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Abstract: This study investigates the effects of heat treatment time and presence of an air back cavity
on the sound absorption performance of Indonesian momala (Homalium foetidum (Roxb.) Benth.)
and Korean red toon (Toona sinensis (A. Juss.) M. Roem.) cross sections. To examine the porous
characteristics of the two species before and after heat treatment, gas permeability, pore size, and
porosity analyses were conducted. Additionally, the sound absorption coefficient was measured
based on various heat treatment times and air back cavity sizes. The results showed that, with heat
treatment at 210 ◦C for 6 h, the gas permeability improved by 4.3% for the momala and 38.5% for the
red toon, the maximum pore size was improved by 5.25% in the momala and 26.0% in the red toon,
and the through-pore porosity improved by 22.7% for the momala and 117.0% for the red toon. Due
to these pore structure changes, the noise reduction coefficient (NRC) of the heat-treated momala
improved by 6.8%. When a 3-cm air back cavity was applied to the heat-treated momala, the NRC
was improved to 92.5%. Similarly, when the same air back cavity was applied to the heat-treated red
toon, the NRC was improved to 190.7%. This study demonstrated that an increase in pore size and
through-pore porosity by heat treatment triggered an increase in the sound absorption coefficient.
Additionally, when an air cavity was applied, the sound absorption coefficient of both heat-treated
wood species was increased at low frequency. From the results of this study, we expected that
heat-treated momala and red toon cross-sections can be utilized as eco-friendly ceiling materials with
sound absorption function.

Keywords: heat treatment; momala; red toon; through-pore porosity; sound absorption coefficient

1. Introduction

Human beings are exposed to high levels of noise on a daily basis, causing the release
of the stress hormone cortisol [1] which activates the sympathetic nervous system that
raises heart rate, blood pressure, and blood sugar [2]. When this condition persists, even
during sleep, stress on the body and the risk of cardiovascular diseases, including angina
and arteriosclerosis, increase [1,3].

For this reason, sound absorption and sound insulation are essential features in human-
occupied buildings. Synthetic fibers are used traditionally as sound-absorbing materials,
but in recent years, “green” sound-absorbing materials have gained research attention
due to a growing interest in environmental issues [4–7]. Natural fibers are biodegradable,
eco-friendly materials produced from plants, animals, and minerals. For building materials,
they usually are fabricated from agricultural wastes and residues composed mainly of
cellulose [4–7]. Research on sound-absorbing materials using various types of natural
fibers continues to increase, even though (except rice by-products) they are complicated to
mass produce.
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The Korean Statistical Information Service (KOSIS) reported that world log production
has been increasing continuously, from 37.5 million m3 in 2015 to 39.64 million m3 in
2019 [8]. Wood can store carbon for an unlimited time until it is burned, and the energy used
for manufacturing wood products is low compared to that of other building materials [9].
For these reasons, wood is an eco-friendly material that is sustainable and recyclable and
has embodied energy [10].

Wood is an anisotropic material with different properties depending on the anatomical
cut surface [11]. Radial and tangential sections of wood have virtually no porosity, which
means they can reflect sound; in contrast, cross sections of wood have pores that can
absorb sound waves [12]. When sound impinges on a cross section of hardwood, the sound
wave penetrates the vessels, converts into thermal energy, and dissipates at the wall of the
vessel [12].

The sound absorption performance of hardwood cross sections is correlated with gas
permeability [13], and various physicochemical modifications that increase gas permeability
have been proposed. These particular wood modifications include heat treatment [14],
steam treatment [15], delignification treatment [16,17], sonication treatment [18], and
microwave treatment [19]. Heat treatment is the most efficient wood modification to
improve sound absorption.

The main purpose of heat treatment is to alter the chemical composition of the wood
substance through thermal decomposition to increase its dimensional stability and weather
resistance [20,21]. Heat treatment disrupts the cell walls perpendicular to the fiber direction
and increases intercellular space [22,23]. This alteration increases the through-pore porosity
of heat-treated wood and improves its gas permeability [24,25]. The sound absorption
performance of heat-treated wood is greater than that of untreated wood, and the degree
of improvement increases as heat-treatment temperature increases [14]. Changes in the
physical properties of heat-treated wood differ by species since the wood types possess
different chemical compositions. For this reason, the optimal heat-treatment temperature
can vary by species [26].

