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Abstract: Wind disturbance as a green method can effectively prevent the overgrowth of tomato seedlings, and its mechanism may be related to root system mechanics. This study characterized the biophysical mechanical properties of taproot and lateral roots of tomato seedlings at five seedling ages and seedling substrates with three different moisture content. The corresponding root system-substrate finite element (FE) model was then developed and validated. The study showed that seedling age significantly affected the biomechanical properties of the taproot and lateral roots of the seedlings and that moisture content significantly affected the biomechanical properties of the seedling substrate (p < 0.05). The established FE model was sensitive to wind speed, substrate moisture content, strong seedling index, and seedling age and was robust. The multiple linear regression equations obtained could predict the maximum stress and strain of the root system of tomato seedlings in the wind field. The strong seedling index had the greatest impact on the biomechanical response of the seedling root system during wind disturbance, followed by wind speed. In contrast, seedling age had no significant effect on the biomechanical response of the root system during wind disturbance. In the simulation, no mechanical damage was observed on the tissue of the seedling root system, but there were some strain behaviors. Based on the plant stress resistance, wind disturbance may affect the growth and development of the root system in the later growth stage. In this study, finite element and statistical analysis methods were combined to provide an effective approach for in-depth analysis of the biomechanical mechanisms of wind disturbances that inhibit tomato seedlings’ growth from the root system’s perspective.
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Nomenclature



	A
	cross-sectional area of the sample, mm2



	d1
	diameter of taproot, mm



	dt
	diameter of lateral root, mm



	E
	tensile modulus of elasticity of sample, MPa



	El
	elastic modulus of lateral root, MPa



	Es
	modulus of elasticity of substrate, MPa



	Et
	elastic modulus of taproot, MPa



	Elt
	tangent modulus of lateral root, MPa



	Est
	tangent modulus of seedling substrate, MPa



	Ett
	tangent modulus of taproot, MPa



	Em
	modulus of elasticity of taproot, MPa



	Etm
	tangent modulus of taproot, MPa



	Er
	modulus of elasticity of lateral root, MPa



	Etr
	tangent modulus of lateral root, MPa



	Fmax
	elastic peak force, N



	L1
	initial length of the sample, mm



	ΔL
	difference in sample length before and after the test, mm



	Lt
	length of taproot, mm



	Ms
	moisture content of substrate, %



	M1
	mass of substrate during compression test, g



	M2
	mass of seedling substrate after drying, g



	n1
	number of lateral root



	P
	initial position point



	SA
	seedling age, day



	S1
	initial growth point of root system, mm



	SSI
	strong seedling index



	VW
	wind velocity, m/s



	ε1
	maximum yield strain of lateral root, MPa



	εs
	yield strain of the seedling substrate, MPa



	εt
	maximum yield strain of taproot, MPa



	εy
	fracture strain of the sample, %



	α
	tangent swing angle of the bottom of stem, °



	β
	tangent swing angle of the top of taproot, °



	σl
	maximum yield stress of lateral root, MPa



	σm
	yield stress of the taproot, MPa



	σr
	yield stress of lateral root, MPa



	σs
	yield stress of the seedling substrate, MPa



	σt
	maximum yield stress of taproot, MPa



	σy
	fracture stress of the sample, MPa



	αA
	axial angle, °



	λs
	Poisson’s ratio of the seedling substrate



	λt
	Poisson’s ratio of the taproot



	λl
	Poisson’s ratio of the lateral root



	ρs
	density of the seedling substrate, g/cm3



	ρl
	density of lateral root, g/cm3



	ρt
	density of the taproot, g/cm3



	
θ1

	angle of inclination




1  Introduction

Overgrowth is one of the most common technical issues in fruit and vegetable factory breeding; seedling enterprises must use a variety of growth regulators to control overgrowth. Potential chemical residues pollute the environment and affect food safety [1]. Wind disturbance is a green physical control method that is gradually being implemented in seedling factories to limit the overgrowth of tomato seedlings [2]. When wind disturbance was used to restrain the overgrowth of tomato seedlings, the wind disturbance directly acted on the seedling’s leaves and stems in the form of force and was transmitted through the stem to the root system (taproot and lateral root) [3]. Consequently, it produces some pressure on the root system, which leads to a physiological-biochemical response in the seedling and slows down the axial direction growth of the tomato plant seedling [4]. The root system of fruit and vegetables (such as tomatoes) mainly includes taproot and lateral root, which are the most important organs for plants to absorb water and nutrients and maintain life activities [5]. Under wind disturbances, the root system of seedlings can stretch or break, adversely affecting seedlings’ growth and development. Therefore, studying the biomechanical behavior of tomato seedling roots under the influence of wind disturbance is of great scientific value.

