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Abstract: The inhomogeneity of the cross-sectional grain of Sitka spruce wood was analyzed 

using image processing techniques, and the influencing mechanism of this inhomogeneity on 

the acoustic vibration properties of the wood was investigated. The inhomogeneity of grain 

width was characterized by the average deviation of the growth ring width and latewood rate of 

the test specimens. The inhomogeneity of grain position distribution was characterized by the 

average deviation of the variation in growth ring width. The influence of the inhomogeneity of 

these grains on the acoustic vibration properties of the wood was investigated respectively. The 

results showed that as the inhomogeneity of the growth ring width and the growth ring width 

variation increase, the values of the specific modulus of elasticity (E/ρ), acoustic radiation 

quality constant (R), and acoustic impedance (ω) of the wood decrease, while the value of the 

loss angle tangent (tan δ) increases. As the inhomogeneity of the latewood rate increases, the 

values of E/ρ and R of the wood decrease, and the value of tan δ increases. The inhomogeneity 

of the latewood rate has no significant effect on ω. When the width of growth rings was between 

0.14 cm and 0.17 cm while the deviation of the growth ring width ranged from 0.024 to 0.036 

and the deviation of the width variation ranged from 0.016 to 0.020, the wood had relatively 

large values of E/ρ and R and a relatively small tan δ value, leading to better acoustic vibration 

performance. Similarly, when the latewood rate was between 15% and 20% and the deviation 

of the latewood rate ranged from 0.030 to 0.045, the wood had relatively large values of E/ρ 

and R and a relatively small tan δ value, leading to better acoustic vibration performance. This 

result provides more reference data for the rational selection of materials for musical 

instruments. 

Keywords: wood acoustics; grain inhomogeneity; image-based texture analysis; vibro-

mechanical properties; sustainable musical instrument materials 

1. Introduction 

Due to its excellent acoustic resonance and vibration frequency spectrum 

characteristics, wood is widely used in making soundboards of musical instruments 

[1]. In the context of the scarcity of wood resources, the continuous improvement of 

people’s musical literacy, and the escalating demands for musical instruments, it is of 

great significance to evaluate and research the wood used in instrument-making. 

How to efficiently select wood with excellent acoustic vibration performance is 

a concern for musical instrument manufacturers and also a direction in which relevant 

researchers keep conducting studies and making continuous improvements. In 

research, parameters such as specific dynamic elastic modulus, sound radiation 
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damping coefficient, acoustic impedance, logarithmic decrement rate, and loss tangent 

are often used to evaluate the acoustic vibration performance of wood [2,3]. Liu et al. 

[4] found that the oven-dry density of the wood used for fingerboards is all greater 

than 800 kg/m3, and the acoustic performance requirements for fingerboard materials 

are lower than those for soundboards. Wan et al. [5] found that when the crack is close 

to the end of the wood and is relatively long, it has the greatest impact on the acoustic 

vibration performance of the wood. Zhang et al. [6] found that the periodic annular 

groove structure can be used to fine-tune the acoustic vibration performance of wood 

and coordinate the acoustic vibration characteristics among different wood specimens. 

Nop et al. [7] discovered that during the testing of the acoustic vibration performance 

of wood specimens varying in size, the anisotropy of wood makes the test results 

incomparable, and when the ratio of the length of the wood specimen to that of its 

width and thickness exceeds 48, the vibration behavior of the wood is close to the 

mathematical assumptions of isotropic and homogeneous materials. The Insulwood 

developed by Professor Hu Liangbing’s research group at the University of Maryland 

is a kind of wood structure with high porosity [8]. It is manufactured by removing 

lignin and hemicellulose through high-temperature treatment and then undergoing 

low-cost environmental drying. This material integrates the characteristics of being 

renewable, having high porosity, high sound absorption, low thermal conductivity, and 

high mechanical strength. Moreover, its manufacturing process is efficient, 

economical, and scalable. It is expected to become a sustainable building material for 

improving building noise reduction and thermal regulation. This achievement provides 

a new idea for the sustainable utilization of wood in musical instrument 

manufacturing, and there may be possibilities to explore its application as an acoustic 

material for musical instruments in the future. 

The influence on acoustic vibration performance of wood from wood grain, 

originating from the growth process of trees, is usually overlooked. Every year of a 

tree’s growth gives rise to a growth ring, typically composed of earlywood and 

latewood. The alternative structure leads to obvious grain changes. In recent years, 

many studies on wood grain have focused on furniture design [9]. However, wood 

grain not only determines its aesthetics but also is one of the important criteria for 

evaluating wood quality [10,11]. Many studies have shown that the grain direction of 

wood has a significant impact on its acoustic vibration performance. As the grain angle 

increases, the dynamic elastic modulus and specific dynamic elastic modulus of spruce 

wood increase, and the tangent of the loss angle decreases. The acoustic vibration 

performance is the best when the grain angle is 90° [12,13]. Guiman et al. [14] found 

that there are significant differences in sound propagation among the three main cross-

sections of spruce and maple. Among them, the radial section of the longitudinal 

specimen has the lowest sound absorption coefficient, which confirms the rationality 

of the luthiers’ material selection. Liu et al. [15] found that the propagation speed of 

the sound vibration along the grain direction of the resonance panel is the highest, 

which is more than twice that in the cross-grain direction. The characteristics of the 

growth rings of wood are closely related to its acoustic performance. Liu et al. [16] 

found that when the growth ring width is between 1.0 mm and 1.5 mm and the 

latewood rate is approximately between 15% and 28%, the wood sample exhibits 

excellent acoustic vibration properties. Shen et al. [17,18] found that wood with 
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smaller coefficients of variation in growth ring width and latewood rate displays more 

excellent acoustic vibration performance. Wood of the Picea genus is the material of 

first choice for musical instruments such as violins, pianos, and guitars. Viala et al. 