Heat treatment typically is carried out at 200–240 ◦C [27]. As the temperature increases,
thermal decomposition of the wood occurs, accompanied by a decrease in hydrophilicity.
This process results in significantly lower hygroscopicity and secures dimensional stabil-
ity [20]. However, the mechanical performance of wood deteriorates as heat-treatment
temperature increases [9,21].

In this study, the heat treatment temperature of 210 ◦C was selected as it is known to
produce high weather resistance against decaying bacteria with only a marginal decrease
in strength [27]. Indonesian momala (Homalium foetidum (Roxb.) Benth.) and Korean red
toon (Toona sinensis (A. Juss.) M. Roem.) were selected because they are permeable and
readily available. The heat treatment time ranged from 0 to 6 h. An air back cavity of 0 to 3
cm was created because the sound absorption performance of a porous material improves
at low frequencies [28–30]. Porosity analysis was conducted based on heat treatment time,
and gas permeability and pore size were measured to assess the effects of these changes on
sound absorption performance.

2. Materials and Methods
2.1. Sample Preparation

The momala and red toon timbers were prepared by Saehan Timber Co., Ltd. (Goyang-
si, Gyeonggi-do, Korea) [17]. Both timbers were taken from the sapwood of trees approxi-
mately 30 years old, respectively. They were air-dried, and their original dimensions were
10 cm (R) × 10 cm (T) × 100 cm (L). The timbers were lathed into rods with a 2.9-cm diam-
eter and then cut into 1.0-cm cross sections using a table saw. We selected 11 non-defective
(without knots and checking) cylindrical samples of each species. Ten of the cylindrical
samples were used to obtain gas permeability, pore size, and sound absorption coefficient,
while the remaining one was used to observe the morphology of the vessels. Figure 1
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describes the sample manufacturing process, and Table 1 provides the basic physical data
of the samples.
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Table 1. Basic physical characteristics of momala and red toon.

Common
Name

Scientific
Name Origin Type * Mass (g) Air-Dried Density

(g/cm3) Porosity (%) MC (%)

Momala

Homalium
foetidum
(Roxb.)
Benth.

Indonesia Dp 5.17 ± 0.10 0.80 ± 0.02 46.79 ± 1.09 7.5

Red toon
Toona sinensis
(A. Juss.) M.

Roem.
Korea Rp 3.69 ± 0.08 0.57 ± 0.01 61.80 ± 0.08 7.5

* Dp, diffuse-porous wood; Rp, ring-porous wood.

2.2. Heat Treatment

The heat treatment was performed at 210 ◦C for 6 h using a laboratory air dryer
(OF-02GW; Jeotech Co., Ltd, Daejeon, Korea). The heat-treated samples were placed in the
laboratory (20 ◦C and 50% humidity) for 1 h before morphology analysis, gas permeability,
pore size, and porosity analysis and sound absorption coefficient measurements. The
sound absorption coefficient was measured in the samples every 2 h after heat treatment.
Morphology analysis, gas permeability, pore size, and porosity analysis were conducted
before and after heat treatment for 6 h.

2.3. Scanning Electron Microscopy (SEM) Analysis

The SEM (Genesis-1000; EmCrafts Co., Ltd., Sungnam, Korea) was used to observe
the changes in wood morphology before and after heat treatment. The specimens were
pretreated by softening and drying before SEM measurement [25,31]. The cross sections
and radial sections of each species were observed at 200×.

2.4. Gas Permeability

A capillary flow porometer (CFP-1200AEL; Porous Materials Inc. (PMI), Ithaca, NY,
USA) was used to measure permeability in the fiber direction as it changed with heat treat-
ment time. As the air pressure was increased from 0 to 1 bar, the flow rate was measured
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according to pressure. The Darcy permeability constant was calculated automatically by
the CFP-1200AEL’s software (Capwin v. 6.74.110), using Equation (1) [25,31]:

C = 8FTVa/πD2
(

P2 − 1
)

(1)

where C = Darcy permeability constant; F = flow; T = sample thickness; Va = viscosity of
air; D = sample diameter; and P = pressure.

