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Abstract

:

The detection of water changes in plant stems by non-destructive online methods has become a hot spot in studying the physiological activity of plant water. In this paper, the ultrasonic radio-frequency echo (RFID) technique was used to detect water changes in stems. An algorithm (improved hybrid differential Akaike’s Information Criterion (AIC)) was proposed to automatically compute the position of the primary ultrasonic echo of stems, which is the key parameter of water changes in stems. This method overcame the inaccurate location of the primary echo, which was caused by the anisotropic ultrasound propagation and heterogeneous stems. First of all, the improved algorithm was analyzed and its accuracy was verified by a set of simulated signals. Then, a set of cutting samples from stems were taken for ultrasonic detection in the process of water absorption. The correlation between the moisture content of stems and ultrasonic velocities was computed with the algorithm. It was found that the average correlation coefficient of the two parameters reached about 0.98. Finally, living sunflowers with different soil moistures were subjected to ultrasonic detection from 9:00 to 18:00 in situ. The results showed that the soil moisture and the primary ultrasonic echo position had a positive correlation, especially from 12:00 to 18:00; the average coefficient was 0.92. Meanwhile, our results showed that the ultrasonic detection of sunflower stems with different soil moistures was significantly distinct. Therefore, the improved AIC algorithm provided a method to effectively compute the primary echo position of limbs to help detect water changes in stems in situ.
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1. Introduction


The water content of plant stems is a major index of the physiological activity of plant water, especially in precision agriculture [1,2,3]. Methods for detecting stem water content include drying [4], gamma rays [5], nuclear magnetic resonance (NMR) [6,7,8], X-ray computed tomography [9], resistance [10], time-domain reflectometry (TDR) [11], frequency-domain (FD) capacitance [12,13,14] and infrared detection [15]. Of the above methods, drying constitutes in vitro detection, which cannot detect the dynamic changes in the stem water content. For online detection, the time-domain reflection method and frequency capacitance method could track the changes in stem water content. However, the probes in both methods need to be inserted into the plant stem, which could affect plants’ physiological activity [16,17], resulting in detection errors in dynamic changes [18]. It was pointed out that the consistency of the detection of stem water content was influenced by the insertion depth of the probe and the structure of the plant stem [17]. The gamma-ray method and NMR method, two destructive detection methods, had high accuracy but were expensive and difficult to utilize for long-term detection. The infrared method could detect the liquid water and ice content of plant stems in situ, in real time with micro-destruction [15]. Recently, non-destructive online detection methods were explored based on the principle of the standing wave rate and frequency-domain capacitance. Both groups of researchers pointed out that both methods of tracking water changes in stems are affected by differences in stem structure [19,20].



The change in stem water content was closely related not only to the physiological and external conditions of the plant, but also to the morphological and structural characteristics of the plant stems [21,22]. Ultrasonic detection was characterized by non-destructive online detection, which was widely used to detect the internal structure and properties of the material. The advantage of ultrasonic detection met the detection needs by tracking the water changes and structure of stems. Researchers have tried to apply it to detect the features of stems. Sandoz measured wood’s strength performance through properties such as parallel grain, the flexural modulus of elasticity and bending strength by measuring ultrasonic velocity with a low-frequency wave in wood in a longitudinal direction [23]. Researchers found that the ultrasonic velocity decreased with the increase in wood water content [22,24]. They also found that the ultrasonic speed and attenuation are closely related to the detection direction of wood. The ultrasonic wave has the smallest attenuation and highest velocity in the axial wood detection; in the radial direction, the attenuation is the largest, and the velocity is the lowest [25,26]. The latest research has pointed out that the characteristics of the ultrasonic attenuation of wood are closely related to the structure of plant stem bodies [27]. In 2014, Guillaume first studied the changes in plant stems by ultrasonic detection under freezing conditions. The study detected the process of freezing and thawing of cut stems by ultrasonic velocity and attenuation. The authors of this study detected the regulation of stems with the ultrasonic detection technique. In 2021, it was found that ultrasound is a reliable non-destructive method commonly used to evaluate the state of a piece of wood. The effect of the moisture content (MC) on the timber wave velocity, which is different depending on the wood species, had been defined by a model [15,22].



