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Abstract 

Changes in wood moisture content significantly affect its dimensions, mechanical proper-

ties, and vibrational characteristics. Thermal treatment is one of the most convenient ap-

proaches for improving the moisture resistance of wood; however, the effects of treatment 

conditions on moisture content and vibrational characteristics after short-term cyclic 

moisture absorption have not been clearly investigated. In this study, dry thermal treat-

ment at 160–220 °C for three different durations was applied to Japanese cedar specimens. 

Higher thermal treatment temperatures and longer treatment times decreased the equi-

librium moisture content (EMC). The fundamental resonant frequency of the free–free 

flexural vibration (f1) increased with increasing treatment temperature, whereas it de-

creased over a longer duration. All specimens were subjected to three cycles of moisture 

change tests from 60%RH to 98%RH at 40 °C to track the change in moisture content, f1 

and its loss tangent (tanδ). The specimens treated at higher temperatures maintained a 

lower moisture content and higher f1. Under most treatment conditions, the moisture con-

tent at 98%RH increased from the first to the second cycle and remained constant in the 

third cycle. On the other hand, the resonant frequency at 98%RH remained unchanged 

from the first to the second cycle but increased in the third cycle. This indicates that the 

moisture surface became saturated in the second cycle, and moisture diffusion from the 

surface to the inside of the specimen increased with the number of cycles. Near-infrared 

absorption revealed that high-temperature treatment caused thermal decomposition of 

hemicellulose and an increase in apparent crystallinity due to a reduction in the amor-

phous region of cellulose. These changes enhance the hydrophobicity of the cell wall, con-

tributing to moisture resistance and vibrational stability. 

Keywords: thermal treatment; flexural vibration; moisture resistance; near-infrared  

spectroscopy 

 

1. Introduction 

Solid wood is used for various purposes, such as construction, furniture and musical 

instruments. One of the most notable characteristics of wood is moisture absorption–de-

sorption, along with changes in humidity, because cellulose, a dominant chemical com-

ponent of wood, is highly hydrophilic. This characteristic acts as humidity conditioning 

for the interior or preserving the container; however, dimensional changes due to 
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absorption–desorption are a critical issue for construction and musical instruments. Fur-

thermore, higher moisture absorption is associated with lower decay resistance. Therefore, 

in certain cases, wood must be treated to improve its resistance to humidity. 

Thermal treatment is one of the easiest methods to improve the dimensional stability 

of wood. By increasing the crystalline region of cellulose, acetylation of the hydroxy 

groups and the network structure in lignin via thermal treatment result in a lower EMC 

and enhance dimensional stability [1–3]. In addition, the formation of a network between 

lignin and furfural, the production of acetic acid from pyrolyzed hemicellulose, and the 

esterification of cellulose during thermal treatment enhance decay resistance [4,5]. Ther-

mal denaturation of lignin and phenolic extracts darkens the wood color; higher treatment 

temperatures and longer treatment durations decrease brightness. These color changes 

are related to chemical reactions in the wood components, which affect its mechanical 

properties and dimensional stability [6,7]. 

Thermal treatment also affects acoustic vibration properties. A treatment of 210 °C 

under a nitrogen atmosphere increased the crystallinity of cellulose and decreased sound 

resistance [8]. Vibrational characteristics, such as the fundamental resonant frequency (f1) 

of flexural vibration and its loss tangent (tanδ), are also influenced by thermal treatment 

[9]. The frequency characteristics affect the sound characteristics of musical instruments. 

Furthermore, f1 of flexural vibration is directly related to the dynamic Young’s modulus 

(Ed); therefore, quantitative evaluation of the relationship between treatment conditions 

and changes in these characteristics is important for musical instruments or interior/exte-

rior purposes. 

Denaturation during thermal treatment is influenced by treatment conditions, such 

as time, temperature, the rate of temperature increase, moisture content, and atmosphere. 