2.5. Pore Size Analysis

Pore size was measured by capillary flow porometry [32–34] using the standard
method of ASTM F-316 [35]. This method’s main characteristic is that it measures the
constricted segments of only the through-pores to measure only the pores that affect
permeability [25,31,34–39]. The same equipment used for gas permeability was used to
measure pore size.

2.6. Porosity Analysis

Figure 2 shows the classification of solid porous materials. The International Union of
Pure and Applied Chemistry (IUPAC) stated in their 1994 publication Recommendations
for the Characterization of Porous Solids (Technical Report) [40] that the physical pore
shape of a solid porous material is classified into three types: through-pores with both
ends open, blind pores with one end open, and closed pores without communication to the
outside of the material. The combination of a through-pore and a blind pore is called an
open pore.
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Figure 2. Classification according to the pore shape of a solid porous material.

The open-pore porosity of solid porous materials can be obtained using gas pycnom-
etry [41–43]; we used model PYC-100A-1 from PMI, Inc. according to ISO 12154 [44] to
assess the open pores of the cylindrical samples. We calculated the closed-pore porosity
(φclosed) as the difference between total porosity (φtotal) and the open-pore porosity (φopen)
using Equation (2):

φclosed (%) = φtotal − φopen (2)

Our separation of open-pore porosity into through-pore porosity and blind-pore
porosity was consistent with previous studies [17,25,31,38]. First, we weighed the dried
samples. Next, we immersed each sample in Galwick® (PMI, Inc., Ithaca, NY, USA) solution
and subjected it to vacuum for 15 min in a vacuum chamber. The solution easily penetrated
into the sample’s open pores since it had a particularly low surface tension (0.159 mN/m).
This solution also has a high specific gravity (1.79) and extremely low volatility (0.025 torr
at 20 ◦C) and is suitable for porosity analysis
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Each sufficiently wetted sample was placed in the chamber of the CFP. Air pressure
was applied in the longitudinal direction, and the solution inside the through-pores escaped.
Then we weighed the sample again and calculated the blind-pore porosity based on the
difference between this weight and the original dried weight, using Equation (3):

φblind (%) =

(
(m1 − m0)/1.79

V

)
× 100 (3)

where m0 = sample mass before wetting, m1 = sample mass after Galwick® extrusion, and
V = sample volume.

The through-pore porosity was calculated by Equation (4):

φthrough (%) = φopen − φblind (4)

2.7. X-ray Diffractometer (XRD) Analysis

Lignin and Hemicellulose are amorphous. However, cellulose has amorphous and
crystalline regions. In this study, a high-performance XRD (model: G8 Advance, Bruker,
Germany) was used to compare cellulose crystallinity of specimens before and after heat
treatment. XRD is the most widely used analytical technique to investigate the crystallinity
and crystallite size of wood materials [45]. A wooden specimen sliced through a radial
section was examined by X-ray at a scan range of XRD of 2θ = 5◦–80◦, step width of 0.025,
and a scan speed of 5◦/min [15]. In the XRD pattern, crystalline appears as a peak at a
specific location. The area of crystalline peaks and the area of all peaks, including crystalline
and amorphous, were calculated from these peaks. In this study, the XRD software (Diffrac.
EVA Ver 6.0) automatically calculated the crystallinity value.

2.8. Sound Absorption Analysis

The transfer function method according to ISO 10534-2 [46] is useful to measure the
sound absorption properties of small samples at the laboratory scale. We measured the
sound absorption coefficient of the cylindrical samples at a frequency band of 50–6400 Hz
using an impedance tube (Type 4236; Brüel & Kjær, Nærum, Denmark). Then we calculated
the noise reduction coefficient (NRC), which in this case was the average of the sound
absorption coefficients at 250, 500, 1000, and 2500 Hz. We also calculated the average sound
absorption coefficients at the 250–500 Hz, 500–1000 Hz, 1000–2000 Hz, and 2000–6400 Hz
frequency bands.

