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Abstract: This study investigates the vibrational and acoustic properties of Sitka spruce
(Picea sitchensis (Bong.) Carr.) and Indian rosewood (Dalbergia latifolia Roxb.), two common
musical instrument woods, at moisture contents of 2%, 7%, and 12%. The specimens with
dimensions of 400 mm (longitudinal) x 25 mm (radial) x 10 mm (tangential) were tested
under cantilever beam conditions using non-contact magnetic field excitation to generate
sinusoidal and pulse signals. Vibration data were collected via acceleration sensors and
FFT analyzers. The test method was based on ASTM D6874-12 standard. Results indicate
that increasing moisture content reduces acoustic vibration characteristics, with hardwoods
exhibiting higher declines than softwoods. From 2% to 12% moisture content, the first-order
sound radiation quality factor of Sitka spruce and Indian rosewood decreased by 15.41%
and 15.57%, respectively, while the sound conversion rate declined by 41.91% and 43.21%.
Increased moisture content lowers first-order and second-order resonance frequencies, am-
plitude ratios, dynamic elastic modulus, vibration propagation velocity, acoustic radiation
quality factor, and acoustic conversion efficiency, while increasing acoustic impedance
and the loss factor. With excitation frequency increases from 100 Hz to 1500 Hz, vibration
propagation velocity rises slightly, while the loss factor declines.

Keywords: musical instrument wood; moisture content; non-contact magnetic field
excitation; acoustic vibration characteristic; frequency

1. Introduction

Wood, as a unique renewable and eco-friendly building material, has advantages of
environmental sustainability, carbon sequestration, and reusability. It is widely used in
the musical instrument industry [1]. As a form of entertainment, musical instruments are
becoming increasingly popular, driving the rapid growth of the instrument industry. Wood
is essential for producing almost all instruments except brass instruments.

In the production of musical instruments, manufacturing processes and raw materials
have a significantly impact on instrument acoustic quality. The wood for musical instru-
ments has strict specifications that require consideration of tree species, grain orientation,
annual ring width, surface roughness, and latewood percentage [2-5]. The acoustic prop-
erties of wood primarily depend on its vibrational characteristics, which are evaluated
through parameters such as vibration mode, specific dynamic elastic modulus, acoustic
radiation quality constant, and acoustic impedance [6,7]. A higher specific dynamic elastic
modulus and acoustic radiation damping coefficient, as well as a lower acoustic impedance,
are beneficial for the conversion of acoustic energy or the improvement of response velocity.
The long-term natural aging of wood materials is an important step in the manufacturing
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process of wooden musical instruments. Wood that has undergone long-term natural aging,
due to the recrystallization of cellulose and the depolymerization of hemicellulose, has
reduced moisture absorption and improved acoustic vibration characteristics. However,
the natural aging of wood is very slow [8,9]. At present, in the manufacturing process of
musical instruments, by modifying the materials, the effect of natural aging that originally
required decades can be achieved in a shorter period of time, which greatly benefits the
development of the musical instrument manufacturing industry. High-temperature heat
treatment [10-14], chemical immersion treatment [15-17], and moisture absorption cycling
treatment [18,19] are commonly used methods to improve the vibration characteristics
of wood.

Many researchers have focused on exploring the vibration acoustics of musical in-
strument materials and modified materials. There are also a few reports on the impact of
moisture content changes on the vibration acoustic characteristics of musical instrument
wood. Changes in wood moisture content affect its dimensional stability and can lead to
unstable acoustic effects in musical instruments [20,21]. However, these studies have not
yet systematically reported the influence of moisture content on the vibration modes and
acoustic properties of wood during the process of moisture content changes.

In addition, the vibration response caused by surface impact or excitation of wood
is related to the vibration characteristics and structure of the wood. Norimoto et al. [22],
Matsunaga et al. [23], and Yoshitaka et al. [24] studied the vibration characteristics
of wood as an acoustic board and found that the acoustic properties of wood are sig-
nificantly influenced by the vibration characteristic parameters. Danihelova et al. [25],
Mirbolouk et al. [26], Zhang et al. [27], Deng et al. [28], Kohantorabi et al. [29], Ahmed
etal. [30], and Guan et al. [31] used methods such as blades, impact hammers, and iron balls
to excite the wood to produce vibration and study the vibration characteristics of wood.
Most researchers used contact-based excitation methods in experiments and obtained
material vibration characteristics.

However, the vibration waveforms obtained by these methods have significant in-
terference, making data analysis and processing difficult and prone to errors. Therefore,
this study focuses on the commonly used materials for musical instruments, spruce and
rosewood, with different moisture contents. Under the boundary conditions of cantilever
beams [32,33], a non-contact magnetic field excitation method is used to generate sine
and pulse waves of different frequencies, simulate regular acoustic waves, and excite the
experiment materials. The vibration data of the materials are obtained using acceleration
sensors and an FFT analyzer, and the vibration modes and acoustic vibration characteristics
of the two commonly used musical instrument materials at different moisture contents
are studied.

