
Wood Physics/Mechanical Properties

Kazuki Uehara, Hiroaki Horiyama, Yuka Miyoshi*, Kana Yamashita, Keisuke Kojiro and Yuzo Furuta

Mechanism of changes in the mechanical
properties of wood due to water adsorption and
desorption described by rheological
considerations
https://doi.org/10.1515/hf-2024-0114
Received November 28, 2024; accepted April 15, 2025;
published online April 29, 2025

Abstract: This study investigates the rheological mecha-
nisms underlying changes in the mechanical properties of
wood during moisture adsorption and desorption. To
approximate the net molecular momentum at a specific
humidity and time, an index was established by dividing the
loss tangent value under equilibrium conditions at each
humidity by the loss tangent value at each time point. This
approach linked the unstable microstructural behavior
associated with adsorption and desorption to the stabiliza-
tion of the structure over time and molecular mobility at
specific conditions. This metric enabled effective tracking of
molecular mobility during humidity changes and provided
insights into the mechanisms driving changes in mechanical
properties. During adsorption, wood transitions from a
glassy state far from the rubbery state toward one closer to
the rubbery state, while desorption shows the opposite
trend. Results also indicated an energy barrier near the
medium humidity (30–60 %RH), unrelated to lignin. Instead,
the softening of hemicellulose and changes in amorphous

polymer states within the cell wall likely play critical roles in
these mechanical property changes.

Keywords: dynamic viscoelasticity; adsorption/desorption
process; glass transition temperature; hemicellulose; energy
barriers

1 Introduction

The relationship between the physical properties of wood
and water adsorption has long been a subject of research
(Skaar 1988). However, advancements in measurement
technologies have revealed that the correlations between
molecular mobility and sorption isotherms could not be
explained by previous theories or experiments, indicating
the need for more detailed investigations (Engelund et al.
2013; Thybring et al. 2022). When a material under load ex-
periences fluctuating moisture conditions, it undergoes
accelerated creep compared to constant humidity condi-
tions, which is known as mechano-sorptive (MS) creep, and
numerous studies have been conducted to investigate this
behavior (Armstrong and Christensen 1961; Grossman 1976;
Hunt and Gril 1996; Hunt and Shelton 1987; Leicester 1971;
Mukudai and Yata 1988; Nakano 1996; Takemura 1968;
Tokumoto 2001; Olsson et al. 2007). Furthermore, a unified
explanation of MS creep has been proposed based on the
concept of wood destabilization, suggesting that the load
may not be essential for abnormal deformation during the
moisture change process (Takahashi et al. 2004, 2005, 2006).

Wood destabilization occurs (immediately or slowly)
after changes in environmental conditions due to the wood
failing to reach an equilibrium state (Brémaud and Gril
2021a,b; Hunt and Gril 1996; Iida et al. 2002; Ishimaru et al.
2001a,b,c). It was demonstrated that evenwhen themoisture
content of the wood is constant, the amount of creep defor-
mation immediately after a change in humidity is greater
than that after the wood has been left at a constant humidity
for a long period (Takahashi et al. 2004, 2005). Experimental
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results have demonstrated that the wood is unstable
immediately after a humidity change, and it takes time to
reach a stable state at that humidity. Therefore, fast hu-
midity changes do not provide sufficient time for thewood to
stabilize, resulting in significant short-term instability.

Previous studies have reported MS creep in terms of the
destabilization of wood in the relaxation process with
different adsorption and desorption times; however, they
have not directly explained the underlying mechanisms.
Specifically, these studies do not investigate the relationship
between molecular motion, such as changes in the micro-
structure associated with adsorption and desorption, the
activity of molecules at different moisture contents, and the
mechanical relaxation derived from individual wood com-
ponents. In order to clarify the changes in the mechanical
properties of wood associated with the adsorption and
desorption of water molecules, this study measured the dy-
namic viscoelasticity of wood under various humidity
change scenarios. This is based on previous studies on the
temperature dependence of the rheological properties of
wood (Becker and Noack 1968; Furuta et al. 1995, 1997, 2001,
2008, 2010; Horiyama et al. 2022; Kojiro et al. 2008a,b,c;
Miyoshi et al. 2018, 2020, 2024; Obataya et al. 1996; Salmén
1984; Salmén et al. 2016).