[19] found that spruce with a serrated grain has less elastic property anisotropy and a 

higher vibration frequency compared to ordinary spruce. Upon reviewing the previous 

studies exploring the relationship between the grain and the acoustic vibration 

performance of wood, it is found that these studies often adopt the traditional method 

of manual measurement to obtain the data of grain width [16–18]. The operators need 

to distinguish the boundaries of the wood grain with the naked eye, and the process is 

rather cumbersome. With the development of computer technology, digital image 

processing technology has also developed rapidly. It has been widely applied in the 

field of wood science for wood defect detection [20,21], wood grain classification 

[22,23], and research on the microscopic structure of wood [24,25]. With the help of 

advanced edge detection algorithms, digital image processing technology can 

accurately capture the changes in the grain boundaries, clearly define the grain 

boundaries, and precisely identify them even in the face of extremely complex grain 

boundaries. This high-precision ability to distinguish boundaries can provide a reliable 

data foundation for research related to the wood grain. In recent years, studies using 

image processing methods to investigate the effect of wood grain on the acoustic 

vibration properties of wood have been relatively rare. Introducing image processing 

technology into the study of the relationship between wood grain and the acoustic 

performance of wood not only injects new content into the field of wood acoustics but 

also makes a positive contribution to supplementing the methods for the rational 

selection of materials for musical instruments. 

Sitka spruce has been widely used in the musical instrument industry in recent 

years due to its straight grain, absence of knots and cracks, and characteristics of being 

lightweight, having the highest specific dynamic elastic modulus, relatively low 

internal friction, and strong anisotropy. In this study, we take Sitka spruce wood as the 

research object, analyze the cross-sectional grain of the wood specimen with the image 

processing function of MATLAB, and measure the grain information of the specimen 

manually by using Digimizer software. The average deviation is adopted to 

characterize the inhomogeneity of the grain width and the grain width distribution. 

The width of the growth ring, latewood rate, and inhomogeneity of the grain of the 

specimen are analyzed jointly to investigate the effect of the specimen grain on its 

acoustic vibration performance, with a view to providing theoretical guidance for the 

rational selection of materials for musical instruments. 

2. Materials and methods 

2.1. Test materials 

Select the radial cut board of Sitka spruce (Picea sitchensis) as the test material, 

which has been air-dried for about a year, with a moisture content of approximately 

6%. Process it into specimens with the dimension specifications of 200 mm (L) × 30 

mm (R) × 8.6 mm (T). There are 44 specimens in total, and the surfaces of each 

specimen are polished to be smooth. 
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2.2. Test methods 

2.2.1. Image processing and measurement 

The scanner was used to accurately scan the cross-section of the specimen, and 

then a clear grain image of the specimen was captured. Based on feature extraction 

image recognition technology, the captured image was processed using the image 

processing function of MATLAB (version R2019b) [26–28], including grayscale 

conversion, filtering, and binarization, to ultimately obtain a binarized image of the 

specimen with a clear grain and an easy-to-resolve boundary. The specific process is 

as follows. 

The imread function was used to load the original image. Then, MATLAB’s 

built-in function rgb2gray was employed to conduct the grayscaling processing of the 

image and convert the RGB color image into a grayscale one. This function calculated 

the grayscale value through the weighted average method, which could better reflect 

the visual effect during the conversion from a color image to a grayscale one. After 

that, filter processing was carried out on the grayscale image. The medfilt2 function 

built in MATLAB was utilized to perform the median filtering operation, replacing 

the target pixel value with the median of the neighboring pixel values. This method 

could effectively remove random noise while better maintaining the edge and detail 

information of the image. Besides, it is simple to operate and easy to implement [29]. 

To further improve the image quality, the imgaussfilt function was used to implement 

Gaussian filtering for image smoothing, aiming to reduce the impact of high-frequency 

noise. In this study, the method of repeated trials was adopted. By observing and 

comparing the images before and after filtering, a proper standard deviation value was 

determined. This made it possible to remove high-frequency noise as much as possible 

while retaining the important details of the growth rings. The OTSU method [30] was 

adopted to automatically calculate the threshold for binarization. The OTSU method 

was implemented by the graythresh function, which calculated the interclass variance 

of all possible thresholds from the minimum to the maximum grayscale and selected 

the threshold that maximized the variance as the optimal threshold. The calculated 

thresholds were substituted into the imbinarize function to convert the grayscale image 

into a binary one, with the pixel values in the image being either 0 or 1, so as to 

highlight the characteristics of wood growth rings and the image grain. 

Finally, the imshow function was used to view the images of each step, as shown 

in Figure 1. It can be seen that the binary image obtained after the above processing 

contains only two extreme values, black and white, which greatly simplifies the 

complexity of the image and highlights the contours of the wood grain for subsequent 

analysis. 

   
(a) (b) (c) 

Figure 1. Specimen binarization. (a) Scanned image of specimen; (b) filter processing; (c) binary map. 
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The image processing flow chart is shown in Figure 2. 

 

Figure 2. Image processing flow chart. 

The growth ring width and latewood width of the specimen were measured 

manually using the image measurement software Digimizer on the binarized specimen 

image. Three specimens were randomly selected to compare the original image with 

the binarized image growth ring measurement results. 

As illustrated in Figure 3, the test results are relatively close, indicating that the 

binarized image processing of wood grain is accurate and reliable. The binarized 

image diminishes the error originating from human eye recognition and is more 

intuitive than the original image to show the wood grain. This facilitates the 

differentiation between earlywood and latewood and subsequent measurement. 

 

Figure 3. Comparison of growth ring width measurements between original and 

binarized images. 

2.2.2. Measurement of cross-sectional grain 

The image measurement and analysis software Digimizer (version 6.0.0.0) was 

used to manually measure the binary images of the specimen cross sections. After 

defining the unit of measurement, the width of the growth rings and the width of the 

latewood on the specimen cross-sections were measured. Measurements were taken at 

three locations, and the average values were calculated. 
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2.2.3. Characterization of grain inhomogeneity 

The width of the growth ring and the latewood rate are used to characterize the 

grain width of the wood; the variation in the growth ring width is used to characterize 

the distribution of the wood grain. The growth ring width is the vertical distance 

between two adjacent ring boundaries. Growth ring width variation is the absolute 

value of the difference between the widths of two adjacent growth rings in the same 

specimen, used to characterize the changes in the distribution of growth ring width; 

the calculation method is given in Equation (1). 

