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Abstract: This review analyzes computational methodologies for the mechanical characterization of fibrous biomass, focusing on studies employing the Finite Element Method (FEM) and the Discrete Element Method (DEM) with explicit experimental validation. Literature selection targeted works addressing plant materials under mechanical testing, ensuring reproducibility and mapping reported limitations. Selected case studies show FEM is effective for continuous systems, achieving errors close to 3%, with flexibility to incorporate fracture modeling via cohesive zone models. DEM excels in simulating discrete or heterogeneous structures, reaching errors as low as 1.8% when supported by precise calibration of contact and bond properties. The review identifies common constitutive and contact models, such as Hertz–Mindlin, Bond V2, orthotropic elasticity, and Johnson–Kendall–Roberts adhesion, alongside experimental methods including tensile, compression, bending, stacking angle, and repose angle tests. Experimental setups like universal testing machines, soil bins, accelerometers, and custom rigs are crucial for parameter determination and model validation. Despite promising accuracy, gaps remain in standardized calibration protocols and in the availability of data for fracture energy, time-dependent deformation, and anisotropic failure. The inherent variability of plant materials also challenges simulation reproducibility. Future research should expand experimental datasets, refine parameter identification strategies, and develop integrated FEM–DEM frameworks capable of capturing both discrete and continuous behavior in fibrous biomass systems for improved predictive modeling.
Keywords: Mechanical characterization. Fibrous biomass. Discrete Element Method. Finite Element Method. Plant-machinery interaction.
Abbreviations: FEM, Finite Element Method. DEM, Discrete Element Method. CZM, Cohesive Zone Model. JKR, Johnson-Kendall-Roberts. CCD, Central Composite Design. PSR, Pennisetum sinese Roxb. KBFs, Kenaf Bast Fibers.

[image: ]           


ISSN: 2357-7592						
XI INTERNATIONAL SYMPOSIUM ON INNOVATION AND TECHNOLOGY
Quantum Technologies: The information revolution that will change the future - 2025
1. Introduction

The mechanical characterization of fibrous biomass through computational tools has gained increasing relevance across biotechnology, materials engineering, and sustainability research. Advanced numerical techniques, notably the Finite Element Method (FEM), the Discrete Element Method (DEM), and multibody dynamics (MBD), have emerged as powerful approaches for analyzing the physical and structural behavior of these complex natural materials.
One critical application lies in simulating plant–machine interactions during agricultural harvesting. Accurate simulations enable optimization of machinery design, reduction of crop damage, and improvement of operational efficiency [1], [2] Within this domain, the literature consistently identifies DEM as the predominant modeling approach, particularly for particulate, flexible, or fibrous plant components. For more complex or rigid parts, DEM is often coupled with FEM to capture deformation and failure phenomena. Zhao et al. [3], for instance, reviewed the use of DEM in agricultural machinery research and highlighted its central role in predicting plant–machine interaction forces, guiding the dimensioning of agricultural tools. Their analysis also emphasized that intrinsic plant properties—such as variability in stiffness, morphology, dynamic response, and fracture energy—remain among the most critical factors for advancing simulation fidelity.
Material models implemented in these simulations frequently include Hertz–Mindlin contact laws, parallel-bonding formulations, and composite or orthotropic constitutive models [2], [3]. These formulations require a range of experimentally determined input parameters, including geometric descriptors, elastic modulus, friction and restitution coefficients, and bond strengths. Such parameters are typically obtained from tensile, compression, bending, stacking angle, and repose angle tests [4], [5]. Experimental platforms—ranging from universal testing machines to soil bins, accelerometers, and custom calibration rigs—are indispensable for parameter measurement and subsequent model validation [5], [6].
This review synthesizes computational methodologies for the mechanical characterization of fibrous biomass, with particular emphasis on FEM and DEM frameworks. It maps the principal constitutive and contact models employed, outlines experimental protocols for parameter acquisition, and examines how experimental benchmarking informs predictive modeling of fibrous biomass materials.

2. Methodology

An in-depth case study analysis approach was adopted to synthesize the state of the art. Literature research was conducted using the query: ("mechanical behavior of plants") AND ("DEM" OR "FEM"), targeting peer-reviewed journal articles. Only studies explicitly reporting experimental validation of simulation results were considered. To ensure methodological rigor, each selected paper was examined for: (i) the completeness and transparency of parameter reporting, (ii) the reproducibility of experimental protocols, and (iii) the clarity of simulation–experiment correlation.

3. Results and discussion

The selected studies address the use of FEM and DEM techniques for different purposes in the characterization of fibrous materials, yet present similar calibration methods with results that can be interconnected. This allows discussion of the applicability of each method to different situations.