As mentioned above, thermal treatment improves the water resistance of wood; however, 

the characteristics of wood change after long-term changes in humidity. According to a 

previous study, the EMC of thermally treated Picea abies increased after 90 cycles in a hu-

mid absorption–desorption test [10]. In addition, the moisture content during the absorp-

tion process increased during the second cycle of the cyclic humid absorption–desorption 

test [11]. Karami et al. conducted periodic moisture absorption tests after heat treatment 

under various humidity conditions [12]. The results showed reversible changes in the spe-

cific Young’s modulus and tanδ, but irreversible changes due to heat treatment were also 

observed. These irreversible changes are thought to result from the annealing of the amor-

phous polymer during heat treatment. 

Generally, cyclic absorption tests are designed to be sufficiently long for the speci-

mens to reach their equilibrium moisture content. However, when using heat-treated 

wood for musical instruments, furniture, and interior purposes, not only long-term mois-

ture absorption and desorption due to seasonal variations but also short-term temperature 

and humidity changes within a day, as well as atmospheric changes during transport, 

become important. This short-term moisture absorption and desorption do not cause the 

wood to reach its EMC. However, moisture absorption and desorption on the wood sur-

face and moisture diffusion from the surface to the interior of the wood occur simultane-

ously. That is, even if the apparent moisture content is the same, different moisture gradi-

ents can be created, resulting in different physical properties. 

This study aimed to clarify the changes in the vibrational characteristics of thermally 

treated wood during short-term cyclic moisture absorption. Nine different dry thermal 

treatment conditions (three temperature levels for three durations) were applied to Japa-

nese cedar. Changes in f1 and its tanδ for flexural vibration were traced during three cycles 

of cyclic moisture change tests. Near-infrared diffuse reflectance spectra were also ac-

quired to discuss the relationship between the chemical changes and vibrational charac-

teristics. 

https://doi.org/10.3390/f17070729
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2. Materials and Methods 

2.1. Sample Preparation 

Seventy Japanese cedar (Cryptomeria japonica) specimens, 150 mm in length, 20 mm 

in radius, and 10 mm in tangent, were prepared. Specimens were dried at 105 °C for 24 h 

to measure the initial dry weight and then placed at 20 °C and 65%RH for over three weeks 

to measure the initial airdried density. The average airdried density of 70 specimens was 

0.383 g/cm3. The statistical characteristics of the specimens before thermal treatment are 

summarized in Table 1. 

Table 1. Statistical characteristics of the specimens before thermal treatment. 

Airdry Density 

g/cm3 

Moisture Content 

% 

f1 

Hz 
tanδ 

0.383 (0.015) 8.86 (0.67) 2207 (76) 5.71 (0.63) × 10−3 

( ) indicate standard deviation. 

2.2. Flexural Vibration Test 

The f1 and its loss tanδ for the flexural free vibration of each specimen were measured. 

The specimens were supported by polyurethane foam (33.6 mm) at both ends. Flexural 

vibrations were excited by tapping the center of the specimen with a small hammer. The 

excited vibration signals were captured using a condenser microphone (M4261, NTi Au-

dio Co.) placed at the end of the specimen (Figure 1). The signal captured by a microphone 

was recorded by a field recorder (HS- P82, TEAC Co.) with 44.1 kHz and 24-bit WAV 

format. The obtained flexural signal was converted into a power spectrum using fast Fou-

rier transform to determine f1. In addition, a Hilbert transform was performed to obtain 

the envelope signal on f1: tanδ was calculated from the envelope signal as follows. 

 

Figure 1. A schematic diagram of a flexural vibration test. 

tanδ =
∆𝑙𝑜𝑔𝐴

𝑓𝜋∆𝑡
 (1) 

where A and t are the resonance amplitude and time, respectively, of a logarithmic enve-

lope signal. The dynamic flexural modulus (Ed) was determined from f1 as follows: 

𝐸𝑑 =
48𝜋2𝜌𝑙4𝑓1

2

500.6ℎ2
 (2) 

where ρ, l and h are density, length and thickness of the specimen, respectively. 
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The measurements were repeated three times and averaged. MATLAB (R2018a; 

MathWorks Inc., Natick, MA, USA) was used for this procedure. Flexural vibration tests 

were performed before and after the thermal treatment and during the cyclic moisture 

change test; f1, tanδ, and Ed were evaluated by a rate of change as follows: 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑥 =
𝑋𝑎 − 𝑋𝑏

𝑋𝑏
× 100 (3) 

where Xb and Xa are vibrational characteristics such as f1 and tanδ before and after thermal 

treatment, respectively. 