To further investigate the effect of the air back cavity, the sound absorption coefficient
was measured while adjusting the air back cavity to 1 cm, 2 cm, and 3 cm at the rear of the
sample. When the air back cavity was applied, we inserted O-rings at the front and back of
the sample to prevent experimental errors due to the air gap between the sample and the
inner wall of the impedance tube [16].

2.9. Statistical Analysis

Paired t-tests were conducted to determine the differences between the mean of gas
permeability, pore size, porosity, and NRC before and after heat treatment. Multiple regres-
sion analysis was performed to investigate how heat treatment time and air back cavity
affected NRC. The enter method was estimation of the regression equation used in this
study, which analyzed all independent variables under consideration here. The influence
of a specific independent variable can be determined while the other independent variables
are controlled, and the degree to which all independent variables that simultaneously
explain the dependent variable can be identified [47]. Equation (5) shows the multiple
regression model:

Y = α0 +β1×1 + β2 X2 + β3 D1 + ε (5)
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where Y is the NRC, X1 is the treatment time, X2 is the air back cavity size, D1 is the wood
dummy variable (1 if the wood is red toon, otherwise 0), α0 is the constant (intercept term),
and ε is the residual (error term).

3. Results and Discussion
3.1. SEM Images of Momala and Red Toon

Figure 3 provides SEM images of momala and red toon before and after heat treatment.
Momala is a diffuse-porous wood, and its vessels are distributed evenly over a wide
area, whereas red toon is a ring-porous wood with large vessels in its spring wood. The
vessels become smaller with the progression into summer wood. Significant macroscopic
anatomical changes in momala were not observed after heat treatment [24]; however, red
toon developed microcracks inside the vessels after heat treatment.

3.2. Gas Permeability Pore Size and Porosity Analysis

Figure 4 provides the variations of gas permeability, pore size, and porosity in both
wood species. The gas permeability of momala prior to heat treatment was 12.2 Darcy,
which increased approximately 4.3% to 12.7 Darcy (t = −1.995, p < 0.10, paired t-test) after
heat treatment (210 ◦C for 6 h). The gas permeability of red toon prior to heat treatment
was 6.742 Darcy, which increased by approximately 38.5% to 9.3 Darcy (t = −7.949, p < 0.01)
after heat treatment.
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treatment of momala, (c) before treatment of red toon, (b) after treatment of red toon.

The maximum pore size of momala prior to heat treatment was 53.4 ± 2.7 µm, which
increased by approximately 5.2% to 56.1 ± 2.4 µm (t = −2.420, p < 0.05) after heat treatment;
the difference in mean pore size (t = 0.158, p = 0.878) was not significant. The maximum
pore size of red toon prior to heat treatment was 128.2 ± 19.3 µm, which then increased by
approximately 26.0% to 161.5 ± 19.5 µm (t = −4.556, p < 0.001) after heat treatment; the
difference in mean pore size (t = 0.512, p = 0.620) was not significant.