2. Materials and Methods
2.1. Experiment Materials

The experiment selected 90-degree radial cut boards of Sitka spruce (Picea sitchensis
(Bong.) Carr.) and Indian rosewood (Dalbergia latifolia Roxb.) from Hunan kepma Musical
Instrument Manufacturing Co., Ltd., Changsha, China, which are used as materials for
musical instruments without visible defects such as cracking, deformation, decay, and
discoloration. The experiment specimens are all heartwood and 400 mm X 25mm X 10 mm
(L x M x H). The cutting position of the specimen is shown in Figure 1. The surface of each
sample was processed using a planer, and there were 12 samples for each type of wood.
The mean densities of the Sitka spruce specimens at moisture contents of 2%, 7%, and 12%
are 368.2kgm~3, 386.3kgm~3, and 404.3 kg m 3, respectively. The mean densities of the

Indian rosewood specimens at moisture contents of 2%, 7%, and 12% are 830.3 kg m~3,
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871.0kgm~3, and 911.7 kg m~3, respectively. The annual ring width of spruce is about
0.57 mm, and the latewood rate is about 18.92%.

Quarter Sawn 90°

Figure 1. The cutting position of the Sitka spruce (Picea sitchensis (Bong.) Carr.).

2.2. Adjustment of Specimen Moisture Content

Before cutting the specimen, the small 20 mm pieces were cut from the sawn lum-
ber and weighed. The small pieces were then dried at 103 °C to a moisture content of
0%, and the moisture contents of the small pieces were calculated as the initial moisture
content of each experiment piece. Then, the experimental specimens were placed in a
constant-temperature and -humidity chamber for moisture content adjustment. The mois-
ture contents of the experiment specimens were adjusted to 2%, 7%, and 12%, respectively.
These moisture contents were chosen based on the actual situation of Chinese musical in-
strument manufacturers and the acoustic properties of wood at different moisture contents.
(1) Due to regional differences, the musical instrument manufacturers often control the
moisture content of the wood to be between 7% and 12%, in order to ensure that the wood
is sufficiently moist to prevent drying and cracking. (2) The selection of moisture content
close to 2% absolute dryness is mainly to study the acoustic vibration characteristics of
wood under extreme drying conditions.

2.3. Experimental Device

The experimental setup is shown in Figure 2, where the specimen was subjected to
boundary conditions with one end free and the other end fixed. A circular iron plate with
a mass of approximately 0.1 g was attached to the free end of the specimen. The signal
generator (Model DH1301, Jiangsu Donghua Testing Technology Co., Taizhou, China) sent
out a setting signal, which was amplified by the power amplifier (Model DH5872, Jiangsu
Donghua Testing Technology Co., Taizhou, China) and transmitted to the non-contact
magnetic field exciter (Model DH41020, Jiangsu Donghua Testing Technology Co., Taizhou,
China). The signal generated by the magnetic exciter excited the circular iron plate below
the free end specimen, driving the specimen to vibration. The gap between the magnetic
exciter and the circular iron plate below the free end of the specimen was 5mm. Two IEPE
piezoelectric accelerometer sensors (INV9822, China Orient Institute of Noise & Vibration,
Beijing, China) were placed 20 mm away from the free and fixed ends respectively and
fixed to the specimen with epoxy resin glue. These sensors were connected to the FFT
analyzer (CF-9200, Japan ONOSOKKI company, Yokohama, Kanagawa, Japan) through
cables. Channel 1 (CH1) of the FFT analyzer was connected to the accelerometer sensor at
the free end, and channel 2 (CH2) was connected to the accelerometer sensor at the fixed
end. The FFT analyzer was used to obtain vibration data of the specimen, which were then
processed and analyzed by a computer. The test method was based on ASTM D6874-12
standard [34].
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Figure 2. Experimental device.

2.4. Experimental Method

Resonance Frequency Test: The signal generator was set to emit a sine signal, with
peak-to-peak voltage set to 20 V and phase set to 0°. The power amplifier was set to 1.5 A
and 5 A. The starting frequency of a sine signal was 50 Hz, and the frequency increased
by 1 Hz until 500 Hz. The acceleration sensor at the free end of the specimen was CH1,
referred to as the transmitting end. The acceleration sensor at the fixed end was CH2, which
was called the receiving end. The ratio of frequency domain vibration intensity amplitude
between CH2 and CH1 was calculated (referred to as amplitude ratio in this study). In
the experiment, the FFT selected the Hanning window function to collect signals with a
frequency resolution of 0.1 Hz. The FFT was set to automatically filter the collected data
and generated time-domain and frequency-domain graphs of specimens with different
moisture contents in the 50-1500 Hz frequency band. Based on the time-domain and
frequency-domain data of the vibration signal of the specimen, the first-order and second-
order resonance frequency values of the specimen can be obtained. There were 4 specimens
for each moisture content, and the measured data were averaged.

Measurement of Vibration Propagation Velocity and Logarithmic Attenuation Coef-
ficient: The signal generator was set to burst mode, the waveform was set to sine, the
gate was set to N-cycles, the number of cycles was set to 1, the peak-to-peak value of the
signal was set to 20V, the phase was set to 0°, and the power amplifier was set to 1.5 A and
5 A. The starting frequency of the pulse signal was from 100 Hz to 1500 Hz, increasing by
100 Hz each time. The FFT selected the rectangular window function to collect signals with
a frequency resolution of 0.1 Hz. The distance between the two accelerometer sensors was
300 mm. The FFT values of the time-domain signals collected through CH1 and CH2 chan-
nels were used to calculate the vibration propagation velocity and logarithmic attenuation
coefficient of the specimen.