Ultrasound provided an effective means for non-destructive dynamic detection [28,29,30,31] for dynamically tracking water changes in stems [7,8,32]. However, due to stems being non-metal materials with anisotropic heterogeneous features, there were widely different and complicated acoustic impedance interfaces [33]. The interfaces lead to multiple refractions and reflections when the ultrasonic wave spreads in plant stems [9,10]. Therefore, the complex propagation in stems made it challenging to extract the location of the primary ultrasonic echo [11,12,13]. At the same time, it was the most basic ultrasonic parameter for the water changes in stems. At present, ultrasonic primary echo detection methods are usually divided into two kinds: the envelope method [16,17] and the Akaike information (Akaike) method [18,19]. The envelope method was based on the threshold level to determine the location of the primary echo [20]. However, it was not convenient to use the envelope method because the wide variations in stems in different plants [34,35] led to various thresholds, which should be calibrated before detection in other plant stems [20]. In contrast, the AIC method does not require the threshold to be set. It uses the global minimum to distinguish the noise and ultrasonic echo effectively and then locate the position of the ultrasonic echo [6,36,37].



For different detecting conditions, many improved algorithms of the AIC method were proposed. In this paper, we adopted the ultrasonic reflection method instead of transmission to avoid the requirement of probe alignment. Reflection detection would make it more difficult to detect the position of a primary echo than transmission because the propagation path of reflection was longer than that of communication, which caused the weak ultrasound to be embedded in solid interferences. Therefore, we proposed an improved hybrid differential AIC algorithm to locate the ultrasonic primary echo position in stems using reflection detection. The ultrasonic velocity was calculated based on the primary echo’s location. After that, we applied the improved AIC to obtain the site of the primary echo of a woodblock and analyzed the correlation between the changes in water content and ultrasonic velocity. Finally, the ultrasonic primary echo position was measured in sunflowers’ stems to track daytime water changes.




2. Materials and Methods


2.1. Ultrasonic Detection Principle


The prosperity of the ultrasonic wave is different in various materials. The stem can be studied as a mixture of wood fiber, liquid and ice [38]. The water regulation process of stems is the change in the above mixture components in proportion. The difference between water deficit and filling in stems can be detected using ultrasonic waves [4,29,39]. When the ultrasonic signal propagation forms different ultrasound interface reflection echoes in additional water content, the primary echo positions in stems change. In this paper, the change in water content was studied by determining the position of the ultrasonic primary echo signal of stems.




2.2. Ultrasonic Detection of Water Content Changes in Stems


Ultrasonic wave propagation in a solid medium is determined by the density and elastic properties of the medium. Ultrasonic velocity in a solid medium is


   v l  =    E ρ        1 − σ     1 + σ     1 − 2 σ        



(1)




where    v l    is the propagation velocity of the ultrasonic wave in the longitudinal direction, E is the modulus of elasticity, ρ is the density of the medium and σ is Poisson’s ratio.



We hypothesized that when the water content of stems changes, Poisson’s ratio and the modulus of elasticity E of the same stem are regarded as constants [4,39]. Therefore, the water content dominates ultrasonic velocity because the water content changes the medium’s density ρ [28,29] for the detected stems.



According to Formula (1), the increasing density eventually leads to decreased ultrasonic velocity in stems [39]. On the contrary, the velocity rises when water is deficient, causing the viscosity to fall. Therefore, the water regulation of the plant stem can be obtained by detecting the ultrasonic speed in the plant stem.



In detection, the time of the ultrasonic primary echo position and the distance of the ultrasonic wave propagation are used calculate the ultrasonic velocity:


   v l  =   2 D  t   



(2)




where 2D is the linear distance of the ultrasonic echo in the medium and t is the ultrasonic primary echo position time.




2.3. Detection of the Position of Ultrasonic Primary Echo for Stems Based on AIC Algorithm


Because the stem is a non-metallic, heterogeneous, anisotropic material, the path of ultrasonic echo propagation within it is more complex than that in metallic, homogeneous and isotropic materials. Similarly, the energy attenuation of stems is more serious. Therefore, the path and attenuation make it challenging to distinguish the primary echo wave from other multiple ultrasonic echo signals [13,18], affecting the detection of the time of the primary echo.



2.3.1. Detection of Ultrasonic Echo Time Based on AIC


In AIC, the echo signal is assumed to be the local autocorrelation stationary signal alternated with the noise. The AIC for the timely detection of the primary ultrasonic echo is represented as a function of a merging point  k .


  A I C  k  = k · l o g   v a r   s   1 , k       +   N − k + 1   · log   v a r   s   k + 1 , N        



(3)




where   s   1 , k     represents the samples of the ultrasonic echo from the 1st sample to the k-th sample,  N  is the length of the samples of the ultrasonic echo, and  k  is the sampling point sequence number from 1 to  N . In the function, the following formula expresses the var.


  v a r   s   i , j     =  σ  j − 1  2  = 1 / ( j − i )   ∑   l = i  j      s   l , l   −  s ¯     2   



(4)




where   s ¯   is the mean value of   s   i , j    ,   i ≤ j , i = 1 , … , N , j = 1 , … , N  .