The existing literature on plant root mechanics mainly focuses on the root’s cell hardness and elastoplastic mechanical characterization. Nicolás-Álvarez et al. [6,7] found that the elastic modulus of epidermal cells of tomato seedling roots increased from 9.19 ± 0.68 to 13.90 ± 1.68 MPa while the elastic modulus of parenchyma cells and vascular bundle cells decreased from 1.74 ± 0.49 and 10.60 ± 0.58 to 0.48 ± 0.55 and 6.37 ± 0.53 MPa, respectively from day 7 to day 21. Fernandes et al. [8] discovered that the inherent surface mechanical properties of living Arabidopsis thaliana whole-root epidermal cells showed nanoscale heterogeneity. Plavcová et al. [9] found that roots’ bending and structural torsional modulus varied greatly between 9 species of woody angiosperms, with the bending modulus ranging from 558 to 2913 MN/m2 and the torsion modulus ranging from 48 to 254 mN/m2. Ali [10] revealed that the maximum tensile force of Leucaena leucocephala roots with diameters of 0.0–2.5, 2.5–5.0, and 5.0–8.0 mm is about 60, 135, and 310 N, respectively, and that of Acacia mangium and Melastoma malabathricum is approximately 40, 90, 110 N and 20, 55, 210 N, respectively. Sanchez-Castillo et al. [11] found a negative correlation between root diameter, tensile strength, and elastic modulus of the roots of Quercus rysophylla, Pinus pseudostrobus, and A. berlandieri, implying that the larger the root diameter, the lower the tensile strength and elasticity. Xu et al. [12] found that the elastic moduli of the root system of Populus simonii treated by trampling, defoliation, and physiological integration were 0.84, 0.88, and 4.4 GPa, respectively, while the breaking stresses were 0.15, 0.01 and 1.67 MPa, respectively. Ma et al. [13] determined that Bermuda grass roots’ peak tensile breaking force was 15.21 N. Li et al. [14] found that the tensile strength of roots of Amorpha fruticose Linn., Swida alba Opiz and Lespedeza bicolor Turcz increased as root diameter decreased. Zhang et al. [15] found that the maximum tensile force of the root system of K. scoparia and A. sacrorum reached maximum values of 9.49 ± 1.62 and 16.12 ± 2.24 N, respectively, when the gauge length was 50 mm, and minimum values of 5.96 ± 0.95 and 10.92 ± 1.49 N, respectively at a gauge length of 200 mm, which indicated that the maximum pulling force of K. scoparia and A. sacrorum roots decreased in a power function as gauge length increased.

To summarize, the existing literature has greatly progressed in exploring the multiscale biomechanics of different plant roots. However, less attention has been paid to the effects of wind disturbances on the biomechanical behavior of tomato seedling roots. The process of suppressing the overgrowth of tomato seedlings by wind disturbance in the seedling factory includes: the wind blows the tomato seedlings, causing the above-ground tissues and organs to swing, and the stem drives its root movement and mechanically interacts with the seedling substrate, which may cause root system damage and slow seedling growth. The seedling root system-substrate shares all external wind disturbance forces, and there is an indirect interaction between the wind disturbance and the root system. However, it is unclear how wind disturbance parameters, tomato seedling morphology, and substrate mechanical parameters affect the mechanical laws of tomato seedling roots. Therefore, this study aimed to investigate the effect of wind disturbance on the biomechanical behavior of the root system of tomato seedlings. The study further elucidates the mechanical action mechanism of wind disturbance restraining the overgrowth of tomato seedlings and establishes a set of green seedling theories and methods for repressing the overgrowth of tomato seedlings due to wind disturbance.

2  Materials and Methods

2.1 Materials

The popular ‘improved 802 F1’ tomato seeds with high stress and disease resistance were selected for seedlings in a modern glass greenhouse of the Plant Mechanics Research Group at the National (Yangling) Agricultural Hi-tech Industries Demonstration Zone (E 108°.07145′, N 34°.27175′), China. To promote rapid seed germination, the seeds were first immersed in water for 24 h at an environment temperature of about 25°C to absorb water quickly and reach a moisture content that allows them to germinate properly. Subsequently, the seeds were dispersed in Petri dishes lined with moist filter paper and preserved in a greenhouse with an environment temperature of about 25°C. At the same time, the seedling substrate (Yangling Linke Ecological Technology Co., Ltd., Shaanxi, China) was taken out, and the water was mixed in a 2:1 ratio to form a wet substrate. Then, it was placed in a seedling tray and smoothed out with a blade to make the thickness approximately 3–4 cm. After each seed had grown a radicle in the glass garden, the seed was gently sown on the upper surface of the moist substrate in the tray with a tweezer. Then, another portion of the moist substrate was scattered over the seeds to cover them with a thickness of approximately 0.5–1.0 cm. After the seedlings in the tray grew into a stem with two compound leaves and one apical bud, each seedling was transplanted into a plastic bowl measuring 6.5 cm × 6.5 cm × 6.5 cm (length × width × height). One seedling for each plastic bowl, and then 48 plastic bowls were placed in 2 seedling trays with a density of 4 rows by 6 columns. Finally, tomato seedlings were cultivated in a normal growth environment with a temperature of 28°C/15°C (day/night), a photoperiod of 14 h/10 h (day/night), and a light intensity of 10,000–40,000 Lux (9:00–17:00).

2.2 Determination of the Morphological and Biomechanical Parameters of the Root

When the tomato seedlings had grown to 3–4 compound leaves (tomato seedling was at 25 days old), five tomato seedlings with no surface damage and worm infestation were chosen randomly, and their leaves and stems were picked off to determine the morphological and biomechanical parameters. Given that tomato seedlings are usually transplanted after 45 days and that the preliminary experiment revealed that young seedlings (SA < 25 days) are easily lodged during wind flow, the root systems of tomato seedlings at the ages of 25, 30, 35, 40, and 45 days were chosen for investigation. Following that, the root morphological and biomechanical parameters were determined on five seedlings every five days. Tomato seedlings’ morphological and biomechanical parameters were measured five times during their growth period.

2.2.1 Determination of the Morphological Parameters of the Root

The following root system morphological parameters were determined in tomato seedlings: length Lt and diameter dt of the taproot, length L1 and diameter d1 of the lateral root, number nl of the lateral root, initial position point P, and angle of inclination 
θ1
(Fig. 1A). Among them, the length of taproot refers to the distance from the seedling substrate surface to the root cap of the taproot. The diameter of the primary or lateral roots refers to the diameter value obtained from the root’s upper, middle and lower positions. The initial position point of the lateral root refers to the intersection point of the first lateral root and taproot of the seedling below the substrate plane. The inclination angle is the angle between the taproot and a lateral root. Firstly, a blade (FEATHER R35) was used to remove stem and leaf tissue from one tomato seedling above the substrate plane, leaving the substrate and seedling roots below the substrate plane. Subsequently, the filter paper was used to absorb water from the surface of the root system, and the root system was placed in its natural state on a piece of A4 paper. Afterwhich, photos were taken with a high-definition camera (RX100 IV, Sony Co., Ltd., Beijing, China). Then, the length and diameter of the taproot, the lateral root’s initial position, and the angle of inclination of the lateral root were determined using the Digimizer software (5.4.4, MedCalc Software Co., Ltd., Ostend, Belgium). Finally, the lateral roots were cut off from the taproot and laid flat on an A4 paper, and the length, diameter, and number of lateral roots were determined using the same image processing method.
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Figure 1: Morphological determination of tomato seedling roots and determination of mechanical parameters of the root system and seedling substrate. (A) morphological determination of tomato root system, (B) taproot and lateral root specimens, (C) tension test, (D) hollow plastic cylinder, (E) seedling substrate specimen, (F) compression test