∆= |𝑋𝑖+1 − 𝑋𝑖| (1) 

where Δ is the change in growth ring width; Xi and Xi+1 are the widths of the two 

adjacent growth rings. 

The latewood rate is the percentage of latewood width to the width of the growth 

ring in which it is located and is given in Equation (2). 

latewood rate (%) =
𝐴

𝑋
× 100% (2) 

where A is the width of the latewood between the two adjacent ring boundaries and X 

is the width between the two adjacent ring boundaries. 

The average deviation (A.D.) is the arithmetic mean of the absolute value of the 

deviation of each value in the series from its arithmetic mean, characterizing the degree 

of dispersion of a set of data. The coefficient of variation (C.V.) is also a statistic that 

reflects the degree of dispersion of the data and is used to compare two sets of data 

with different units or different means. Since the grain eigenvalues of wood have 

uniform units, it is more intuitive and easier to characterize the degree of grain 

heterogeneity by using the average deviation than by using the coefficient of variation. 

The average deviation of growth ring width and latewood rate is used to characterize 

the inhomogeneity of the size of the grain width of the specimen, and the amount of 

change in the growth ring width is used to characterize the inhomogeneity of specimen 

grain distribution. The larger the average deviation of the grain characteristic values 

is, the more inhomogeneous the grain is. 

The mean values of growth ring width as well as latewood rate (μ) were 

calculated for each specimen, and Equation (3) is as follows: 

𝜇 =
1

𝑁
∑ 𝑋𝑖

𝑁

𝑖=1
 (3) 

where N is the total number of samples and Xi is the i-th growth ring width. 

The average deviation (A.D.) is given by Equation (4) as follows: 

𝐴. 𝐷. =
∑|𝑋𝑖 − 𝜇|

𝑁
 (4) 

2.2.4. Acoustic vibration performance testing 

The test is based on the vibration theory of beams and adopts the test method of 

bending vibration for testing. Under free-boundary conditions at both ends, the back 

of the knife is used to strike the specimen. The vibration signal is transmitted to the 

dual-channel fast Fourier transform analyzer (FFT) through the transducer. Then the 
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vibration spectrum and vibration frequency are obtained, which are used to calculate 

the dynamic modulus of elasticity (E), the specific modulus of elasticity (E/ρ), the 

acoustic radiation quality constant (R), the acoustic impedance (ω), and the loss angle 

tangent (tan δ). The schematic diagram of the test is shown in Figure 4. 

 

Figure 4. The schematic diagram of the test environment and the test. 

The calculations of the dynamic modulus of elasticity (E), the specific modulus 

of elasticity (E/ρ), the acoustic radiation quality constant (R), the acoustic impedance 

(ω), and the loss angle tangent (tan δ) are given by Equations (5)–(9) as follows: 

𝐸 =
48𝜋2𝜌𝐿4𝑓2

𝑚4𝑇2
 (5) 

where E is the dynamic elastic modulus, also known as Young’s modulus; ρ is the 

density of the specimen; L is the length of the specimen; f is the resonant frequency of 

the specimen; T is the thickness of the specimen; and m is the coefficient 

corresponding to the vibration order. 

𝑅 = √
𝐸

𝜌3
 (6) 

where R is the acoustic radiation quality constant. 

𝜔 = √𝜌𝐸 (7) 

where ω is acoustic impedance. 

𝛿 =
1

𝑛
ln

𝐴𝑖

𝐴𝑖+1
 (8) 
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tan 𝛿 =
𝛿

𝜋
 (9) 

where δ is the logarithmic attenuation rate, and tan δ is the loss angle tangent. Ai is the 

i-th amplitude of the time-domain sine wave of the specimen. 

The schematic diagram of the test process is shown in Figure 5. 

 

Figure 5. Schematic diagram of the test process. 

3. Results and discussion 

3.1. Effect of growth ring width inhomogeneity on acoustic vibration 

performance 

Specific dynamic elastic modulus (E/ρ) represents the average dynamic elastic 

modulus of the cell wall of wood in the direction of the paragrain. It is an important 

physical index for the evaluation of the acoustic vibration performance of wood. Wood 

with a relatively high E/ρ can more effectively transfer vibration energy into the air 

under the same excitation conditions, thus producing a rich and bright timbre. The 

larger the E/ρ is, the better the acoustic performance of the wood is [31]. 

The relationship between the average deviation of the growth ring width and E/ρ 

is shown in Figure 6a, and the relationship between the growth ring width, the average 

deviation of the growth ring width, and E/ρ of the specimen is shown in Figure 6b. 

  

(a) (b) 

Figure 6. (a) Effect of growth ring width A.D. on E/ρ; (b) effect of growth ring 

width, growth ring width A.D. on E/ρ. 
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It can be seen in Figure 6a that the specimens with smaller average deviation of 

growth ring width have higher E/ρ values. The value of E/ρ shows a gradual downward 

trend as the inhomogeneity of the growth ring width of the specimen increases. The 

inhomogeneity of the growth ring width indicates that there is a significant difference 

in the width of the wood growth rings. In the area with wider growth rings, due to the 

relatively rapid growth of the wood, the cell walls are relatively thin, the cell cavities 

are larger, and the density of the wood is lower. In contrast, in the area with narrower 

growth rings where the growth is slower, the cell walls are thicker, the cell cavities are 

smaller, and the density of the wood is higher. As the inhomogeneity of the growth 

ring width of the specimen increases, the inhomogeneity of the internal structure and 

density distribution also increases. When the specimen vibrates, the vibration 

anisotropy in different regions increases, resulting in a low vibration energy transfer 