The weight and density of momala before heat treatment were 5.17 ± 0.10 g and
0.80 ± 0.02 g/cm3, respectively, and after heat treatment, they were 4.75 ± 0.10 g and
0.82 ± 0.02 g/cm3, respectively. The weight and density of red toon before heat treatment
were 3.69 ± 0.08 g and 0.57 ± 0.01 g/cm3, respectively, and after heat treatment, they
were 3.31 ± 0.07 g and 0.54 ± 0.01 g/cm3, respectively. The environmental conditions
were a temperature of 20 C and 50% humidity. Accordingly, after heat treatment, the
total porosity of momala decreased by about 2.7% from 46.78 ± 1.31% to 45.50 ± 1.24%
(t = 2.396, p < 0.05). Additionally, that of red toon increased about 3.5% from 61.81 ± 0.80%
to 63.99 ± 0.73% (t = −34.963, p < 0.001). At least in this experimental result, the change in
total porosity by heat treatment was insignificant. The reason is that the weight decreased
after heat treatment, but the specimen shrinks, and the volume is reduced. However, the
through-pore porosity of momala prior to heat treatment was 23.7 ± 1.0%, which increased
by approximately 22.7% to 29.1 ± 1.485% (t = −9.151, p < 0.001) after heat treatment. The
through-pore porosity of red toon prior to heat treatment was 13.0 ± 1.9%, which increased
by approximately 117.0% to 28.3 ± 4.3% (t = −12.023, p < 0.001) after heat treatment.
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Pore structure did not change significantly in the macroscopic SEM images of momala
after heat treatment. Typically, hemicellulose was decomposed in the heat-treated wood,
and the degree of crystallinity changes [21]. The chemical change of wood through heat
treatment causes mass reduction [23], and this can convert the pore structure of the wood
into a permeable structure [22]; this suggests that, in theory, heat may increase momala
maximum pore size and through-pore porosity. That is, through heat treatment of momala,
the pore structure can be altered in the direction of increasing through-pore porosity,
leading to improvement of gas permeability.
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As mentioned, microcracks in the vessels were observed in red toon. For this reason,
the increases in pore size and through-pore porosity were greater than those of momala,
and they also affected its increase in gas permeability. Consequently, the gas permeability
of red toon improved due to increases in maximum pore size and through-pore porosity
and the development of microcracks after heat treatment.

3.3. XRD Analysis

Figure 5 illustrated the XRD analysis of momala and red toon before and after heat
treatment. The peaks at 16.0, 22.6, and 24.4 for untreated momala are transferred to 15.8,
22.3, and 22.4 in heat-treated momala sample. Additionally, the peaks at 16.1 and 22.0 for
un-treated red toon are transferred to 16.2 and 22.3 in heat-treated red toon. The cellulose
crystallinity is found to be 51.0% for untreated momala and 36.9% for heat-treated momala,
while 52.2% for untreated red toon and 37.8% for heat-treated red toon.
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These results suggest a slight change in the cell wall and cellulose crystallinity of
the heat-treated wood. This chemically modified wood cell wall can help to improve
through-pore porosity and improved sound absorption performance.

3.4. Sound Absorption Properties

Figure 6 illustrates the sound absorption curves of momala and red toon before and
after heat treatment with air back cavities of different sizes. Table 2 provides the NRC
and average sound absorption coefficient values at 250–500 Hz (α250–500), 500–1000 Hz
(α500–1000), 1000–2000 Hz (α1000–2000), and 2000–6400 Hz (α2000–6400).

The trend of momala sound absorption curve showed that the sound absorption coef-
ficient was low in the low-frequency band and increased as the frequency band increased.
The low-frequency band sound absorption coefficient, however, improved when an air back
cavity was applied. This is a typical characteristic of porous sound absorbers, as shown
in previous studies [48–51]. Overall, as the heat treatment time of momala increased, the
sound absorption coefficient also increased. In particular, the sound absorption coefficient
rate at 2000–6400 Hz increased significantly by 5.0% (t = −2.062, p < 0.1) during the 6-hour
heat treatment.

As to the effect of improving sound absorption performance through heat treatment,
the sound absorption coefficient of 2000 Hz or less increased as the size of the air cavity in-
creased. This improved momala NRC. The NRC of the untreated momala was 0.147 ± 0.005,
and after heat treatment for 6 h, the NRC was increased by 6.8% to 0.157 ± 0.012 (t = −2.089,
p < 0.1). When a 3-cm air cavity was applied, the NRC was 0.283 ± 0.021, a 92.5% increase
(t = −18.083, p < 0.001) compared with the untreated momala. Based on these findings, we
determined that the overall momala sound absorption performance could be significantly
improved by applying an air cavity.



Forests 2021, 12, 1447 10 of 15

Forests 2021, 12, x FOR PEER REVIEW 9 of 15 
 

 

of the wood into a permeable structure [22]; this suggests that, in theory, heat may increase 
momala maximum pore size and through-pore porosity. That is, through heat treatment 
of momala, the pore structure can be altered in the direction of increasing through-pore 
porosity, leading to improvement of gas permeability. 