2.2.2 Determination of the Biomechanical Parameters of the Root

Tomatoes have a straight root system with a taproot and many slender lateral roots. Since the tomato seedling stage was grown in a plastic bowl and the taproot was short, the biomechanical variations between different parts of the taproot were ignored. During the test, a tomato seedling was removed from the plastic bowl, and running water was used to clean out the root system of the mixed seedling substrate. Subsequently, a sample of about 3 cm in length was cut from the middle of each seedling’s taproot using a FEATHER R35 blade to determine the tensile mechanics of the seedling’s taproot. Similarly, a sample with a length of about 3 cm was cut from the middle of the lateral root to measure the tensile mechanics of the seedling’s lateral root (Fig. 1B). Finally, according to the GB/T 228-2002 tensile test method, both ends of each sample were fixed between the upper and lower probe fixtures of A/TG of the texture analyzer (Universal TA, Tengba Instrument Technology Co., Ltd., Shanghai, China), stretching upward to fracture (Fig. 1C). Before the tensile test, a 1 kg weight was used to calibrate the texture analyzer. Then, the initial position of the upper stretch probe of A/TG was calibrated by setting the contact distance between the upper and lower fixtures to 0. The initial separation distance of the upper and lower stretching clamps was 15 mm, and the stretching speed was 1 mm/s. The force-displacement curve data of each tensile test was recorded by computer in real-time. Finally, Eqs.(1)–(3) were used to deduce the mechanical parameters of the taproot and the lateral root. The parameters include fracture stress σy, fracture strain εy, and elasticity modulus E [16–19].


σy=FmaxA
(1)


εy=ΔLL
(2)


E=σyεy
(3)

2.3 Determination of the Biomechanical Parameters of the Seedling Substrate

Variations in environmental temperature within the seedling greenhouse may necessitate varying amounts of irrigation required for tomato seedling growth, and seedling substrates with different moisture content can affect their biomechanical properties. Therefore, the biomechanical properties of the seedling substrate under various water content conditions were determined in this section. The following is the procedure for preparing the seedling substrate sample: firstly, to prepare the breeding substrate sample, 175 g of the dry substrate and 350 g of water were mixed evenly in a beaker at a mass ratio of 1:2 and then poured into five hollow plastic cylinders (inner diameter: 25 mm, height: 64 mm) printed by a 3D printer [20] (Figs. 1D and 1E). Then, the samples were stored in a constant temperature and humidity chamber (SPX80B, Tianjin Henuo Instrument Co., Ltd., Tianjin, China) with the temperature set at 25°C and the relative humidity set at 50%. Finally, after 24 h of storage, five seedling substrate samples were taken out to determine the mechanical parameters of the substrate. Similarly, the seedling substrate samples were prepared and stored for 72 and 120 h, respectively, to determine the mechanical parameters of the substrate. The water content of seedling substrate samples after 24 , 72, and 120 h storage differed due to the same storage temperature set in the constant temperature and humidity chamber. Following each sample preparation, a substrate was chosen, and its mass, M1, was determined using an electronic balance (accuracy 0.01 g). After weighing, the substrate was placed in the oven and dried at 60°C until the mass became constant. At this point, the mass of the substrate was designated as M2, and the moisture content w of the prepared seedling substrate was calculated using Eq. (4).


Ms=(1−M2M1)×100%
(4)

The biomechanical measurement procedure was as follows: firstly, according to the GB/T 228-2002 standard compression test method, each seedling substrate sample was sequentially placed on the base plate of a Texture Analyzer (Universal TA, Tengba Instrument Technology Co., Ltd., Shanghai, China) before being compressed downward with a 15 cm diameter P/2 compression probe. A 1 kg weight was used to calibrate the Texture Analyzer before the compression test, and the base plate was used for height calibration of the P/2 probe. The initial separation distance between the substrate and the compression probe was 80 mm, and the compressive velocity was 1 mm/s. The force-displacement curve data during the compression test was recorded by a computer in real-time. Then, Eqs. (1)–(3) were used to deduce the relevant mechanical parameters of the seedling substrate: fracture strain Es, fracture stress σs, and fracture strain εs [16–18].

2.4 Modeling and Simulation of the Seedling Root System under Wind Disturbance

2.4.1 3D Finite Element Modeling of the Root and Substrate

Step 1: Geometric modeling. Firstly, five ages (25, 30, 35, 40, and 45 days old) of tomato seedlings were geometrically modeled using the Pro/ENGINEER software (Version: 5.0, American Parametric Technologies Corp., USA), respectively, based on the morphological parameters of seedlings obtained in Section 2.2.1. In each case, a seedling geometric model was imported into the ANSYS software (2021R/Workbench, American Ansys Co., Canonsburg, USA). After that, a substrate model was created to surround the root system based on the geometric model of the root system of a specific growth stage. Consequently, the geometric model of the root system-substrate of five different seedling ages was formed. The geometric model of each tomato seedling’s root system consists primarily of 1 taproot and 34 lateral roots. The dimensions (length × width × height) of the substrate geometry surrounding the seedling root system were set as 0.065 m × 0.065 m × 0.065 m, with the following method of operation: Design Modeler-Tool-Enclosure.

