. Specimens of nine 
different wood species (two softwoods and seven 
hardwoods) were examined in terms of their material 
characteristics at multiple scales and their cell wall 
moisture content was measured in equilibrium with 
both hygroscopic conditions and at water-saturation. 
By statistical analysis, the chemical composition was 
found to be the most important predictor of the cell 
wall moisture content in the full moisture range. For 
the other wood characteristics the importance differed 
between the low moisture range and the humid and 
saturated conditions. In the low moisture range, the 
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were found to be important predictors, while at high 
moisture contents the microfibril orientation in the 
S1 and S3 layers of the cell walls was important. 
Overall, the results highlighted that no single wood 
characteristic were decisive for the cell wall moisture 
content, and each of the predictors identified by the 
analysis had only a small effect in themselves on the 
cell wall moisture content. Wood characteristics with 
a major effect on the cell wall moisture content were, 
therefore, not identified.
.

Keywords Moisture · Moisture content · Sorption · 
Sorption isotherm · Wood

Introduction

The physical properties of wood are profoundly 
affected by water within the material, often referred 
to as moisture. Wood-water relations are central to the 
utilisation of wood in society as they affect everything 
from mechanical performance to fungal decay of 
the material. Therefore, a myriad of studies within 
wood science has been devoted to understanding the 
fundamental mechanisms of how wood and moisture 
interact (Thybring et al. 2022; Engelund et al. 2013; 
Skaar 1984; Venkateswaran 1970).

Wood is a porous material that can take up water 
in both its cell walls and macro-void structure. 
For the latter, water is taken up either by  capillary 
condensation of water vapour or by capillary action 
when in contact with  to liquid water. For wood 
without direct contact with liquid water, capillary 
condensation  is the fundamental mechanism 
governing moisture uptake (sorption)  from water 
vapour (Fredriksson 2019), however, it only makes 
a significant contribution at extremely high air 
humidity (> 99% relative humidity) because of the 
large size of the macro-voids (Engelund et al. 2010; 
Thygesen et al. 2010; Fredriksson 2019; Fredriksson 
and Thybring 2019). Below this humidity range, 
moisture sorption is dominated by water molecules 
absorbed within the solid cell walls (Thygesen et al. 
2010;  Fredriksson and Thybring 2019). Here they 
interfere with internal hydrogen bonds between 
wood polymers (Chow 1972; Taniguchi et  al. 1978) 
which dramatically changes the physical wood 
properties. Despite substantial progress in our 

understanding of wood-water interactions in the 
last decade, as highlighted in recent reviews of the 
topic (Arzola-Villegas et  al. 2019; Chen et  al. 2019; 
Fredriksson 2019; Jakes et  al. 2019; Nopens et  al. 
2019; Plaza 2019; Ringman et  al. 2019; Thybring 
et  al. 2019), there is still no consensus about what 
governs moisture sorption in the cell walls. Various 
contributing factors have been suggested in literature 
or can be envisioned, spanning from the nano-scale to 
the tissue-scale.

On the nano-scale, the number of hydroxyl groups 
accessible for binding water molecules has been 
an often stated explanation of the hygroscopicity of 
wood (Rautkari et  al. 2013). However, the role of 
hydroxyl accessibility in controlling the cell wall 
moisture content has also been questioned, mainly 
based on studies on modified wood (Hill et  al. 
2021; Rautkari et  al. 2013; Thybring et  al. 2020b). 
The major chemical components of the cell walls, 
i.e. cellulose, hemicelluloses, and lignin, differ in 
concentration of hydroxyls with cellulose having the 
highest concentration followed by the hemicelluloses 
(Engelund et al. 2013). However, not all hydroxyls of 
wood are available to interact with water, since many 
of them are locked up inside the cellulose microfibrils 
(Hofstetter et  al. 2006; Salmén and Bergström 
2009). The microfibrillar surface-to-volume ratio is 
accordingly linked with their amount of accessible 
hydroxyls (O’Sullivan 1997). Since cellulose chains 
on microfibrillar surfaces have a less ordered bonding 
pattern than those in the core, the previous are often 
referred to as amorphous (Atalla et  al. 2009). The 
crystallinity of the cellulose could therefore serve as 
a proxy for the surface-to-volume ratio of microfibrils 
(Verlhac et  al. 1990), and hence as a proxy of the 
cellulose hydroxyl accessibility (Howsmon 1949; 
Lang and Mason 1960; Loelovitch and Gordeev 1994; 
Mann and Marrinan 1956; Pennings et  al. 1961). 
Alternatively, moisture uptake in cell walls could 
rather be controlled by the chemical composition 
of the cell walls through inherent differences in the 
hygroscopicity (moisture attraction) of the individual 
cell wall polymers (Christensen and Kelsey 1958; 
Christensen and Kelsey 1959).

