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The propagation law of stress wave in larch (Larix gmelinii) wood was 
studied in this work. External factors affecting the propagation velocity of 
stress wave in wood cross-section were studied using the orthogonal 
experiment method. The most influential factors were shown by the 
experimental results, and the parameters of the propagation velocity 
model of stress wave in larch wood were optimized. Based on the 
optimized propagation velocity model, combined with the traditional defect 
determination method, a twelve-directional stack imaging (TDSI) steps 
system was developed for larch wood internal defect detection. The 
analysis results showed that of the three external factors of temperature, 
moisture content, and illumination duration, temperature had the greatest 
influence on the propagation velocity model of stress wave in larch wood 
cross-section. Using TDSI to image the defective larch wood not only can 
locate the defective area, but also it can achieve a high imaging precision 
of 95.52%, and the imaging precision is unrelated to the location of the 
defect, which has a good quantitative defect detection effect. 
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INTRODUCTION 
 

The stress wave technique has been widely used in nondestructive testing of wood 

because of its low cost, portability, and the fact that it is harmless to human beings (Wang 

et al. 2008; Yue et al. 2017; Zhang and Khoshelham 2020). Yang and Wang (2007) used 

the Arbotom to detect the internal decay of wood, and they compared and analyzed the 

actual estimated value with the estimated value of the internal decay area of wood. The test 

results indicated that two-dimensional images of the interior decay from wood could be 

obtained with the non-destructive test technology of stress wave, but the measuring 

accuracy is low. Li et al. (2014) examined stress wave velocity patterns in the cross-

sections of black cherry trees, developed analytical models of stress wave velocity in sound 

healthy trees, and then tested the effectiveness of the models as a tool for tree decay 

diagnosis. With the rapid development of computer technology, many researchers have 

begun to use some algorithms to realize the images of wood internal defects. Du et al. 

(2018) proposed an image reconstruction method based on segmented propagation rays of 

stress waves to detect the size and shape of defects inside wood. The results showed that 

the proposed algorithm not only can better reflect internal wood defects qualitatively and 

quantitatively, but also it has a high quality of reconstructed images. Qiu et al. (2019) 

developed a tomographic technique based on the use of both stress wave and 
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electromagnetic wave for evaluating the defects in tree trunk, the result indicated that the 

internal air hole and the air gap located within 5 to 20 mm below the tree surface can be 

effectively detected and quantified.  

However, the propagation of stress waves is also affected by various factors in 

wood, and it has become one of the main topics for researchers to explore (Liu et al. 2014; 

Chen et al. 2019). Xu and Wang (2011) studied the effects of moisture content and 

temperature on the propagation velocity of stress waves in Korean pine wood. The work 

showed that moisture content is an important factor affecting wave propagation, and a 

regression model was established between the propagation velocity of stress wave and 

moisture content. Liu and Gao (2014) examined the effects of moisture content and density 

on the stress wave velocity in wood. For the same wood species, a good positive linear 

correlation between the stress wave velocity and the basic density was found under any 

moisture content. However, there was no similar correlation among different wood species, 

which might be due to the differences in the compositions. Yamasaki et al. (2017) 

investigated the effect of moisture content on the stress wave propagation velocity and 

obtained the relationship between the moisture content and the rate of change of velocity 

of full-size timber. This relationship was used to estimate the Young's modulus of the 

timber in the air-drying state from the velocity in high-moisture condition.  

Recently, most of the research on wood nondestructive testing of stress wave 

mainly has focused on the establishment of propagation velocity model, the influencing 

factors of propagation velocity, and the imaging method. However, the study of the 

influence degree of various factors on the stress wave propagation velocity affecting the 

change of the stress wave propagation velocity model has not been reported. This paper 

explores the propagation laws of stress wave in healthy and defective wood cross-sections, 

and it establishes an experimental model of stress wave propagation velocity and the chord 

angle of healthy larch wood samples under different influence factors of moisture content, 

temperature, and illumination duration by orthogonal experiment. According to the 

orthogonal experimental results, the most influential factors of stress wave propagation in 

samples are obtained, and the procedure optimizes the experimental model. Based on the 

optimized propagation velocity model, a new imaging algorithm was designed, and it was 

compared with the traditional algorithm to achieve quantitative analysis of wood internal 

defects. This paper provides a new theory for the most influential factors of the propagation 

velocity of larch wood and two-dimensional defect imaging. 