The AIC(k) of stems is calculated using Formula (3) on the ultrasonic echo sampling signal   s   l , k    . The global minimum AIC(k) is the time of the primary echo. This is when the ultrasonic wave injuncts with the noise. After determining the time of the primary echo, we can calculate the ultrasonic velocity and other parameters of ultrasound echo in the stem, laying the foundation for the effective and accurate construction of ultrasound images of plant stems.




2.3.2. Ultrasonic Detection of Plant Stems Based on AIC Algorithm


The ultrasonic signal of the plant stem is presented in Figure 1. It shows that the ultrasonic wave and the noise alternately appear. The noise, due to the strong attenuation of the plant stem, is the ultrasonic wave drowned by noise. In Figure 1, the position determined by the minimal AIC is not the primary ultrasonic echolocation but the junction of the ultrasound and noise. The position of the primary natural echo is found at the first inflection point convex after the position of the minimal of AIC. Therefore, the classical AIC algorithm cannot accurately detect the position of the ultrasonic echo of the plant stem.





2.4. Hybrid Difference AIC Algorithm


The hybrid difference AIC algorithm highlights the position of the primary echo by the difference mixing with the AIC. The hybrid model used to pick the location of the primary echo comprises the following sequences:




	
Calculate AIC(n) values (AIC(n), n = 1, …, N);



	
Extract AIC(n) from the sample of the minimal value (AICmin(index)) to the last sample N to form the AICseg(i), i = index, …, N;



	
Compute the M order differences of AICseg(i), to obtain DiffAICseg(i);


  D i f  f  A I C s e g    i  = △ M  i  =  ∆  M − 1   A I C s e g   i + 1   −  ∆  M − 1   A I C s e g  i   



(5)




where △M is the M order difference.



	
Compute the envelope of DiffAICseg(i) and normalize it;


  E n v e l o p e  i  =   ( D i f  f  A I C s e g    i  )  3   



(6)







Because of the phase change of the ultrasonic echo signal, the upper and lower envelopes are retained.



	
Multiply Envelope(i) and AICseg(i),


  M i x e  d  A I C    i  = E n v e l o p e  i  × A I  C  s e g    i   



(7)







	
Pick the maximum of the MixedAIC(i). The time of the maximum is the time of primary echo.









2.5. Ultrasonic Detection System


An ultrasound apparatus for detecting the water content of stems was designed, as shown in Figure 2 [5]. It consists of a non-metallic ultrasonic probe of 1 MHz, an ultrasonic pulse transmitting and receiving device (CTS-8077PR), a data acquisition module, and a PC machine. The sampling depth of the detecting system was set to 2000 samples per ultrasonic pulse. The sampling frequency was 10 MHz. The system stores and analyzes the ultrasonic echo signal, as shown in Figure 3.





3. Results


3.1. Simulation Experiment


Firstly, we evaluated the improved AIC algorithm by applying it to detect the time of primary echo of nine sets of simulated ultrasonic signals in MATLAB 2020a.



Secondly, we applied the algorithm to track the changes in water content in the samples of the stems in the water immersion experiment. Two sets of samples were taken. The first sets are three samples of 2 cm × 4 cm × 10 cm stems with different densities. The thicknesses of ultrasonic detection were all 2 cm. The experiment compared the time of the primary echo and the ultrasonic velocity before and after 24 h immersion. The second sets of samples were cylindrical samples cut from stems. Their sizes were 6 cm × 6 cm, 7 cm × 7 cm and 10 cm × 10 cm. Because the water content changed significantly in the initial immersion, the detection time interval was set to 10 or 20 min and detected six times; in the middle stage of immersion, the detection interval was 3~4 h, detected two times; and the final detection time interval was 24 h. The experiment stopped when the increased amount of water was less than 10 g for 24 h.



Finally, the algorithm was applied to detect the water content changes in stems of living sunflowers in situ with different soil moistures. Two healthy pot-planted sunflowers were selected as samples. The day before the detection, one of the samples was usually watered with 100 mL of water, and the other was not watered. The instrument for measuring soil moisture is ZY-05, and the mechanism for detecting air temperature and humidity is AR837. The ultrasonic probe was placed 6 cm along the stems from the soil’s surface. The circumferences of the samples were 4 cm and 6 cm. The detection period was from 9:00 to 19:00.




3.2. Ultrasonic Detection for Samples of Plant Stem


Figure 4b shows the time when the maximum appeared, as found using DiffAICseg. However, it was also found that some interference near 1.10 ns and 1.25 ns of DiffAICseg occurred after the difference operation. Figure 4c shows that the hybrid differential AIC signal, named MixedAIC, can effectively suppress the above interference. The simulated experimental results in Table 1 show that the average error of the primary echo position calculated by the algorithm is 0.1 ns. The hybrid difference AIC can effectively and accurately obtain the primary echo position of the signal.