2.3. Dry Thermal Treatment 

Nine different dry thermal treatments comprising three temperatures (160, 190 and 

220 °C) and three treatment durations (short, medium and long) were applied in this study. 

Table 2 shows the combination of treatment temperature and duration. Dry thermal treat-

ments were performed in an oven (SOFW- 450, ASONE Co.) under an air atmosphere. The 

specimens were placed in an oven prior to heating. Note that the treatment duration in 

this study is defined as the duration after the chamber reaches 100 °C. After thermal treat-

ment, all specimens were immediately weighed then incubated at 20 °C and 65%RH for 

at least 3 weeks. Seven replications were used for each treatment condition, and seven 

untreated specimens were kept at 20 °C and 65%RH for control. Mass loss and EMC were 

calculated as shown below. 

Table 2. Dry thermal treatment conditions. 

Temperature (°C) 
Treatment Duration (min.) 

s* m* l* 

160 800 1200 1600 

190 200 300 400 

220 50 75 100 

*s: short, m: medium, l: long. 

𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 =
𝐷𝑊𝑏 − 𝐷𝑊𝑎

𝐷𝑊𝑏
× 100 

(4) 

𝐸𝑀𝐶 =
𝑊 − 𝐷𝑊𝑎

𝐷𝑊𝑎
× 100 (5) 

where DWb, DWa, and W are the dry weight before thermal treatment, dry weight after 

thermal treatment, and weight after conditioning at 20 °C and 65%RH, respectively. 

2.4. Near-Infrared (NIR) Spectroscopy 

NIR diffuse reflectance spectra ranging from 1000 to 2600 nm at 1 nm intervals were 

measured using a spectrophotometer (UV-3600 Plus, Shimadzu Co.). The radial–longitu-

dinal surface of each specimen was measured three times and averaged. The acquired NIR 

spectra were transformed into second-derivative spectra using the gap segment method 

(21-point segment with 0-point gap). MATLAB (R2018a, Mathworks Inc.) was used for 

the spectral transformation. 

2.5. Cyclic Moisture Change Test 

Cyclic moisture change tests were performed on the treated and control specimens. 

Initially, the constant-temperature humidity chamber (PH-2KT, Espec Co.) was set to 

40 °C and 60%RH. The RH was changed to 73, 86, 98, 86, 73 and 60% at 48 h intervals. This 
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procedure was repeated three times. An illustration of the target RH during the cyclic 

moisture change test is shown in Figure 2. The weight measurements and flexural vibra-

tion tests were performed every 48 h. This test was designed to simulate short-term vari-

ations in moisture change; therefore, the specimens did not reach equilibrium moisture 

content at every stage. 

 

Figure 2. Design of relative humidity transition during cyclic moisture change tests. 

3. Results and Discussion 

3.1. Effect of Dry-Thermal Treatment on the Physical Properties 

Figure 3 shows the mass loss and EMC under various thermal treatment conditions. 

As shown in Figure 3a, a greater mass loss occurred with longer treatment durations and 

higher temperatures. The maximum mass loss was approximately 5% under the harshest 

conditions (200 °C, 100 min). Generally, mass loss increased linearly with increasing treat-

ment duration at the same temperature; however, there was almost no increase between 

50 and 75 min under 220 °C. 