 

Theoretical Analysis of Stress Wave Propagation Velocity in Wood 
Theoretical model of stress wave propagation velocity in healthy wood 

For simplicity, it is assumed that the cross-section of an ideal wood piece is a 

regular circle, as shown in Fig. 1(a), where S represents the position of the stress wave 

emitting end sensor, R and F represent the position of the stress wave receiving end sensor, 

and   represents the chord angle between the SR and the SF, which is negative clockwise 

and positive counterclockwise. Generally, the radial and tangential tensile strength of 

healthy wood is lower, and the radial propagation velocity is the fastest, and it decreases 

with the increase of the absolute value of  (Wei et al. 2020). 

According to Dikrallah et al. (2006), the acoustic anisotropy of wet wood was 

analyzed using the guided wave experiment, and the propagation rule of stress wave in the 

cross-section of wood was studied. The mathematical relationship between stress wave 

propagation velocity V and the chord angle a is obtained as follows, 
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2

R RT R( ) [1 (1 / ) ]V v G E = − −        (1) 

where V(a) is the propagation velocity of stress wave in cross-section (m/s), vR is radial 

velocity (a = 0), and ER and GRT represent tangential modulus of elasticity (MPa) and shear 

modulus (MPa), respectively.  

 

  
(a) (b) 

 
Fig. 1. Schematic diagram of stress wave propagation in (a) healthy wood and (b) defect wood 

 

VR, GRT, and ER are determined by the nature of the wood itself, the relationship 

between the stress wave propagation velocity, and the chord angle is similar to a downward 

parabola. Equation 1 is taken as the basic model of the stress wave propagation velocity in 

healthy wood cross-section. 

 

Modified model of stress wave propagation velocity in defective wood 

Stress waves travel more slowly in defective wood due to the presence of defect 

area. Such area causes a propagating wave to deviate from a straight path, increasing the 

transmission time between transmitters and receivers, as shown in Fig. 1(b). Assuming that 

the actual propagation path length is 'L , the theoretical propagation path length is L, the 

longest distance from the defect edge to the theoretical path is d, the theoretical propagation 

path is divided into two parts (l1 and l2). According to the Pythagorean Theorem, the 

following mathematical relation can be obtained, as represented by Eq. 2:  

2 2 2 2

1 2l d l d L+ + + =
        

(2) 

1 2L l l= +           (3) 

According to Eqs. 2 and 3, Eq. 4 can be obtained: 

2 2 2 2
2 2

2 22 4

L L L L
d l Ll

L

  − −
=  − + 

  
       (4) 

Equation 4 can be transformed into Eq. 5: 
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The propagation path correction angle of the defect edge is arctan
d

L  . 
In order to 

ensure that the correction angle does not exceed the actual defect range, the minimum value 

of 
d

L
 is taken as follows: 
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1 1
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− −    

      =  
    
  

   

       (6) 

The ratio of the theoretical propagation path length to the actual propagation path 

length is 
'

L

L
, and the ratio of theoretical propagation velocity to actual propagation velocity 

of stress wave is 
'L

L
. Therefore, the correction angle of the actual propagation direction 

can be calculated using the theoretical propagation velocity and the actual propagation 

velocity, and the closer the defect area is to the edge of the sample, the higher the correction 

accuracy. 

 

 

EXPERIMENTAL 
 

Materials and Equipment 
Table 1 lists the basic information of five healthy larch (Larix gmelinii) wood 

samples (Northeast Forestry University, Harbin, China) L1 to L5, among which samples 

L1 to L4 were applied to orthogonal design experiment, and the sample L5 was used for 

the model optimization experiment.  