efficiency of the specimen. This is manifested as a decrease in the E/ρ value of the 

specimen and a reduction in the richness and brightness of the timbre. Since the fitting 

correlation coefficient in Figure 6a is relatively low, and considering that the growth 

ring width of the specimen will have a certain impact on it, the growth ring width of 

the specimen is added as a reference for joint analysis in Figure 6b. Divide the 

coordinate axes into four zones: Zone Ⅰ growth ring width deviation ranges from 0.01 

to 0.05, and growth ring width ranges from 0.2 cm to 0.35 cm; Zone Ⅱ growth ring 

width deviation ranges from 0.05 to 0.12, and growth ring width ranges from 0.2 cm 

to 0.35 cm; Zone Ⅲ growth ring width deviation ranges from 0.01 to 0.05, and growth 

ring width ranges from 0.1 cm to 0.2 cm; and Zone Ⅳ growth ring width deviation 

ranges from 0.05 to 0.12, and growth ring width ranges from 0.1 cm to 0.2 cm. From 

Figure 6b, it can be seen that the specimens are mainly concentrated in the three 

regions of Ⅰ, Ⅱ, and Ⅲ, and the E/ρ values of the specimens in the Ⅲ region are higher 

than those in the other two regions. It indicates that the specimens with smaller growth 

ring width and more uniform growth ring width have higher vibration efficiency. 

When the growth ring width of the specimen ranges from 0.14 cm to 0.17 cm and the 

average deviation of the width is between 0.02 and 0.036, the specimen reaches the 

maximum E/ρ value. During vibration, the sound features a richer and brighter timbre. 

This result aligns with previous research findings, which suggest that wood exhibits 

excellent acoustic properties when its growth ring width falls within the range of 0.08 

cm to 0.25 cm [32]. It indicates that the research results are quite accurate, and the 

introduction of image-processing technology enables the precise extraction of the 

characteristic values of wood grain. 

The acoustic radiation quality constant (R) represents the magnitude of the 

acoustic power radiated to the surrounding air when the wood vibrates and is an 

important parameter for characterizing the acoustic vibration performance of wood 

[33]. Wood with good R can generate abundant reflection and scattering when its 

sound propagates in the air, creating an auditory sense of spatiality and layering, which 

enhances the musical expressiveness. 

The relationship between the average deviation of the growth ring width and R is 

shown in Figure 7a, and the relationship between the growth ring width, the average 

deviation of the growth ring width, and R of the specimen is shown in Figure 7b. 
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(a) (b) 

Figure 7. (a) Effect of growth ring width A.D. on R; (b) effect of growth ring width, 

growth ring width A.D. on R. 

It can be seen from Figure 7a that the value of R shows a gradual downward 

trend as the inhomogeneity of the growth ring width of the specimen increases. As the 

inhomogeneity of the growth ring width of the specimen increases, the difference 

between the growth ring widths becomes larger, and the inhomogeneity of the cell 

structure and density distribution of the wood also increases. And the degree of 

anisotropy of the internal structure of the wood becomes larger. This leads to an 

increase in the differences in the vibration characteristics of the wood in different 

directions during vibration. These differences interact with each other, which is not 

conducive to the directional radiation of sound. In terms of acoustic vibration 

parameters, this is manifested as a gradual decrease in the value of R and a weakening 

of the sound expression ability of the wood. Since the fitting correlation coefficient in 

Figure 7a is relatively low, and considering that the growth ring width of the specimen 

will have a certain impact on it, the growth ring width of the specimen is added as a 

reference in Figure 7b. It can be seen that the R value of the specimens in zone III is 

larger, indicating that the specimens with smaller and more uniform growth ring 

widths radiate a larger acoustic power to the surrounding air during vibration. When 

the growth ring width ranges from 0.14 cm to 0.17 cm and the average deviation of 

the width is between 0.024 and 0.036, the specimen reaches the maximum value of R. 

During vibration, the sound has a stronger sense of space and hierarchy, and the sound 

expression is better. 

The acoustic impedance (ω) of the wood represents the resistance of the wood to 

sound propagation; the smaller the value of ω, the smaller the resistance and the better 

the acoustic vibration performance [34]. 

The relationship between the average deviation of the growth ring width and ω 

is shown in Figure 8a, and the relationship between the growth ring width, the average 

deviation of the growth ring width, and ω of the specimen is shown in Figure 8b. 
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(a) (b) 

Figure 8. (a) Effect of growth ring width A.D. on ω; (b) effect of growth ring width, 

growth ring width A.D. on ω. 

From Figure 8a, it can be observed that the value of ω shows a gradual downward 

trend as the inhomogeneity of the growth ring width increases. As the inhomogeneity 

of the growth ring width becomes larger, the difference between the growth ring 

widths becomes larger. The inhomogeneity of the internal structure distribution of the 

wood increases, resulting in a larger difference in density distribution. The value of ω 

is directly proportional to the overall density of the specimen [34]. A larger density 

difference may cause the overall average density of the wood to be relatively low, 

which is manifested as ω gradually decreasing as the inhomogeneity of the growth 

ring width increases. Since the fitting correlation coefficient in Figure 8a is relatively 

low, and considering that the growth ring width of the specimen will have a certain 

impact on it, the growth ring width of the specimen is added as a reference in Figure 

8b. As depicted in Figure 8b, it can be noticed that the value of ω in regions I and Ⅱ 

is smaller than that in region Ⅲ, which indicates that the specimens with larger growth 

ring widths have less resistance to sound propagation. In zone Ⅲ, when the growth 

ring width of the specimens is in the range of 0.14 cm to 0.17 cm and the average 

deviation of the width is in the range of 0.024 to 0.036, the value of ω of the specimens 

is relatively small. During vibration, the sound has a higher propagation efficiency, 

and the timbre is richer and brighter. 