The EMC decreased under all thermal treatment conditions (see Figure 3b). A higher 

treatment temperature resulted in a lower EMC. A longer treatment duration tended to 

lower the EMC at the same temperature, but this tendency was not pronounced compared 

with the mass loss. As with mass loss, EMC did not change between 50 and 75 min under 

220 °C. As mentioned above, treatment duration is defined as the time after the chamber 

reached 100 °C; therefore, the strict duration when the specimens were heated at the treat-

ment temperature was shorter. Almost the same mass loss and EMC at shorter and me-

dium duration under the 220 °C treatment indicate that the 50 and 75 min treatment du-

rations were too short to heat the specimen to the exact treatment temperature. 

https://doi.org/10.3390/f17070729
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Figure 3. Relationship between thermal treatment duration (a) and mass loss (b). Equilibrium mois-

ture content. Error bars indicate the standard deviation. 

The relationship between the treatment conditions and flexural vibrational charac-

teristics is shown in Figure 4. Under all conditions, f1 increased after thermal treatment. 

The rate of change of f1 increased with increasing treatment temperature; f1 is inversely 

proportional to the square root of the density. Both higher mass loss and lower EMC due 

to the higher treatment temperature resulted in a lower airdried density. This is one of the 

main reasons why higher temperatures led to a higher rate of change in f1. Under the same 

temperature conditions (190 and 220 °C), f1 decreased from the short to medium duration. 

Between 50 and 75 min under the 220 °C treatment condition, neither mass loss nor EMC 

changed. In addition, EMC did not decrease for the short or medium durations under the 

190 °C treatment condition; f1 is inversely proportional to the square root of flexural mod-

ulus. Therefore, the decrease in f1 may be due to a decrease in the flexural modulus caused 

by the relatively higher treatment temperature. 

Figure 4b shows the relationship between treatment conditions and tanδ. Tanδ 

slightly increased after 220 °C of thermal treatment; however, there was no clear relation-

ship between treatment duration and tanδ at each treatment temperature. There was a 

large variation in tanδ relative to the mean rate of change, making it difficult to evaluate 

the effect of thermal treatment conditions on tanδ in this study. 

https://doi.org/10.3390/f17070729
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Figure 4. Relationship between thermal treatment duration and vibrational characteristics: (a) fun-

damental resonant frequency; (b) tanδ. Error bars indicate the standard deviation. 

Figure 5a shows the rate of change in Ed. Ed decreased after thermal treatment under 

all conditions. The decrease in the Ed was greater with longer treatment durations. The 

decrease in Ed during the treatment period was greater at higher temperatures. As de-

scribed in Equation (2), Ed is proportional to both the density and the square of f1. Specifi-

cally, Ed (Ed/density) increased under all treatment conditions, as shown in Figure 5b. 

Therefore, the decrease in Ed was primarily due to mass loss. 

 

Figure 5. Relationship between thermal treatment duration and (a) Ed and (b) specific Ed. Error bars 

indicate the standard deviation. 

3.2. NIR Spectra 

The influence of the thermal treatment conditions on the chemical components of 

wood is discussed based on the notable absorption peaks in the NIR spectra assigned to 

the main wood components [13]. Note that the absorption peaks were extracted from the 

https://doi.org/10.3390/f17070729


Forests 2026, 17, 729 8 of 14 
 

https://doi.org/10.3390/f17070729 

second-derivative spectra; therefore, a lower second-derivative value indicates strong ab-

sorption. 

The peak at 1153 nm was assigned to the second overtone of the C-H stretching vi-

bration in the acetyl groups of hemicellulose [13]. As shown in Figure 6a, the absorption 

at 1153 nm was reduced across all treatment conditions compared to that of the control. 

Furthermore, the absorption mostly decreased with a longer duration and higher temper-

ature. The decrease in absorbance with increasing treatment time was gradual at 160 °C 

but became more pronounced at higher temperatures. This indicated that hemicellulose 

deacetylation occurred at all treatment temperatures. In addition, partial pyrolysis oc-

curred at 190 and 220 °C [14]. 