 

Table 1. Basic Situation of Wood Samples 

Sample Number Diameter (cm) Sample Height (cm) Moisture Content (%) 

L1 20.70 10.5 58.46 

L2 20.29 10.3 45.91 

L3 20.54 9.7 62.21 

L4 20.72 10.4 56.47 

L5 21.73 10.5 51.23 

 
In the experiment, the moisture content of wood was measured via the drying 

measure method with a 202-0 desktop drying box (Beijing Yongguangming Medical 

Instrument Co., Ltd., Beijing, China), the propagation velocity was measured using the 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Wei et al. (2021). “Stress waves in larch wood,” BioResources 16(4), 6799-6813.  6803 

stress wave tester (Arbotom, Frank Rinn, Heidelberg, Germany), the high and low 

temperature test chamber (MINCHANG instrument and equipment Co., Ltd., Xiamen, 

China) was used to adjust the temperature of the sample, and the digital thermometer 

GM1361 (BENETECH, Shenzhen Jumaoyuan Technology Co., Ltd., Shenzhen, China) 

was used to measure the indoor, freezer, and the samples’ temperature. 

 
Methods 

Orthogonal experimental design  

In the research of nondestructive testing technology of stress wave wood, wood 

temperature, moisture content, and illumination duration are the main external factors that 

affect the propagation velocity of stress wave, and they also have a great influence on the 

accuracy of the collected data of stress wave propagation velocity. To obtain the optimal 

model of stress wave propagation velocity in wood under the influence of three factors, 

this paper used the orthogonal experiment method to collect stress wave propagation 

velocity data in wood cross-sections under different conditions of temperature, moisture 

content, and illumination duration, and performed the regression analysis with the 

theoretical model as objective function. At the same time, the goodness of fit was analyzed 

by the range analysis method. The influence degree of each factor on the fitting result was 

judged, and the propagation velocity model was optimized. In this paper, an orthogonal 

experimental design with two levels and three factors was adopted (Nha et al. 2020). The 

experimental factors and levels are shown in Table 2. Two levels of temperature were set 

as 10 °C and 20 °C, respectively. Two levels of moisture content were dry state and green 

state, respectively. Two levels of illumination duration were 0 h and 72 h, respectively.  

 

Table 2. Orthogonal Experiment Factors and Levels 
 

Levels Temperature (°C)  Moisture Content Illumination Duration (h)  

1 20 Green state 72 

2 10 Dry state 0 

 

Four groups of experiments were randomly generated by orthogonal design 

software (SPSS Statistics 26.0, IBM Corp., Armonk, NY, USA), and the resulting 

experimental design is shown in Table 3. The sample in experiment 1 was L1, which was 

green state under 20 °C and 72 h of light. The sample L2 in experiment 2 was an absolutely 

dry state under the condition of 20 °C and 0 h of light. The sample L3 in experiment 3 was 

green state at 10 °C for 0 h. The sample L4 in experiment 4 was dry state with 10 °C and 

72 h of illumination. 

 

Table 3. Orthogonal Experiment Plan 

Experiment 
Number 

Sample 
Temperature  

(°C)  
Moisture Content  

Illumination Duration 

(h) 

1 L1 20 Green state 72 

2 L2 20 Dry state 0 

3 L3 10 Green state 0 

4 L4 10 Dry state 72 
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Determination of moisture content and temperature  

In order to reduce the effects of variations in sample moisture content, the sample 

was packaged during transportation. It was transported back to the laboratory at an ambient 

temperature of 23 °C and air relative humidity of 54% for 48 h. In the above orthogonal 

experimental design, the moisture content level of samples L1 and L3 were set to the green 

state, so a representative moisture content test piece with a thickness of 1 cm was sawed at 

the end of the sample. The rest were sealed with plastic bags. The moisture content level 

of samples L2 and L4 were set to the absolute dry state, so the samples were directly used 

as the test piece for measuring the moisture content, so that the moisture content can be 

measured and dried to the absolute dry state. Using the drying method, the weight was 

regarded as initial mass (m), and the test piece was then dried in a constant temperature 

oven at 103 ± 2 °C for about 24 h. The weight was taken out and recorded, and then 

returned to the oven for further drying. It was weighed every 4 h until the weight of the last 

two weights was constant. The final weight was recorded as the absolute dry weight (m0) 

of the test piece. The formula for calculating the moisture content of L1 to L4 was 