3. Results and Discussion
3.1. The Influence of Moisture Content on the Resonance Frequency of Specimens

Figures 3 and 4 show the time-domain and frequency-domain signals of spruce and
rosewood specimens excited by a 100 Hz sine wave with a moisture content of 7% at both
the transmitting end (CH1) and the receiving end (CH2). From the figures, it can be seen
that when the frequency of the transmitting signal was 100 Hz, the receiving frequency of
two specimens was also 100 Hz. The accelerations are evaluated by their root mean square
(RMS) effective value. The acceleration of the transmitting end of the spruce specimen
was 1284 mm /s?r and the amplitude of the receiving end was 188 mm /s?r, corresponding
to an amplitude ratio of 0.14. The amplitude of the transmitting end of the rosewood
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specimen was 982 mm/s’r, and the amplitude of the receiving end was 41.07 mm/s?r,
with an amplitude ratio of 0.04. The decrease in vibration intensity at the receiving end
compared to the transmitting end indicates that the excitation frequency did not cause
resonance in the specimens.
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Figure 3. Time- and frequency-domain signal of spruce specimen with the moisture content of 7% at
100 Hz sine wave excitation.
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Figure 4. Time- and frequency-domain signal of rosewood (Dalbergia latifolia Roxb.) specimen with

the moisture content of 7% at 100 Hz sine wave excitation.

Figure 5a—c shows the amplitude ratios of spruce specimens at moisture contents
of 2%, 7%, and 12%, and the sinusoidal wave excitation frequency band from 50 Hz to
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1500 Hz at the signal transmission end. From the figure, it can be seen that the specimen
with a moisture content of 12% has the maximum amplitude ratio of 14.88 at a frequency
of 224 Hz, indicating that this frequency was the first-order resonance frequency of the
specimen under this moisture content condition. Similarly, at frequencies of 231 Hz and
240 Hz, the moisture contents of the specimens were 7% and 2%, and the amplitude ratios
were the highest, at 16.10 and 21.70, respectively, which were the first-order resonance
frequencies of the specimen. The first-order resonance frequency of the specimen decreased
from 240 Hz with a moisture content of 2% to 224 Hz with a moisture content of 12%, with
a decrease of 6.67%. The first-order amplitude ratio decreased from 21.70 with a moisture
content of 2% to 14.88 with a moisture content of 12%, with a decrease of 31.43%.
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Figure 5. Relationship between specimen resonance frequency and amplitude ratio with moisture
content of the specimen: (a) 2% moisture content spruce, (b) 7% moisture content spruce, (c) 12%
moisture content spruce, (d) 2% moisture content rosewood, (e) 7% moisture content rosewood, and
(f) 12% moisture content rosewood.

It can also be observed from the figure that the second-order resonance frequencies of
the specimens were 672 Hz, 695 Hz, and 724 Hz when the moisture content was 12%, 7%,
and 2%. At a frequency of 672 Hz, the specimen with a moisture content of 12% had an
amplitude ratio of 4.40. Similarly, for specimens with frequencies of 695 Hz and 724 Hz and
moisture contents of 7% and 2%, the amplitude ratios were 5.88 and 6.60, respectively. The
second-order resonance frequency of the specimen decreased from 724 Hz with a moisture
content of 2% to 672 Hz with a moisture content of 12%, with a decrease of 7.18%. The
second-order amplitude ratio decreased from 6.60 with a moisture content of 2% to 4.40
with a moisture content of 12%, with a decrease of 33.33%.

Figure 5d-f shows the amplitude ratios of rosewood specimens at moisture contents
of 2%, 7% and 12%, and the sinusoidal wave frequency at the signal transmission end in
the frequency band of 50 Hz to 1500 Hz. At a frequency of 230 Hz, the specimen with 12%
moisture content has the highest amplitude ratio of 19.4, indicating that this frequency was
the first-order resonance frequency under this moisture content condition. Similarly, at a
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frequency of 238 Hz and 249 Hz, specimens with moisture contents of 7% and 2% exhibited
the maximum amplitude ratios of 20.1 and 22.5, respectively, which were their first-order
resonance frequencies. The first-order resonance frequency of the specimen decreased from
249 Hz with a moisture content of 2% to 230 Hz with a moisture content of 12%, with a
decrease of 7.63%. The first-order amplitude ratio decreased from 22.54 with a moisture
content of 2% to 19.42 with a moisture content of 12%, with a decrease of 13.84%.

It can also be observed from the figure that the second-order resonance frequencies
of the specimens are 746 Hz, 772 Hz, and 806 Hz when the moisture content is 12%, 7%,
and 2%. At a frequency of 746 Hz and a moisture content of 12%, the amplitude ratio of
the specimen is 4.57. Similarly, for specimens with frequencies of 772 Hz and 806 Hz and
moisture contents of 7% and 2%, the amplitude ratios are 8.36 and 9.17, respectively. The
second-order resonance frequency of the specimen decreased from 806 Hz with a moisture
content of 2% to 746 Hz with a moisture content of 12%, with a decrease of 7.44%. The
second-order amplitude ratio decreased from 9.17 at a moisture content of 2% to 4.57 at a
moisture content of 12%, with a decrease of 50.16%.