It is well established that the thermal softening tem-
perature of wood depends on the moisture content (Becker
and Noack 1968; Furuta et al. 2001). Becker and Noack (1968)
investigated the relationship between temperature, mois-
ture content, and viscoelastic properties (torsional modulus
and logarithmic damping ratio) of wood samples through
transverse dynamic torsional viscoelasticity tests conducted
at thermal/humidity equilibrium conditions. Within the
temperature range of 0–100 °C, the fully dry wood samples
did not exhibit a temperature-dependent peak in the loga-
rithmic damping ratio. However, when themoisture content
exceeded 12 %, a clear peak was observed within the same
temperature range. As moisture content increased, the peak
in the logarithmic damping ratio shifted to lower tempera-
tures while the peak value decreased. Furthermore, it has
been suggested that the thermal softening of saturated wood
is linked to the glass transition of lignin (Furuta et al. 2008,
2010; Salmén 1984). Consequently, it can be inferred that at
temperatures below the thermal softening point, lower
moisture contents result in a greater difference from the
glass transition temperature; that is, at higher moisture
contents, the wood is closer to the rubbery state rather than
the glassy state.

The aim of this paper was to clarify the changes in the
mechanical properties of wood during the adsorption and
desorption process from the perspective of rheology. To this
end, this paper discusses how the change in fluidity over

time after adsorption and desorption can be explained
consistently from the two perspectives of stabilization and
molecular motion. In addition, this paper discusses the
mechanism of the change in dynamic viscoelasticity during
the adsorption and desorption processes, as the viscous
behavior changes around 60 % RH.

2 Materials and methods

2.1 Specimen preparation

The wood species used was hinoki (Chamaecyparis obtusa),
specifically the heartwood just inside the sapwood. The
wood was sourced from sections that were straight in the
longitudinal direction and free of cross-grains. Figure 1(a)
shows an illustration of the test specimens. The specimens
measured 26 mm in the radial direction (R), 3 mm in the
tangential direction (T ), and 1 mm in the longitudinal di-
rection (L). A total of 28 specimens were consecutively cut in
the L direction. The specimenswere alternately allocated for
dynamic viscoelasticity measurements and moisture con-
tent measurements, 14 specimens each. The average annual
ringwidth of the specimenswas 0.73 mm, and their oven-dry
density was 410 kg/m3.

The specimens were extracted using methanol in a
Soxhlet extractor for 9 h to remove wood extractives com-
ponents, and then air-dried in a fume hood for 3 days. After
extraction and drying, the specimens were saturated with
distilled water at 20 °C for 60min under alternating
decompression at 0.1 MPa. To ensure uniformdrying history,
the specimenswere boiled in distilledwater for 1 hwhile in a
saturated state, then cooled in the same beaker to 20 °C. After
cooling, the specimens were conditioned in desiccators at 22,
42, 59, and 80 % relative humidity (RH) for three weeks at a
constant temperature of 20 °C. The humidity levels were
monitored using a resistance molecular membrane sensor
(SHA-3151, T&D Corp., Matsumoto, Japan).

2.2 Humidity control system and dynamic
viscoelasticity measurements

The humidity in the test chamber was controlled using a
water vapor generator (HC9700, Netzsch Japan K.K., Kana-
gawa, Japan). Dry and water-saturated nitrogen gas were
mixed to create an arbitrary humidity level, and the
resulting moist gas was introduced into a 70 mL test cham-
ber at a flow rate of 200 mL/min. A capacitive proximity
sensor (TI-A, Toplas Engineering Co. Ltd., Tokyo, Japan) was
used to measure the humidity within the chamber. To verify
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the accuracy of the humidity control, humidity changeswere
monitored without the specimens, with the change rate set
between 0.1 and 1.0 % RH/min to ensure that the measured
humidity matched the desired program settings.