0

0

M= 100%
m m

m

−
  , and the absolute dry state samples L2 and L4 were sealed with plastic 

bags. 

Then, the samples L1 and L2 were placed in the temperature test chamber with set 

temperature of 20 °C for 12 h, and the samples L3 and L4 were placed in the temperature 

test chamber with set temperature of 10 °C for 12 h. The digital thermometer GM1361 was 

inserted the samples to test the actual temperature, and the difference between the actual 

samples temperature and the set temperature was within ± 0.3 °C. To avoid the change of 

the internal temperature and moisture content of the samples during the measurement, the 

samples were taken out of the test chamber and measured quickly, and the measurement 

time was controlled within 60 s each time.  

Sample L5 was used for the optimization experiment of stress wave propagation 

velocity model. First, the stress wave test was carried out on sample L5 at normal 

temperature (23 °C), and then it was put into the temperature test chamber with the 

temperature set at 2 °C, 4 °C, 6 °C, 8 °C, 10 °C, 12 °C, 14 °C, 16 °C, 18 °C, and 20 °C, 

respectively. In order to prevent the sample from absorbing water or evaporation of internal 

water, it was sealed with a plastic bag. At each temperature stage, the sample was placed 

for 12 hours, and the temperature difference was within 0.3 °C. The specimen was taken 

out to be able to measure the propagation velocity of stress wave within 60 s. After the test, 

the specimen was put it into the test chamber quickly and the next test was carried out. 

 

Stress wave velocity measurement 

In the four groups of experimental environments, the propagation velocity of cross-

section stress wave was measured for each experimental sample. The cross-section of larch 

sample was approximately regarded as a circle. The circumference of the circle was 

calculated through the diameter, and then the circle was divided into twelve equal parts. 

Twelve sensors were arranged on twelve equal points of the cross-section, as shown in Fig 

2. During the experiment, each sensor was used as the transmitting end in turn to collect 

data, and finally, the stress wave propagation velocity at the same chordwise angle was 

summed and averaged as the stress wave propagation velocity at the chordwise angle. The 

theoretical propagation velocity model was taken as the objective function for regression 
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analysis, and the determination coefficient of fitting results was output as each 

experimental result for analysis. 

 

 
 

Fig. 2. Stress wave nondestructive testing of wood cross-section 

 
Image reconstruction algorithm 

Related research (Jiao et al. 2018; Liu and Li 2018) shows that the cross-section of 

wood, when the measured wave propagation velocity on a certain propagation path is more 

than 10% different from the theoretical value, can be considered the path that passes 

through the defective area. Considering this issue, a modified image reconstruction method 

is presented in this paper. Using the velocity calculated by the established stress wave 

propagation velocity model as the theoretical value, a twelve-directional stack imaging 

method (TDSI) was designed. According to the stress wave measurement method, the 

speed of wood with defects was collected, and the healthy area and the defective area were 

marked with different colors to realize two-dimensional imaging. The specific steps were 

as follows: 

Step 1: A defective sample was selected to determine the approximate detection 

range. Twelve sensors were uniformly arranged on the cross-section of the sample, which 

were marked as No.1 to No.12 in turn. Each one was used as transmitting ends, and other 

sensors were used as receiving ends to collect data in 12 directions. 

Step 2: The cross-section of the sample was approximately regarded as a circle, and 

the measured values of each round were processed separately. The actual measured value 

of each transmission route was compared with the health reference value of the model, and 

if the difference was more than 10%, it was regarded as abnormal and marked. 