The increase in moisture content of the specimen leads to a decrease in the resonance
frequencies and the amplitude ratios of first-order and second-order resonance frequency
points. The main reasons were as follows: (1) An increase in moisture would cause
lubrication between the fibers of wood, reducing its elastic modulus. (2) As the moisture
content of the specimen increases, the friction and damping inside the specimen also
increase, leading to increased energy loss. This enhanced damping effect would lead to a
decrease in resonance frequency. (3) An increase in moisture content increases the quality
of specimen. Although the relationship between resonance frequency and quality was
relatively complex, under these conditions, an increase in quality would lead to a decrease
in resonance frequency [35].

At the same moisture content, hardwood specimens have higher resonance frequencies
and amplitude ratios of the first-order and second-order resonance points compared to
softwood specimens. This is because hardwoods are generally denser, harder, and have
more complex cellular structures than softwoods. Due to these characteristic, hardwood
usually maintains higher elasticity, which results in a higher elastic modulus, leading
to a higher resonance frequency and amplitude ratio of the first-order and second-order
resonance frequency points [36].

3.2. The Influence of Moisture Content on the Acoustic Vibration Parameters of Specimens

Based on transverse vibration theory of beams, under the boundary conditions of
cantilever beams, the dynamic elastic modulus of the specimen can be calculated after
collecting the vibration signals, and the acoustic vibration parameters of the specimen can
be further calculated.

The formula for calculating the dynamic elastic modulus E of specimens is as fol-
lows [37-39]:

E— 4r2PAL S (1)
Iz Py
where:

E: Dynamic elastic modulus of the specimen (Pa);

f: Resonance frequency of the specimen (Hz);

L: Length of the specimen (m);

A: Cross-sectional area (m?);

p: Density of the specimen (kg m3);

Igz: Moment of inertia (m*);
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P,: Solution of Bernoulli. # is the order of the resonant frequency of the test piece,
n=1,2,...,and P, acceptable approximate values can be expressed as follows:

4
m:<@ﬂfﬁ> @)

Based on the dynamic elastic modulus of the test specimen, the specific dynamic elastic
modulus (Es), the acoustic radiation quality constant (R), and the acoustic impedance (Z)
of the specimen can be calculated using the following formulas [40]:

E

Es=-— 3
o 3)

R= \/E (4)

Z = pc = /pE 5)

The velocity is ¢, with which sound travels through a material. The formula for
calculation is as follows:

d
LT

c

(6)

The time-domain signal is measured by FFT, and the first point of sudden rise or fall
in channel CH1 is denoted as T. Similarly, the first point of sudden rise or fall in channel
CH2 is denoted as T»; d is the distance between the two accelerometer sensors.

The logarithmic attenuation coefficient (J) is the average of all obtained logarithmic
amplitude ratios [41], where A is the amplitude:

_1 Aq Ay An_q _1 1
(5—n<InAz+lnAB+...—|—ln A, >—nln (7)

The damping ratio ({) is calculated using the following formula:

02
ey ®

When ¢ is small ({ < 0.1), the formula can be approximated as

)
¢= pye )
The loss factor (i) is calculated using
n=2¢ (10)

The acoustic conversion efficiency (ACE) of the specimen is determined by

R

ACE =
tand

(11)

Table 1 shows the mean and standard deviation of the first and second dynamic
elastic moduli, the specific dynamic elastic modulus, the sound radiation quality constant,
the sound impedance, and the sound conversion efficiency for samples with different
moisture contents. The dynamic elastic modulus is one of the important indicators for
characterizing the mechanical properties of wood and plays a crucial role in evaluating the
acoustic vibration characteristics. Figure 6 shows the dynamic elastic modulus of spruce
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and rosewood specimens under first-order and second-order vibration modes at moisture
contents of 2%, 7%, and 12%, respectively. In the first-order vibration mode, the dynamic
elastic modulus of spruce specimens decreased from 5.23 GPa with a moisture content of 2%
to 5.00 GPa with a moisture content of 12%, with a decrease of 4.40%. The dynamic elastic
modulus of rosewood specimens decreased from 12.69 GPa with a moisture content of 2%
to 11.88 GPa with a moisture content of 12%, with a decrease of 6.38%. In the second-order
vibration mode, the dynamic elastic modulus of spruce specimens decreased from 6.16 GPa
with a moisture content of 2% to 5.83 GPa with a moisture of 12%, with a decrease of
5.36%. The dynamic elastic modulus of rosewood specimens decreased from 17.23 GPa
with a moisture content of 2% to 16.20 GPa with a moisture content of 12%, with a decrease
of 5.98%.

Table 1. Mean and standard deviation of the first-order and second-order dynamic elastic modulus,
specific dynamic elastic modulus, acoustic radiation quality constant, acoustic impedance, and
acoustic conversion efficiency of specimens with different moisture contents.