Step 2: Definition of interactions. In practice, the lateral roots and seedling substrate will envelop each other; therefore, in the simulation, the root system of the tomato seedling and the seedling substrate were set as binding links. The contact surface of the tomato seedling roots system (contact geometry) was bound to the substrate contact surface (target geometry). The maximum offset of the contact surface to the target surface in the bonding constraint was set to 0.01 mm. During initialization, binding pairs were established by bonding all nodes on the contact surface of the seedling substrate less than 0.01 mm away from the root system’s contact surface to the substrate’s contact surface using the automatic search algorithm. A “penalty forces” operation ensured that the relative position of the nodes of the root system’s contact surface on the seedling substrate’s contact surface did not change during the simulation.

Step 3: Boundary condition setting and meshing. Firstly, the other five surfaces of the seedling substrate, except for the upper surface, were set as fixed support, limiting its translation along the x, y, and z axes and rotation around the x, y, and z axes. The boundary condition indicated that the plastic bowl of the cultivated tomato seedling did not deform or move throughout the analysis. Subsequently, in consideration that: i) the deformation of the tomato seedling root system and partial substrate was large under the action of the wind field, the root system and substrate geometry model should be meshed as finely as possible, and its element type should be robust during simulation, with minimal shear and volume locking properties; ii) the shape of the root system in the tomato seedling was irregular, using the structured meshing technique of the tetrahedral element type can obtain better mesh orthogonal quality; therefore, the taproot, lateral root and seedling substrate of the tomato seedling were meshed by “Tet 4” (four-node linear tetrahedral unit) cells, with cell sizes of 1.5 mm for the taproot and lateral root and 5 mm for the seedling substrate. Finally, Table 1 shows the meshing results of five tomato root-substrate geometric models (5 seedling stages). Fig. 2A depicts the finite element model of the root system-substrate of tomato seedlings aged 25 days.
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Figure 2: Modeling and validation of the seedling root-substrate system. (A) a root system (age: 25 days)-substrate FE model, (B) a previous seedling FE model, (C) the swing angle of stem base, (D) root system FE model, (E) taproot head swing angle-time curves in experiment and simulations, the green area is the error band of 5 experiment results

2.4.2 Validation of the Tomato Seedling Root System-Substrate FE Model

Validation: To validate the accuracy of the established root system of the tomato seedling FE model, given that a tomato seedling had the same movement at the junction of the stem and the root systems (Figs. 2B–2D), the experimental results of the base movement of the taproot of the 25-day-old tomato seedling disturbed by the wind-flow with a velocity of 2 m/s and the simulation results of the top movement of the taproot, such as the seedling swing angle-time curve, were compared.

Experimental method: Firstly, a previously designed test platform for wind-flow disturbed tomato seedlings was used [21]; a cartesian coordinate system, xyz, was established on the base at 100 mm away from the fan’s air outlet, and five 25-day-old tomato seedlings contained in plastic bowls were placed at the origin o of the coordinate system. Subsequently, after each seedling was securely placed, the fan was turned on, and its average wind velocity could maintain 2 m/s within 120 s to blow the seedlings. Real-time video of the swing process of the base of the taproot of the tomato seedling disturbed by wind flow was captured using a high-definition camera. Following the experiment, the recorded videos were imported into Kinovea-0.9.5, an open-source motion analysis software. Then, the angle between the tangent line and the vertical line at the base of the stem was automatically tracked over time using the “Angle to horizontal” function (Fig. 2C). In addition, a part of the substrate was removed from the plastic bowl, and the moisture content was determined through drying.

Simulation method: the swing process of the 25-day-old tomato seedling under external force was simulated using the established root system-substrate finite element model No. 12 (Table 2) in Section 2.4.1. The elastic modulus and tangent modulus of the taproot were set to 16.37 and 2.09 MPa, respectively; the elastic modulus and tangent modulus of the lateral root were set to 18.22 and 1.08 MPa, respectively; and the elastic modulus and tangent modulus of the seedling substrate were set to 0.15 and 0.013 MPa, respectively. Based on the previous research results of Liu [21], the force-time data of the base of the stem were extracted when the wind speed was 2 m/s for a 25-day-old seedling of tomato (Fig. 2B). It was simulated by applying it to the cap of the taproot of the tomato seedlings’ root substrate finite element model. Finally, the swing angle-time data curve of the top of the taproot was extracted from the simulation results (Figs. 2D and 2E). The prediction accuracy of the root system-substrate finite element model was assessed by comparing the above indexes from the simulation and experimental results.
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2.4.3 Loading and Simulation

To investigate the effects of wind speeds, strong seedling indexes, and humidity substrates on the biomechanical response of tomato seedlings at different seedling ages, the wind velocity at the wind field’s inlet was set to two levels, 1 and 2 m/s. Similarly, the strong seedling index was set to 0.01 and 0.02. Based on the previous research findings of Liu [21], force-time data of the seedling’s root cap were extracted when the wind speed was 1 and 2 m/s, and the strong seedling index was 0.01 and 0.02. Then, it was applied to the cap of the taproot for simulation. The seedling age was set to five levels: 25, 30, 35, 40, and 45 days old. The seedling substrate’s moisture content was set at 16.52%, 30.54%, and 50.06%. After that, corresponding biomechanical parameters were assigned to the constructed root system-substrate geometric model during the simulation (Table 2). In addition, the Poisson’s ratio of most root systems approximates 0.25~0.4 [22,23], so the Poisson’s ratio of the taproot and lateral roots of the tomato seedling were set to 0.3. Finally, the comprehensive simulation experiments design method was used (Table 2). 60 (5 seedling age levels × 3 water content levels × 2 wind velocity levels × 2 strong seedling index levels) FE simulation calculations of root system-substrate biomechanics interaction were performed based on the tomato seedling root system-substrate finite element model.