Figure 5 shows that the hybrid difference AIC algorithm effectively suppresses the interference of the differential AIC. It is easy to detect the position of the primary echo by picking the maximum of the MixedAIC. The time of the primary echo is 1.31 ns, compared to 1.46 ns after 24 h of immersion.



Table 2 shows that the water absorption of truncated stems in the first 1 h after immersing was obvious, especially for the 6 cm diameter of the sample in the first 20 min. The mass increased by nearly 14 g, and the ultrasonic velocity decreased from 4706 m/s to 3859 m/s. The volume of water content increased from zero to 8%. With the increase in soaking time, the water absorption capacity decreases gradually. After 9 days of soaking, the mass of the 6 cm diameter of the sample increases by only 3.8 g, and the final ultrasonic velocity was 1500 m/s. The volume water content of the sample was 42%.



Calculation formula for volume water content:


  θ = (  m A  −  m B  ) /   β V    



(8)




where    m A    is the mass of the sample after soaking, and    m B    is the mass of the sample before soaking. β is the density of the water, and V is the volume of the sample.



Figure 6 shows that the variation of ultrasonic echo velocity and stem water content of stem samples during water absorption can be effectively fitted by two polynomials. The average correlation coefficient reached about 0.98.




3.3. Location Detection of Ultrasonic Echo from the Stem Body of a Living Sunflower


Figure 7 shows two living sunflowers. From 12:00 to 18:00, the ultrasonic primary echo position and soil moisture have almost the same trends of changes. The average soil moisture value of sample 1 is 64%, the mean value of the ultrasonic primary echo position is 1.40 ns, and the average ultrasonic velocity is 1813 m/s. The average weight of the soil moisture of sample 2 is 61.8%, the mean value of primary ultrasonic echo is 1.65 ns, and the average ultrasonic velocity is 2844 m/s. The ultrasonic rate of the stem with water filling is lower than that of the stem with water shortage. This agrees with the experimental results of the above-water immersion test.



When the sunflower (sample 2) is short of water for a short time, at 12:00, the soil moisture is 70%, the ultrasonic echolocation is 2.07 ns, and the velocity is 2153 m/s. In order to maintain moisture, it shows that the sunflower restricts CO2 uptake and photosynthesis rate, and the transpiration activity is inhibited. Then, when soil moisture is adequate, the sunflower switch to normal water absorption and transpiration. At 13:00, transpiration activity was the most active all day; stem water decreased rapidly, and soil moisture decreased to 50%. The primary echo position fell to 1.42 ns, and the velocity speed is up to 3138 m/s.



When the sunflower (sample 1) is water-filling, from 11:00 to 14:00, the changes in the primary position are the most active. The velocity changes are moderated compared to the sunflower short of water.





4. Discussion and Conclusions


As non-homogeneous anisotropic non-metallic materials, there is a wide range of complex acoustic impedance interfaces within the stem, forming complex ultrasonic echo signals. The hybrid differential AIC algorithm can automatically detect the ultrasonic primary echo position of the plant stem. The experiment shows that using the hybrid difference AIC algorithm can achieve the accurate primary echo positions of stems, which lays the foundation for the ultrasonic detection of the plant stem.



The experiment of measured wood immersion shows that the primary echo position of the ultrasonic wave can effectively track the change in the water content of stems. However, when the ultrasonic attenuation of plant stems is too large, or the plant stems are too thick, the echo signal cannot be obtained even by increasing the ultrasonic emission energy, the method cannot be used.



The dynamic detection of the stem of a living sunflower can be carried out because of the non-destructive testing characteristics of ultrasound. The velocity of the stem when the sunflower is in the filling changes more actively than that in a water shortage. The results may present that the sunflower can regulate the water absorption and transpiration in balance in the filling condition, which ensures the stem has relatively constant water content. On the contrary, the sunflower would compress the absorption and transpiration in a water shortage. So, keeping the relatively regular water content in the stem is hard.



It is assumed that sunflowers have apparent growth regulation for sunflower detection only in the daytime. Therefore, readings were only taken in the daytime, and we did not explore the differences between daytime and nighttime.



Subsequent research can effectively intercept the primary echo signal after obtaining the primary echo’s location and analyze the dynamic growth’s spectrum characteristics and the change in the stem from the perspective of frequency energy.



To further analyze the characteristics of dynamic physiological changes of plant stems detected by ultrasound, we can design a contrastive analysis between ultrasonic detection and stem structure anatomy to explore features of dynamic physiological changes of the stems with the ultrasonic method.