E Elp R Z ACE
Mean SD Mean SD Mean SD Mean SD Mean SD

2% Spruce

first-order

523 010 1419 027 1023 0.09 1.39 0.01 3090.52 30.06

second-order  6.16 013 1674 035 1111 0.12 1.51 0.01 374452 37.42

7% Spruce

first-order

5.08 0.09 1315 0.28 9.39 0.09 1.40 0.01 2638.77 31.56

second-order  6.16 013 1674 035 11.11 0.12 1.51 0.02 374452 3742

12% Spruce

first-order

5.00 009 1236 0.26 8.70 0.09 1.42 0.01 180448 29.06

second-order  5.83 012 1442 034 9.39 0.12 1.54 0.01 218499 36.42

2% Rosewood

first-order

1269 010 1528 0.27 4.71 0.09 3.25 0.02 1626.77 29.55

second-order 17.23  0.13 20.75 0.35 5.49 0.12 3.78 0.01 2062.12 3742

7% Rosewood

first-order

12.16  0.09 1396 0.26 4.29 0.09 3.25 0.02 1199.52 29.22

second-order 16.58 0.13 19.03 0.36 5.01 0.13 3.80 0.01 1506.26 39.06

12% Rosewood

first-order

11.88 010 13.04 0.27 3.96 0.09 3.29 0.02 919.75 28.34

second-order 1620 0.15 17.77 041 4.62 0.15 3.84 0.02 114247 441.90

Spruce Rosewood
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Figure 6. Dynamic elastic modulus of first-order and second-order vibration modes of specimens with
different moisture contents, where bars sharing same letter (e.g., a and ab): no significant difference;
others (e.g., A and B): significant.
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After the Tukey test, the data show that there was a significant difference in the
dynamic elastic modulus of the spruce specimen under the first-order and second-order
vibration modes at 2% and 12% moisture content, and that there was no significant differ-
ence in the moisture content at 7% compared to 2% and 12%. The data show that there is a
significant difference between the dynamic elastic modulus of the rosewood specimen in
the first-order and second-order vibration modes at 2%, 7%, and 12%.

As moisture content increased, the dynamic elastic modulus of the spruce and rose-
wood specimens decreased in both first-order and second-order vibration modes. The pri-
mary reasons are as follows: (1) When the moisture content increases, the water molecules
bind with the hydroxyl groups in the amorphous region, causing the twisted regions be-
tween the cellulose chains to be released. The molecular chains are rearranged, crystallinity
increases, the hydrogen bonds between the molecules weaken, and the rigidity of the
cell wall decreases. This is the main reason for the decrease in dynamic elastic modulus.
(2) After the moisture content increases, the energy loss (loss factor) increases, and more
vibration energy is converted into heat and dissipated, further weakening the dynamic
elastic modulus. The dynamic modulus of elasticity in the second-order vibration mode
is higher than in the first-order vibration mode, because in higher-order vibration modes,
the vibration frequency and deformation mode of the wood usually change, causing the
material to exhibit higher stiffness. The decrease in the dynamic elastic modulus of the
rosewood specimen was slightly higher than that of the spruce specimen, mainly due to its
higher initial density, which makes it more sensitive to water absorption. Its thicker cell
walls and more complex tissue structure result in a significant decrease in the stiffness of
its microstructure after water absorption [42-45].

The specific dynamic modulus is an important parameter for characterizing the acous-
tic vibration characteristics of wood. The higher the value of the specific dynamic modulus,
the better the acoustic vibration efficiency and quality of wood, making it more suitable as
a raw material for instrument resonance components. Figure 7 shows the specific dynamic
modulus of spruce and rosewood specimens under first-order and second-order vibration
modes with moisture contents of 2%, 7%, and 12%, respectively. In the first-order vibration
mode, the specific dynamic elastic modulus of spruce specimens decreased by 12.90% with
the moisture content increasing from 2% to 12%. Similarly, the specific dynamic elastic
modulus of rosewood specimens decreased by 14.66%. In the second-order vibration mode,
the specific dynamic elastic modulus of spruce specimens decreased by 13.86%, while
the specific dynamic elastic modulus of rosewood specimens decreased by 14.31% as the
moisture content increased from 2% to 12%.

After the Tukey test, significant differences were observed in the specific dynamic
elastic modulii of spruce and rosewood specimens under the first and second vibration
modes when compared in pairs at moisture contents of 2%, 7% and 12%.

As moisture content increases, the specific dynamic elastic modulus of spruce and
rosewood specimens decreases in both first-order and second-order vibration modes. The
primary reasons are as follows: (1) The adsorption of water weakens the intermolecular
bonding of wood, resulting in a decrease in overall and local rigidity. (2) As the moisture
content increases, the damping effect strengthens, further reducing the specific dynamic
modulus. The decrease in the specific dynamic elastic modulus of the rosewood specimen
is slightly higher than that of the spruce specimen, mainly because rosewood’s rigidity is
more sensitive to changes in moisture content, and the decrease in dynamic elastic modulus
is higher than that of spruce [46-49].
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Figure 7. Specific dynamic modulus of first-order and second-order vibration modes of specimens with
different moisture contents, where bars sharing no same letter (e.g., A, B and C): significant difference.

The acoustic radiation quality constant (R) is directly proportional to the energy used
in the production of acoustic through vibration. The higher the R value, the higher the
vibration efficiency and characteristics. Figure 8 shows the acoustic radiation quality
constants of spruce and rosewood specimens in first-order and second-order vibration
modes at moisture contents of 2%, 7%, and 12%, respectively. In the first-order vibration
mode, the acoustic radiation quality constant of spruce specimens decreased by 14.96%
with the moisture content increasing from 2% to 12%. Similarly, the acoustic radiation
quality constant of rosewood specimens decreased by 15.92%. In the second-order vibration
mode, the acoustic radiation quality constant of spruce specimens decreased by 15.48%,
while the acoustic radiation quality constant of rosewood specimens decreased by 15.85%
as the moisture content increased from 2% to 12%.