The following assumptions were made to simplify the FE analysis: (1) the taproot and lateral roots of the root system, as well as the substrate materials, are considered homogeneous, ignoring the intercellular cavity, pit cavity, and other gaps in seedling tissue; the biomechanical parameters of the root system, such as stress and strain, and displacement, can be expressed by a continuous function; (2) the material properties of the taproot and lateral roots of the tomato seedlings are orthogonal and isotropic, which means that the mechanical properties in three mutually perpendicular directions (longitudinal, radial and chordal directions) are the same; (3) the taproot and lateral roots of a tomato seedling are elastic-plastic materials that follow the plastic increment theory in elastic-plastic theory, which divides an object’s strain in the elastic-plastic deformation stage into two parts: elastic strain and plastic strain. The elastic strain can be calculated using Hooke’s law, and the plastic strain can be calculated using the yield surface theory, flow rule theory, and process hardening theory from the plastic increment theory.

2.4.4 Statistical Analysis

The SAS software (version 9.2, SAS Institute Inc., USA) was used to perform the multiple linear regression analysis on the 60 simulation results, with the significance level set at 0.05. The swing Angle of the cap of the taproot, maximum strain, and stress of the root system in the simulation results were extracted and set as dependent variables, respectively. The seedling age, strong seedling index, wind speed, and substrate moisture content were set as independent variables. The backward elimination method was used to establish the multiple linear regression equations between dependent and independent variables.

3  Results and Discussions

3.1 Biomechanics of the Taproot and Lateral Root in Tomato Seedlings during Growth

As shown in Fig. 3A, the image described the biomechanical parameters of tomato seedlings’ taproot and lateral roots at five seedling ages. The results of the variance analysis showed that the seedling age significantly affected the elastic modulus and failure stress of tomato seedlings’ taproot and lateral roots (p < 0.05). When the seedling age was less than 30 days, the elastic modulus of the taproot of tomato seedlings was lower than that of the lateral root. Whereas, when the seedling age was more than 30 days, the elastic modulus of the taproot and lateral root of tomato seedlings increased with seedling age, with a greater elastic modulus observed for the taproot than the lateral root. Additionally, when the seedling age was more than 30 days, the failure stress of the tomato seedling’s taproot and lateral roots did not change significantly with the increase in seedling age (p < 0.05). In all five seedling ages, the failure stress of the taproot was greater than that of the lateral root. In addition, humidity had adverse and significant effects on the elastic modulus and failure stress of the seedling substrate (p < 0.05) (Fig. 3B). The measured elastic modulus of the seedling root is much lower than the 2.3 GPa proposed by Wang et al. [24] for a 2-week single suspension-cultured cell in the root meristem of tomato seedlings. There is no information in the literature about the biomechanics of the macroscopic taproot and lateral root in tomato seedlings during growth, so no comparisons are possible.
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Figure 3: Biomechanics of the seedling root system and substrate. (A) elastic modulus and failure stress of the taproot and lateral root during growth; (B) elastic modulus and failure stress of the substrate at different moisture contents.

3.2 Performance of the Tomato Seedling Root System-Substrate FE Model

When the tomato seedling was 25 days old, and the wind was blowing at 2 m/s, the swing angle-time curves of tomato seedlings are shown in Fig. 2E, which includes the experimental data of swing angle-time at the stem base and simulation results using the seedling root system-substrate finite element model. The green area represents the error band of the swing angle of the base of the stem of tomato seedlings changing with increasing blowing time during the five experiments. Evidently, the simulation results obtained using the seedling root system-substrate finite element model, that is, the variation curve of root cap swing angle with blowing time, was within the error range of actual test results. Therefore, the established finite element model of the tomato seedling root system has a high prediction accuracy and can be applied to the subsequent analyses of the tomato seedling root system-substrate biomechanical interactions.

Fig. 4 shows the Von Mises stress contour of the root system in the tomato seedling FE model (seedling age = 30 days, substrate moisture content = 30.54%, wind speed = 1 m/s). The stress of the taproot is mainly distributed in its top region during wind disturbance. The stress in the connection region between the taproot and a lateral root was much higher than in the distal end of the lateral root, indicating that the lateral roots, particularly those surrounding the top region of the taproot, play an important role in the taproot’s fixation in the substrate. The results obtained corroborate those reported earlier by Yang et al., Stokes, and Watson [23,25,26]. Because lateral roots have a soft texture, they can only withstand tension but not compression, and the contribution (stress distribution) of the lateral root to the taproot on the windward side is significantly greater than on the leeward side [25–28].
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Figure 4: Von Mises stress contour of the root system in a tomato seedling (seedling age = 30 days, substrate moisture content = 30.54%, wind speed = 1 m/s). (A) Von Mises stress contour of the root system (strong seedling index = 0.01), (B) Von Mises stress contour of the root system (strong seedling index = 0.02)

3.3 Sensitivity of the FE Model to the Wind Velocity, Substrate Moisture Content, Strong Seedling Index, and Seedling Age

The model as described above was investigated for its sensitivity to four potential variables: wind velocity, substrate moisture content, strong seedling index, and seedling age, respectively, to assess the robustness of the developed tomato seedling root system-substrate FE model to various external factors and tomato seedling properties.