Step 3: After marking all the propagation paths, each propagation path is judged. If 

two adjacent propagation paths were abnormal, all the enclosed areas were defined as 

defect areas. If two adjacent propagation paths were both healthy paths, then the area 

enclosed by them was marked as a healthy area. If one of the two adjacent propagation 

paths was abnormal and the other was healthy, it was concluded that the defect boundary 

was between the two propagation paths. The abnormal propagation path was corrected to 

the defect boundary by using the correction Eq. 6, and the area surrounded by the abnormal 

propagation path before correction and the abnormal propagation path after correction was 

all marked as a defect area. 

Step 4—Repeat steps 2 and 3 and test all the sensors in turn to overlay 12 imaging 

sub-images. The rule is to divide all the images into 3000 points. If all points in the same 

position of the 12 sub-images are marked as defect points, then the point is marked as the 
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defect point in the final imaging image, otherwise the point is marked as a healthy point. 

Lastly, a final two-dimensional imaging map aft superposition is obtained. 

 

Other analytical methods 

Origin software (OriginLab, v.9.0, Northampton, MA, USA) was used to draw the 

relationship between stress wave propagation velocity and chord angle. The twelve-

directional stack imaging method (TDSI) and the cross-detection imaging method (CDIM) 

use the open source web application, Jupiter Notebook, and programs are written in Python 

language. 

 

 

RESULTS AND DISCUSSION 
 
Results Based on Experiment Data of Wood 

Take the average value of stress wave propagation velocity at different chordwise 

angles of cross-section in the above four groups of experiments, as shown in Table 4. The 

propagation velocity of stress wave increased first and then decreased with the increase of 

chord angle in each group of experiments, which is consistent with the theoretical Eq. 1. 

However, the propagation velocity of stress wave at the same chord angle was quite 

different under different moisture content, different temperature, and different illumination 

duration, which indicates that external factors greatly influence the propagation velocity of 

stress wave. 
 
Table 4. Propagation Velocity of Stress Wave in Cross-section of Larix Under 
Different Experiment Conditions 

Experiment  
Number 

Propagation Velocity (m/s) 

-75° -60° -45° -30° -15° 0° 15° 30° 45° 60° 75° 

1 1453 1562 1580 1704 1769 1821 1728 1653 1592 1543 1447 

2 1405 1529 1463 1653 1655 1689 1652 1642 1567 1487 1407 

3 1394 1513 1602 1639 1652 1735 1653 1637 1573 1523 1386 

4 1386 1482 1563 1627 1675 1697 1642 1628 1579 1507 1393 

 

The relationship between stress wave propagation velocity and chord angle in each 

group of experiments is visually shown in Fig. 3, and the regression analysis is performed 

with theoretical model as objective function (Table 5). The determination coefficient of 

fitting function is quite different when external factors and conditions are different. Under 

the influence of external factors, such as temperature, moisture content, and illumination 

duration, the propagation velocity of stress wave in larch wood cross-section is affected to 

some extent, and the regression analysis results of stress wave propagation velocity 

collected under various conditions are also different. The regression analysis results of the 

four groups of experiments, the quadratic coefficient of the fitting function was 

approximately -0.05, and the constant term was approximately 1700. However, the 

goodness of fit of regression analysis differed among the four groups of experiments. 

Experiment 4 had the best goodness of fitting, with a determination coefficient of 0.99, and 

experiment 2 had a determination coefficient of only 0.87, which indicates that the 

propagation velocity of stress wave in wood will have a certain deviation from the 

theoretical model under the influence of external conditions. 
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Fig. 3. Diagram of stress wave propagation velocity in cross section of larix under different 
experiment conditions 

 

Table 5. Regression Model of Stress Wave Propagation Velocity and Chord 
Angle Under Different Experiment Conditions 

 
Analysis of influencing factors and model optimization 

In order to further understand the relationship between horizontal factors and 

investigation indicators, this experiment calculates the extreme difference Rj, that is, the 

difference between the maximum value and the minimum value of the results indicators of 

factors in the experimental horizontal interval. According to the size of Rj, each factor that 

affects the experimental results indicators can be ranked. A large value indicates that the 

factor has a great effect on the experimental results, whereas a small value indicates that 

the corresponding factor has a smaller effect on the experimental results, and its calculation 

formula is (Yao et al. 2021): 

j i imax( ) min( )R k k= −         (7) 

In the formula, Rj is the extreme difference value, and max(ki)
 
and min(ki) are the 

maximum and minimum values, respectively, of the result indexes of the factors in the 

experimental horizontal interval. 