The wood loss angular tangent (tan δ) characterizes the ratio of the amount of 

heat loss per vibration cycle of the wood to the stored energy of the medium and is a 

quantity that describes the internal friction loss. The slow vibration attenuation of the 

wood can produce a long aftertone and sustain effect, making the timbre softer, 

warmer, and providing a comfortable auditory experience. The smaller the value of 

tan δ, the better the acoustic quality is [35]. 

The relationship between the average deviation of the growth ring width and tan δ 

is shown in Figure 9a, and the relationship between the growth ring width of the 

specimen, the average deviation of the growth ring width, and tan δ is shown in Figure 

9b. 

From Figure 9a, it can be observed that the value of tan δ shows a slight 

increasing trend as the inhomogeneity of the growth ring width increases. As the 

inhomogeneity of the growth ring width increases, the difference between the growth 
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ring widths becomes larger, indicating that the variability of the internal structure of 

the wood increases. When the wood vibrates, the variability of the vibration 

characteristics in different directions increases. These characteristics interact with 

each other, and the vibration energy is lost due to friction, resulting in an increase in 

tan δ. Since the fitting correlation coefficient in Figure 9a is relatively low, and 

considering that the growth ring width of the specimen will have a certain impact on 

it, the growth ring width of the specimen is added as a reference in Figure 9b. Figure 

9b shows that the mean value of tan δ of specimens in zone Ⅲ is smaller than that in 

zones I and Ⅱ, indicating that specimens with smaller and more uniform growth ring 

width will have less internal friction loss and better acoustic vibration performance. 

Moreover, in zone Ⅲ, when the growth ring width of the specimen is within the range 

of 0.13 cm to 0.17 cm and the average deviation of the width is within the range of 

0.02 to 0.036, the value of tan δ of the specimen is the smallest. At this time, the 

vibration attenuation of the wood is slow, which can produce a longer lingering sound 

and a sustained effect, making the timbre softer and warmer and providing a 

comfortable auditory experience. 

  
(a) (b) 

Figure 9. (a) Effect of growth ring width A.D. on tan δ; (b) effect of growth ring 

width, growth ring width A.D. on tan δ. 

3.2. Effect of growth ring width distribution inhomogeneity on acoustic 

vibration performance 

The relationship between the average deviation of the amount of variation in the 

growth ring width and E/ρ is shown in Figure 10a, and the relationship between the 

growth ring width, the average deviation of the amount of variation in the growth ring 

width, and E/ρ of the specimens is shown in Figure 10b. 

It can be seen in Figure 10a that the value of E/ρ decreases with the increase of 

the average deviation of the amount of variation of the growth ring width, i.e., the 

value of E/ρ decreases as the degree of inhomogeneity in the growth ring width 

distribution increases. The increase in the inhomogeneity of the width distribution 

indicates that the difference in width between two adjacent growth rings becomes 

larger, and the difference in the internal cell structure and cell wall thickness also 

increases. Growth rings with thick cell walls and those with thin cell walls appear 

alternately, making the anisotropy of the wood vibration more significant. The 

interaction among them leads to a decrease in the energy transfer efficiency and a 
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reduction in the value of E/ρ. Since the fitting correlation coefficient in Figure 10a is 

relatively low, and considering that the growth ring width of the specimen will have a 

certain impact on it, the growth ring width of the specimen is added as a reference in 

Figure 10b. Divide the coordinate axes into four zones. In zone Ⅰ, the deviation of the 

growth ring width variation amount ranges from 0 to 0.03, and the growth ring width 

ranges from 0.2 cm to 0.35 cm. In zone Ⅱ, the deviation of the growth ring width 

variation amount ranges from 0.03 to 0.08, and the growth ring width ranges from 0.2 

cm to 0.35 cm. In zone Ⅲ, the deviation ranges from 0 to 0.03, with the growth ring 

width ranging from 0.1 cm to 0.2 cm. In zone Ⅳ, the deviation ranges from 0.03 to 

0.08, and the growth ring width ranges from 0.1 cm to 0.2 cm. Figure 10b illustrates 

that the specimens predominantly cluster within zones Ⅱ and Ⅲ. This implies that 

when the growth ring width is narrow, the variation in width between adjacent growth 

rings tends to be minor. Conversely, when the growth ring width is wide, a more 

pronounced variation in width is typically observed. The average value of E/ρ of the 

specimens in region Ⅲ is greater than that of the other three regions, which indicates 

that the specimens with smaller and more uniformly distributed growth ring widths 

possess a higher vibration efficiency. When the growth ring width is within the range 

of 0.14 cm to 0.17 cm and the average deviation of the width variation is within the 

range of 0.008 to 0.020, the value of E/ρ of the specimen is the largest. During 

vibration, the sound features a richer and brighter timbre. 

  
(a) (b) 

Figure 10. (a) Effect of growth ring width variation A.D. on E/ρ; (b) effect of 

growth ring width variation A.D. on E/ρ. 

The relationship between the average deviation of the amount of variation in the 

growth ring width and R is shown in Figure 11a, and the relationship between the 

growth ring width, the average deviation of the amount of variation in the width of the 

growth ring, and R of the specimens is shown in Figure 11b. 

As can be seen from Figure 11a, as the average deviation of the variation in 

growth ring width increases, the value of R shows a slight downward trend. The 

increase in the inhomogeneity of the variation in width makes the internal structure of 

the wood more disordered. During vibration, the significantly different vibration 

characteristics interact with each other, which is not conducive to the directional 

radiation of sound, resulting in a decrease in the R value of the wood. Since the fitting 

correlation coefficient in Figure 11a is relatively low, and considering that the growth 

ring width of the specimen will have a certain impact on it, the growth ring width of 
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the specimen is added as a reference in Figure 11b. As can be seen in Figure 11b, the 

R value of the specimens in zone Ⅲ is larger than that of the specimens in the other 

three regions, indicating that specimens with a smaller growth ring width and a more 

uniform distribution radiate a greater acoustic power to the surrounding air during 

vibration and have better acoustic performance. In zone Ⅲ, the specimens with a 

growth ring width in the range of 0.14 cm to 0.18 cm and an average deviation of the 

variation in width in the range of 0.016 to 0.020 have the largest R value. During 

vibration, the sound has a stronger sense of space and hierarchy and better sound 

expression. 