 

Figure 6. Relationship between thermal treatment duration and NIR absorbance at (a) 1153 nm, (b) 

1672 nm, (c) 1829 nm and (d) 1432 nm. 
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Absorption at 1672 nm was assigned as the first overtone of the C-H stretching vibra-

tion due to the aromatic skeletons of lignin and wood extractives [13]. The absorption at 

this wavelength increased under all treatment conditions (Figure 6b). This increment is 

due to the relative increase in these components induced by the decrease in other compo-

nents, such as hemicellulose and water. At 220 °C, absorbance was almost the same at 50 

and 75 min; however, it was drastically increased at 100 min. Pyrolysis of lignin occurs 

gradually at lower temperatures, i.e., around 200 °C [15]. Also, 190–212 °C treatment in-

duces the condensation polymerization of lignin [16]. This tendency also proves that the 

50 and 75 min treatment durations in this study were too short to heat the specimen at the 

exact treatment temperature. 

Figure 6c shows the second-derivative absorbance at 1829 nm, which was due to the 

combination of OH stretching and the second overtone of the CO stretching vibration as-

signed to the crystalline region of cellulose. The absorbance at 1829 nm increased after 

each thermal treatment. At 190 and 220 °C, stronger absorption was observed with in-

creasing treatment duration. This indicated that the amorphous region of cellulose was 

thermally degraded by heat treatment at temperatures above 190 °C, resulting in a higher 

proportion of crystalline cellulose [17]. 

The absorption peak at 1432 nm, assigned to the first overtone of the OH stretching 

vibration due to water, decreased under all thermal treatment conditions (Figure 6d). Gen-

erally, the absorption decreased as both the duration and temperature increased. The ab-

sorption at 1432 nm is not only due to water but also due to the hydroxyl groups that form 

weak hydrogen bonds in the amorphous region of cellulose, glucomannan, and xylan [13]. 

The decrease in this absorption was mainly due to the loss of bonded water during ther-

mal treatment. Furthermore, the decreased absorption at higher treatment temperatures 

indicates that thermal degradation of hemicellulose and dehydration of cellulose [18] also 

occurred under these conditions. Under anoxic conditions, cellulose microfibrils are reor-

iented in the middle layer of the secondary wall [19] and the microfibril angle changes 

[20]. Even our experiment cannot directly refer to that result since our thermal treatment 

was conducted under oxic conditions. However, it is highly likely that reorientation of 

cellulose microfibril occurred under conditions of 220 °C. 

3.3. Moisture Content During Cyclic Moisture Change Test 

Figure 7 shows the moisture content transition of the specimens during the three cy-

cles of the moisture change tests. Note that the data at 73%RH in the first cycle are missing 

owing to errors in the experimental operation. Under all conditions, the moisture content 

during desorption was higher than that during the absorption process under the same 

relative humidity for the same number of cycles. This is due to sorption hysteresis [21]. 

The moisture content of the control specimens was consistently the highest throughout 

the test. There is a clear tendency for higher treatment temperatures and longer treatment 

durations to decrease moisture content. The moisture contents at 60 and 98%RH were ex-

tracted, as shown in Figure 8, and the effects of cyclic moisture changes were investigated. 

As shown in Figure 8a, the moisture content increased by 2%–3% after the first cycle of 

moisture change. As mentioned earlier, this phenomenon is known as sorption hysteresis. 

The increase in moisture content after the first cycle due to sorption hysteresis was greater 

at higher treatment temperatures and treatment durations. In contrast, the moisture con-

tent after the first cycle was lower at higher temperatures and longer durations. Focusing 

on the effect of the cycle number, the moisture content slightly increased with increasing 

cycles. 
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Figure 7. Changes in moisture content during the cyclic moisture change test. Error bars indicate 

the standard deviation. 

 

Figure 8. Changes in moisture content during cyclic moisture changes test at (a) 60%RH and (b) 

98%RH. Error bars indicate the standard deviation. 