In the orthogonal experiment results, the extreme difference of temperature factor 

was 0.085, moisture content was 0.005, and illumination duration was 0.035. It is apparent 

that among the three external factors, temperature, moisture content, and illumination 

duration, temperature had the greatest influence on the propagation velocity model of stress 

wave in wood cross-section. In order to collect stress wave propagation velocity at suitable 

temperature, the stress wave propagation velocity of wood sample L5 was measured at 

2 °C, 4 °C, 6 °C, 8 °C, 10 °C, 12 °C, 14 °C, 16 °C, 18 °C, and 20 °C, and the results are 

shown in Table 6. 

Experiment Number Fitting Equation 
Correlation Coefficient 

R2 

1 v = -0.056a2+ 1750 0.91 

2 v = -0.048a2+ 1666 0.87 

3 v = -0.052a2+ 1690 0.96 

4 v = -0.051a2+ 1677 0.99 
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Table 6. Propagation Velocity of Stress Wave in Different Temperatures 

Temperature
(°C) 

Propagation Velocity (m/s) 

-75° -60° -45° -30° -15° 0° 15° 30° 45° 60° 75° 

2 1416 1532 1584 1667 1670 1659 1695 1649 1542 1453 1443 

4 1430 1493 1606 1650 1644 1720 1709 1623 1530 1456 1382 

6 1433 1453 1569 1651 1712 1692 1694 1600 1585 1520 1400 

8 1385 1490 1600 1611 1646 1711 1631 1602 1542 1525 1412 

10 1385 1504 1535 1602 1670 1671 1693 1652 1562 1534 1378 

12 1432 1519 1620 1628 1684 1709 1708 1647 1607 1488 1355 

14 1387 1517 1608 1653 1695 1724 1668 1627 1584 1481 1387 

16 1370 1460 1566 1655 1667 1704 1698 1676 1604 1522 1367 

18 1380 1450 1566 1667 1717 1679 1670 1650 1582 1480 1403 

20 1369 1454 1543 1675 1656 1676 1678 1612 1568 1467 1420 

 
Table 6 shows that the temperature was changed and the change amplitude of stress 

wave propagation velocity at different chordwise angles was inconsistent. This further 

indicates that the change of temperature alters the data of stress wave propagation velocity 

collected during actual detection, thus affecting the accuracy of theoretical propagation 

model. 

The stress wave propagation velocity was analyzed with the theoretical model as 

the objective function, and the results are shown in Table 7. According to Table 7, when 

the temperature ranged from 2 °C to 20 °C, the coefficient of quadratic term of fitting 

function in regression analysis ranged from -0.059 to -0.047, and the constant term ranged 

from 1664 to 1706. The determination coefficients R2 were all above 0.9, and the 

significance of P was less than 0.001. The results were consistent with the theoretical model. 
 