  
(a) (b) 

Figure 11. (a) Effect of growth ring width variation A.D. on R; (b) effect of growth 

ring width variation A.D. on R. 

The relationship between the average deviation of the amount of variation of the 

growth ring width and ω is shown in Figure 12a, and the relationship between the 

growth ring width, the average deviation of the amount of variation of the growth ring 

width, and ω of the specimen is shown in Figure 12b. 

  
(a) (b) 

Figure 12. (a) Effect of growth ring width variation A.D. on ω; (b) effect of growth 

ring width and growth ring width variation A.D. on ω. 

The increase in the inhomogeneity of the width variation makes the internal 

structure of the wood more disordered and the density distribution more uneven. 

Overall, the average density of the wood is relatively low, and the value of ω 

decreases. Since the fitting correlation coefficient in Figure 12a is relatively low, and 

considering that the growth ring width of the specimen will have a certain impact on 
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it, the growth ring width of the specimen is added as a reference in Figure 12b. It can 

be seen from Figure 12b that the values of ω in zones I and Ⅱ are generally smaller 

than those in zone Ⅲ, indicating that the growth ring width has a significant impact 

on the value of ω of the specimen. A larger width corresponds to a smaller acoustic 

impedance. When the growth ring width of the specimens in zone Ⅲ is within the 

range from 0.14 cm to 0.18 cm and the average deviation of the width variation is 

within the range from 0.016 to 0.020, the ω value of the specimens is relatively small. 

During vibration, the sound has a higher propagation efficiency, and the timbre is 

richer and brighter. 

The relationship between the average deviation of the variation of growth ring 

width and tan δ is shown in Figure 13a, and the relationship between the growth ring 

width of the specimen, the average deviation of the variation of growth ring width, and 

tan δ is shown in Figure 13b. 

  

(a) (b) 

Figure 13. (a) Effect of growth ring width variation A.D. on tan δ; (b) effect of 

growth ring width variation A.D. on tan δ. 

It can be seen in Figure 13a that the value of tan δ tends to increase as the degree 

of inhomogeneity in the growth ring width distribution increases. The increase in the 

inhomogeneity of the width variation makes the internal structure of the wood more 

disordered. During vibration, the significantly different vibration characteristics 

interact with each other, and the vibration energy is lost due to friction, resulting in an 

increase in tan δ. Since the fitting correlation coefficient in Figure 13a is relatively 

low, and considering that the growth ring width of the specimen will have a certain 

impact on it, the growth ring width of the specimen is added as a reference in Figure 

13b. It can be seen in Figure 13b that the mean value of tan δ of the specimen in zone 

Ⅲ is smaller than that of the other three zones. It indicates that the specimen with 

smaller and more uniformly distributed growth ring width has less internal friction 

loss during vibration and better acoustic vibration performance. Moreover, in zone Ⅲ, 

when the growth ring width of the specimen is within the range of 0.14 cm to 0.18cm 

and the average deviation of the width is within the range of 0.008 to 0.020, the tan δ 

value of the specimen is the smallest. At this time, the vibration attenuation of the 

wood is slow, which can produce a longer lingering sound and a sustained effect, 

making the timbre softer and warmer and providing a comfortable auditory 

experience. 
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3.3. Effect of latewood rate inhomogeneity on acoustic vibration 

performance 

The relationship between the average deviation of latewood rate and E/ρ is shown 

in Figure 14a, and the relationship between latewood rate, average deviation of 

latewood rate, and E/ρ of the specimens is shown in Figure 14b. 

  
(a) (b) 

Figure 14. (a) Effect of latewood rate A.D. on E/ρ; (b) effect of latewood rate, 

latewood rate A.D., on E/ρ. 

Figure 14a shows that with the increase in the inhomogeneity degree of the 

latewood rate, the E/ρ value of the specimen has a tendency to decline. Due to the 

change of the growth environment, there is a significant difference in the cell structure 

between the earlywood and the latewood of the wood. The cell cavities of the latewood 

are small while the cell walls are thick, resulting in a relatively high density. In 

contrast, the earlywood has large cell cavities and thin cell walls, with a lower density. 

As the inhomogeneity of the latewood rate increases, the variability of the proportion 

of earlywood and latewood within different growth rings also increases, leading to a 

greater difference in density. When the wood vibrates, the vibration anisotropy in 

regions with different densities increases, the energy transfer efficiency decreases, and 

the value of E/ρ reduces. Since the fitting correlation coefficient in Figure 14a is 

relatively low, and considering that the latewood rate of the specimen has a certain 

impact on it, the latewood rate of the specimen is added as a reference in Figure 14b, 

and the axes are divided into four zones. In zone Ⅰ, the latewood rate deviation ranges 

from 0 to 0.05, and the latewood rate ranges from 30% to 60%. In zone Ⅱ, the deviation 

ranges from 0.05 to 0.12, and the latewood rate ranges from 30% to 60%. In zone Ⅲ, 

the deviation ranges from 0 to 0.05, and the latewood rate ranges from 10% to 30%. 

In zone Ⅳ, the deviation ranges from 0.05 to 0.12, and the latewood rate ranges from 

10% to 30%. It can be seen that the specimens are mainly distributed in zones Ⅲ and 

Ⅳ, where the latewood rate is within 30%. The mean value of E/ρ of the specimens in 

zone Ⅲ is higher than that of the other three zones, which indicates specimens with 

lower latewood rate and more uniform distribution have higher vibration efficiency. 