After the Tukey test, the sound radiation quality constants of the spruce and rosewood
test pieces in the first and second vibration modes were significantly different in the
pairwise comparisons of the data at moisture contents of 2%, 7%, and 12%.

As moisture content increases, the acoustic radiation quality constant of spruce and
rosewood specimens decreases in both first-order and second-order vibration modes. The
reasons are as follows: (1) Adsorbing water weakens wood rigidity and decreases the
acoustic radiation quality constant. (2) As the moisture content increases, so does the
energy loss (loss factor), and the viscoelastic effect of the wood increases, causing more
energy to be converted into heat during vibration and increasing energy loss. As the
moisture content increases, the energy loss increases, and the viscoelastic effect of the wood
also increases. This results in more energy being converted into heat during the vibration
process, thereby increasing energy loss. The decrease in the acoustic radiation quality
constant of the rosewood specimen was slightly higher than that of the spruce specimen.
mainly due to the higher density and more significant damping effect of the rosewood
specimen, which makes its acoustic characteristics more sensitive to changes in moisture
content [40,50].
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Figure 8. Acoustic radiation quality constant of first-order and second-order vibration modes of
specimens with different moisture contents, where bars sharing no same letter (e.g., A, B and C):
significant difference.

The acoustic impedance of wood reflects the impedance characteristics of acoustic
wave energy propagation during vibration, and is one of the important parameters for
evaluating the acoustic quality of wood. Using instrument wood with lower acoustic
impedance values results in better vibration efficiency and acoustic characteristics.

Figure 9 shows the acoustic impedance of spruce and rosewood specimens under
the first-order and second-order vibration modes with moisture contents of 2%, 7%, and
12%, respectively. In the first-order vibration mode, the acoustic impedance value of the
spruce specimen with a moisture content of 12% increases by 2.16% compared to the
specimen with a moisture content of 2%. Similarly, the acoustic impedance of the rosewood
specimen with a moisture content of 12% increases by 1.54% compared to the specimen
with a moisture content of 2%. In the second-order vibration mode, the acoustic impedance
value of the spruce specimen with a moisture content of 12% increases by 2.67% compared
to the specimen with a moisture content of 2%. Similarly, the acoustic impedance value of
the rosewood specimen with a moisture content of 12% increases by 1.59% compared to the
specimen with a moisture content of 2%.

After the Tukey test, the spruce specimens with moisture contents of 2% and 7%
showed no significant difference under first-order vibration, while 12% showed significant
differences compared to 2% and 7%. Under second-order vibration, there is a significant
difference between 2% and 12%, and no significant difference between 7% and 2% and
12%. The rosewood specimens with moisture contents of 2% and 7% showed no significant
difference under first-order and second-order vibration, while 12% showed significant
differences compared to 2% and 7%.

As moisture content increases, the acoustic impedance values of spruce and rosewood
specimens increase in both the first-order and second-order vibration modes. This main
reason that the density of wood increases significantly after absorbing water, which directly
leads to an increase in acoustic impedance. The increase in the acoustic impedance value of
the spruce specimen was slightly higher than that of the rosewood specimen, indicating that
softwood was more sensitive to density changes related to moisture content. Meanwhile,
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the higher density characteristics of rosewood specimens result in relatively smaller changes
in acoustic impedance value [51].
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Figure 9. Acoustic impedance of first-order and second-order vibration modes of specimens with
different moisture contents, where bars sharing same letter (e.g., A and AB, or b and b): no significant
difference; others (e.g., A and B): significant.

For the acoustic conversion efficiency (ACE), as an evaluation parameter for the stabil-
ity of pronunciation effect, the higher its value, the better the stability of the pronunciation
effect. When vibrating, wood with higher ACE values has more mechanical energy con-
verted into sound energy, resulting in louder sound or higher sound wave radiation, and
has a more significant resonance effect, which usually enhances the richness of the tone.
Figure 10 shows the acoustic conversion efficiency of spruce and rosewood specimens
under the first-order and second-order vibration modes with moisture contents of 2%, 7%,
and 12%, respectively. In the first-order vibration mode, the acoustic conversion efficiency
of the spruce specimen with a moisture content of 2% to 12% decreases by 40.07%. Similarly,
the acoustic conversion efficiency of the rosewood specimen with a moisture content 2%
to 12% decreases by 43.46%. In the second-order vibration mode, the acoustic conversion
efficiency of the spruce specimen with a moisture content from 2% to 12% decreases by
41.65%. The acoustic conversion efficiency of the rosewood specimen with a moisture
content of 2% to 12% decreases by 44.60%.

After the Tukey test, the acoustic conversion efficiency of spruce and rosewood spec-
imens in the first and second vibration modes showed significant differences in paired
comparisons with moisture contents of 2%, 7%, and 12%.