3.3.1 Sensitivity to the Wind Velocity

Figs. 5A and 5B show the curves of maximum stress on taproot and lateral roots with time when the seedling age was 30 days, the strong seedling index was 0.02, the moisture content of the substrate was 30.54%, and the wind speed was 1 and 2 m/s, respectively. The taproot model was more sensitive to wind speed than the lateral root model. Under the two wind speeds, the maximum stress of tomato seedling taproot and lateral root showed an approximate fluctuation period with increasing blowing time. When the wind speed was 2 m/s, the maximum stress of tomato seedlings’ taproot and lateral root increased sharply and reached the first peak at 170 ms, which were 0.142 and 0.0766 MPa, respectively, and were 2.81 and 2.75 times more than the peak stress under 1 m/s wind speed. The maximum strains of tomato seedlings’ taproot and lateral root tissues were 0.00414 and 0.00205 when the wind speed was 1 m/s and 0.0117 and 0.00557 when the wind speed was 2 m/s, respectively. Under the wind disturbance, the aboveground organs of tomato seedlings experienced a damped harmonic motion of “swing (stem bending) → deformation (leaf torsion and bending, collateral bending) → recovery (primary and lateral stem restore, leaf returning to initial shape)” [29], with the peak value of the maximum stress transmitted from the stem to the taproot and lateral root gradually decreasing with the increase in wind disturbance time (decay).
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Figure 5: Sensitivity of the FE model. (A, B) sensitivity of the taproot and lateral root models to the wind velocity, respectively, (C, D) sensitivity of the taproot and lateral root models to the moisture content within the seedling substrate, respectively, (E, F) sensitivity of the taproot and lateral root models to the strong seedling index, respectively, (G, H) sensitivity of the taproot and lateral root models to the seedling age, respectively

3.3.2 Sensitivity to the Moisture Content within the Seedling Substrate

Figs. 5C and 5D depict the time-dependent maximum stress curves on taproot and lateral roots when the seedling age was 30 days, the strong seedling index was 0.02, the wind speed was 1 m/s, and the substrate moisture content was 16.52%, 30.54%, and 50.06%, respectively. The sensitivity of taproots to substrate moisture content was lower than that of lateral roots in the finite element model. Under the humidity conditions of three seedling substrates, the maximum stress of tomato seedlings’ primary and lateral roots fluctuated similarly with increasing blowing time. When the moisture content of the seedling substrate was 16.52%, the maximum stress of the taproot and lateral root of tomato seedlings gradually increased with an increase in wind disturbance time, reaching the first peak at 250 ms, which were 0.058 and 0.0737 MPa, respectively, and were 1.22 and 3.96 times more under 50.06% humidity. The maximum strains produced by tomato seedlings’ main and lateral root tissues were 0.00476 and 0.00562 under 16.52% humidity, 0.00414 and 0.00205 under 30.54% humidity, and 0.00391 and 0.00141 under 50.06% humidity, respectively.

3.3.3 Sensitivity to the Strong Seedling Index

Figs. 5E and 5F show the change in maximum stress curves of tomato seedling taproot and lateral roots with time when the seedling age was 30 days, the substrate water content was 30.54%, the wind speed was 1 m/s, and the strong seedling index was 0.01 and 0.02, respectively. The taproot model was more sensitive to the strong seedling index than the lateral root. The maximum stress of taproot and lateral root of two types of healthy tomato seedlings fluctuated differently as blowing time increased. When the strong seedling index was 0.02, the maximum stress of tomato seedlings’ taproot and lateral roots gradually increased with increasing wind disturbance time, reaching the first peak at 250 ms, which were 0.0505 and 0.0278 MPa, respectively, and were 3.24 and 3.06 times higher than the peak stress under 0.01 strong seedling index. The maximum strains of taproot and lateral root tissues were 0.00127 and 0.000669 when the strong seedling index was 0.01 and 0.00414 and 0.00205 when the strong seedling index was 0.02, respectively.

3.3.4 Sensitivity to the Seedling Age

Figs. 5G and 5H show the change in maximum stress curves of tomato seedling taproot and lateral roots with time when the strong seedling index was 0.02, substrate water content was 30.54%, wind speed was 1 m/s, and seedling age was 25 days, 30 days, 35 days, 40 days, and 45 days, respectively. The sensitivity of the taproot model to the seedling age in the established root system-substrate finite element model was higher than the lateral root. The maximum stress of tomato seedling taproot and lateral root at five seedling ages revealed fluctuating scenarios as blowing time increased. When the seedling age was 25 days, the maximum stress of the taproot and lateral root of the tomato seedlings increased gradually with the wind’s disturbed time, reaching the first peak at 170 and 180 ms, which were 0.273 and 0.168 MPa, respectively, and were 3.543 and 3.79 times more than when the seedling age was 45 days. When the seedling age was 25 days, the maximum strains produced by the tomato seedlings’ primary and lateral root tissues were 0.0166 and 0.00928, respectively. Similarly, the maximum strains produced by the tomato seedlings’ primary and lateral root tissues were 0.00414 and 0.00205 by day 30, 0.00176 and 0.00115 under by day 35, 0.00194 and 0.000836 by day 40, 0.00302 and 0.00249 by day 45, respectively.

3.4 Prediction of the Maximum Stress and Strain in the Root System of Tomato Seedling

The multiple linear regression analysis results showed that the maximum stress and strain of the taproot and lateral roots of tomato seedlings could be predicted by mathematical Eqs.(5)–(8). Two factors: strong seedling index and wind speed, significantly influenced the maximum stress and strain of tomato seedlings’ taproots (p < 0.05). Three significant factors affected the maximum stress and strain of the lateral roots of the tomato seedlings: strong seedling index, wind speed, and water content of seedling substrate (p < 0.05).


σt=−0.152+0.0799Vw+8.76SSI
(5)


εt=−0.00819+0.000367Vw+0.534SSI
(6)


σl=−0.0543+0.0435Vw+5.53SSI−0.00703Ms
(7)


εl=−0.00361+0.00277Vw+0.356SSI−0.000447Ms
(8)

When the strong seedling index increased by 0.01, the maximum stress and strain of tomato seedling taproot increased by 0.0876 and 0.00534 MPa, respectively, and the maximum stress and strain of tomato seedling lateral root increased by 0.0553 and 0.00356 MPa, respectively. The greater the strong seedling index, the greater the maximum stress and strain of tomato seedling’s taproot and lateral root. The reason was that tomato seedlings with different growth degrees have different resistance to wind disturbance in the same wind field. The larger the strong seedling index, the stronger the tomato seedling, the more luxuriant the stem and leaf, and the greater the resistance to wind field. Therefore, the maximum stress and strain generated by the internal tissues of the taproot and lateral root of the seedling were larger.