When the latewood rate of the specimens within zone Ⅲ is in the range of 15% to 25% 

and the average deviation of the latewood rate is within the range of 0.03 to 0.045, the 

E/ρ value of the specimens is the largest. During vibration, the sound features a richer 

and brighter timbre. The results are consistent with previous studies indicating that 
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when the latewood rate of wood is within the range of 15% to 28%, the wood exhibits 

excellent acoustic properties [16]. This shows that the research results are relatively 

accurate, and the introduction of image processing technology can enable the precise 

extraction of the characteristic values of wood grain. 

The relationship between the average deviation of latewood rate and R is shown 

in Figure 15a, and the relationship between latewood rate, average deviation of 

latewood rate, and R of the specimens is shown in Figure 15b. 

  
(a) (b) 

Figure 15. (a) Effect of latewood rate A.D. on R; (b) effect of latewood rate, 

latewood rate A.D. on R. 

It can be seen in Figure 15a that the value of R decreases with the increase in the 

degree of inhomogeneity of the latewood rate. As the inhomogeneity of the latewood 

rate increases, the variability of the wood’s microstructure also increases. When the 

wood vibrates, the vibration anisotropy in different regions becomes more 

pronounced, which is unfavorable for the directional radiation of sound, resulting in a 

decrease in the value of R. Since the fitting correlation coefficient in Figure 15a is 

relatively low, and considering that the latewood rate of the specimen has a certain 

impact on it, the latewood rate of the specimen is added as a reference in Figure 15b. 

The R value of the specimens in zone Ⅲ is higher than that of the other three zones. It 

indicates that the specimens with a lower latewood rate and more uniform latewood 

rate have higher sound power radiated to the surrounding air during vibration and 

better acoustic performance. Within zone Ⅲ, when the latewood rate is in the range of 

15% to 20% and the average deviation of the latewood rate is within the range of 0.02 

to 0.048, the value of R of the specimen is the largest. At this time, the sound of the 

wood’s vibration has a stronger sense of space and hierarchy, and the sound expression 

ability is better. 

The relationship between the average deviation of latewood rate and ω is shown 

in Figure 16a, and the relationship between latewood rate, average deviation of 

latewood rate, and ω for the specimens is shown in Figure 16b. 

The pattern between the latewood rate inhomogeneity and the value of ω is 

observed to be less obvious in Figure 16a. Although the inhomogeneity of the 

latewood rate increases and the inhomogeneity of the wood density also increases, due 

to the relatively complex calculation of the average density of the wood, there is no 

obvious change trend following the variation of the inhomogeneity of the latewood 
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rate. The value of ω of the wood is positively correlated with its density, resulting in 

no obvious pattern between the variation of the inhomogeneity of the latewood rate 

and the value of ω of the wood. The latewood rate of the specimens added in Figure 

16b is analyzed, and the ω values are generally small in the four regions. Fewer 

specimens have larger ω values in regions Ⅲ and Ⅳ, concentrating in the range of 

0.03 to 0.06 of the latewood rate’s average deviation. There was no significant pattern 

of influence between latewood rate inhomogeneity and ω value. 

  
(a) (b) 

Figure 16. (a) Effect of latewood rate A.D. on ω; (b) effect of latewood rate, 

latewood rate A.D. on ω. 

The relationship between the average deviation of latewood rate and tanδ is 

shown in Figure 17a, and the relationship between the latewood rate, the average 

deviation of latewood rate, and tanδ of the specimens is shown in Figure 17b. 

  
(a) (b) 

Figure 17. (a) Effect of latewood rate A.D. on tan δ; (b) effect of latewood rate, 

latewood rate A.D. on tan δ. 

In Figure 17a, the tan δ value tends to increase with the rise of the latewood 

rate’s average deviation. As the inhomogeneity of the latewood rate increases, the 

difference in the cell wall structure among different latewood regions becomes larger. 

When the wood vibrates, the anisotropy increases, the internal friction loss rises, and 

the value of tan δ increases. Since the fitting correlation coefficient in Figure 17a is 

relatively low, it is considered that the latewood rate of the specimen has a certain 

influence on it. In Figure 17b, the latewood rate of the specimen is added for analysis, 
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and it can be clearly seen that the tan δ value of the specimen in zone Ⅲ is smaller 

than that of the other three zones. It indicates that the specimen with a lower latewood 

rate and a more uniform latewood rate has less internal friction loss during vibration 

and better acoustic vibration performance. Among them, the specimens with the 

latewood rate within the range of 15% to 20% and the average deviation of the 

latewood rate within the range of 0.02 to 0.048 have the smallest tan δ value. At this 

time, the vibration attenuation of the wood is slow, which can produce a longer 

lingering sound and a sustained effect, making the timbre softer and warmer. 

4. Discussion 

This study has accurately extracted the grain characteristics of wood using image 

processing technology and deeply explored the influence rules of the inhomogeneity 

of growth ring width, growth ring width variation, and latewood rate on the acoustic 

parameters of wood. The research shows that as the inhomogeneity of the growth ring 

width and the inhomogeneity of the variation in the growth ring width increase, the 

values of E/ρ, R, and ω of the wood decrease, while the value of tan δ increases. 

Meanwhile, the increase in the inhomogeneity of the latewood rate leads to a decrease 

in the values of E/ρ and R of the wood and an increase in the value of tan δ. However, 

the inhomogeneity of the latewood rate has no significant effect on the value of ω. 

