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Abstract: Resonance boards of Chinese traditional instruments such as the Guzheng and
Gugqin typically are arched, with the arch height influencing their resonance characteris-
tics. This study focuses on Paulownia wood utilized for resonance boards. The bottom
surfaces were thinned in 1 mm increments, with vibration signatures acquired at each
reduction stage using a multi-channel FFT analyzer. Subsequently, time-domain character-
istic parameters of the signals were extracted through MATLAB-based signal processing.
Modal and harmonic response simulations of the structure were conducted using finite
element software. The results indicated that variations in arch height affected the frequency
spectrum response of the vibrations of Paulownia wood, altering the structural energy
radiation levels. Lower arch heights (0-2 mm) had a greater impact on the fundamental
frequency. The arch height was 1 mm and 2 mm, with R1,1 and R1,2 being —5.31% and
—8.62%, respectively. Skewness and kurtosis were negatively correlated with arch height.
When AH was 3.06, the radiation effect was optimal. The changes in arch height influenced
the vibrational modes and energy distribution of Paulownia. Higher arch heights (3-6 mm)
have less effect on the fundamental frequency and impose some constraints on the mode
vibration pattern. Furthermore, the results of the frequency-domain and time-domain
analyses were found to be largely consistent with the finite element simulation results. The
results provide guidance for changing the arch height to modulate the acoustic vibration
response of the resonance board, which is of significance for the personalized design of
future musical instruments.

Keywords: arch height; Paulownia wood; frequency spectrum; time domain characteristic;
finite element simulation

1. Introduction

With the advancement of acoustic research, the impact of musical instrument structural
design on timbre and expressiveness has gained increasing attention. In particular, the
sound quality of wooden instruments is influenced not only by playing techniques but
also by the material and structural design of the instrument’s resonance boards [1-4]. The
selected wood should have basic properties such as appropriate density, moisture content,
and modulus of elasticity [5-7]. Additionally, structural parameters such as thickness
distribution and curvature play a critical role in shaping the vibrational behavior [8-10].

Research has demonstrated that the thickness of the pipe wall significantly impacts the
sound of an organ, with reductions in back wall thickness leading to decreases in natural
frequency [11]. However, studies on optimizing the structural parameters of resonance
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boards for musical instruments remain limited, particularly regarding the specific effects of
the key parameter, arch height, on vibration response, which have not been fully explored.
In the design of Chinese traditional musical instruments (e.g., Guzheng) and Western
stringed instruments (e.g., violin, cello, etc.), the resonance plate typically has a certain
thickness and is not completely flat but slightly arched [12,13]. Arch height is the height
of curvature of the resonance board, i.e., the vertical distance between the highest point
in the center of the resonance board and the plane of its edges [14,15], which is achieved
by chipping, pressing, or steam bending the wood, etc. [16]. Different arch heights affect
the vibration modes of the resonance board [17]. In a series of experiments with wooden
plates, it was observed that plates exhibiting a thinner center and thicker ends produce
a sound characterized by softness and mellowness. Conversely, plates that are thicker
in the center and thinner at the ends tend to generate a sound that is harder and more
pronounced. When the ends of these plates are fixed, the former type yields a higher
fundamental frequency, while the latter is associated with a lower fundamental frequency.
From the acoustic point of view, variations in arch height alter the rigidity distribution
and vibration response of resonance boards. This design allows them to more efficiently
excite air vibrations when transmitting string vibrations, thereby enhancing the acoustic
effect [18]. For instance, the resonance board of the Guzheng is designed to be thinner at
the edges and thicker in the center, with a specific arch height, creating a distinct curved
morphology. This design enables resonance boards to form a series of specific vibration
modes when vibrating [19]. The relationship between these vibration modes and their
frequencies exhibits a pronounced division characteristic. Traditionally, the process of
adjusting arch height relies heavily on the expertise of skilled craftsmen, who determine
the optimal parameters through repeated trials and listening calibrations. While this
approach has preserved the artistry and individuality of instrument-making, it has inherent
limitations, including subjectivity, lack of quantifiability, and difficulty in meeting the
demands of mass production. These challenges highlight the need for a more systematic
and precise method.