3.1. Modeling Approaches and Discretization Strategies

[bookmark: _Hlk205555114]Huang et al. [4] focused on calibrating material parameters for industrial hemp stalks. Their modeling strategy employed FEM to represent an elastic–orthotropic material without considering plasticity or progressive damage. Meshes with an element size of 2 mm were used, without mesh defect correction techniques, and iterative statistical calibration was applied to determine the material parameters.
Using FEM as well, Bu et al. [7] modeled the dynamic behavior of an apple branch–stem–fruit system. The branch and stem were treated as transversely orthotropic materials, and the abscission zone (branch–stem junction) was modeled using a Cohesive Zone Model (CZM) to simulate fracture. The fruit was divided into skin, cortex, and core, each assigned distinct isotropic properties. The element density was considered adequate based on similarity to laboratory testing.
[bookmark: _Hlk205561420]Tian et al. simulated, via DEM, the mechanical behavior of tobacco leaves using Hertz–Mindlin contact with Bond V2 particle interaction, applicable to any position on the plant. Spherical particles were randomly generated within a rectangular mold and connected by bonds. The microscopic Young’s modulus and the critical tensile stress of the bonds were calibrated using mathematical relationships derived from parametric simulations, ensuring that the simulated macroscopic properties matched experimental averages. The imposed time step followed the Rayleigh method as recommended by the EDEM software [8].
Li et al. [9] modeled the mechanical behavior of Pennisetum sinese Roxb (PSR) stalks using DEM. The stalk structure was divided into two regions—inner tissue and outer rind—based on the degree of lignification. Two interaction models were applied: Bond V2 and Hertz–Mindlin with Johnson–Kendall–Roberts (JKR) adhesion. Cyclic contact separation and axial tension tests were conducted for parameter calibration.
Finnaly, Suzuki [10] proposed a FEM approach to analyze variations in the tensile strength of natural plant fibers based on tested sample length, focusing on kenaf bast fibers (KBFs) used as reinforcement in composite materials. The model combined beam elements to represent elongated cells with two-dimensional solid elements for the bonding material. The irregular and complex internal structure of the fibers was represented randomly, simulating variations along the length in both cross-sectional geometry and material properties. Simulations were performed at different lengths to assess the influence of these variations on stress concentration points and failure modes. The material was treated as stochastic, and initial parameters were taken from reported sources.
Table 1 summarizes all papers reviewed, including the numerical simulation methods, the estimated parameters, the techniques used to determine them, and the optimization approach applied by Huang et al. [4] in certain cases.

3.2. Experimental Validation Performance

The validation of computational models for characterizing fibrous biomass reveals that the accuracy of DEM studies, as shown in Figure 1, achieved the lowest errors—such as in the case of tobacco leaves, with only 1.8% error—using the Hertz-Mindlin model with Bond V2 and mathematical calibration of bond properties. In the case of PSR stalks, the division into distinct regions resulted in errors of 2.35% and 6.66%, highlighting that more complex structures require refined approaches, but can still be effectively studied using discrete elements, demonstrating the potential of this method in the field [8], [9], [11].
In contrast, FEM provided robust models for continuous systems, with errors around 3.4% for industrial hemp stalks—where statistical calibration (Plackett-Burman + central composite design) was used to optimize key parameters such as Poisson's ratios. The branch-stem-fruit model stood out by integrating the Cohesive Zone Model (CZM) to simulate fracture, achieving only a 3.24% difference from experimental values [4], [7], [10].

4. Conclusion

This review examined computational methodologies for the mechanical characterization of fibrous biomass, focusing on studies employing the Finite Element Method (FEM) and the Discrete Element Method (DEM) with explicit experimental validation. Across the selected works, both methods demonstrated the ability to reproduce experimental results with low error margins when supported by appropriate calibration strategies.
DEM proved particularly effective for modeling discrete or heterogeneous fibrous structures, achieving errors as low as 1.8% for tobacco leaves and maintaining good accuracy even for more complex structures such as Pennisetum sinese Roxb. stalks. FEM, in turn, provided robust representations of continuous systems, with errors close to 3%, and offered greater flexibility for simulating fracture through cohesive zone modeling.
In both approaches, the reliability of simulations depended strongly on the availability of experimentally measured parameters and on the rigor of the calibration process. Commonly used models, such as Hertz–Mindlin contact laws, Bond V2 formulations, and orthotropic constitutive descriptions, require careful parameterization through tensile, compression, and bending tests.
Despite the promising results, several challenges remain. Experimental data for certain mechanical properties (e.g. fracture energy, time-dependent deformation, and anisotropic failure) are still scarce, limiting the range of phenomena that can be accurately simulated. The lack of standardized calibration procedures hinders reproducibility across different studies, and the inherent variability of plant materials continues to affect model reliability. Future research should focus on expanding experimental datasets, refining parameter identification methods, and developing integrated FEM–DEM frameworks capable of capturing both discrete and continuous behavior in fibrous biomass systems.
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[bookmark: _Ref205644714]Table 1. Summary of reviewed papers with numerical methods, estimated parameters, determination techniques, and optimization approaches.
	Source
	Numerical method
	Estimated parameter
	Determination method
	Optimization method

	[4]
	FEM
	Radial modulus
	Radial compression
	-

	
	
	Axial modulus
	Axial tension
	-

	
	
	Isotropic shear modulus
	Analytical calculus
	-

	
	
	Anisotropic shear modulus
	Analytical calculus from bending test data
	-

	
	
	Poisson's ratios of isotropic plane
	Literature and calibration
	Plackett-Burman/Steepest Ascent/Central Composite Design