When the wind velocity increased by 1 mm/s, the maximum stress and strain of tomato seedling taproot increased by 0.0799 and 0.000367 MPa, respectively, and the maximum stress of tomato seedling lateral root increased by 0.0435 and 0.00227 MPa. The maximum stress of tomato seedling taproot and lateral root increased as wind velocity increased.

The reason was that the greater the wind velocity, the greater the force exerted on the overground organs of the tomato seedling, and the greater the force transmitted from the stem to the root system. In addition to performing physiological and biochemical tasks like transmitting water and nutrients and synthesizing amino acids [30–32], the plant root system also fixes and supports tomato seedlings [33,34]. Under a wind speed of 2 m/s, the maximum stress in the taproot and lateral root reached 0.142 and 0.0766 MPa, which were 0.68% and 9.33% of the yield strength, respectively, and no mechanical damage occurred in the taproot and lateral root tissues. The maximum stress of the lateral root was significantly lower than that of the taproot, at only 53.94% of the taproot’s maximum stress. Under the support of the stem and leaves, the tomato seedling’s taproot was bent and deformed in the direction of the wind, and the lateral roots were bound to both the taproot and the seedling substrate. Due to the inhibition of taproot deformation, the lateral root tissues located in the same direction as the taproot were subjected to greater tensile stress, whereas the lateral root tissues located in the opposite direction of the taproot were subjected to a certain degree of compressive stress [35,36]. Although such mechanical stress does not cause mechanical damage to the root system, it may have specific effects on the root system’s subsequent growth and development, such as increasing the number, length, and strength of the root system [33].

In the wind field, as long as a tomato seedling’s aboveground organs can withstand external forces and moments, the entire load acting on the aboveground will be transferred to the root-substrate system [25]. Therefore, it is necessary to coordinate the three factors, namely root-substrate structure, root strength, and substrate strength, to fix the tomato seedling and prevent uprooting [27,37–39]. The substrate strength mainly depends on the water content, which affects the anchorage strength and plays a crucial role in forming the root-substrate structure [25,40]. Based on the root system-substrate FE model, the moisture content of the seedling substrate had a significant effect on the maximum stress of tomato seedling lateral roots (p < 0.05) but had no significant impact on the maximum stress and strain of taproots (p > 0.05). This observation can be attributed to the contact area between the lateral root and substrate, which is much larger than that between the taproot and substrate [35]. Models (7–8) revealed that as the seedling substrate’s moisture content increased, the lateral root tissue’s maximum stress and strain decreased. This observation is because the moisture content of the seedling substrate was closely related to the mechanical properties of the substrate. It can be seen from Table 2 that the elastic modulus and failure modulus of the seedling substrate increased with increasing moisture content, and this agrees with the research results of Chenari et al. [41], Shen et al [42], Huang et al. [43], and Wei et al. [44] on the relationship between soil moisture content and strength. Moisture content is one of the most critical factors affecting the stability of substrate structure, and it can directly affect the connection mode and cementation strength between substrate particles [45]. When the moisture content in the substrate increases, the combined moisture film on the substrate particles’ surface will thicken, so the adhesion of the substrate particle-moisture-air interface decreases, and the cohesion between substrate particles weakens [46]. In addition, more moisture will form a moisture film between the particles, reducing the resistance to relative sliding between substrate particles, reducing the internal friction angle of the substrate, and decreasing the substrate’s stability [47–48].

Seedling age had no significant effect on the maximum stress and strain of the taproot and lateral roots of the tomato seedling. The reason may be that the external force on the root system of the tomato seedling and its geometric characteristics synchronously change with the change in seedling age. That is, in the same wind field, the geometric size of the tomato seedling’s root system was smaller at the younger seedling stage, as was the external force on the taproot’s top [49]. Additionally, the geometric size of the root system of the tomato seedling at the younger seedling stage was larger, as was the external force on the taproot’s top. According to statics theory, the stress on an object is positively correlated with the ratio of the external force and the geometric size of the object; thus, synchronous changes in the external force and geometric size of the object result in no significant difference in the maximum stress of the tomato seedling root system at different seedling ages.

4  Conclusions

In this study, the seedling age had a significant effect on the biomechanical characteristics of the tomato seedling root system (p < 0.05), and the elastic modulus and failure modulus of the taproot were greater than those of the lateral roots (seedling age > 20 days). The established root system-substrate FE model was robust and was sensitive to wind speed, substrate moisture content, strong seedling index, and seedling age. The multivariate linear mathematical model could predict tomato seedling roots’ maximum stress and strain under wind field action. The strong seedling index had the greatest effect on the biomechanical response of the seedling root system under wind disturbance, followed by wind speed. In contrast, the seedling age had no significant impact on the biomechanical response of the root system under wind disturbance. The tissue of the seedling root system did not suffer biomechanical damage in the simulation, but some strain behaviors were observed. Based on plant stress tolerance, wind disturbance may affect root growth and development in later growth stages. This study will help to reveal the biomechanical mechanism of wind disturbance inhibiting the overgrowth of tomato seedlings from the perspective of the root system.
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Table 1: Number of elements in each seedling root system-substrate FE model

No. of model SA4 (days) Number of elements Total elements

Taproot model  Lateral root model  Substrate model

1 25 1336 13200 63214 77750

2 30 1312 18202 91201 110715
3 35 1504 23397 84601 109502
4 40 1592 35116 99072 135780
5 45 5374 45588 137431 188393
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Table 2: Mechanical parameters of 60 tomato seedling root-substrate FE models

No. of SA4 M,

SSI V., Mechanical parameters

simulation

1 001 1 E=1637+161,E,=4.85+1.20,0,=2.09 +0.28

2 50.06% 001 2 E; =1822+2.80, E;=7.65=+1.10, 07=1.08 £ 0.21

3 0.02 1 E;=0.012+0.0019, E; = 0.0064 £ 0.0020, g, = 0.0019 £ 0.00018
4 0.02 2 =0.96,p,=0.92, p,=1.69, 4, =4 =4,=0.3