As moisture content increases, the ACE of spruce and rosewood specimens decreases
in both first-order and second-order vibration modes. The main reasons are as follows:
(1) The increased in moisture content weakens the rigidity of wood and reduces the acoustic
energy conversion efficiency of vibrational energy. (2) The increase in wood density
enhances its inertia and reduces the vibration efficiency per unit mass. (3) After absorbing
water, the viscosity loss inside the wood significantly increases, resulting in more vibration
energy being lost in the form of thermal energy. (4) Wood with high moisture content will
reduce the velocity of vibration propagation and affect the rapid response of vibration. The
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decrease in response velocity reduces the efficiency of ACE. The decrease in the ACE of
the spruce specimen was slightly lower than that of the rosewood specimen, which was
related to its lower initial density and less influence of moisture content on the dynamic
elastic modulus. The high density and strong damping of the rosewood specimen result in
a higher decrease in ACE [52-54].
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Figure 10. Acoustic conversion efficiency of first-order and second-order vibration modes of speci-
mens with different moisture contents, where bars sharing no same letter (e.g., A, B and C): signifi-
cant difference.

3.3. The Influence of Moisture Content on the Vibration Propagation Velocity of Specimens

Figure 11 shows the time- and frequency-domain waves by the signal generator in
burst mode. The gate control was set to N cycles, the number of cycles was 1, the waveform
type was sine wave, and the output frequency was 100 Hz. From the figure, it can be
seen that the time-domain signal underwent brief oscillates. In the frequency-domain, the
main lobe was symmetrically centered around 100 Hz, with energy concentrated at this
frequency. The side lobes exhibit lower amplitudes and gradual attenuation, showing the
typical characteristics of a sine function. The pulse signal was transmitted through the
magnetic exciter, causing a single vibration of the specimen.

Figure 12 shows the time-domain signals of a spruce specimen with a moisture content
of 7% excited by the pulse at the transmitting end (CH1) and receiving end (CH2). It
was found that when the specimen was in a stationary state, it was suddenly excited
by a pulse signal. The signals at the transmitting and receiving ends of the specimen
suddenly increase to their maximum, and then gradually decay periodically to a stationary
state. Moreover, the vibration intensity at the receiving end of the specimen decreases
significantly compared to the transmitting end.

Figure 13a shows the relationship between vibration propagation velocity and fre-
quency for spruce specimens with different moisture contents. It can be observed from the
figure that, except for the resonance frequency point, the vibration propagation velocity
increased with signal frequency. The vibration propagation velocity at 1500 Hz of the
specimen with a moisture content of 2% increased by 6.22% compared to 100 Hz. Similarly,
specimens with moisture contents of 7% and 12% showed an increase in vibration propa-
gation velocity of 6.63% and 8.93%, respectively. In addition, at the same frequency, the
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vibration propagation velocity of specimens with a moisture content of 2% increased by
12.68% to 19.99% compared to those with a moisture content of 12%.
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Figure 11. Pulse input signal in time- and frequency-domain.
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Figure 12. The time-domain signals of a spruce specimen with a moisture content of 7% excited by
the pulse at CH1 and CH2.

Figure 13b shows the relationship between vibration propagation velocity and fre-
quency for rosewood specimens with different moisture contents. Similarly to spruce
specimens, except for the resonance frequency point, the vibration propagation velocity
increased with the increase in signal frequency. The vibration propagation velocity at
1500 Hz of the specimen with a moisture content of 2% increased by 7.42% compared
to 100 Hz. The specimens with moisture contents of 7% and 12% showed an increase in
vibration propagation velocity of 9.00% and 9.12%, respectively. In addition, at the same
frequency, the vibration propagation velocity of specimens with a moisture content of 2%
increased by 16.27% to 20.44% compared to those with a moisture content of 12%.
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Figure 13. Relationship between vibration propagation velocity and moisture content of specimens at
different frequencies: (a) spruce and (b) rosewood.

In the low-frequency band, the vibration propagation velocity remained relatively
stable, and the influence of frequency on vibration propagation velocity was not significant.
The reason was that low-frequency vibrations have longer wavelengths, and the vibration
propagation of waves was mainly influenced by the macroscopic elastic modulus and
density of the wood. As the frequency gradually increased to the mid-frequency band, the
vibration propagation velocity slightly increased, which was a manifestation of frequency
enhancement effect. The reason is that the mid-frequency band may excite higher modal
vibrations in wood, improving the efficiency of wave energy transfer between fibers, while
the elastic modulus slightly increases with frequency.

At the first-order and second-order resonance frequencies, the vibration propagation
velocity of spruce and rosewood specimens significantly increased. This is because at the
resonance frequency, the response of the material becomes more sensitive, the vibration
amplitude increases, and the relative movement between wood molecules intensifies,
thereby improving the efficiency of vibration energy transfer. The vibration propagation
velocity at the second-order resonance frequency increases more significantly compared to
the first-order resonance frequency. This occurs due to the fact that the energy concentration
effect of the second-order resonance mode was stronger, and the dynamic elastic modulus
was significantly increased. Wood with a high vibration transmission velocity can more
effectively transmit sound waves, improve sound propagation efficiency, and generate
higher loudness and stronger volume output. These woods are suitable for use with high
or clear bright tones, such as the soundboard of some musical instruments. As the moisture
content increases, the vibration propagation velocity of spruce and rosewood specimens
significantly decreases. This is because of the following: (1) When the moisture content
of wood increases, its cells absorb water, increasing the density of the wood. At the same
time, this weakens the hydrogen bonding between the fibers, which reduces the modulus
of elasticity. The decrease in the modulus of elasticity leads to a decrease in vibration
propagation velocity. (2) The increase in moisture causes an increase in damping inside
the wood, which causes faster attenuation of vibration energy during transmission. This
energy loss not only reduces the velocity of vibration transmission, but also affects the
clarity and resonance characteristics of the sound [55-59].