With advancements in modern technology, particularly the introduction of compu-
tational modal analysis, a scientific foundation has been established for the design and
optimization of resonance boards [20-23]. Computational modal analysis can simulate the
effects of different structural parameter adjustments on the vibration modes while keeping
other parameters (e.g., dimensions, material properties) unchanged [24,25]. Modal shapes,
which describe the vibration patterns of resonance boards at specific frequencies [26]. For
instance, a modal response analysis of a guitar’s top plate revealed that different vibration
modes contribute uniquely to low and high frequencies. By altering the structural parame-
ters of the resonance board, the modal distribution can be optimized, thereby enhancing
tonal performance within specific frequency bands [27]. Thus, computational modal analy-
sis offers a powerful and reliable approach for exploring the complex relationships between
arch height and the vibration characteristics of resonance plates. It offers significant advan-
tages over traditional trial-and-error methods by providing a faster and more cost-effective
approach to achieving the desired acoustic outcome. In this way, researchers and musical
instrument manufacturers will be able to analyze and predict vibrational behavior more
accurately and build high-quality instruments more efficiently. This approach not only
accelerates the design process but also ensures that each instrument can be finely tuned to
meet specific acoustic goals, resulting in better overall sound quality and consistency.

The quantitative effects of arch height variations remain underexplored, particularly in
comparison to advances in mechanical vibration systems. Most studies have focused only
on the thickness of arched resonance plates, without considering that the arch height may
vary across different parts. In contrast, this study extracts a single arch height parameter
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and investigates Paulownia timber, a material widely used for musical instrument reso-
nance boards, to examine the influence of arch height variation on its vibration spectrum
and the underlying relationship between arch height and time-domain vibration charac-
teristics. Furthermore, the finite element method was utilized to uncover the influence
of arch height on modal shapes and harmonic response. This research investigated the
vibrational behavior of the resonance board by adjusting the arch height, providing valu-
able references for the personalized design and optimization of resonance boards in future

musical instruments.

2. Materials and Methods
2.1. Materials

The selected Paulownia timber was approximately 30a, and all materials were obtained
from quarter-sawn heartwood boards, with a scar-free surface. The initial specimens were
300 mm (L) x 50 mm (R) x 10 mm (T) rectangular boards. The moisture content was
equilibrated to about 10%. The structural design is based on a face-dug Guzheng (Figure 1).
After the top surface of the rectangular specimen was machined into an arch, the thickness
change from the bottom surface was recorded as the arch height H (i.e., the maximum
height from the horizontal plane to the bottom surface of the specimen) each time it was
thinned. The thinning method is shown in Figure 2, and each structural parameter is shown
in Table 1.

The panel was carved from a single
piece of paulownia wood

¥
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Back plate
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Figure 1. Schematic diagram of the structure of the face-dug Guzheng.
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Figure 2. Structural changes in Paulownia wood: (a) initial shape and processed shape of Paulownia;
(b) the method of adjusting the arch height; (c) the structure obtained in the experimental tests.
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Table 1. Basic structural parameters of Paulownia timber with different arch heights.

Desig.n Arch Measur‘ed Arch Errors L xR T T, Density
Height Height (mm) (mm) (mm) (mm) (e-cm-3)
H (mm) H (mm) i

0 0 0

1 0.98 +0.02

2 2.01 +0.01

3 3.00 +0.01 300.01 x 50.20 3.09 3.05 0.27
4 3.99 +0.01

5 5.04 +0.04

6 6.01 +0.01

Note: Tq and T are the chordwise heights of the two sides of the specimen, respectively.

2.2. Experimental Tests

2.2.1. Frequency Spectral Measurement

Based on the vibration theory of beams, the boundary conditions with two free

ends were adopted [28]. Since the specimen had an irregular structure, the minimum
displacement points of the specimen under different arch heights were obtained using
ANSYS Workbench (2021 R1), and the differences in their values were around 0.2 mm.
The first-order nodal line positions were approximately equivalent to those of the beam
specimen. A schematic of the experimental setup is shown in Figure 3.