Dynamic viscoelasticity measurements were performed
using a forced vibration dynamic mechanical analysis sys-
tem (DMA 242E Artemis, Netzsch Japan K.K., Kanagawa,
Japan). Measurements were performed at sine wave fre-
quencies of 1, 5, and 10 Hz, with a forced strain of ±5 μm, a
span of 10 mm, and a constant chamber temperature of 30 °C
(Figure 1a). Before measurement, the stabilization time for
the specimens was determined. It was found that after 3 h,
the temperature, humidity, and specimen dimensions were
stabilized. Thus, a holding time of 6 h was used to ensure
stability before measurement.

2.3 Humidity change programs

The humidity change program in Figure 1bwas used to study
the temporal variations in dynamic viscoelasticity after
reaching each humidity level. The programs started with a
specific RH value 20, 40, 60, and 80 %,whichwere changed to
20, 40, 60 %, and 80 % (excluding the initial value). For
example, the initial 40 % state was decreased to 20 % and
increased to 60 and 80 %RH. Figure 1c and d show additional

humidity change programs designed to examine the effects
of humidity change history on dynamic viscoelasticity. In all
three programs, the humidity-change steps were performed
over a standard 60-min transition time. The humidity
changes over time in the test chamber, and the dimensional
changes (ΔL) of the specimens were measured. Here, ΔL
represents the percentage dimensional change relative to
the initial one between the chucks at T1, with positive
values indicating expansion and negative values indicating
contraction.

Figure 2 compares the RH changes in the test chamber,
as controlled by the program in Figure 1b, with the ΔL of
the specimens measured in the R direction. These results
suggest that water molecules were adsorbed or desorbed
by the wood as the humidity in the chamber increased or
decreased.

2.4 Moisture content of the specimens

It is hard tomeasure the weight change of a specimen in the
chamber during dynamic viscoelasticity measurements.
Therefore, to monitor the moisture content of the speci-
mens during humidity conditioning, the specimens were
quickly removed from the chamber, and their weight was
measured in a chamber with a humidity change program

Figure 1: Description of humidity tests. (a)
Schematic diagram of the sample attached to
the forced-vibration dynamic mechanical
analyzer. Humidity program over time for
(b) dynamic viscosity, (c) adsorption, (d) and
desorption experiments. T1: start of humidity
change; T2: end of humidity change; T3, T4,
and T5: 100, 300, and 600min after T2,
respectively, at constant humidity.
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similar to that used for dynamic viscoelasticity measure-
ments. The oven-dry weight was determined after drying
the specimens for 3 days at 30 °C and 0.1 MPa in a reduced-
pressure dryer containing phosphorus pentoxide. This
weight and those of the wet samples were used to calculate
the moisture content.

The average moisture contents of the samples (n = 3) in
the test chamber immediately before the humidity change
(at T1) were 5.7 ± 0.06 % (20 %RH), 7.5 ± 0.04 % (40 %RH),
11 ± 0.10 % (60 %RH), and 15 ± 0.09 % (80 %RH). The mois-
ture content immediately after the humidity change (T2)
was 7.4 % (40 %RH), 10.9 % (60 %RH), and 14 % (80 %RH)
during humidification (n = 1–3), and 5.8 % (20 %RH), 7.6 %
(40 %RH), and 11 % (60 %RH) during dehumidification
(n = 1–3). Comparing the moisture content at T2 and T5
revealed minimal fluctuations, suggesting that the speci-
mens maintained stable moisture levels. Additionally, the
weights of the specimens used for dynamic viscoelasticity
and moisture content measurements at T5 were compara-
ble, indicating consistent equilibrium moisture content
across tests.

3 Results

3.1 Dynamic viscoelasticity of wood
conditioned for three weeks

To gain insights into the changes in mechanical properties
related to humidity fluctuations, particularly from the

perspective of energy barriers, the mechanical properties
at various humidity levels were first examined under a
constant temperature of 30 °C. Measurements of the
storage modulus (E′), loss modulus (E″), and loss tangent
(tanδ) were taken at T1 (as defined in Figure 1b) for
specimens conditioned at each humidity level for three
weeks. These results (Figure 3), henceforth referred to as
the control values, represent the equilibrium values of the
specimens conditioned for the longest duration in these
experiments.