One factor on the nano-scale that is known to 
affect moisture sorption is the amount of extractives 
in cell walls (Ahlgren et  al. 1972; Nzokou and 
Kamdem 2004; Vahtikari et al. 2017; Wangaard and 
Granados 1967; Zhou et  al. 2016). Extractives vary 
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considerably in their chemistry and concentration 
across wood species, but they are mainly found 
encrusting heartwood, i.e. the wood in the inner 
core of the tree, with only smaller amounts being 
present in the sapwood (Nzokou and Kamdem 2004; 
Vahtikari et al. 2017; Wangaard and Granados 1967; 
Zhou et  al. 2016). Presence of extractives generally 
lower the equilibrium moisture content (Füchtner 
et  al. 2020; Nzokou and Kamden 2004; Vahtikari 
et al. 2017; Wangaard and Granados 1967).

A very noticeable effect of moisture sorption in 
wood is the accompanying dimensional changes, i.e. 
shrinkage and swelling. If swelling and shrinkage 
are restrained, this should, thus, affect the moisture 
sorption. Swelling and shrinkage can be found on 
all levels of organisation (Murata and Masuda 2006; 
Noack et  al. 1973; Rafsanjani et  al. 2014; Zabler 
et  al. 2010). However, an important factor limiting 
this behaviour on the micro-scale is the orientation 
of the long, stiff cellulose microfibrils that reinforce 
the cell walls (Balashov et  al. 1957; Harris and 
Meylan 1965; Meylan 1972; Zabler et  al. 2010). 
Another factor that could be limiting dimensional 
changes is the bulk density of the wood (Feist and 
Tarkow 1967; Gao et  al. 2015; Vorreiter 1963). 
Thus, the thick cell walls in high-density wood 
species walls have been suggested to have limited 
capacity for shrinkage/swelling to accommodate 

water, whereas the more mechanically compliant 
walls of thin-walled, low-density wood do not limit 
dimensional changes as much (Feist and Tarkow 
1967). On the other hand, density has been found 
to positively correlate with bulk swelling of wood 
(Derome et  al. 2011; Newlin and Wilson 1919; 
Yamashita et  al. 2009). Additionally, it has been 
suggested that the higher density and stiffness of 
latewood in softwood species affects the swelling 
of the earlywood (Patera et  al. 2013; Patera et  al. 
2018).

Many studies in literature have tried to 
correlate moisture sorption with physical wood 
characteristics of a particular wood species. In this 
study, we used a different approach to explore which 
intrinsic wood characteristics influence the cell wall 
moisture content. We acquired experimental data 
on a range of physical and chemical characteristics 
for the wood of nine wood species, see Fig.  1. At 
the same time, we determined the cell wall moisture 
content under different climates, both in the 
hygroscopic moisture range and in water saturated 
state. By statistically guided data exploration, we 
zoomed in on the important wood characteristics 
that correlated with the cell wall moisture content 
at a given climate. Since it has already been 
established that extractives affect moisture sorption, 
this study focused on the influence of other material 

Fig. 1  Schematic 
overview of investigated 
characteristics from the 
tissue-scale (left) to the 
nano-scale (right). The 
microfibril structure 
illustrated under “Cellulose 
crystallinity” is based on 
(Fernandes et al. 2011)
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characteristics and extracted materials were 
therefore used.

Materials and methods

Specimen preparation

Wood from nine tree species was included in this 
study. This collection of materials was the same as 
was used by Thybring et  al. (2020a). Oak (Quercus 
robur L.), beech (Fagus sylvatica L.), and ash 
originated from Switzerland, while the Norway 
spruce (Picea abies (L.) Karst.) and hybrid poplar 
(Populus x canadensis Moench.) materials were from 
Southern Sweden. Abachi (Triplochiton scleroxylon 
K. Schum.), balsa (Ochroma lagopus Sw.), Douglas 
fir (Pseudotsuga menziesii (Mirb.) Franco), and 
ironwood (Lophira alata Banks ex. Gartn.) materials 
were of unknown origin. All wood materials were 
cut into cubes with a side length of about 10  mm 
and the extractives were removed by extraction using 
a Soxhlet apparatus; first with ethanol and toluene 
(ratio 1:2) for 24 h and subsequently with acetone and 
MilliQ water (ratio 9:1) for 24 h.

Characterisation of wood density

The density of the wood materials was determined 
before and after Soxhlet extraction for four cubes 
(side length 10 mm) of each wood species. For these 
cubes, dry mass and dimensions were measured 
after drying in a vacuum oven at 60 °C for 48–72 h. 
Masses were determined with a balance of 0.1  mg 

resolution and dimensions were measured with a 
calliper of 0.01 mm resolution. The dimensions were 
determined twice in each direction and the average 
value was used to calculate the volume. The dry 
density was found by dividing the dry masses with 
the dry volumes (Table 1). The experimental data for 
density have also been reported by Thybring et  al. 
(2020a).