Author Contributions


Conceptualization, D.L.; methodology, D.L., J.Z. and M.G.; software, M.G.; validation, R.X.; formal analysis, X.H.; resources, M.G.; data curation, R.X.; writing—original draft preparation, D.L. and J.Z.; writing—review and editing, D.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Natural Science Foundation of China (Grant No. 31860332), Kunming Forestry Information Engineering Technology Research Center (Grant No.2015FIA02), Major Special Projects in Yunnan Province (key technology research and application demonstration of blockchain serving key industries, Grant No.202002AD080002), Major scientific and technological projects in Yunnan Province (Grant No.202002AA10007) and Education Foundation of Yunnan Province (Grant No.2022J0495).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare that there are no conflict of interest.




References


	



Xiao, Y.; Jie, Z.; Wang, M.; Lin, G.; Wang, W. Leaf and Stem Anatomical Responses to Periodical Waterlogging in Simulated Tidal Floods in Mangrove Avicennia Marina Seedlings. Aquat. Bot. 2009, 91, 231–237. [Google Scholar] [CrossRef]

	



Abbasi, M.; Faghani, E.; Khani, A.; Razzaghi, M. Evaluating Drought Resistant Wheat Cultivars Based on Stem Anatomical Characteristics. J. Exp. Biol. Agric. Sci. 2017, 5, 332–340. [Google Scholar] [CrossRef]

	



Liu, Q.; Wang, Y.; Liu, J.; Liu, X.; Dong, Y.; Huang, X.; Zhen, Z.; Lv, J.; He, W. Degradability and Properties of PBAT-Based Biodegradable Mulch Films in Field and Their Effects on Cotton Planting. Polymers 2022, 14, 3157. [Google Scholar] [CrossRef]

	



Yanagida, H.; Tamura, Y.; Kim, K.-M.; Lee, J.J. Development of Ultrasonic Time-of-Flight Computed Tomography for Hard Wood with Anisotropic Acoustic Property. Jpn. J. Appl. Phys. 2007, 46, 5321. [Google Scholar] [CrossRef]

	



Trtik, P.; Dual, J.; Keunecke, D.; Mannes, D.; Niemz, P.; Stähli, P.; Kaestner, A.; Groso, A.; Stampanoni, M. 3D Imaging of Microstructure of Spruce Wood. J. Struct. Biol. 2007, 159, 46–55. [Google Scholar] [CrossRef]

	



Zhao, Y.D.; Gao, C.; Zhang, X.; Xu, Q. Non-Destructive Measurement of Plant Stem Water Content Based on Standing Wave Ratio. Trans. CSAM 2016, 47, 310–316. [Google Scholar]

	



Zhou, H.; Sun, Y.; Tyree, M.T.; Sheng, W.; Cheng, Q.; Xue, X.; Schumann, H.; Lammers, P.S. An Improved Sensor for Precision Detection of in Situ Stem Water Content Using a Frequency Domain Fringing Capacitor. New Phytol. 2015, 206, 471–481. [Google Scholar] [CrossRef]

	



Miner, G.L.; Ham, J.M.; Kluitenberg, G.J. A Heat-Pulse Method for Measuring Sap Flow in Corn and Sunflower Using 3D-Printed Sensor Bodies and Low-Cost Electronics. Agric. For. Meteorol. 2017, 246, 86–97. [Google Scholar] [CrossRef]

	



Arciniegas, A.; Prieto, F.; Brancheriau, L.; Lasaygues, P. Literature Review of Acoustic and Ultrasonic Tomography in Standing Trees. Trees 2014, 28, 1559–1567. [Google Scholar] [CrossRef]

	



Espinosa, L.F.; Arciniegas, A.F.; Prieto, F.A.; Cortes, Y.; Brancheriau, L. Standing Tree Decay Detection by Using Acoustic Tomography Images. In Proceedings of the Twelfth International Conference on Quality Control by Artificial Vision 2015, Le Creusot, France, 3–5 June 2015; SPIE: Paris, France, 2015; Volume 9534, pp. 14–19. [Google Scholar]

	



Bertoldo, C.; Gonçalves, R. Influence of Measurement Position, Tree Diameter, and Bulk Wood Density on Models That Predict Wave Propagation Velocity in Logs according to the Velocity in Trees. For. Prod. J. 2015, 65, 166–172. [Google Scholar] [CrossRef]

	



Gao, S. Effects of Environmental Temperature on Acoustic and Mechanical Properties of American Red Pine Standing Trees and Logs. Ph.D. Thesis, Northeast Forestry University, Harbin, China, 2012. [Google Scholar]

	