Table 7. Regression Analysis of Stress Wave Propagation Velocity in Different 
Temperatures 

Temperature (°C) Fitting Equation Correlation Coefficient R2 

2 v = -0.047a2 + 1680 0.92 

4 v = -0.053a2+ 1687 0.92 

6 v = -0.051a2+ 1689 0.94 

8 v = -0.047a2+ 1664 0.94 

10 v = -0.051a2+ 1678 0.95 

12 v = -0.055a2+ 1706 0.96 

14 v = -0.056a2+ 1701 0.98 

16 v = -0.059a2+ 1706 0.98 

18 v = -0.057a2+ 1696 0.97 

20 v = -0.053a2+ 1676 0.95 

 

In Table 7, with the increase of temperature, the determination coefficients of the 

fitting equations first increased and then decreased. When the temperature was 10 °C, the 

determination coefficient was 0.95. From 12 to 18 °C, the determination coefficients were 

greater than 0.95, and the determination coefficient decreased to 0.95 of 20 °C. Therefore, 

the fitting equations were selected to obtain the optimization model in the range of 12 to 

18 °C. In this temperature range, the quadratic coefficient of the fitting function ranged 

from -0.059 to -0.055, and the constant term ranged from 1696 to 1706, with a small error 

range. The formula of the relationship between the propagation velocity v of the final stress 

wave on the cross-section of healthy larch and the chordwise angle was obtained by 
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averaging the coefficients of the functions with the fitting function determination 

coefficient above 0.95 in the regression analysis results. 

20.057 1702v a= − +         (8) 

This formula, as the theoretical optimal model of stress wave propagation velocity 

of larch, was used to calculate the health reference value. 
 
Defect image analysis 

According to TDSI steps, the wood samples with artificial defects were 

reconstructed, and the samples are approximated as regular circles as imaging. At the same 

time, to compare with other stress wave tomography algorithms, this paper repeats the 

cross-detection imaging method (CDIM) proposed by Weng et al. (2016). The 

experimental results of contrast imaging for N1 to N3 defect samples are shown in Figs. 4 

to 6. 

 

   
(a) (b)     (c) 

 
Fig. 4. (a) Sample N1, (b) tomographic image of CDIM, and (c) tomographic image of TDSI 

 

 

   
(a) (b)     (c) 

 
Fig. 5. (a) Sample N1, (b) tomographic image of CDIM, and (c) tomographic image of TDSI 
 
 

The defect position of the sample N1 is in the center of the log, and its shape is oval, 

as shown in Fig. 4(a). The two imaging algorithms were more accurate in defect location. 

In the absence of propagation path angle correction formula, the defect area restored by the 

final imaging result was approximately a symmetric circle (Fig 4. (b)), and the defect shape 
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restored in the final imaging image was similar to the actual defect shape due to the addition 

of propagation path direction angle correction link in the TDSI. 

The defect position of the sample N2 was also in the center of log, and its shape 

was round, as shown in Fig. 5(a). The two algorithms were more accurate in the initial 

location of defects. The defect in the CDIM was obviously smaller than that in the TDSI 

and the actual image, and the shape of defect was highly similar to that of N1. Although 

the shape of defect in the imaging image of TDSI was an irregular circle, it was similar to 

the actual shape of defect. The reasons are as follows. Because the angle between two 

adjacent paths of stress wave in 11 propagation paths of sample cross-section is 15° in each 

round of CDIM, the algorithm colors the propagation paths passing through the defect area. 

However, when the defect area covers the propagation path with an angle of 15° to the 

radial direction but does not cover the propagation path with an angle of 30° to the radial 

direction, then the final imaging results are the same regardless of the size and shape of the 

defect area change. Therefore, although the defect diameter of N2 was larger than that of 

N1, the result of two-dimensional imaging by the CDIM was the same. The best way to 

solve this problem is to increase the number of sensors as much as possible to increase the 

coverage density of the propagation path and reduce the errors caused by the imaging 

algorithm. 

 

   
   (a)    (b)     (c) 

 

Fig. 6. (a) Sample N1, (b) tomographic image of CDIM, and (c) tomographic image of TDSI 
 

The defect shape of N3 sample was approximately circular, but the edge of defect 

was irregular. Compared with N1 and N2, the defect position was in the right half of the 

sample, as shown in Fig. 6(a). The two algorithms were both accurate in the initial location 

of defects. The defect in the CDIM was a circle, and the irregular defect edge could not be 

restored. The restoration of the right half was roughly accurate, while the left half was not 

accurate. The TDSI was able to restore its defect shape accurately. The reason was 

analyzed. Because the defect location was on the right side of the sample, in the CDIM, 

the propagation path covered by the right half defect area was denser than that of the left 

half defect area, and the probability of the propagation path participating in the final defect 

area crossing the defect edge was greatly improved. The imaging error of the right half 

defect is smaller than that of the left half. In the TDSI, every round of imaging reconstructs 

the defect area, and after twelve rounds, the defect will be more obvious and accurate, so 

the imaging effect has nothing to do with the position of the defect. 