Characterisation of microfibril angle

The microfibril angle (MFA) of all wood species 
was determined by wide-angle X-ray diffraction 
(WAXD) with a Nanostar (Bruker AXS, Germany). 
Cu Kα radiation with a wavelength of 1.54 Å was 
employed. The X-ray beam diameter was about 
300  μm and the sample-detector distance was set 
to 90.9  mm. For each species, three to five samples 
of 4 × 1 × 0.5  mm were glued on a sample holder. 
For each sample, one diffraction image was taken 
with a measurement time of 30  min. For cellulose 
orientation analysis, azimuthal intensity profiles of 
the (200)-Bragg peak of cellulose were generated 
from the diffraction images by radial integration with 
the contribution of amorphous parts being removed 
by baseline subtraction. These profiles were then 
fitted with simulated azimuthal intensity profiles, 
which were generated by a combination of two 
Gaussian distribution of microfibrils considering the 
cell geometry of the wood fibre cells according to 
(Rüggeberg et al. 2013). The fitted azimuthal profiles 
were then used to determine microfibril angles.

Table 1  Wood species 
used in this study along 
with their measured density 
before and after extraction. 
Species are listed after 
ascending density. Standard 
deviations are given in 
brackets. Density data 
after extraction is not 
available for balsa since the 
specimens were deformed 
during the extraction 
procedure and it was thus 
not possible to determine 
the volume

Wood species Botanical name Density (kg  m− 3)

Before extraction After 
extraction

Balsa Ochroma lagopus Sw. 90 (9) -
Abachi Triplochiton scleroxylon K. Schum. 278 (24) 279 (32)
Poplar Populus x canadensis Moench. 404 (13) 399 (17)
Norway spruce Picea abies (L.) Karst. 405 (16) 387 (17)
Douglas fir Pseudotsuga menziesii (Mirb.) Franco 577 (22) 539 (22)
Beech Fagus sylvatica L. 606 (9) 572 (5)
Ash Fraxinus excelsior L. 662 (9) 613 (4)
Oak Quercus robur L. 751 (13) 695 (9)
Red ironwood Lophira alata Banks ex. Gartn. 1026 (13) 977 (9)
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Characterisation of chemical composition

The chemical composition of the wood materials 
was determined by combined Thermogravimetric/
Differential scanning calorimetry/Fourier transform 
infrared (TG/DSC/FTIR) analysis using a Netzsch 
STA 449F1 (Selb, Germany) combined with a Bruker 
Tensor FTIR (Billerica, MA, USA) (Dworzanski 
et  al. 1991; Grønli et  al. 2002; Yang et  al. 2007). 
Sample material (app. 8  mg) of each wood species 
was pyrolysed by heating from 42 to 710 °C at a rate 
of 10 °C  min− 1. Based on analysis of both the mass 
loss in various temperature ranges and the obtained 
infrared spectra, the chemical content of cellulose, 
hemicelluloses, lignin, ash, and residual extractives 
was determined. The experimental data for chemical 
composition have also been reported by Thybring 
et al. (2020a), where more detailed information about 
the experimental procedure can be found.

Characterisation of hydroxyl accessibility

The hydroxyl accessibility was determined 
gravimetrically by deuteration in an automated 
sorption balance (Pönni et  al. 2014; Thybring et  al. 
2020b; Thybring et al. 2017). A sample was prepared 
by cutting thin slices from a wood specimen using 
a razor blade. The sample was then placed in the 
sample pan in a sorption balance (DVS Advantage, 
Surface Measurement Systems Ltd., London) and was 
dried for 6 h at 60 °C (0% RH) using the pre-heater 
followed by 1  h at 25  °C for thermal stabilisation 
before the dry mass was measured. To increase the 
temperature, a ramp from 25 to 60  °C over 10  min 
was used. Similarly, a ramp was used when the 
temperature was decreased from 60  to 25  °C. The 
sample was then conditioned for 10 h at 95% RH/25 
°C in deuterium oxide vapour. Finally, the sample was 
dried a second time at 60 °C followed by 1 h at 25 °C 
for thermal stabilisation using the same procedure as 
described above. The hydroxyl accessibility cacc (mol 
 g− 1) was evaluated from the dry masses before and 
after deuteration as:

 where Δmdry (g) is the difference in dry mass before 
and after deuteration, m0 (g) is the initial dry mass, 

(1)cacc =
�mdry

m0(MD −MH)

and MD (g  mol− 1) and MH are the molar masses of 
deuterium and normal hydrogen, respectively.