The tanδ, E′, and E″ values at 1 Hz presented in Figure 3
were compared with those reported by Becker and Noack
(1968). The tanδ value rose when the humidity changed
from 20 to 40 %RH and from 60 to 80 %RH, with minimal
difference between 40 and 60 %RH. Becker and Noack’s
results similarly demonstrated a higher logarithmic
damping ratio at a moisture content of 12 % compared to
8 % (From the moisture content measurements in this
study, 12 % moisture content corresponds to 60–80 %RH in
this study, and 8 % moisture content corresponds to 40–
60 %RH in this study). As illustrated in Figure 3, the E′
reduced as RH elevated, with the most significant reduction
occurring in the 60–80 %RH range. This pattern is consis-
tent with Becker and Noack’s dynamic torsional modulus
measurements and the established relationship between
elastic modulus and moisture content (Kajita et al. 1961).
The E″ curve shows a convex peak as a function of humidity,
with the maximum value at 40 %RH. As the frequency
increased, the slope of tanδ became steeper, and the E″ peak
shifted to higher humidity levels.

Figure 2: Changes in (a) humidity and
(b) sample dimensions in the R direction over
time during the experiments at each humidity.
Filled data points & solid line: adsorption; open
data points & dotted line: desorption.
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3.2 Comparison of the dynamic viscoelastic
properties of wood during humidity
changes and wood conditioned for three
weeks (control)

Figure 3 illustrates the relationship between humidity and
equilibrium conditions of tanδ, E′, and E″, which were used as
the standard values of the experimental system. The following

discussion focuses on the behavior of tanδ,E′, andE″during the
adsorption and desorption processes relative to the control
values. Figures 4 and 5 compare the dynamic viscoelasticity
measured during the adsorption and desorption processes,
fromT1 toT2 inFigure 1b,with thevalues for control specimens
conditioned over a long period. For the adsorption process, the
results are presented as relative values normalized to the value
at 20%RH,whereas for thedesorptionprocess, the resultswere
normalized to the value at 80%RH.

During the adsorption process (Figure 4), relative E′ was
higher than the control forhumidity values above60%RHat all
frequencies. However, the differences in tanδ and relative E″
between the control and the test specimenswere dependent on
both humidity and frequency. In the humidity range of 20–
40%RH, tanδ and relative E″ were equal to or slightly higher
than the control values at all frequencies. In contrast, at hu-
midities above 40%RH, the relative E″ values were signifi-
cantly different from the control at all frequencies. Tanδ also
exhibited notable differences from the control at 1 Hz in the
humidity range above 40%RH; however, at 5 Hz and 10 Hz, the
values were nearly identical to the control.

During the desorption process (Figure 5), the tanδ values
were greater than the control values at all frequencies, while
the relative E′ values were lower than the control values at
all frequencies. In contrast, relative E″ fluctuated with hu-
midity, exhibiting values that were equal to or slightly
higher than those of the control.

3.3 Rate of stabilization over time at each
humidity after adsorption and desorption

In order to further analyse the results shown in Figures 4
and 5, the temporal stabilization of themolecular state of the

Figure 3: Humidity dependence of tanδ, E′, and E″ at each tested
frequency at 30 °C for wood samples moisture-conditioned over 3 weeks.
These results were used as control values.

Figure 4: Comparison of tanδ, relative E′, and
relative E″ values of wood measured under
adsorption conditions with the control curves.
Note: Relative values are based on values at
20 % RH.