As a natural material, wood has an internal structure whose complexity 

determines its acoustic properties. The inhomogeneity of growth ring width, growth 

ring width variation, and latewood rate implies that there are significant differences in 

the internal cell structure, cell wall thickness, etc., of the wood. The inhomogeneity of 

the structure will cause an increase in the anisotropy of the vibration characteristics of 

the wood, resulting in low vibration efficiency and large energy loss. Consequently, 

the values of E/ρ and R decrease, and the value of tan δ increases. However, through 

analysis, it was found that the correlation coefficients between the inhomogeneity of 

the wood grain and E/ρ, R, and tan δ are relatively low. This may be because the wood 

specimens themselves have a large degree of variability, and their internal 

microstructures are complex and difficult to control. In addition, the current research 

only measures the macroscopic characteristic values of the wood specimens. This 

approach has significant limitations and is difficult to comprehensively reflect the 

factors affecting the above-mentioned acoustic parameters, thus resulting in poor 

performance of the correlation between the inhomogeneity of the wood grain and these 

parameters. In the follow-up, the micro-density measurement technique can be used 

to deeply explore the density at different positions of the wood grain characteristics, 

more accurately characterize the internal structural changes of the inhomogeneous 

wood grain, and make the research results more scientific and accurate. Meanwhile, 

the wood’s ω is positively correlated with its density. However, as the calculation of 

wood’s average density is complex and shows no clear trend with the variation in 

latewood rate inhomogeneity, this study failed to determine how the inhomogeneity 

of the latewood rate affects ω. In subsequent research, measuring the micro-density of 

the wood can improve this part of the content. 

Previous studies have focused on the relationship between the macroscopic 

characteristics of wood and its acoustic properties, but the research methods in terms 
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of the quantitative analysis of grain characteristics and their correlation with acoustic 

parameters are relatively single. Similar to this study, some studies have found that the 

inhomogeneity of wood grain has a negative impact on the acoustic properties 

[17,18,34]. However, this study has achieved the accurate extraction of the 

characteristic values of wood grain by using image processing technology, making 

improvements in the research method. At the same time, this study clearly indicates 

that when the growth ring width is within the range of 0.14 cm to 0.17 cm, the 

deviation of the growth ring width is within the range of 0.024 to 0.036, and the 

deviation of the variation in the growth ring width is within the range of 0.016 to 0.020, 

the wood has the best acoustic vibration performance. Such precise quantitative 

relationships are important supplements and expansions to the existing research. 

Meanwhile, wood with uniform grain not only has better acoustic properties but 

may also possess higher mechanical stability and durability. During the vibration 

process, wood is continuously subjected to periodic stress. The inhomogeneity of the 

grain can lead to a more complex stress distribution inside the wood, and the stress 

amplitude in some areas may be significantly higher. Under long-term vibration, the 

areas with high stress amplitude are more prone to fatigue damage, such as the 

propagation of micro-cracks in the cell walls. This fatigue damage accumulates over 

time, reducing the mechanical strength and stiffness of the wood. This means that 

wood with uniform grain can better maintain its acoustic properties and structural 

integrity during long-term use. 

Although this study has achieved certain results, there are still some limitations. 

Firstly, although the image processing technology can extract the grain characteristics 

of wood, it is unable to effectively obtain some microscopic structural characteristics, 

which may affect the comprehensive understanding of the influencing mechanism of 

the acoustic properties. Secondly, the types of wood samples selected in the 

experiment are limited, which may restrict the universality of the research results for 

a wider variety of wood species. In addition, only the acoustic vibration parameters 

were used to characterize the acoustic properties of wood, and there was no more 

intuitive exploration of the timbre of the wood. 

Based on the limitations of this study, future research can be carried out in the 

following directions. On the one hand, advanced microscopic analysis technologies, 

such as the combination of scanning electron microscopy (SEM) and image processing 

technology, can be integrated to deeply explore the relationship between the 

microscopic structure of wood and its grain characteristics and their influence 

mechanism on the acoustic properties. On the other hand, the types and sources of 

wood samples should be expanded to improve the universality of the research results. 

Moreover, the intuitive analysis of the timbre of wood should be added to make the 

experimental results more scientific. 

5. Conclusion 

Clear and accurate identification of the boundaries between earlywood and 

latewood was enabled by using MATLAB image processing technology. Meanwhile, 

Digimizer software facilitated the accurate measurement of growth ring width and 

latewood rate. By integrating advanced image processing techniques with traditional 
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wood science theories, a comprehensive and accurate understanding of wood grain 

characteristics can be achieved. 

The inhomogeneity of the grain has a certain influence on the acoustic properties 

of wood. As the inhomogeneity of the growth ring width and the variation in the 

growth ring width increase, the values of E/ρ, R, and ω of the wood decrease, while 

the value of tan δ increases. As the inhomogeneity of the latewood rate increases, the 

values of E/ρ and R of the wood decrease, and the value of tan δ increases. The 

inhomogeneity of the latewood rate has no significant effect on ω. The variation 

patterns of these acoustic parameters indicate that wood with a uniform grain has better 

acoustic properties. 

By jointly analyzing the growth ring width of the wood and the latewood rate and 

comprehensively considering the performance of E/ρ, R, tan δ, and ω, it can be 

concluded that when the growth ring width is within the range of 0.14 cm to 0.17 cm, 

the deviation of the growth ring width is within the range of 0.024 to 0.036, and the 

deviation of the variation in the width is within the range of 0.016 to 0.020, the values 

of E/ρ and R of the wood are the largest, and the values of ω and tan δ are the smallest, 

indicating the best acoustic vibration performance. When the latewood rate is within 

the range of 15% to 20% and the deviation of the latewood rate is within the range of 

0.03 to 0.045, the values of E/ρ and R of the wood are the largest, and the value of tan δ 

is the smallest, meaning the best acoustic vibration performance of the wood. 

Instrument manufacturers have always been committed to finding woods with 

excellent acoustic properties in order to create musical instruments with outstanding 

timbres. This study clearly indicates the range of texture variations within which the 

acoustic vibration performance of wood is optimal. This provides instrument 

manufacturers with precise material selection criteria, enabling them to screen out the 

most suitable materials for making musical instruments from a large number of woods, 

thus improving the sound quality and overall quality of the instruments. For example, 

when making a violin, manufacturers can select woods according to these criteria, and 

the violins produced may have a richer timbre, higher resonance, and better acoustic 

response. 

Overall, this study introduced image processing technology to accurately extract 

the grain characteristics of wood and explored the influence of the inhomogeneity of 

wood grain on the acoustic vibration performance of wood, which can provide a 

theoretical reference for the rational selection of materials for subsequent musical 

instruments. 
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