Note that the hydroxyl accessibility determined 
by deuteration is not the true water accessibility 
of hydroxyls in the wood, since one-third of the 
surface hydroxyls on cellulose microfibrils cannot 
be deuterated from interaction with deuterium oxide 
(Lindh et al. 2016). This corresponds with about 1.3 
mmol per gram cellulose that cannot be deuterated 
(Thybring et  al. 2017). However, based on the 
chemical composition for each wood species, i.e. the 
cellulose content, the underestimation of the hydroxyl 
accessibility can be determined.

Characterisation of cellulose crystallinity

For the structural analysis of cellulose, wood of 
all species was cut into small granules, placed on a 
flat rotating sample holder and then measured in 
reflection by powder XRD (BRUKER D8 Advance) 
using Bragg-Brentano geometry (θ–θ geometry). A 
Cu Kα radiation source was used with a wavelength 
of 1.5406 Å at 40 mA (40  kV) in locked coupled 
mode. The individual scans were taken in the 2θ 
range 5–60°. Cellulose crystallinity index was 
determined by a multiple peak fit using seven 
Gaussian peaks (numbered P0–P6) within the 2θ 
range 12.5–60°. P0: (1–10) Bragg peak, P1: (110) 
Bragg peak, P2: contribution of amorphous parts of 
the cell wall (cellulose, hemicelluloses, and lignin), 
P3: (200) Bragg peak, P4-6: higher order Bragg 
peaks. Hereby the following constraints were defined. 
The position of the peaks was kept in reasonable 
range of the typical 2θ angles of the cellulose Bragg 
peaks including peak 2 for amorphous contribution. 
The width and height of the (1–10) and (110) peaks 
was set equal and the width of the (200) peak was set 
equal to that of the (1–10) and (110) peaks. Table S9 
lists all relevant parameters and boundary conditions 
of the fitted peaks. The cellulose crystallinity was 
calculated as: 1-(A(P2)/ΣA(P0-6)) with A being the 
area underneath the relevant peak(s). The crystallite 
size was determined by the Scherrer-equation using 
the FWHM of the (200) Bragg peak of the same fit.

Characterisation of cell wall moisture content

Two methods were used to determine cell wall 
moisture contents; an automated sorption balance 
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(Williams 1995) was used at and below 95% relative 
humidity (RH), and Differential scanning calorimetry 
(DSC) (Fredriksson and Thybring 2019; Simpson 
and Barton 1991; Zelinka et  al. 2012) was used 
in water saturated state. For the sorption balance 
measurements, specimens (5 mm x 5 mm x 10 mm) 
of the nine wood species were vacuum saturated using 
the following procedure: the specimens were kept in 
vacuum (0.05 mbar) for 1 h, deionized water was then 
added while running the vacuum pump. The vacuum 
pump was then switched off but the specimens were 
kept under vacuum in water for an additional hour 
before atmospheric pressure was re-established. A 
sample for the sorption balance measurement was 
then prepared by cutting small, thin pieces from a 
vacuum saturated specimen using a razor blade. Each 
piece was wiped on a moist cloth before placing it in 
the sample pan to avoid excess water on surfaces and 
in the pan but without drying the sample itself. Since 
wood with a wide range of densities was included, 
it was not possible to have the same sample mass 
for all wood species. Also, since the measurements 
started with water saturated samples it was difficult 
to cut samples in water saturated state, which ended 
up at the same dry mass. For these two reasons, the 
dry mass of an individual sample ranged between 
2  mg and 16  mg. After cutting, the sample was 
placed in the sample pan in an automated sorption 
balance (DVS Advantage, Surface Measurement 
Systems Ltd., London) and the desorption isotherm 
was determined by equilibrating the sample at 20 °C 
at the following relative humidity (RH) levels: 95, 
80, 65, 50, 35, 20 and 0%. Due to the uncertainties 
with using an equilibrium criterion based on mass 
change over time (Glass et  al. 2018; Glass et  al. 
2017), fixed  equilibration times were used instead. 
These times were: 60 h at 95% RH, 24 h at 80% RH, 
48 h at 0% RH, and 12 h at all other RH levels. Two 
replicates were used for each wood species, and a 
total of 18 samples were thus measured. After each 
measurement, the equilibrium moisture content at 
each RH level was evaluated as mass of water divided 
by the dry mass (i.e. the mass at the last step at 0% 
RH/20°C). In addition, the closeness to equilibrium 
at each step was evaluated from the rate of sorption, 
i.e. the change in moisture content over time, found 
by linear regression in a two hour time window at 
each RH level (Fig. S2-S3). Based on data by Glass 
et  al. (2018), the change in mass over time was 

small enough not to introduce excessive errors in 
the evaluated moisture contents. Any differences in 
moisture contents seen between samples should, thus, 
not be caused by lack of equilibrium.