332 K. Uehara et al.: Dynamic viscoelasticity of wood during water adsorption and desorption



wood must be considered, starting from immediately after
adsorption and desorption in the horny layer. In previous
research, tanδ/tanδwas used to show the extent to which an
arbitrary unstable state is distant from a stable state
(Miyoshi et al. 2020). Figure 6 compares the extent to which
tanδ at different times (T2, T3, T4) approaches tanδ at T5, as
calculated by the following formula:

tanδi/ tanδT5 = tanδ at time i/ tanδ at timeT5( )

× 100 i = T2, T3, T4( )
When this value is close to 100, the difference between

the numerator and denominator is small, indicating a high
degree of similarity to tanδ at time T5. In addition, tanδi/
tanδT5 represents the ratio of tanδ at each humidity to tanδT5
(the loss tangent when the wood itself is relatively stable),
which is close to the net molecular momentum at each time
point. Therefore, the decrease in tanδi/tanδT5 can reflect the
behavior of the unstable microstructure, which stabilizes
over time following adsorption and desorption due to the
molecular mobility of the wood at that humidity and time.

Figure 6 shows the decline in tanδi/tanδT5 over time
following adsorption. At 1 Hz, the ratio decreased progres-
sively from T2 to T4 for all humidity levels (40–80 %RH). The
most significant decrease occurred in the 20 %RH→ 80 %RH
transition, followed by the 20 %RH → 60 %RH and 20 %
RH→ 40 %RH transitions. When comparing the decrease in
tanδi/tanδT5 at 20 %RH → 80 %RH across different fre-
quencies, the greatest decline was observed at 1 Hz, while at
5 and 10 Hz, the ratio remained only slightly below 100 %.

Similarly, for the 20 %RH→ 60 %RH and 20 %RH→ 40 %RH
transitions, a decreasing trend was observed at 1 Hz, but the
values at 5 and 10 Hz remained slightly higher than 100 %. In
contrast, the decrease in tanδi/tanδT5 over time following

Figure 5: Comparison of tanδ, relative E′, and
relative E″ values of wood measured under
desorption conditions with the control curves.
Note: Relative values are based on values at
80 % RH.

Figure 6: Degree of stabilization at various humidity levels after humidity
change. Note: tanδi/tanδT5 (i = T2, T3, T4) percentages are based on T5
(600 min after T2), indicating how close the values are to thatmeasured at
the stable T5 state after changes in humidity.
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desorption exhibited a different trend to that observed for
the adsorption process. In all cases, a decline was observed
from T2 to T4, with a greater decrease as the range of hu-
midity change increased.

Furthermore, the changes in tanδi/tanδT5 for different RH
values but a fixed change in humidity of 20%RH were exam-
ined (Figure 7). The largest decreases in tanδi/tanδT5 from T2 to
T4 were observed at 1 Hz for the humidity changes of
40% ↔ 60%RH, 60% ↔ 80%RH, and 20% ↔ 40%RH,
respectively. At 5 and 10 Hz, the decreasing trend followed the
order of 60%↔ 80%RH, 40%↔ 60%RH, and 20%↔ 40%RH,
respectively. Additionally, comparisons were made between
transitions with the same humidity change range and final
humidity levels, such as 20%→ 40%RH and 60%→ 40%RH,
as well as 40%→ 60%RH and 80%→ 60%RH. At 1 Hz, tanδi/
tanδT5 followed the order T2→ T3→ T4.

3.4 Transition in mechanical properties
around the medium humidity (30–60%RH)

Section 3.1 described the observed peak in E″ around the
medium humidity. This peak may represent a turning point
that significantly alters the mechanical properties of wood,
suggesting that molecularmobilitymay differ between the low
and high humidity ranges, with the medium humidity as the
threshold value. To further clarify the behavior of the wood as

it transitions through this point during the adsorption and
desorption processes, experiments were conducted in which
humidity was gradually increased and decreased (Figure 1c) or
decreased and increased (Figure 1d). This humidity change
program passes through each of the humidity levels of 20, 40,
60, and 80%RH in a givenmolecular state and assumes that the
molecular state at that time is recorded. For example, in the
case of a humidity change program of 20%RH → 40%
RH → 20%RH → 60%RH, molecular motion is activated by
water adsorption during the transition from 20 to 40%RH, and
the molecular state during the relaxation process at 40%RH is
“frozen” during desorption from 40 to 20%RH. It can be pre-
dicted that themolecular state at 20%RHwill be reachedwhile
maintaining the accumulated unstable state during the
adsorption/desorption process of 20%RH to 40%RH to 20%RH
and that the molecular motion will be reactivated during the
transition from 20 to 60%RH.