Dual-channel FFT
spectrum analyser

i
)

/

oooo oo
oooo
o oooo

opooo o

(@)
b
(@]

Blade tapping Microphone

Specimen ﬁ

Elastic support

Figure 3. Principle of frequency spectral determination.

The specimen was thinned by approximately 1 mm at a time, supported by a trian-
gular bracket at the first order node line of the specimen, and excitation was applied by
tapping the end of the specimen with a blade to produce free vibration. The excitation was
repeated ten times, and the average value was taken for each measurement. The micro-
phone (MI-1233, Ono Sokki, Yokohama, Japan) captured the resulting vibration signals and
transmitted them to a multi-channel Fast Fourier Transform (FFT) analyzer (CF-5220Z, Ono
Sokki, Yokohama, Japan), which processed the signals into discrete data in both the time
and frequency domains. The sampling frequency is 6400 Hz, the time of data acquisition is
0.1 s, and the number of samples is 2048. The sensitivity of the microphone is 316 mVr.

The analyzer identified the first six resonance frequencies and calculated the speci-
men’s logarithmic attenuation rate after each thinning, along with the frequency variation
rate for each resonance mode.
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The logarithmic attenuation rate () quantifies the energy loss in wood caused by
friction during free vibration as follows:
A

§ = In——1 , 1)
n+1

where A; and A1 are the amplitudes of two consecutive vibration cycles.
The rate of frequency change (R, ;) can be defined as the relative amount of change in
the nth order frequency after two adjacent specimen thinnings as follows:

R, = fni ~niz1 _.f L 5 100%, 2)
f n,i—1

where f1, ; and fy, j_1 are the nth order rates of change for arch heightsiand i — 1, respectively.

2.2.2. Time-Domain Feature Extraction

MATLAB has a wide range of applications in signal processing, particularly in vi-
bration signal analysis [29,30]. Its principle of calculating time-domain eigenvalues is
based on classical mathematical definitions and statistical methods in signal processing,
and the main eigenvalues of vibration signals are extracted by analyzing the input time
series signals. These characteristic values reflect important information such as the energy
distribution, waveform shape, and amplitude variation in the signals, providing reliable
data support for the analysis of vibration signals [31]. Consequently, the vibration response
data obtained through FFT was imported into MATLAB (R2023a) as numerical matrices to
compute fundamental time-domain characteristic parameters, including the mean value
and root mean square.

The relative change in arch height AH is defined as the ratio of the difference between
the current arch height (H;) and the initial arch height (Hp) to the initial arch height

as follows:  H - Hy

Hy
The peak-to-peak value (Ppp) is the difference between the peaks and troughs of the

AH 3)

vibration signal, indicating its amplitude as follows:
Ppp = max(x;) —min(x;). (4)

Kurtosis (K) is commonly used to detect shock components in vibration signals and
indicates the degree of waveform smoothing, which is used to describe the distribution of
the variable as follows:

4
K — lZN (x; — HMean) . )

i=1 1
N&= (X rms)

Skewness (S) is commonly used to describe the symmetry of a signal as follows:

1N (x;— .”Mean)3
S=,| =y ~oi P (6)
NZZJ (xRMS)3

2.3. Finite Element Simulation

The overall dimensions of the model were set to 300 mm (L) x 50 mm (R) x 3 mm
(T71 and T3) based on the specimen dimensions. To ensure the simulation model closely
approximated the real material and minimized errors, material parameters such as density,
elastic modulus, shear modulus, and Poisson’s ratio were assigned in ANSYS Workbench.
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The geometric model of the structure was meshed with an element size of 3 mm, and the
solution order was set to 25. The transverse bending vibration tests were conducted under
free—free boundary conditions in the laboratory, where the specimens were considered to
approximate a free state during vibration. Consequently, no displacement constraints or
external loading conditions were applied to the computational modal analysis model to
ensure consistency with the experimental setup, and appropriate elements were selected to
apply small pressures for solving the harmonic response of the structure.