In the water-saturated state, the cell wall moisture 
content was determined using DSC by measuring 
the heat required to thaw a water-saturated specimen 
quenched to -20  °C. The energy required for 
thawing relates to the amount of water outside 
of cell walls (Fredriksson and Thybring 2019; 
Thybring et  al. 2020a). By drying the specimen 
after the measurement, the dry mass was found and 
subsequently the total amount of water. From this, 
the water outside cell walls was deducted and the 
cell wall moisture content was determined as the 
difference between the total moisture content and 
moisture content corresponding to water outside 
of cell walls; see (Thybring et al. 2020a) for further 
details. This cell wall moisture content data for 
the nine wood species as well as the experimental 
protocol for the DSC measurements have previously 
been reported by Thybring et al. (2020a).

Statistical analysis

Absolute variability (standard deviation) and relative 
variability (coefficient of variation, CoV) were 
determined in order to get an overview of the spread 
in wood characteristics between wood species.

The data was further analysed with least squares 
general linear models (procedure GLM in SAS, v. 
9.4) to determine the statistically significant variables 
and their contribution to the cell wall moisture.

 where y is the cell wall moisture content, xsβs is a 
vector defining the effect of each sub-condition 
(level of relative humidity), X is the design matrix, 
β is a vector of fixed effects, and ε is the random 
error. The first term of the right-hand side describes 
the variation in moisture content with relative 
humidity. For this analysis, the moisture content was 
normalised with the relative humidity used in the 
conditioning of the samples, to accentuate material 
properties rather than the conditioning environment. 
Hence, all results express the wood moisture content 
relative to the relative humidity of the surrounding 
environment. Owing to the large number of variables 

(1)y = x
s
�
s
+ X� + �
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analysed (Table  2) and the limited number of 
samples, we analysed only for main effects excluding 
any interactions between variables analysed. Ash 
content and residual extractives were a priori left 
out of the analyses to avoid excess correlation 
between variables included, i.e. owing to the obvious 
correlations between the relative content of the wood 
constituents. We initially analysed the full model 
including all variables and subsequently reduced the 
model using backward elimination until all remaining 
variables were significant (P < 0.05). Results were 
analysed using the Sum of Squares (SS) Type III 
statistics. Analyses were conducted both for all levels 
of relative humidity of the conditioning environment 
as well as specific levels of relative humidity. Thus, 
the dataset for cell wall moisture content contained 
between 88 and 196 data points depending on the 
range of relative humidity investigated.

Results and discussion

Variability of wood characteristics

The physical and chemical characteristics of the nine 
wood species are plotted in Fig.  2. The variability 
between wood species is given in Table  3 by the 
absolute variability (standard deviation) and relative 
variability (coefficient of variation, CoV). Bulk 
density and content of ash and extractives were the 
characteristics with the highest coefficient of variation 

in this study. However, for the latter two the standard 
deviation was of the order of the measurement 
uncertainty for those characteristics. The CoV of the 
microfibril angle in the various cell wall layers for 
all wood species was less than for the bulk density, 
but they were still among the characteristics with 
reasonably high variability. The CoV of the chemical 
composition of the three dominant cell wall polymers 
and in hydroxyl accessibility were around the same 
level, while the cellulose crystallinity had the smallest 

Table 2  Variables included in the analyses. Relative humidity 
was included as a class variable (sub-condition) with seven 
levels

Variable
Hydroxyl accessibility

Unit
(mmol 
 g−1)

Levels

Cellulose %
Hemicellulose %
Lignin %
Bulk density g  cm− 3

Crystallinity index %
Microfibril angle (S2 layer) °
Microfibril angle (S1 and S3 layers) °
Relative humidity % 20, 35, 50, 

65, 80, 95, 
100

Fig. 2  Overview of the wood characteristics of the 
investigated species: a bulk density, b microfibril angle of the 
dominant (S2) cell wall layer and the other (predominantly, 
S1 and S3) layers, c chemical composition, d hydroxyl 
accessibility, and e cellulose crystallinity index. Values for all 
characteristics relate to the wood after extraction, except for 
bulk density with values for both before and after extraction. 
Error bars mark the standard deviation
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variability between the wood species studied. For 
the hydroxyl accessibility, the underestimation by 
the deuteration method was estimated to 0.6 mmol 
 g− 1 on average, which gave an average estimated 
true hydroxyl accessibility for all wood species of 
9.2 mmol  g− 1 (standard deviation: 1.2 mmol  g− 1) 
corresponding with a CoV of 13.2% instead of 
14.5% (Table  3). Thus, the slight underestimation 
by deuteration only shifts the determined hydroxyl 
accessibility to lower levels, but does not change the 
variability.