To demonstrate the tracking performance of this hu-
midity change program, Figure 8 shows the changes over
time in the RH of the chamber and the ΔL of the test piece. As
the specimen expands and contracts in response to the
ambient humidity, it is judged to be tracking with little effect
from diffusion.

Figures 9 and 10 compare the dynamic viscoelasticity of
wood during stepwise adsorption and desorption with the
control values. Relative values are shown based on 20 %RH
for the adsorption process (Figure 9) and on 80 %RH for the
desorption process (Figure 10).

During the adsorption process (Figure 9), tanδ, relative E′,
and relative E″ did not significantly deviate from the control
values in the 20 → 40 → 20%RH cycle at all frequencies.
Additionally, relativeE′only showedminordeviations from the
control values during adsorption in the humidity range above
60%RH at all frequencies. However, the humidity at which
relative E″ deviated from the control varied was frequency
dependent. At 1 Hz, relative E″ deviated from the control when
the RH exceeded 40% during the 20% → 60%RH transition,
after which the values oscillated above the control. At 5 and
10 Hz, relative E″ moved away from the control when the RH
exceeded 60% during the 20% → 80%RH transition and
continued fluctuating above the control value.

During the desorption process (Figure 10), the relative E′ at
all frequencies deviated from the control immediately after
desorption and fluctuated between smaller values. Relative E′
also showed larger values during adsorption than desorption,
eventually approaching the control. However, the behavior of
relative E″ depended on the frequency and humidity. At 1 Hz,
relative E″ did not deviate during the 80% → 60%RH
transition but showed deviations during re-adsorption from 60
to 80%RH. During desorption from 80 to 40%RH, the behavior
of relative E″ between 80 and 60 %RH showed a distinct

Figure 7: Change of tanδi/tanδT5 (i = T2, T3, T4) over time after
adsorption/desorption in each humidity range.
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difference compared to the re-adsorption cycle (60–80 %
RH), where the values were consistently larger than the
control and did not overlap with any points obtained
during the humidity change history. At 5 and 10 Hz, rela-
tive E″ remained close to the control values, but during
desorption from 80 %RH to 40 %RH, overlapping behavior
with the 80 %→ 60 %RH transition was observed, as seen
at 1 Hz.

4 Discussion

Based on the thermal softening properties of wood in a
swollen state, the relaxation of amorphous polysaccharides
(hemicellulose) and relaxation due to the micro-Brownian
motion of lignin, have been observed at approximately −50
and 80 °C, respectively (Furuta et al. 1997, 2001; Salmén 1984).
The relaxation observed around 80 °C in the water-swollen

Figure 9: Influence of adsorption humidity
range on dynamic viscoelasticity of
destabilized wood. Lines and colors follow
Figure 2; cross follows Figure 3.

Figure 8: Time dependence of humidity and
dimensional change (ΔL) during the humidity
history experiments under adsorption/
desorption conditions. Lines and colors follow
Figure 2. “Passing humidity” means a process
where the humidity increases up to a specific
level and then returns to the original value.
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state is considered to correspond to the glass transition
temperature of lignin (Furuta et al. 2008, 2010). This glass
transition temperature marks the boundary between the
low-temperature glassy state and the high-temperature
rubbery state. As the moisture content decreases, the glass
transition temperature shifts to higher temperatures, and
below 12 % moisture content, it no longer appears below
100 °C, i.e., in the range of liquid water (Becker and Noack
1968). Thus, since the experiments in this study were per-
formed at∼30 °C, lignin is expected to be in a glassy state. It is
further hypothesized that as the moisture content increases
or decreases, lignin transitions within the glassy state from a
condition far from the rubbery state to one that is closer to it.
Therefore, the results are discussed considering the molec-
ular state of lignin at a constant 30 °C over time.