Figure 8b summarizes the moisture content at 98%RH. In general, the moisture con-

tent decreased with increasing treatment temperature and duration. However, the mois-

ture contents at 50 (s) and 75 (m) minutes at 220 °C were higher than that at 190 °C. As 

indicated by mass loss, EMC and NIR absorption, this phenomenon also proves that 50 

and 75 min of treatment duration on 220 °C was too short to heat the specimen at the exact 

treatment temperature. When focusing on the changes in the cycle, there was no increase 

in moisture content from the second to the third cycle for any condition. This phenomenon 

differed from that observed for the moisture content at 60%RH. Moisture absorption oc-

curs on the wood surface, which then diffuses. Therefore, at 98%RH, the surface of the 

specimen became saturated during the second cycle. However, as mentioned previously, 

the moisture content at 60%RH increased with the number of cycles. This suggests that 

diffusion from the surface to the interior occurs during desorption. 

3.4. Vibrational Characteristics During Cyclic Moisture Change Test 

Figure 9 shows the transition of f1 and its tanδ during cyclic moisture change tests. 

All data were expressed as rates of change relative to the values obtained before thermal 

treatment. As shown in Figure 9, data for the first absorption at 73%RH were missing. As 

shown in Figure 9a, f1 decreases owing to moisture absorption. At the same relative 

https://doi.org/10.3390/f17070729
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humidity under the same cycle, f1 was higher during absorption than during desorption. 

This is because the moisture content during absorption was lower than during desorption, 

owing to sorption hysteresis. Higher treatment temperatures tended to result in lower f1. 

Further discussion on the effect of treatment conditions on f1 will be presented later. 

 

Figure 9. Changes in vibrational characteristics during cyclic moisture changes test: (a) rate of 

change in fundamental resonant frequency and (b) rate of change in tanδ. Error bars indicate the 

standard deviation. 

Figure 9b shows the transition of tanδ. For all conditions, tanδ decreased with in-

creasing relative humidity. Increasing the wood moisture content means increasing the 

bound water in the cell wall, which results in a lower elastic modulus and increased in-

ternal friction. Unlike moisture content and f1, no clear trend was observed between treat-

ment conditions and tanδ, and the difference between the control and treated groups was 

unclear. Essentially, f1 did not change with the tapping method or strength. However, vi-

bration damping is highly influenced by tapping conditions, as wood is a high-damping 

material. In this study, the specimens were manually tapped using a mallet. Therefore, 

tanδ at each tapping was largely deviated, resulting in an unclear tendency across the 

treatment conditions. Hereafter, we focus on changes in f1. 

The rates of change in f1 at 60% and 98%RH during the cyclic moisture change tests 

are shown in Fig. 10. The rate of change of f1 at the beginning of the tests was positive 

under all conditions. This is because f1 increased with thermal treatment (see Figure 4a), 

and the specimens were slightly dried by changing the conditions from 20 °C and 65%RH 

to 40 °C 60%RH. As shown in Figure 10a, f1 at 60%RH generally increased with increasing 

treatment temperature, but no clear trend was observed with respect to treatment time at 

the same temperature. At 65%RH, f1 increased slightly from the first to the second cycle 

and then decreased slightly in the third cycle. 

https://doi.org/10.3390/f17070729
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Figure 10. Changes in fundamental resonant frequency during cyclic moisture changes test at (a) 

60%RH and (b) 98%RH. Error bars indicate the standard deviation. 

As shown in Figure 10b, f1 at 98%RH showed a similar tendency to that at 65%RH; a 

higher f1 was observed at higher treatment temperatures. Furthermore, longer treatment 

duration resulted in a higher f1 for the 220 °C treatment. Focusing on the changes in the 

number of cycles, f1 did not change from the first to the second cycle, whereas it increased 

from the second to the third cycle under most conditions. Notably, this trend contrasts 

with the transition in the moisture content. As mentioned above, the moisture content at 

98%RH increased from the first to the second cycle but did not change in the third cycle. 