Hasegawa, M.; Takata, M.; Matsumura, J.; Oda, K. Effect of Wood Properties on Within-Tree Variation in Ultrasonic Wave Velocity in Softwood. Ultrasonics 2011, 51, 296–302. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Y.; Zhang, C.; Liu, W. Living Tree Moisture Content Detection Method Based on Intelligent UHF RFID Sensors and OS-PELM. Sensors 2022, 22, 6287. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.; Tian, H.; Han, Q.; Gu, J.; Zhao, Y. Real-Time Monitoring of Water and Ice Content in Plant Stem Based on Latent Heat Changes. Agric. For. Meteorol. 2021, 307, 108475. [Google Scholar] [CrossRef]

	



Peng, H.; Jiang, J.; Zhan, T.; Lü, J. Influence of Density and Moisture Content on Ultrasound Velocities along the Longitudinal Direction in Wood. Sci. Silvae Sin. 2016, 52, 117–124. [Google Scholar]

	



Yu, B.; Gao, S.; Wang, L.; Xie, W.; Hou, Y. The Study on the Propagation Law of Ultrasonic Wave in Log. For. Eng. 2014, 30, 92–95. [Google Scholar] [CrossRef]

	



Hasegawa, M.; Yano, Y.; Matsumura, J.; Oda, K. Prospects for within-Tree Variation of the Acoustoelastic Behaviors in Japanese Cedar. NDT E Int. 2012, 49, 57–63. [Google Scholar] [CrossRef]

	



Gao, S.; Wang, L.; Yang, D.; Xu, W. Probe-Wood Contact and Gauge Pressure with Sylvatest-Duo for Precision Ultrasonic Measurements of Wood. J. Zhejiang AF Univ. 2016, 33, 875–880. [Google Scholar]

	



Saadatnia, M.; Enayati, A.; Pourtahmasi, K.; Moradian, M. Investigation on Transversal Variation of Poplar Tension Wood Quality Using Ultrasound Wave Parameters. Wood Mater. Sci. Eng. 2016, 11, 201–208. [Google Scholar] [CrossRef]

	



Li, R.; Jiang, Z.; Zhang, S.; Cai, J. A review of new research progress on the vulnerability of xylem embolism of woody plants. Chin. J. Plant Ecol. 2015, 39, 838–848. [Google Scholar]

	



Paniagua, V.; Corrales, J.; Torres, C.; González-Rodrigo, B. Influence of Timber Moisture Content on the Ultrasonic Wave Velocity Measurement of Tectona grandis L.F. and Cupressus lusitanica M. from Costa Rica. Forests 2022, 13, 1296. [Google Scholar] [CrossRef]

	



Sandoz, J.L. Moisture Content and Temperature Effect on Ultrasound Timber Grading. Wood Sci. Technol. 1993, 27, 373–380. [Google Scholar] [CrossRef]

	



De Oliveira, F.G.R.; Candian, M.; Lucchette, F.F.; Luis Salgon, J.; Sales, A. A Technical Note on the Relationship between Ultrasonic Velocity and Moisture Content of Brazilian Hardwood (Goupia glabra). Build. Environ. 2005, 40, 297–300. [Google Scholar] [CrossRef]

	



Dikrallah, A.; Kabouchi, B.; Hakam, A.; Brancheriau, L.; Bailleres, H.; Famiri, A.; Ziani, M. Study of Acoustic Wave Propagation through the Cross Section of Green Wood. Comptes Rendus Mécanique 2010, 338, 107–112. [Google Scholar] [CrossRef]

	



Tomppo, L. Novel Applications of Electrical Impedance and Ultrasound Methods for Wood Quality Assessment. Ph.D. Thesis, Itä-Suomen Yliopisto, Joensuu, Finland, 2013. [Google Scholar]

	



Yang, H.; Yu, L.; Wang, L. Effect of Moisture Content on the Ultrasonic Acoustic Properties of Wood. J. For. Res. 2015, 26, 753–757. [Google Scholar] [CrossRef]

	



Maurer, H.; Schubert, S.I.; Bächle, F.; Clauss, S.; Gsell, D.; Dual, J.; Niemz, P. A Simple Anisotropy Correction Procedure for Acoustic Wood Tomography. Holzforschung 2006, 60, 567–573. [Google Scholar] [CrossRef]

	



Beall, F.C. Overview of the Use of Ultrasonic Technologies in Research on Wood Properties. Wood Sci. Technol. 2002, 36, 197–212. [Google Scholar] [CrossRef]

	



Quemada, C.; Iriarte, J.C.; Marin, D.; Miranda, C.; Ederra, I. A Real-Time Non-Destructive Water Status Monitoring System at Terahertz Band. In Proceedings of the 2018 15th European Radar Conference (EuRAD), Madrid, Spain, 26–28 September 2018. [Google Scholar]