During the adsorption process, the interaction between
molecular chains in the amorphous region of the wood
weakens due to the adsorption of water molecules, so the
molecular motion of the wood becomes more active, but the
opposite phenomenon occurs during the desorption process.
In this study, it is also expected that this phenomenon will
occur during the humidity change process (T1 → T2). At all
frequencies, relative E′ values during adsorption were
consistent with the control values between 20 and 60 %RH,
while during desorption, they deviated immediately after
humidity reduction (Figures 4 and 5). This observation also
explains the behavior of tanδ at 1 Hz during adsorption and
at 1–10 Hz during desorption. However, it does not fully
explain the behavior of relative E″ in response to humidity
changes or the behavior of tanδ at 5 and 10 Hz during

adsorption. The differences at 5 and 10 Hz during adsorption
are thought to be due to variations in molecular mobility at
different molecular scales and may be related to differences
in the strain experienced by molecular chains due to hu-
midity changes.

To further compare the strain over time after adsorption
and desorption at each RH, tanδ valuesmeasured immediately
after the humidity change (T2) or 600min after (T5) were
examined in detail as they approached a stable state. The mo-
lecular state immediately after adsorption (T2) represents the
relaxation process following activation, while the molecular
state immediately after desorption represents relaxation
following deactivation. The molecular state after adsorption
relaxes more easily than that after desorption, as molecular
motion is activated to a higher degree. The results measured at
higher frequencies are thought to reflect processes at smaller
molecular scales (Nielsen 1976). For themeasurements at 5 and
10 Hz, tanδi/tanδT5 was already close to 100% at T2, indicating
that relaxation had already occurred by that time (Figure 6).
This is supported by the results for 5 and 10 Hz in Figure 4. In
contrast, no significant difference in the changes in tanδi/tanδT5
during desorption was observed, suggesting that molecular
deactivation proceeded uniformly across different molecular
scales. The largest changes in tanδi/tanδT5 during desorption
were observed in the order of 80→ 20%RH, 80→ 40%RH, and
80 → 60%RH. This indicates that the magnitude of the hu-
midity change plays a role, although further investigation is
needed to draw definitive conclusions.

In Figure 7, the decrease in tanδi/tanδT5 from T2 to T4
was most pronounced at 1 Hz for humidity changes between

Figure 10: Influence of desorption humidity
range on dynamic viscoelasticity of
destabilized wood. Lines and colors follow
Figure 2; cross follows Figure 3.
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40 % ↔ 60 %RH, 60 % ↔ 80 %RH, and 20 % ↔ 40 %RH. At 5
and 10 Hz, the decrease in tanδi/tanδT5 followed the order of
60 %↔ 80 %RH, 40 %↔ 60 %RH, and 20 %↔ 40 %RH. From
the perspective of molecular mobility, the time required for
strain resolution should be shorter for high RH ranges,
where moisture adsorption is greater. Furthermore, wood
after adsorption should relax faster than wood immediately
after desorption. Thus, the decrease in tanδi/tanδT5
measured at 5 and 10 Hz for the humidity-change process
suggests a faster relaxation rate at higher RH ranges. How-
ever, the large decrease in tanδi/tanδT5 at 1 Hz from T2 to T4
at 60 % ↔ 80 %RH cannot be fully explained by the molec-
ularmobility of lignin alone. It is therefore hypothesized that
an additional energy barrier, beyond that associated with
lignin, exists in the humidity range around the medium
humidity.

Examining the relativeE″ in Figure 9 shows that once theE
″peakof the control is exceeded in the adsorptiondirection, the
values remain higher than the control. In Figure 10, although
the E″ peak of the control was not exceeded, the values still
increased during the first re-adsorption process after desorp-
tion. In addition, E′ did not decrease rapidly at around 60%RH,
and in the adsorption direction, it repeated the same change
path, while in the desorption direction, the change path was
different. Based on the above assumptions, it is believed that
the fine structure of wood transitions from a glassy to a
rubbery state through repeated adsorption and desorption
cycles when the energy barrier is exceeded in the adsorption
direction and reverts to the glassy state when the barrier is
exceeded during desorption. However, the original glassy state
cannot be fully restored because molecular motion becomes
highly activated in the rubbery state. Based on these results, an
energy barrier is believed to exist around the medium
humidity.