One of the models generated in the ANSYS Workbench is shown in Figure 4. The
arrow indicates the direction of pressure and the red marker indicates the stimulation point.
Material parameters of the Paulownia samples used in this study are listed in Table 2, while
analytical settings are shown in Table 3.

Figure 4. Structure model with an arch height of 3 mm.

Table 2. Material parameters of Paulownia used in the simulation model.

Density Damping Young’s Modulus (GPa) Shear Modulus (GPa) Poisson’s Ratio
(gem™)  Ratio Ey Et Ex Grr GLR Grr pLT HLR HRT
0.27 0.05 4.20 1.03 2.96 0.300 0.200 0.033 0.15 0.02 0.08

Note: The data in the table are partly from reference [32], where L, R, and T represent the longitudinal, radial, and
chordal directions of the wood, respectively.

Table 3. Analysis settings for harmonic response.

Range Minimum Range Maximum . g s Stress
(Hz) (Hz) Solution Intervals Excitation Direction (MPa)
0 8000 2048 V4 0.01

3. Results and Discussion

3.1. Results of the Experimental Tests
3.1.1. Frequency Domain

Changes in arch height alter the resonance frequency of wood by affecting its stiffness
and mass distribution [29]. The spectrum reflects the frequency composition of the wood’s
vibration signal and the distribution of vibration energy across its frequency components.
The envelope, represented by the curve connecting the peaks of each spectral cycle, plays a
crucial role in characterizing the steepness of the spectrum. The steepness of the envelope
influences the transient characteristics of sound intensity [33]. Additionally, the resonant
frequency is linked to the timbre of the wood, particularly the lower-order resonant fre-
quencies. Comparing the rate of change in resonant frequencies provides insight into the
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sensitivity of different modes to adjustments in arch height. The study normalizes the data
of the frequency spectrum, and the spectral envelopes of samples with varying arch heights
are illustrated in Figure 4.

Changes in arch height resulted in the emergence of more peaks between f4 and f5,
which became increasingly concentrated as the arch height increased, ultimately disap-
pearing. When the specimen was initially rectangular, its envelope was the smoothest.
When the top surface was machined into an arch shape while the bottom surface remained
unthinned, the arch height was 0 mm (Figure 5b); several frequency components with
similar amplitudes were observed between f4 and f5. After machining the specimen into an
arch and adjusting the arch height to 1 mm (Figure 5c), these frequency components became
concentrated at 4000-5000 Hz, and the spectral envelope appeared smooth compared to the
0 mm. This indicated that adjusting the arch height at this stage had less influence on the
frequency distribution. When the arch height increased to 2 and 4 mm (Figure 5d—f), the
peaks of f5 and f¢ increased significantly. The spectra displayed a zigzag pattern. The peaks
of f3 and f5 were higher, while the peak of f4 was lower. The spectral envelope was steep
and zigzaggy, which indicated that the energy was unevenly distributed in the frequency
domain. As the arch height was further increased to 5 mm (Figure 5g), the amplitude
of the frequency spectral envelope curve decreased, and the overall envelope became
smoother. The energy radiated more evenly across the frequency domain, improving the
tonal performance of the sample. When the arch height was increased to 6 mm (Figure 5h),
the peak patterns of the resonant frequencies of each order became sharper and relatively
concentrated, and the frequency distribution was further concentrated in the middle and
high-frequency bands, which significantly enhanced the energy radiation in the middle
and high-frequency ranges. Meanwhile, the frequency component between f4 and f5 dis-
appeared, which can be attributed to the increased arch height modifying the resonance
pattern of the specimen.