As mentioned, microcracks in the vessels were observed in red toon. For this reason, 
the increases in pore size and through-pore porosity were greater than those of momala, 
and they also affected its increase in gas permeability. Consequently, the gas permeability 
of red toon improved due to increases in maximum pore size and through-pore porosity 
and the development of microcracks after heat treatment. 

3.3. XRD Analysis 
Figure 5 illustrated the XRD analysis of momala and red toon before and after heat 

treatment. The peaks at 16.0, 22.6, and 24.4 for untreated momala are transferred to 15.8, 
22.3, and 22.4 in heat-treated momala sample. Additionally, the peaks at 16.1 and 22.0 for 
un-treated red toon are transferred to 16.2 and 22.3 in heat-treated red toon. The cellulose 
crystallinity is found to be 51.0% for untreated momala and 36.9% for heat-treated 
momala, while 52.2% for untreated red toon and 37.8% for heat-treated red toon. 

These results suggest a slight change in the cell wall and cellulose crystallinity of the 
heat-treated wood. This chemically modified wood cell wall can help to improve through-
pore porosity and improved sound absorption performance. 

 
Figure 5. XRD analysis of momala and red toon before and after heat treatment. 

3.4. Sound Absorption Properties 
Figure 6 illustrates the sound absorption curves of momala and red toon before and 

after heat treatment with air back cavities of different sizes. Table 2 provides the NRC and 
average sound absorption coefficient values at 250–500 Hz (α250–500), 500–1000 Hz (α500–1000), 
1000–2000 Hz (α1000–2000), and 2000–6400 Hz (α2000–6400). 

 
(a) 

Forests 2021, 12, x FOR PEER REVIEW 10 of 15 
 

 

 
(b) 

 
(c) 

 
(d) 

Figure 6. Alterations in sound absorption curves according to heat treatment time of momala and red toon with air back 
cavities of different sizes. (a) 1-cm air back cavity; (b) 2-cm air back cavity; (c) 3-cm air back cavity; (d) 4-cm air back cavity. 

The trend of momala sound absorption curve showed that the sound absorption co-
efficient was low in the low-frequency band and increased as the frequency band in-
creased. The low-frequency band sound absorption coefficient, however, improved when 
an air back cavity was applied. This is a typical characteristic of porous sound absorbers, 
as shown in previous studies [48–51]. Overall, as the heat treatment time of momala in-
creased, the sound absorption coefficient also increased. In particular, the sound absorp-
tion coefficient rate at 2000–6400 Hz increased significantly by 5.0% (t = −2.062, p < 0.1) 
during the 6-hour heat treatment. 

As to the effect of improving sound absorption performance through heat treatment, 
the sound absorption coefficient of 2000 Hz or less increased as the size of the air cavity 
increased. This improved momala NRC. The NRC of the untreated momala was 0.147 ± 
0.005, and after heat treatment for 6 h, the NRC was increased by 6.8% to 0.157 ± 0.012 (t 
= −2.089, p < 0.1). When a 3-cm air cavity was applied, the NRC was 0.283 ± 0.021, a 92.5% 
increase (t = −18.083, p < 0.001) compared with the untreated momala. Based on these find-
ings, we determined that the overall momala sound absorption performance could be sig-
nificantly improved by applying an air cavity. 

Figure 6. Alterations in sound absorption curves according to heat treatment time of momala and red toon with air back
cavities of different sizes. (a) 1-cm air back cavity; (b) 2-cm air back cavity; (c) 3-cm air back cavity; (d) 4-cm air back cavity.



Forests 2021, 12, 1447 11 of 15

Table 2. NRC and sound absorption coefficient at each frequency range of momala and red toon according to heat treatment time with
various air back cavity sizes.