3.4. The Influence of Moisture Content on the Loss Factor of Specimens

Figure 14a shows the relationship between the loss factor and frequency for spruce
specimens with different moisture contents. Except for the resonance frequency points, the
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loss factor of the specimens decreased with the increase in signal frequency. The loss factor
for the specimen with a moisture content of 2% decreased by 11.76% at 100 Hz compared
to 1500 Hz. Similarly, the loss factor for specimens with a moisture content decreased by
13.84% and 11.84%, respectively. In addition, at the same frequency, the loss factor of the
specimen with a moisture content of 12% increased by 23.41% to 55.65% compared to 2%.

Figure 14b shows the relationship between the loss factor and frequency for rosewood
specimens with different moisture contents. Similarly, except for the resonance frequency
point, the loss factor of the specimens decreases with in increase of signal frequency. The
loss factor with a moisture content of 2% in the specimen decreased by 13.63% at 100 Hz
compared to 1500 Hz. Similarly, the moisture contents of the specimens were 7% and 12%,
with a loss factor of 13.55% and 16.66% respectively. At the same frequency, the loss factor
of the specimen with a moisture content of 12% increased by 31.20% to 62.97% compared
to 2%.
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Figure 14. Relationship between loss factor and moisture content at different frequencies: (a) spruce
and (b) rosewood.

The loss factor represents the ratio of the energy lost by heat in each vibration cycle to
the energy stored in the medium. The lower the value, the higher the vibration efficiency,
the slower the attenuation, and the fuller and longer the sound. With the increase in
frequency, the loss factor shows a downward trend, mainly due to the small damping
effect of medium-frequency signals on wood, and a weakening of friction and energy
loss effects. At the first-order and second-order resonance frequencies, the loss factors of
spruce and rosewood specimen significantly increased, with the increase in the loss factor
at the first-order resonance frequency being higher than at the second-order resonance
frequency. As moisture content increases, the loss factors of spruce and rosewood specimens
significantly increase. This is because of the following: (1) When moisture content increases,
water molecules enter the cell walls of the wood and form new hydrogen bonds with
the hydroxyl groups in the wood, thereby weakening the existing intermolecular forces.
This rearrangement of molecules causes the material to experience higher internal friction
during vibration, increasing energy loss and raising the loss factor. (2) In wood vibration,
the movement of the water in the wood is not completely synchronized, which can result in
hysteresis effects. This results in the partial conversion of mechanical energy into thermal
energy, which increases the loss factor, especially at the resonance frequency. Resonance
frequencies represent the peak vibration state of wood, in which internal friction and energy
dissipation reach their maximum values [60-65].
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4. Conclusions

This study analyzed the acoustic vibration characteristics of spruce and rosewood,
commonly used musical instrument wood, by comparing the resonance frequency, ampli-
tude ratio, dynamic elastic modulus, specific dynamic elastic modulus, acoustic radiation
quality constant, acoustic impedance, and other indicators of specimens with different
moisture contents. The research conclusions are as follows:

1. The first-order and second-order resonance frequencies and amplitude ratios of spruce
and rosewood specimens decreased with the increase in moisture content. At the same
moisture content, the resonance frequencies and amplitude ratios at the first-order
and second-order resonance points of the rosewood specimen were higher than those
of the spruce specimen.

2. The first-order and second-order dynamic elastic modulus, specific dynamic elastic
modulus, acoustic radiation quality constant, and acoustic conversion efficiency of
spruce and rosewood specimens decreased with increasing moisture content, while
acoustic impedance increased significantly with increasing moisture content. The
decreases in these parameters of the rosewood specimen were higher than those of
the spruce specimen.

3. As the moisture content increased, the vibration transmission velocity of the spruce
and rosewood specimens decreased. Except at the resonance frequency point, the
vibration transmission velocity increased with the increase in signal frequency. At
the first-order and second-order resonance frequencies, the vibration transmission
velocity of the spruce and rosewood specimens significantly increased. The increase
in the vibration propagation velocity of the specimens at the first-order resonance
frequency was lower than that at the second-order resonance frequency.

4. With the increase in moisture content, the loss factor of the spruce and rosewood
specimens significantly increased. Additionally, as frequency increased, the loss factor
of the spruce and rosewood specimens showed a decreasing trend. At the first-order
and second-order resonance frequencies, the loss factor of spruce and rosewood
significantly increased. The increase in the loss factor of specimens at the first-order
resonance frequency was higher than that at the second-order resonance frequency.

5. The acoustic vibration characteristics of the spruce and rosewood specimens decreased
with increasing moisture content. In actual production, excessively dry wood may
crack and warp, and even affect the sound quality of musical instruments. Lower
moisture content results in higher acoustic vibration characteristics. Therefore, be-
tween 7% and 12%, it is more recommended to use wood with a moisture content
of 7%.
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