	
	
	Poisson's ratios of anisotropic plane
	Theoretical limit and calibration
	Plackett-Burman/Steepest Ascent/Central Composite Design

	
	
	Static and Dynamic friction (stalk-steel)
	Inclined plane and high-speed camera
	-

	[7]
	FEM
	Radial modulus (branch and stem)
	Radial compression
	-

	
	
	Axial modulus (branch and stem)
	Axial tension/Axial compression
	-

	
	
	Flexural modulus (branch and stem)
	Bending test
	-

	
	
	Torsional modulus (branch and stem)
	Analytical calculus
	-

	
	
	Shear modulus (branch and stem)
	Analytical calculus
	-

	
	
	Poisson's ratios of isotropic plane (branch and stem)
	Literature
	-

	
	
	Poisson's ratios of anisotropic plane (branch and stem)
	Theoretical limit and calibration
	-

	
	
	Density
	Literature and moisture content
	-



Table 1. (cont.)
	Source
	Numerical method
	Estimated parameter
	Determination method
	Optimization method

	[7]
	FEM
	Elastic modulus (all fruit parts)
	Previous study [12]
	-

	
	
	Poisson's ratio (all fruit parts)
	Previous study [12]
	-

	
	
	Branch-stem maximum traction force and displacement
	Branch-stem tensile test
	-

	
	
	Branch-stem fracture energy
	Analytical calculus
	-

	
	
	Initial stiffness
	Literature
	-

	
	
	Friction coefficient
	Empirical assignment
	-

	[11]
	DEM
	Particle radius
	Adjusted so that model thickness matches the experimentally measured sample thickness
	

	
	
	Bond radius
	Assumed equal to the particle radius
	

	
	
	Contact radius
	Set 20% larger than the particle radius to ensure bond formation between particles
	-

	
	
	Particle density
	Experimentally measured using real tobacco leaf samples
	-

	
	
	Particle Young’s modulus
	Calibrated to match the experimentally measured Young’s modulus of the material
	-

	
	
	Particle Poisson’s ratio
	Assumed based on values used in the simulation
	-

	
	
	Coefficient of restitution
	Default value provided by the EDEM software
	-

	
	
	Coefficient of static friction
	Default value provided by the EDEM software
	-

	
	
	Coefficient of rolling friction
	Default value provided by the EDEM software
	-

	
	
	Bond normal stiffness
	Calculated using a formula provided in the article, based on particle Young’s modulus
	-

	
	
	Bond critical tensile stress
	Calibrated to match the experimentally measured tensile strength
	-

	
	
	Bond critical shear stress
	Derived using a formula
	-

	[9]
	DEM
	Rind density
	Analytical calculation based on conversion equations using measured physical density and number of particles
	-

	
	
	Inner tissue density
	Analytical calculation using volume and mass formulas combining particle geometries and total stalk density
	-

	
	
	Physical radius of rind
	Defined for computational convenience – balance between resolution and simulation time
	-

	
	
	Contact Radius of Rind
	Adjusted to minimize gaps in assembly and to calibrate realistic particle interaction
	-

	
	
	Physical and contact radius of tissue
	Same as rind, but with larger volume to simulate the looser structure of the inner tissue
	-

	
	
	Static and rolling friction coefficient
	Obtained from literature and pre-tests
	-

	
	
	Restitution coefficient
	Set as default
	-



Table 1. (cont.)
	Source
	Numerical method
	Estimated parameter
	Determination method
	Optimization method

	[9]
	DEM
	Poisson’s ratio
	Calibrated using orthogonal test and central composite design based on Fsmax from physical separation tests
	-

	
	
	Young modulus
	Calibrated via regression matching the results of experimental contact separation forces
	-

	
	
	Surface energy
	Calibrated through contact separation tests, using variable separation speeds – a central focus of the study
	-

	
	
	Bond normal stiffness (rind)
	Calibrated via CCD simulations, using elastic modulus from tensile test as the target
	-

	
	
	Bond normal stiffness (tissue)
	Tuned during pre-tests, then refined through CCD simulations using average experimental results
	-

	
	
	Bond normal strength (rind and tissue)
	Adjusted through simulation until the simulated tensile strength matched the physical test value
	-

	[10]
	FEM
	Average length of EFC
	Experimental
	-

	
	
	Cross-sectional area of EFC
	Parameterization
	-

	
	
	Height of EFC
	Parameterization
	-

	
	
	Variation in fiber cross-sectional area
	Experimental
	-

	
	
	Elastic modulus
	Literature
	-

	
	
	Tensile strength
	FEM calibration to match experimental failure stress
	-

	
	
	Elastic modulus
	Literature
	-

	
	
	Poisson's ratio
	Assumption
	-

	
	
	Shear strength
	FEM calibration to approximate the percentage of each failure mode
	-

	
	
	Reference length
	Experimental
	-

	
	
	Failure criterion for EFC and ICM
	FEM implementation
	-

	
	
	Weibull parameter
	Analysis of experimental data and simulation
	-

	
	
	Scale parameter
	Weibull analysis
	-



[bookmark: _Ref205640328]Figure 1. Relative error comparison in material validation studies.
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