Basically, an increasing moisture content decreases f1. In this study, the moisture content 

increased but f1 did not change during the second cycle. In addition, the moisture content 

was constant, but f1 increased during the third cycle. Nishino et al. reported that the mois-

ture gradient in the thickness direction decreased the flexural resonant frequency of a 

free–free beam using the transfer matrix method [22]. Therefore, moisture diffusion from 

the surface to the core of the specimen increased with the number of cycles, mitigating the 

moisture gradient. As this phenomenon was observed under all treatment conditions, in-

cluding the control, the thermal treatment in this study did not have a significant effect on 

moisture diffusion during cyclic moisture absorption. 

From the f1 transition during the cyclic moisture change tests, the thermal treatment 

conditions in this study did not significantly influence the moisture diffusion from the 

surface to the core of the specimen; however, a higher treatment temperature tended to 

maintain a higher f1 during cyclic moisture changes. In particular, at the highest treatment 

temperature of 220 °C, longer treatment duration kept the higher f1 of the specimen 

through the cyclic moisture change tests and decreased the difference between 60%RH 

and 98%RH. This is induced by mass loss during thermal treatment, and wood becomes 

more moisture-resistant during thermal treatment. Several absorption bands illustrated 

in Figure 6 show that the thermal treatment decreased the EMC and accelerated the deg-

radation of hygroscopic pigments such as hemicellulose and the amorphous region of cel-

lulose. The hemicellulose present between the cellulose microfibrils within the cell wall 

contributed to the viscosity and viscoelastic properties of wood. Thermal treatment re-

duces the free hydroxyl groups in hemicellulose, which not only causes hydrophobicity 

in the cell wall but also reduces shear slip between cellulose microfibrils, leading to 
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reorientation of the cellulose microfibrils [19] and increased crystallinity. These phenom-

ena increase the stiffness of the cell wall, leading to higher f1 values under hygroscopic 

conditions. 

4. Conclusions 

In this study, nine different dry thermal treatment conditions with three treatment 

temperatures and durations were applied to wood specimens. Higher treatment temper-

atures and longer treatment durations led to greater mass losses and lower EMC. The 

lowest EMC was obtained by the most severe thermal treatment conditions, 220 °C for 100 

min. The fundamental resonant frequency of the free–free flexural vibration (f1) increased 

with increasing treatment temperature; however, a longer treatment duration gradually 

decreased the resonant frequency. The Ed decreased under all conditions, mainly owing 

to mass loss, but the specific Ed increased as the temperature increased. The specimens 

were subjected to three cycles of moisture change tests to track the changes in the moisture 

content and vibrational characteristics. Similar to the EMC, the moisture content during 

the cyclic moisture change tests was lower, with higher thermal treatment temperatures 

and longer durations. The f1 remained high at higher treatment temperatures. Under all 

conditions, the moisture content at 98%RH increased from the first to the second cycle; 

however, no change was observed from the second to the third cycle. However, f1 did not 

change from the first to the second cycle, whereas it increased in the third cycle. Therefore, 

moisture diffusion from the surface to the core of the specimen was confirmed; however, 

there were no notable differences in the diffusion process under the thermal treatment 

conditions. The degradation of hemicellulose and the amorphous region of cellulose was 

suggested by the NIR spectra. Thus, chemical deformation by thermal treatment imparted 

hydrophobicity to the cell wall, resulting in a decrease in moisture content and changes in 

resonant frequency. 

The moisture content and f1 transition of the specimen at the 220 °C for 100 min con-

dition were the most stable during the cyclic moisture change tests. Therefore, more se-

vere treatments increase stability against moisture. This is a significant advantage when 

wood is used in furniture, flooring, and musical instruments. 
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f1 fundamental resonant frequency 

tanδ loss tangent 

NIR near infrared 
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  tan δ =   ∆ l o g A  f 𝜋 ∆ t


    E  d =   48   𝜋 2 𝜌   l 4   f 1 2  500 . 6  h 2


  R a t e   o f   c h a n g e   i n   x =     X  a −   X  b    X  b × 100


  M a s s   l o s s =     D W  b −   D W  a    D W  b × 100


  E M C =   W −   D W  a    D W  a × 100