5 0.01 1 —1637i161 E;=485+£1.20,0,=2.09£0.28

6 25 30.54% 0.01 2 E1—1822i280 E;=7.65+1.10,0,=1.08 £0.21

7 0.02 1 =0.15 £ 0.0589, E, = 0.063 £ 0.018, o, = 0.013 + 0.0032
8 0.02 2 —0.96, p=092 p,=096,4=4=4=03

9 001 1 E=1637+161,E;=4.85+1.20,0,=2.09+0.28

10 16.52% 0.01 2 E; =1822+2.80, Ey="7.65=+1.10, 0= 1.08 £ 0.21

11 0.02 1 E;=025+0.031, E;=0.10+0.019, o, = 0.021 + 0.0029
12 0.02 2 p=0.96,p,=0.92, p;=0.80, 4, =4 =4=0.3

13 001 1 E=12.06+2.51, E;=5.83+0.83, 0, =2.08 £ 0.20

14 50.06% 001 2 E=1289+142 E;=4.10+£0.95,6,=0.82+0.10

15 0.02 1 E;=0.012+0.0019, Ei = 0.0064 £ 0.0020, g, = 0.0019 £ 0.00018
16 002 2 p=0.96,p,=0.92,p,=1.69, 4 =4 =4=03

17 001 1 E=12.06+2.51, Ey=5.83 £0.83, 0, =2.08 £ 0.20

18 30 30.54% 001 2 E=1289+142 E;=4.10+£0.95,6,=0.82+0.10

19 0.02 1 E;=0.15+0.0589, Es = 0.063 £0.018, g, = 0.013 = 0.0032
20 002 2 p=0.96,p,=0.92,p,=096, 4 =4=4=03

21 001 1 E=12.06+2.51, Ey=5.83 £0.83, 0, =2.08 £ 0.20

22 16.52% 001 2 E=1289+142 E;=4.10+£0.95,6,=0.82+0.10

23 002 1 E;=025+0.031, E;,=0.10+0.019, o, = 0.021 + 0.0029
24 002 2 p=0.96,p,=0.92,p,=0.80,4,=4=4=03

25 001 1 E=1644+185 E;=644+092,0,=3.13+0.57

26 50.06% 001 2 E=11.85+1.81, F;;=539+£1.23,0,=1.06 £0.15

27 0.02 1 E;=0.012+0.0019, E; = 0.0064 £ 0.0020, g, = 0.0019 £ 0.00018
28 002 2 p=0.96,p,=0.92,p,=1.69, 4 =4 =4=03

29 001 1 E=1644+185 E;=644+092,0,=3.13+0.57

30 35 30.54% 001 2 E=11.85+1.81, F;;=539+£1.23,0,=1.06 £0.15

31 0.02 1 E;=0.15+0.0589, Es = 0.063 £0.018, g, = 0.013 = 0.0032
32 002 2 p=0.96,p,=0.92,p,=096, 4 =4 =4=03

33 001 1 E=1644+185 E;=644+092,0,=3.13+0.57

34 16.52% 001 2 E=11.85+1.81, F;=539+£1.23,0,=1.06£0.15

35 0.02 1 E;=025+0.031, E;=0.10+0.019, o, = 0.021 + 0.0029
36 002 2 p=0.96,p,=0.92, p;=0.80, 4, =4 =4=0.3

37 001 1 E=1931+290, E;=4.45+1.00, o, =2.86 = 0.45

38 50.06% 001 2 E=1832+279,E,=932+1.77,01=137 +£0.17

39 0.02 1 E;=0.012+0.0019, E; = 0.0064 £ 0.0020, g, = 0.0019 £ 0.00018
40 40 002 2 p=0.96,p,=0.92,p,=1.69, 4 =2=24=03

41 001 1 E=1931+290, E;=4.45+1.00, 0, =2.86 = 0.45

42 30.54% 001 2 E=1832+279,E,=932+1.77,01=137 +£0.17

43 0.02 1 E;,=0.15+0.0589, E, =0.063 £0.018, o, = 0.013 £ 0.0032
44 002 2 p;=0.96,p,=0.92,p,=096, 4 =4=4=03

45 001 1 E=1931+2090, E;=4.45+1.00, 0, =2.86 +0.45

46 16.52% 001 2 E=1832+279,E,=932+1.77,01=137 +£0.17

47 0.02 1 E;=025+0.031, E;=0.10+0.019, o, = 0.021 + 0.0029
48 0.02 2 =0.96, p; =0.92, p, =0.80, 4, =4, =4, = 0.3

49 0.01 1 =2541+1.46, E,=14.88 £3.54, 6,=3.12 £0.73

50 50.06% 0.01 2 E1—1781i150 E;=856+1.02,00=144 £0.18

51 0.02 1 E;=0.012+0.0019, Ei = 0.0064 £ 0.0020, g, = 0.0019 £ 0.00018
52 0.02 2 =0.96,p,=0.92, p,=1.69, 4, =4 =4,=0.3

53 0.01 1 =2541+1.46, E,=14.88 £3.54, 6,=3.12 £0.73

54 45 30.54% 0.01 2 E1—1781i150 E;=856+1.02,01=144 £0.18

55 0.02 1 E;,=0.15+0.0589, E, =0.063 £0.018, o, = 0.013 £ 0.0032
56 0.02 2 —096p1—092ps—096 Ah=4=24=03

57 0.01 1 =2541+ 146, E,=14.88 £3.54,0,=3.12 £0.73

58 16.52% 0.01 2 E1—1781i150 E;=856+1.02,01=144 £0.18

59 002 1 E;=025+0.031, E;,=0.10+0.019, o, = 0.021 + 0.0029
60 002 2 p=0.96,p,=0.92,p,=0.80, 4, =4 =4=03
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