As shown in Figure 6, the natural frequency was more sensitive to structural changes
when the arch height was 1 mm and 2 mm, with Ry ; and R; , being —5.31% and —8.62%,
respectively. As the arch height increased, the rate of change in the fundamental frequency
stabilized, with a decrease of approximately 2% after each thinning. This was because the
fundamental frequency was primarily influenced by the overall stiffness of the specimen,
and since Paulownia wood has relatively low rigidity, the increase in arch height had a
smaller impact on its stiffness. The higher-order frequencies (f4, 5, f¢) showed a higher
sensitivity to changes in arch height, with f5 and f¢ following the same trend. In the range
of 1-3 mm, their rate of change was around 11%. At 4 mm, the relative changes in the
frequencies were generally smaller. After thinning from 5 mm to 6 mm, the rate of change
for each frequency, except for the fundamental frequency, fluctuated more significantly
compared to the previous thinning. This model can serve as a reference for resonance plates
with curved shapes and a certain thickness at the edges. By combining modal analysis
results, the arch height can be appropriately adjusted to enhance energy radiation within
the desired frequency range, thereby controlling the vibrational response characteristics of
the resonance plate.

3.1.2. Time Domain

When wood is struck, the resulting sound does not fade away immediately but lingers
for a period, creating a gradual decay effect. In acoustics, the duration of the sound and its
decay process are often described and analyzed using the logarithmic decay rate [34]. Wood
with a low logarithmic decay rate is ideal for constructing resonance plates for musical
instruments, as the slower decay rate helps preserve a certain level of sustain, contributing
to a fuller and richer sound. In this study, additional time-domain characteristic parameters
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of the acquired signals (Figure 7) were extracted using MATLAB and were analyzed and
compared across various aspects (Figures 8 and 9).
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Figure 5. Spectrum and envelope of wood at different arch heights: (a) initial rectangular sample;
(b) arch height is 0 mm; (c) arch height is 1 mm; (d) arch height is 2 mm; (e) arch height is 3 mm;
(f) arch height is 4 mm; (g) arch height is 5 mm; (h) arch height is 6 mm. The orange outline represents
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b serves as a key measure of vibration signal decay. As the arch height increased, the
logarithmic decay rate of Paulownia wood exhibited a fluctuating trend, while the peak-to-
peak value gradually increased and then stabilized. When the arch heights were 4 mm and
5 mm, 5 was relatively small, measuring 0.34 and 0.36, respectively. This indicated a slower
energy decay rate in the vibration signals, suggesting minimal energy dissipation during
the vibration process and resulting in a longer sound sustainment duration. This allowed
the sound to travel further and sustain a longer period of sound quality (Figure 8a).

The peak-to-peak values reflect the elasticity and impact properties of the wood.
Pypp increased gradually with increasing arch height, especially after the arch height of
3 mm, where the increase was more significant, indicating that AH greater than 3.06 caused
specimens to release more vibrational energy (Figure 8b).

During the thinning process of the specimen, its vibration signals were measured
multiple times [35]. These signals were used to analyze the relationship between skewness,
kurtosis, and arch height. Both skewness and kurtosis were significantly and negatively
correlated with bubonic arch height, with correlation coefficients of —0.8046 and —0.7651,
respectively (Figure 9).

In Figure 9a, as the arch height increased, the skewness gradually decreased and
approached zero at approximately 4.8 mm. This finding suggests that when AH was
around 3.90, it facilitated energy transfer. Kurtosis, on the other hand, is a statistical
metric that characterizes the distribution of a vibration signal and is used to evaluate the
smoothness of the waveform and the concentration of vibrational energy in the wood. As
shown in Figure 9b, kurtosis also exhibited a decreasing trend as arch height increased.
As the arch height increased, kurtosis gradually decreased, indicating that the waveform
became smoother, allowing for better transmission of signal energy.

Therefore, when adjusting the arch height of the resonance panel, it is advisable to
select an arch height with a high Ppp, a low 4§ and K, and S close to zero to enhance the
energy radiation of the resonance board. However, it should be noted that while a smaller
0 can enhance sound sustain, it may result in overly prolonged residuals, potentially
affecting clarity.