	



Fariñas, M.D.; Martínez-Gimeno, M.A.; Badal, E.; Tasa, M.; Bonet, L.; Manzano-Juárez, J.; Pérez-Pérez, J.G. Evaluation of Ultrasonic Parameters as a Non-Invasive, Rapid and in-Field Indicator of Water Stress in Citrus Plants. Agric. For. Meteorol. 2021, 310, 108651. [Google Scholar] [CrossRef]

	



Dutta, S.; Chen, Z.; Kaiser, E.; Matamoros, P.M.; Steeneken, P.G.; Verbiest, G.J. Ultrasound Pulse Emission Spectroscopy Method to Characterize Xylem Conduits in Plant Stems. Research 2022, 2022, 9790438. [Google Scholar] [CrossRef]

	



StOnge, A. Akaike Information Criterion Applied to Detecting First Arrival Times on Microseismic Data. In SEG Technical Program Expanded Abstracts 2011; SEG Technical Program Expanded Abstracts; Society of Exploration Geophysicists; Houston, TX, USA, 2011; pp. 1658–1662. [Google Scholar]

	



Zhang, H.; Thurber, C.; Rowe, C. Automatic P-Wave Arrival Detection and Picking with Multiscale Wavelet Analysis for Single-Component Recordings. Bull. Seismol. Soc. Am. 2003, 93, 1904–1912. [Google Scholar] [CrossRef]

	



Li, C.; Huang, L.; Duric, N.; Zhang, H.; Rowe, C. An Improved Automatic Time-of-Flight Picker for Medical Ultrasound Tomography. Ultrasonics 2009, 49, 61–72. [Google Scholar] [CrossRef]

	



Zhang, X. Modeling Wood Properties of Larch Using Acousto-Ultrasonic Technology. Ph.D. Thesis, Chinese Academy of Forestry Sciences, Beijing, China, 2011. [Google Scholar]

	



Arciniegas, A.; Brancheriau, L.; Lasaygues, P. Tomography in Standing Trees: Revisiting the Determination of Acoustic Wave Velocity. Ann. For. Sci. 2015, 72, 685–691. [Google Scholar] [CrossRef]

	



Saadat-Nia, M.; Brancheriau, L.; Gallet, P.; Enayati, A.A.; Pourtahmasi, K.; Honavar, F. Ultrasonic Wave Parameter Changes during Propagation through Poplar and Spruce Reaction Wood. BioResources 2011, 6, 1172–1185. [Google Scholar]

	



Akaike, H. Information Theory and an Extension of the Maximum Likelihood Principle. In Selected Papers of Hirotugu Akaike; Parzen, E., Tanabe, K., Kitagawa, G., Eds.; Springer Series in Statistics; Springer: New York, NY, USA, 1998; pp. 199–213. ISBN 978-1-4612-1694-0. [Google Scholar]








[image: Sensors 23 00020 g001 550] 





Figure 1. Ultrasound in 2 cm block and the AIC curve. 
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Figure 2. Ultrasonic stem water content detection system. (a) Flow chart; (b) equipment drawing. 
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Figure 3. Ultrasonic stem water content detection system on Labview. 
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Figure 4. Process of mixed difference AIC. (a) shows one of the simulated waves, where 0 ns to 1 ns shows the ultrasound in the plant stem; 1.01 ns to 1.52 ns shows simulated the ultrasound drowned by noise; the 1.53~2.0 ns signal simulates the primary echo signal. The value of 1.53 ns is the ultrasonic primary echo position. (b) The AIC curve took the 4th order difference. (c) The mixed AIC curve was obtained from DiffAICseg multiplying AIC. 
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Figure 5. Ultrasounds and curves of AIC and mixed difference AIC of wood block. (a) Non-immersed wooden block; (b) wooden block immersed for 24 h in water. 
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Figure 6. Relationship between plant stem water content and ultrasonic velocity. 
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Figure 7. Changes of locations of ultrasonic echoes from the stem body of living sunflowers with the humidity of the soil and the air. (a) Sunflower sample 1; (b) sunflower sample 2. 
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Table 1. Results of simulation signals.






Table 1. Results of simulation signals.