Cell wall moisture content

The moisture content data for the nine wood species 
under hygroscopic and water-saturated conditions 
show that the moisture content varied more between 
all wood specimens as the relative humidity increased 
(Figs. 3 and 4). This is expected if there is a systematic 
difference in the hygroscopicity between the wood 
species. However, the coefficient of variation (CoV) 
in Table 4 decreased slightly between 20% and 80% 
RH, but was small in relation to the CoV at 95% RH 
and in water saturated state (Table 4). This indicates 
that the relative differences in moisture content 
between wood species were nearly constant between 
20% and 80% RH, but increased at 95% RH and in 
water saturated state. Similar results were found by 
Choong and Manwiller (1976) who investigated 22 
hardwood species and found a nearly constant CoV 
of 2.8–3.4% below 70% RH, but an increasing CoV 

above. Additionally, the results of Ahmet et al. (2000) 
for six softwood species and 12 hardwood species 
showed a constant CoV of about 7% between 35 and 
75% RH at 10, 20, and 30 °C.

It is not evident why the difference in moisture 
content between all wood specimens was larger in 
both absolute and relative terms at 95% and 100% 
RH (Table  4; Fig.  3). One possibility is that this 
is related to the presence of capillary condensed 
water in the macro-void structure in some of the 
wood species although this is typically reported to 
affect the moisture content insignificantly in the 
hygroscopic range, even at 95% RH (Fredriksson 
and Thybring 2019; Hoffmeyer et  al. 2011). 
However, a few studies have observed liquid water 
in the range 86–90% RH in desorption for sugar 
maple (Acer saccharum Marsh.) (Hernández and 
Cáceres 2010), Eucalyptus saligna (Passarini et  al. 
2015), and red oak (Quercus rubra L.) (Passarini 
et  al. 2015) using Magnetic resonance imaging 
(MRI). The capillary water found in these studies 
was associated with libriform fibers, parenchyma 
cells, and intercellular spaces where water was 
held in desorption because of small openings that 
hindered emptying. Based on these studies, one 
could therefore  argue that the differences seen at 
95% RH potentially could be caused by the presence 
of capillary water in a few of the wood species such 
as ash, oak, and beech that all had higher moisture 
content than the average (Fig.  3). This does, 
however, not explain the differences seen at 100% 

Table 3  Compilation of all physical and chemical 
characteristics of the nine wood species. Average value and 
standard deviation for each characteristic are based on the 

mean values determined for each of the nine wood species. 
The coefficient of variation was determined from the ratio of 
standard deviation to the average value

Wood characteristic Average value Standard 
deviation

Coefficient of 
variation (%)

Bulk density Before extraction (g  cm−3) 0.5 0.3 48.8
After extraction (g  cm−3) 0.5 0.3 52.4

Microfibril angle S2 (°) 7.9 2.8 35.7
S1 & S3 (°) 39.1 9.5 24.3

Composition Cellulose (%) 44.0 5.7 12.9
Hemicelluloses (%) 22.9 3.1 13.5
Lignin (%) 30.0 4.7 15.7
Ash (%) 0.7 0.4 57.0
Extractives (%) 2.4 1.0 41.2

Hydroxyl accessibility (mmol/g) 8.7 1.3 14.5
Cellulose crystallinity (%) 39.5 2.7 6.7
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RH (water saturated state), where the evaluated 
cell wall moisture content is presumed to only 
contain cell wall water since it was determined by 
DSC and the capillary water changes phase in the 
temperature range − 20 to + 20  °C. Although non-
freezing capillary water (adsorbed water on surfaces 
within the macro voids) might exist, these amounts 
have previously been reported to be insignificant 
(Thybring et al. 2020a) and should, thus, not affect 
the evaluated moisture content. Figure  3d shows 
that ash, oak, and beech had cell wall moisture 

content higher than the average, also in the water 
saturated state. Therefore, since differences between 
wood species were observed both at 95% and at 
100% RH using different methods, and presence of 
capillary water could only be a possible explanation 
in one case, it is unlikely that the difference in 
cell wall moisture content between wood species 
was a result of presence of significant amounts of 
capillary water in some of the species. Instead in 
the following sections, we will discuss, if these 
differences could be explained by differences in any 
of the determined wood characteristics.

Correlations between wood characteristics and 
moisture content

The chemical composition was the most important 
predictor of the cell wall moisture content at 
both high humidity levels (95–100% RH) and for 

Fig. 3  a–c Moisture contents in the hygroscopic range (20–
95% RH) for the nine wood species with average curve for all 
species, and d cell wall moisture content in the water-saturated 
state (error bars indicate standard deviation) for the nine wood 
species

Fig. 4  Data for the cell wall moisture content of all wood 
species as function of relative humidity along with the same 
data normalised by the water activity, i.e. the fractional relative 
humidity of the air

Table 4  Compilation of all moisture content data for the nine 
wood species. The coefficient of variation was determined 
from the ratio of standard deviation to the average value

Relative 
humidity
(%)

Average 
value
(g  g− 1)

Standard 
deviation
(g  g− 1)

Coefficient of 
variation
(%)