3.2. Results of Finite Element Simulation
3.2.1. Modal Shapes

Changes in vibration modes influence the performance and stability of the resonance
panel’s tonal characteristics. By identifying the frequencies of each mode and their corre-
sponding modal shapes, a deeper understanding of the energy distribution and vibration
patterns of the wood under different modes can be achieved. In order to investigate the
change in frequency components between f4 and f5 under different arch heights and their
influence on the modal vibration patterns, only the vibration patterns between the fourth
and fifth order frequencies need to be extracted (Figure 10).

When the specimen was machined from 0 mm to 1 mm, the natural frequency de-
creased by 3.8%. Torsional vibration and bending vibration on the side of the specimen
(XZ plane) were observed between the fourth and fifth resonance frequencies. In the case of
0 mm arch height, side bending vibration was dominant, with torsional vibration appearing
later. Conversely, at 1 mm arch height, torsional vibration appeared earlier.

When the arch height was between 2 mm and 6 mm, lateral bending vibrations no
longer occurred. The increase in arch height significantly enhanced the stiffness-to-mass
ratio, suppressing the occurrence of lateral bending vibrations. Once the arch height
reached a level, the transverse bending resistance of the specimen became sufficiently
strong, preventing this bending vibration mode from being further excited.
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Figure 10. Mode shapes for different arch heights.

However, torsional vibrations depended more on the overall shape and mass distribu-
tion of the structure than on stiffness in a single direction. As a result, torsional vibrations
were maintained even as the arch height increased. At lower arch heights (0 mm and 1 mm),
there was a certain degree of coupling between the torsional vibration and the lateral bend-
ing vibration of the specimen. The coupling led to the inclusion of both vibration modes
in the vibration pattern. As the arch height increased further, the contribution of bending
vibration was gradually suppressed, while torsional vibration characteristics were retained.
It indicated that higher arch heights imposed significant constraints on these vibration
modes; the phenomenon fully reflects the role of arch height variation in regulating the
vibration behavior of wood.

3.2.2. Harmonic Response

The equivalent radiation efficiency (ERP) levels of specimens with different arch
heights were calculated using the harmonic response module in ANSYS and subsequently
normalized. The results were presented in Figure 11.
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Figure 11. Equivalent radiation efficiency levels of specimens with different arch heights:
(a) ERP level of the simulated structure for an arch height of 1 mm; (b) normalized ERP levels
of the simulated structure for arch heights of 0-6 mm.

In Figure 11b, as the arch height progressively increased from 0 mm to 5 mm, all
modal resonance frequencies exhibited a systematic downward shift, with the fundamental
frequency demonstrating the smallest variation while higher-order modes (f5 and f¢)
displayed more significant changes. These trends aligned with the frequency spectral
analysis results. At arch heights exceeding 5 mm, minimal changes were observed in the
resonance frequencies across different modes, whereas the emergence of new spectral peaks
at distinct positions modified the acoustic radiation characteristics of the structure.

In addition, the number of peaks increases as the arch height increases to 3 mm,
indicating that more energy in the frequency range is radiated. This is consistent with the
results obtained from the peak-to-peak, skewness, and kurtosis in the time domain analysis.

3.2.3. Reliability Evaluation of the Finite Element Simulation Results

Using ANSYS Workbench, resonance frequencies of each order for specimens with
varying arch heights were calculated and compared with the experimentally measured
frequencies. The comparison results are presented in Table 4 and Figure 12.

5 8000
T ® 0Omm
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‘S 4000}
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Experimental results of frequency (Hz)

Figure 12. Correlation of frequency obtained from experiment and simulation.

In Table 4, most of the simulation results deviated from the experimental results by
1%-5%. The deviation of the higher-order (f) frequencies was approximately 9%, which
was larger compared to the lower-order frequencies. This discrepancy arose because higher-
order modes typically involve more complex vibration patterns, are more sensitive to
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local structural details and material distribution, and are significantly influenced by the
internal damping of the wood and interfacial energy dissipation effects. In contrast, the
computational model simplified the material’s homogeneity, resulting in relatively larger
errors in higher-order frequencies. Nonetheless, the overall deviation was less than 10%.
As shown in Figure 12, the correlation coefficient between the experimental and simulation
results was 0.9975, indicating a high degree of fit. This enabled a reliable analysis of the
modal vibration patterns of arched specimens based on computational modal analysis.