	
Simulated Signals

	
The Minimal of AIC (ns)

	
Primary Echo Position (ns)




	
Observed

	
Hybrid






	
1

	
101

	
153

	
153




	
2

	
101

	
153

	
154




	
3

	
101

	
156

	
159




	
4

	
201

	
253

	
254




	
5

	
201

	
253

	
254




	
6

	
201

	
255

	
258




	
7

	
301

	
351

	
351




	
8

	
301

	
351

	
351




	
9

	
301

	
354

	
359
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Table 2. Measured ultrasonic velocity, quality water content and volume water content of stems with different soaking times.
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Parameter

	
Diameter/cm

	
The Time for Samples Immersed in Water




	
0

	
10 min

	
20 min

	
30 min

	
40 min

	
1 h

	
4 h

	
5 h

	
22 h

	
24 h

	
30 h

	
32 h

	
48 h

	
7D

	
9D






	
Quality/g

	
6.00

	
102.60

	
106.60

	
115.80

	
117.20

	
120.90

	
125.90

	
132.00

	
133.70

	
144.40

	
145.00

	
148.70

	
150.10

	
154.50

	
169.80

	
173.60




	
7.00

	
111.20

	
122.60

	
125.70

	
127.30

	
129.70

	
132.90

	
141.70

	
144.00

	
157.00

	
160.00

	
165.40

	
166.00

	
172.00

	
191.50

	
196.70




	
10.00

	
294.00

	
311.00

	
320.80

	
328.70

	
331.40

	
339.20

	
366.20

	
373.10

	
410.20

	
415.00

	
426.10

	
429.20

	
448.20

	
494.10

	
506.70




	
Density/(g·m−3)

	
6.00

	
0.60

	
0.63

	
0.68

	
0.69

	
0.71

	
0.74

	
0.78

	
0.79

	
0.85

	
0.85

	
0.88

	
0.88

	
0.91

	
1.00

	
1.02




	
7.00

	
0.41

	
0.46

	
0.47

	
0.47

	
0.48

	
0.49

	
0.53

	
0.53

	
0.58

	
0.59

	
0.61

	
0.62

	
0.64

	
0.71

	
0.73




	
10.00

	
0.37

	
0.40

	
0.41

	
0.42

	
0.42

	
0.43

	
0.47

	
0.48

	
0.52

	
0.53

	
0.54

	
0.55

	
0.57

	
0.63

	
0.65




	
Velocity/(m·s−3)

	
6.00

	
4.71 × 103

	
4.35 × 103

	
3.86 × 103

	
3.48 × 103

	
3.20 × 103

	
3.04 × 103

	
2.78 × 103

	
2.76 × 103

	
2.38 × 103

	
2.34 × 103

	
2.28 × 103

	
1.95 × 103

	
1.82 × 103

	
1.63 × 103

	
1.50 × 103




	
7.00

	
4.95 × 103

	
4.42 × 103

	
3.95 × 103

	
3.69 × 103

	
3.66 × 103

	
3.50 × 103

	
2.90 × 103

	
2.88 × 103

	
2.28 × 103

	
2.11 × 103

	
2.33 × 103

	
2.03 × 103

	
1.70 × 103

	
1.56 × 103

	
1.52 × 103




	
10.00

	
5.14 × 103

	
4.55 × 103

	
4.43 × 103

	
4.34 × 103

	
4.12 × 103

	
3.97 × 103

	
3.77 × 103

	
3.68 × 103

	
2.84 × 103

	
2.77 × 103

	
2.60 × 103

	
2.49 × 103

	
2.16 × 103

	
1.74 × 103

	
1.64 × 103




	
Mass moisture content/%

	
6.00

	
0.00

	
0.04

	
0.11

	
0.12

	
0.15

	
0.19

	
0.22

	
0.23

	
0.29

	
0.29

	
0.31

	
0.32

	
0.34

	
0.40

	
0.41




	
7.00

	
0.00

	
0.09

	
0.12

	
0.13

	
0.14

	
0.16

	
0.22

	
0.23

	
0.29

	
0.31

	
0.33

	
0.33

	
0.35

	
0.42

	
0.43




	
10.00

	
0.00

	
0.05

	
0.08

	
0.11

	
0.11

	
0.13

	
0.20

	
0.21

	
0.28

	
0.29

	
0.31

	
0.32

	
0.34

	
0.40

	
0.42




	
volumetric moisture content/%

	
6.00

	
0.00

	
0.02

	
0.08

	
0.09

	
0.11

	
0.14

	
0.17

	
0.18

	
0.25

	
0.25

	
0.27

	
0.28

	
0.31

	
0.40

	
0.42




	
7.00

	
0.00

	
0.04

	
0.05

	
0.06

	
0.07

	
0.08

	
0.11

	
0.12

	
0.17

	
0.18

	
0.20

	
0.20

	
0.23

	
0.30

	
0.32




	
10.00

	
0.00

	
0.02

	
0.03

	
0.04

	
0.05

	
0.06

	
0.09

	
0.10

	
0.15

	
0.15

	
0.17

	
0.17

	
0.20

	
0.25

	
0.27
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