20 0.059 0.003 5.1
35 0.087 0.004 4.3
50 0.117 0.004 3.8
65 0.154 0.005 3.1
80 0.203 0.007 3.2
95 0.315 0.031 9.8
100 0.379 0.060 15.9
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different levels of hygroscopic conditions (20–80% 
RH) (Table  5). The three dominant components 
of the chemical composition were naturally not 
independent as they all sum up to nearly 100% with 
the combined content of ash and extractives found in 
the range 1.8–4.8%. It is, therefore, not necessarily 
of significance which of the cell wall components 
correlates well with the cell wall moisture content, 
but the analysis singled out the contents of cellulose 
and lignin as significant characteristics in relation to 
the cell wall moisture content (Table  5). Both were 
negatively correlated with the cell wall moisture 
content when considering the full moisture range and 
the range above 80% RH only. Yet slightly positive 
correlation was observed at 20–80% RH (Table S7). 
Thus, in general, higher contents of cellulose and 
lignin, and a lower content of hemicelluloses, were 
associated with lower cell wall moisture contents, 
but only for the highest humidity levels included in 
the evaluation. This is in line with literature, since 
ex-situ hemicelluloses have been seen to absorb more 
moisture than ex-situ lignin or cellulose (Christensen 
and Kelsey 1959). Thus, removal of hemicelluloses 
have been shown to reduce the cell wall moisture 
content at water saturation (Elder and Houtman 2013; 
Yang et  al. 2020) and lignin removal increases the 
moisture content (Yang et  al. 2018). It is not clear 
why the correlation changed sign for the 20–80% 
RH range compared with the high humidity range. 
The importance of cellulose and lignin in explaining 
the variation in cell wall moisture content was, 

however, markedly lower at 20–80% RH than at high 
humidity. This was observed in the partial R2-values 
for these characteristics, which were dominant at high 
humidity, but were much lower and on level with the 
hydroxyl accessibility and cellulose crystallinity at 
20–80% RH (Table S8).

Another important predictor overall and in 
particular at high humidity was the secondary 
microfibril angle  (Table  5), i.e. the one dominated 
by the S1 and S3 layers, which was negatively 
correlated with the cell wall moisture content. That is, 
a low microfibril angle in the S1 and S3 layers was 
associated with a high cell wall moisture content. It 
is not evident why a significant effect was seen for 
the orientation of the cellulose microfibrils in the 
S1 and S3 layers but not for the microfibrils in the 
much thicker S2 layer. However, this may arise from 
the stiffening effect of the microfibrils in the S1 and 
S3 layers in the transverse direction of the cell wall. 
Thus, variation in the orientation of microfibrils in 
the S1 and S3 layers affects the transverse stiffness 
of the cell walls, whereas variation in the orientation 
in the S2 layer only has a significant effect at high 
microfibril angles (Bergander and Salmén 2000; 
Bergander and Salmén 2002; Wang et  al. 2013). 
Since the dimensional changes of the wood cell walls, 
i.e. shrinkage and swelling, occur predominantly 
in the transverse directions (Keylwerth 1962), this 
might explain, why the microfibril angle in the S1 and 
S3 layers influenced the cell wall moisture content 
more than changes in the rather small microfibril 

Table 5  Physical and chemical characteristics affecting 
the cell wall moisture content at different climates and the 
P-values for those that were statistically significant (P ≤ 0.05). 
Effects of RH level on the cell wall moisture content are not 

shown. Further details about the results of the statistical 
analysis and partial R2-values are found in the Supplementary 
Material

Wood characteristic Relative humidity range (%)

20–100 20–80 80–100 95–100 100

Bulk density n.s. 0.0341 n.s. n.s. n.s.
Microfibril angle S2 n.s. n.s. n.s. n.s. n.s.

S1 & S3 < 0.0001 n.s. < 0.0001 < 0.0001 < 0.0001
Composition Cellulose < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

Hemicelluloses n.s. n.s. n.s. n.s. n.s.
Lignin 0.0055 < 0.0001 < 0.0001 < 0.0001 < 0.0001

Hydroxyl accessibility 0.0202 < 0.0001 0.0453 0.0465 n.s.
Cellulose crystallinity 0.0039 < 0.0001 0.0204 0.0161 0.0418
R2-value for total model 0.825 0.936 0.790 0.733 0.709
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angle of the S2 layer, i.e. where the microfibrils are 
nearly aligned in the longitudinal direction. A lower 
transverse stiffness that follows from a low microfibril 
angle in the S1 and S3 layers would decrease the 
mechanical work of swelling. This in turn could 
increase the cell wall moisture content in equilibrium 
with the surrounding environment, which has for 
instance been observed in thin wood specimens when 
the S1 and S3 layers have been severed (Plaza et al. 
2016). Significant effects of the microfibril angle in 
the S1 and S3 layers was, however, only seen at 80% 
and 95% RH and at water-saturation (Table 5). This 
indicates that the restraining effect primarily occurs at 
these higher moisture states. This could partly explain 
why species like ash, beech and oak had moisture 
contents higher than average at high moisture states 
(Fig.  3), since these wood species were found to 
have a low microfibril angle in the S1 and S3 layers 
(Fig.  2b). The importance of this microfibril angle 
in explaining the variation in cell wall moisture 
content was highest at 95% RH and water-saturation 
(Table S8).