Table 4. Comparison of frequencies obtained by simulation and experiment.

Resonant Order

f1

f2

f3

fa

fs

fe

Results 0 mm 1mm 2 mm 3 mm 4 mm 5mm 6 mm
Measured value/Hz 490 464 424 416 408 404 400
Simulation value/Hz 494 485 458 437 409 406 424
Errors/% 0.82 4.33 7.42 4.81 0.24 0.49 5.66
Measured value/Hz 1360 1280 1192 1112 1088 1048 1072
Simulation value/Hz 1392 1325 1250 1188 1110 1096 1141
Errors/% 2.35 3.52 4.87 6.83 2.02 4.58 6.44
Measured value/Hz 2530 2436 2236 2176 2004 1920 1888
Simulation value/Hz 2541 2461 2280 2216 2066 2002 1965
Errors/% 0.43 1.03 1.97 1.84 3.09 427 4.07
Measured value/Hz 3950 3584 3248 2968 2816 2500 2330
Simulation value/Hz 3991 3628 3301 3124 2874 2589 2390
Errors/% 1.04 1.22 1.63 5.26 2.06 3.56 2.58
Measured value/Hz 5570 5096 4432 3920 3616 3220 2832
Simulation value/Hz 5682 5203 4616 4100 3727 3294 2906
Errors/% 2.01 2.10 4.15 4.60 3.07 2.30 2.61
Measured value/Hz 6760 5984 5272 4720 4472 3980 3632
Simulation value/Hz 7193 6173 5683 5130 4877 4365 3992
Errors/% 6.41 3.14 7.80 8.67 9.10 9.67 9.91

4. Conclusions

This study investigated the influence of arch height on the acoustic vibration response
of Paulownia timber through an integrated experimental and finite element approach. The
vibrational frequency spectra and time-domain characteristic parameters of specimens with
varying arch heights were experimentally measured. Subsequently, the modal shapes and
harmonic responses of the arched structures were numerically simulated using ANSYS.
The principal findings can be summarized as follows:

1. Variations in arch height influenced the frequency spectrum response of the vibrations
of Paulownia wood. Changes in arch height resulted in the emergence of more
peaks between f, and f5, which became increasingly concentrated as the arch height
increased, ultimately disappearing when the arch height reached 6 mm. The high arch
(36 mm) has a small effect on the fundamental frequency, and the low arch (0-2 mm)
has a large effect on the fundamental frequency, with R; ; and R; ; being 5.31% and
8.62%, respectively. As the arch height increases, the change in the fundamental
frequency stabilizes, decreasing by approximately 2% after each 1 mm thinning. In
contrast, adjustments to the arch height have a pronounced effect on the higher-order
frequencies (f4, 5, f¢), which decrease by approximately 9%-13% with each 1 mm
thinning in the range of 1-3 mm.

2. The adjustment of arch height alters the acoustic radiation efficiency of resonance
boards. There is a negative correlation between the skewness and kurtosis and the
arch height of the wood. The vibration energy is released more when AH exceeds
3.06. The results of harmonic response also confirm this point. The number of peaks
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increases as the arch height increases to 3 mm, indicating that more energy in the
frequency range is radiated.

3.  Under free boundary conditions at both ends, the arch height significantly influ-
enced the vibrational modes of the resonance board. Both frequency-domain and
time-domain analyses demonstrated strong agreement with finite element simulation
results. Experimental measurements exhibited high correlation with numerical pre-
dictions, validating the reliability of computational modal analysis for characterizing
the modal vibration patterns of arched specimens. For future research, we suggest
exploring a broader range of arch heights, as well as investigating the effects of dif-
ferent boundary conditions, such as clamped or simply supported edges. This could
provide a more comprehensive understanding of how these factors interact with arch
height to influence vibrational behavior.
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