Heat Treatment Time Air Cavity (cm)
Momala Red Toon

NRC α250–500 α500–1000 α1000–2000 α2000–6400 NRC α250–500 α500–1000 α1000–2000 α2000–6400

Control

None
0.147 0.056 0.129 0.234 0.439 0.107 0.042 0.099 0.175 0.259

(0.005) (0.004) (0.004) (0.012) (0.024) (0.004) (0.002) (0.004) (0.012) (0.022)

1
0.266 0.200 0.294 0.338 0.396 0.251 0.207 0.336 0.295 0.212

(0.019) (0.010) (0.033) (0.032) (0.021) (0.019) (0.007) (0.037) (0.034) (0.018)

2
0.282 0.256 0.304 0.323 0.366 0.281 0.299 0.342 0.268 0.200

(0.014) (0.015) (0.020) (0.017) (0.015) (0.025) (0.024) (0.044) (0.028) (0.014)

3
0.282 0.266 0.295 0.312 0.372 0.315 0.359 0.362 0.275 0.228

(0.014) (0.013) (0.016) (0.015) (0.015) (0.027) (0.038) (0.041) (0.024) (0.020)

2 h

None
0.159 0.062 0.138 0.261 0.474 0.127 0.052 0.107 0.214 0.332

(0.009) (0.007) (0.005) (0.031) (0.028) (0.005) (0.002) (0.003) (0.012) (0.025)

1
0.266 0.201 0.292 0.338 0.403 0.285 0.208 0.383 0.363 0.249

(0.013) (0.005) (0.022) (0.024) (0.017) (0.017) (0.017) (0.027) (0.045) (0.019)

2
0.318 0.298 0.343 0.348 0.412 0.346 0.349 0.459 0.344 0.267

(0.026) (0.035) (0.035) (0.002) (0.022) (0.040) (0.029) (0.088) (0.053) (0.043)

3
0.326 0.321 0.342 0.338 0.416 0.347 0.393 0.415 0.310 0.250

(0.021) (0.026) (0.028) (0.020) (0.019) (0.039) (0.044) (0.063) (0.035) (0.024)

4 h

None
0.155 0.072 0.139 0.242 0.456 0.130 0.057 0.105 0.210 0.342

(0.006) (0.007) (0.004) (0.022) (0.018) (0.008) (0.002) (0.008) (0.018) (0.030)

1
0.261 0.205 0.276 0.324 0.397 0.296 0.216 0.398 0.373 0.256

(0.011) (0.008) (0.014) (0.016) (0.011) (0.013) (0.012) (0.023) (0.031) (0.015)

2
0.284 0.257 0.293 0.319 0.390 0.334 0.337 0.431 0.339 0.250

(0.013) (0.011) (0.016) (0.016) (0.011) (0.027) (0.017) (0.053) (0.035) (0.021)

3
0.283 0.267 0.291 0.307 0.388 0.355 0.404 0.431 0.323 0.262

(0.021) (0.026) (0.027) (0.018) (0.013) (0.032) (0.038) (0.054) (0.032) (0.026)

6 h

None
0.157 0.071 0.139 0.252 0.461 0.131 0.054 0.108 0.221 0.359

(0.012) (0.006) (0.005) (0.038) (0.018) (0.054) (0.003) (0.006) (0.021) (0.027)

1
0.271 0.199 0.303 0.350 0.418 0.304 0.204 0.412 0.406 0.268

(0.023) (0.012) (0.037) (0.037) (0.024) (0.015) (0.010) (0.023) (0.035) (0.015)

2
0.298 0.264 0.316 0.338 0.408 0.363 0.356 0.474 0.368 0.268

(0.020) (0.032) (0.020) (0.019) (0.016) (0.036) (0.014) (0.065) (0.050) (0.036)

3
0.311 0.295 0.328 0.332 0.411 0.392 0.437 0.486 0.355 0.279

(0.024) (0.032) (0.031) (0.019) (0.017) (0.025) (0.029) (0.042) (0.026) (0.022)

The red toon sound absorption curves showed that the sound absorption coefficient
was low in the low-frequency band and increased as the frequency increased. When an
air cavity was applied, however, a peak occurred in the low-frequency band; this had not
happened with the momala. The red toon large vessels are arranged in spring wood, act as
holes, and showed resonant absorption in the rear space.