Finally, the other factors contributing to the energy
barrier around themedium humidity are considered in light
of previous research (Cousins 1976, 1978; Kollmann 1962;
Kulasinski et al. 2014; Obataya et al. 1996; Olsson and Salmén
2003; Simpson 1971, 1980; Yokoyama et al. 1999, 2000a,b).
Numerous reports have described transitions in physical
and mechanical properties within this humidity range,
suggesting that this phenomenon is not unique to the current
experimental system. For example, it has been reported that
isolated hemicellulose undergoes thermal softening at
around 60 %RH at room temperature (Goring 1963; Taka-
mura 1968). Additionally, mechanical relaxation in the low-
temperature region is associated with the state of water in
the wood, and it has been suggested that the mechanical
relaxation of wood in the swollen state shifts toward room
temperature as the material dries (Furuta et al. 2001; Oba-
taya et al. 1996; Yokoyama et al. 2000a,b). Moreover, it has

been reported that the dynamic viscoelasticity of isolated
hemicellulose depends on the frequency during the process
of humidity change (Olsson and Salmén 2003). Thus, a
change in the molecular state of hemicellulose is likely to
occur. However, the thermal softening of hemicellulose is
difficult to detect due to restricted molecular motion caused
by its binding to the cellulose surface, despite the chain-like
nature of xylan between cellulose and lignin (Salmén 2022).
Furthermore, the activation energy for the thermal soft-
ening of amorphous polysaccharides is low for the micro-
Brownian motion of hemicellulose at around −50 °C (Furuta
et al. 2001). Therefore, the changes in the physical and me-
chanical properties of wood in the moderate humidity range
during humidity cycling cannot be conclusively attributed to
the mechanical relaxation of hemicellulose alone.

To comprehensively interpret the results of this and
previous studies, it is reasonable to conclude that changes in
molecularmobility due to the glass transition of lignin, along
with changes in the state of amorphous polymers within the
wood cell wall caused by hemicellulose softening, are
involved. However, further investigation is necessary to
fully clarify the effect of hemicellulose softening on the en-
ergy barrier around the medium humidity.

5 Conclusions

To help clarify the mechanism of changes in the mechanical
properties of wood caused by water adsorption and
desorption, the viscoelastic properties of the wood were
considered from the perspective of polymer rheology and an
energy barrier. This study is based on the fact that, at a
constant temperature, higher moisture contents reduce the
glass transition temperature derived from lignin. The dif-
ference between a constant temperature of 30 °C and the
glass transition temperature changes during the adsorption
and desorption processes. During the adsorption process, it
approaches the glass transition temperature (transitioning
from a glassy state that is far from a rubber state to a glassy
state that is close to a rubber state), and the reverse occurs
during the desorption process. A detailed analysis of the
mechanical properties of the wood under adsorption and
desorption processes explained the previously unexplained
changes in molecular mobility within the wood cell wall
without contradiction. However, E″ during adsorption and
desorption at the medium humidity, the time variation of
tanδ after adsorption above the medium humidity, and the
increase in molecular motion cannot be explained by the
aforementioned assumptions. These behaviors could be
consistently explained by assuming that not only a slight
energy barrier due to lignin but also the softening of
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hemicellulose around themediumhumiditywas responsible
for the change in the state of the amorphous polymer in the
wood cell wall. Therefore, the findings confirmed that an
energy barrier exists around the medium humidity, which
affects the dynamic viscoelastic behavior during water
adsorption and desorption, but further verification is
needed to clarify the hemicellulose softening phenomenon
and accompanying state changes in the amorphous regions
within the cell walls.
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