The defect area of the actual measurement S and the defect area calculated by the 

two algorithms S1 and S2 are shown in Table 7. The parameters 1S  and 2S  represent the 

imaging precision of the CDIM and the TDSI, respectively, and they can be used to verify 
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the correctness of the test results. The formula is as follows: 

i i / i 1,2S S S = =          (9) 

Based on the data of Table 8, the results indicate that both methods underestimated 

the size of the real defects. The imaging precision range of CDIM was between 68.33% 

and 98.37%, and the imaging precision range of TDSI was between 90.27% and 95.52%. 

The average imaging precision of CDIM was 85.2%, while the average imaging precision 

of TDSI was 92.16%. According to the results of the experiment, in the CDIM, each 

propagation path with a radius of 15° goes through the defect edge of sample N1, and the 

shape of the defect edge happens to be circular, so the imaging accuracy is high. The 

imaging process was similar to that of sample N1, the defect area of sample N2 was slightly 

larger than that of sample N1, and the accuracy of defect detection immediately decreased. 

However, in the TDSI, the imaging precision of the defect area was all greater than 90%, 

when the defect position deviates from the center of the cross-section, the imaging 

precision of TDSI was also larger than that of CDIM. It has been shown that TDSI has a 

higher imaging precision, this imaging algorithm can accurately detect the location and 

size of internal defects in logs, and it also can provide a theoretical and experimental basis 

for further realization of 3D imaging. 

 

Table 8. The Results of Defective Area Detection 

Sample S (cm2) 
CDIM TDSI 

S1 (cm2) 1S (%) S2 (cm2) 2S (%) 

N1 19.63 19.31 98.37 17.72 90.27 

N2 28.26 19.31 68.33 25.63 90.69 

N3 44.16 39.26 88.90 42.18 95.52 

 
 
CONCLUSIONS 
 

1. Propagation laws of stress wave in healthy wood cross-section were theoretically 

analyzed. An experimental model of stress wave propagation velocity and the chord 

angle of larch wood samples under different moisture content, temperature, and 

illumination duration was established by orthogonal experiment. 

2. Among the external factors affecting the propagation of stress wave in larch wood, 

temperature had the greatest influence on the propagation velocity of stress wave, and 

the extreme difference of orthogonal experimental results reached 0.085, which was 

greater than the extreme difference of moisture content (0.005) and illumination 

duration (0.035). On the condition that other factors are determined, the propagation 

velocity of stress wave at different temperatures was measured. The regression analysis 

results show that the actual propagation velocity of stress wave at 12 to 18 °C was in 

best accord with the theoretical model, and the optimal propagation velocity model of 

stress wave in larch wood cross-section was obtained: v = -0.057a2 + 1702. 

3. The propagation law of stress wave in defective wood was analyzed, and the correction 

model of stress wave propagation angle in the process of defect imaging was 

established. Based on the optimized propagation velocity model, combined with the 

traditional defect determination method, the paper has presented a twelve-directional 
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stack imagine (TDSI) system for larch wood internal defect detection. 

4. The TDSI achieved an accurate effect on the quantitative detection of defects, and the 

two-dimensional imaging precision of defects reached over 90.27%, which is 6.96% 

higher than the average accuracy of the cross-detection imaging method (CDIM). 

When the defects were at the edge of the cross-section, the imaging accuracy reached 

95.52%. The TDSI has a high degree of defect shape restoration and can accurately 

detect the position and shape of void defects on wood cross section. 
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