The red toon sound absorption coefficient increased as heat treatment time increased.
The rate of the average sound absorption coefficient at 2000–6400 Hz increased by 38.6%
(t = −19.5301, p < 0.001) during 6 h of heat treatment. The heat treatment changed the pore
structure and improved the through-pore porosity, causing an increase in gas permeability
that was confirmed by the improved average sound absorption coefficient at 2000–6400 Hz.
This phenomenon was identical to that in momala.

The NRC of untreated red toon was 0.107 ± 0.004, and after heat treatment for 6 h,
it increased by 22.4% to 0.131 ± 0.008 (t = −11.463, p < 0.001). When a 3-cm air cavity
was applied, the NRC increased by approximately 190.7% to 0.311 (t = −38.660, p < 0.001)
compared with untreated red toon without an air back cavity.

Table 3 shows the results of multiple regression analysis with NRC as the dependent
variable and heat treatment times and air back cavities as independent variables. The
F-value of the entire multiple regression model exhibited a 1% significance level, indicating
that the estimated regression results were significant. Additionally, the VIF (variance
inflation factor) was less than 10, which means that there was no problem with multi-
collinearity [31]. The R2 was 71.1%, which indicated that all independent variables well
explained the regression models.
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Table 3. Results of multi-regression analysis with NRC as the dependent variable.

Y = α0 +β1 X1 + β2 X2 + β3 D1 + ε

Variables Coeff. Std. Coeff. t-Statistic VIF *

α0 0.149 - 25.665 **

X1 0.001 0.140 4.666 ** 1.000

X2 0.060 0.825 27.406 ** 1.000

D1 0.019 0.115 3.826 ** 1.000

Adj. R2 0.711

F-value 262.505

p-value <0.001
Notes: * Variance inflation factor; ** represents significance at the 1% level. Y, NRC; X1, treatment time; X2, air
back cavity distance; D1, wood dummy variable (1 if the wood is red toon, otherwise 0); α0, constant (intercept
term); and ε, residual (error term).

Treatment time (β1) and presence of an air back cavity (β2) were significant in the
positive (+) direction at the 1% significance level. This indicates a statistical significance
since the heat treatment time and air back cavity distance affected the improvement of
sound absorption performance. The dummy variable (D1) appeared in a positive (+)
direction, which means that the improvement in sound absorption performance increased
more in red toon than in momala.

3.5. What Could Be the Potential Applications for Heat-Treated Indonesian Momola and Korean
Red Toon Cross Section in Construction?

This study used only the normal incidence absorption coefficient. Further analysis
will be possible if cross-sectional hardwood boards are manufactured and the sound
absorption coefficient values are investigated by the reverberation chamber method. In
general, the random incidence absorption coefficient is higher than the normal incidence
absorption coefficient in the low-frequency band [52]. Finally, we assume that the actual
sound absorption performance can improve beyond this study’s results.

In terms of design, Park et al. [53] proposed the cross sectional wooden wall using the
pattern of annual rings in the cross-section of wood. This study proposes to use heat-treated
Indonesia momala and Korean red toon cross sections as ceiling materials in construction,
not only the walls. The ceiling materials using cross sectional wood can be fully utilize the
air back cavity and can be maximize the sound absorption effect.

4. Conclusions

This study investigated hardwood cross sections as an eco-friendly, sustainable sound-
absorbing material by improving their pore structure. To improve the gas permeability
and sound absorption performance of momala and red toon cross sections, various heat
treatment times and different-sized air back cavities were used. As heat treatment time
increased, pore size and through-pore porosity of the wood samples increased, which
improved both gas permeability and sound absorption performance. Applying an air
back cavity also increased the sound absorption performance of both wood species. So,
we suggest using heat-treated Indonesia momala and Korean red toon cross sections as
sound-absorbing functional ceiling materials.

The results of this study are not limited to providing an efficient method for improving
hardwood sound absorption performance. They also can be utilized in developing an effi-
cient drying method that improves hardwood pore structure and an effective impregnation
method for functional chemicals, including preservatives and flame retardants.
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