Considering the full moisture range, the cellulose 
crystallinity and hydroxyl accessibility were found 
to be only minor predictors of the cell wall moisture 
content  (Table  5). The importance of these two 
characteristics was highest in the 20-80% RH-range 
(Table  S8), and above this range, the importance 
decreased, and the hydroxyl accessibility was found 
not to be statistically significant at water-saturation 
(Table  5). For cellulose crystallinity, the correlation 
with the cell wall moisture content was found 
to be positive (Table  S7), i.e., a higher cellulose 
crystallinity was associated with a higher cell wall 
moisture content. This was different from what is 
seen in literature data for ex-situ cellulose of various 
origins and treatments, where the crystallinity is 
negatively correlated with the moisture content 
at a given environment (Fig. S4).  As for cellulose 
crystallinity,   the hydroxyl accessibility was only a 
minor predictor for  the cell wall moisture content in 
the statistical model (Table  5), and the correlation 
was counterintuitive since the moisture content was 
negatively correlated with hydroxyl accessibility 
(Table  S7). That is, a higher hydroxyl accessibility 
was associated with a lower cell wall moisture 
content. In some other studies, a higher hydroxyl 
accessibility resulted in a higher moisture content 
(Popescu et  al. 2014; Rautkari et  al. 2013), but 

these studies were performed on wood chemically 
altered by thermal (Rautkari et al. 2013) or chemical 
(Popescu et  al. 2014) modification to achieve 
different hydroxyl accessibilities. However, such 
modifications change various material characteristics 
other than the hydroxyl accessibility. Additionally, 
Rautkari et  al. (2013) questioned the importance 
of the hydroxyl accessibility in controlling the cell 
wall moisture content, and Thybring et  al. (2020b) 
showed that the internal space within cell walls 
after chemical modification were correlated with 
the cell wall moisture content, but not the hydroxyl 
accessibility. In the present study, we used untreated 
wood only and hereby avoided chemical and physical 
effects of modification. However, the wood species 
differed across physical properties (Fig. 2), therefore 
we cannot dismiss that the counterintuitive relation 
between hydroxyl accessibility and moisture content 
is an effect of a correlation between crystallinity and 
hydroxyl accessibility of cellulose (Fig. S5).  A very 
minor predictor of the cell wall moisture content in 
the 20-80% RH-range was the bulk density, showing 
a slightly positive correlation (Table S7). The partial 
R2-value (Table  S8) was, however, considerably 
lower than any of the other statistically significant 
characteristics.

As described above, the difference in moisture 
content between wood species was higher at 95% RH 
and at water-saturation than at lower humidity levels 
(Fig. 3). In addition, for several wood characteristics 
(e.g. microfibril angle, chemical composition) 
different results were obtained when including 
or excluding the two highest moisture levels. It is 
therefore possible that some wood characteristics 
are more  important for the equilibrium moisture 
content at low humidity levels  and some are more 
important at higher humidity levels. This points to 
a difference in material behaviour in the 0–80% RH 
range compared to very humid conditions or at water-
saturation. One material related difference between 
the low and high moisture ranges is the mobility 
of the hemicelluloses. These undergo softening 
(glass transition) that significantly decreases their 
stiffness when the wood moisture content reaches 
around 10–16% at room temperature (Jakes et  al. 
2019). Speculative,  this change within the material 
might be a contributing factor to the shift in which 
wood characteristics that are most decisive for the 
equilibrium moisture content.
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The statistically guided data exploration using 
backward elimination was not intended to reveal 
the fundamental mechanisms governing moisture 
sorption in wood cell walls. However, the analysis 
identified several wood characteristics that appear 
to correlate with the cell wall moisture content as 
well as a shift in behaviour between the high and 
low humidity states. Particularly noteworthy was 
the influence of the microfibril angle in the S1 and 
S3 layers on the cell wall moisture content, which 
warrants further investigations.

Conclusion

Several wood characteristics were identified to be 
statistically significantly correlated with the cell wall 
moisture content. While the chemical composition 
was found to be a predictor of the cell wall moisture 
content at all moisture conditions, the influence 
of other wood characteristics differed between the 
low moisture range and the humid and saturated 
conditions. One of these was the microfibril angle 
in the S1 and S3 layers, which was identified as a 
more important characteristic at humid and saturated 
conditions than at lower humidity levels.
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