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ABSTRACT

Rotary tillage in cohesive, salt-affected soils requires significant energy, making the optimization of blade
geometry essential to reduce resistance. This study takes inspiration from the digging claw of the brown bear
(Ursus arctos) to design a bio-inspired rotary blade and assess its performance using a calibrated discrete
element method (DEM) model and soil bin experiments. The DEM model was specifically calibrated for the
salt-affected soils of the Yellow River Delta. Key parameters for the study were identified using a Plackett-
Burman test and optimized through a central composite design, with experimentally measured draft force as
the response variable. The performance of the bio-inspired blade was compared to that of a conventional IT-
type blade, focusing on torque demand and soil fragmentation. Simulation results indicated that the bio-
inspired blade reduced torque by up to 13% across a rotational speed range of 160-320 RPM and by up to
11% at tillage depths of 60-140 mm. Soil bin tests reinforced these findings, showing that the bio-inspired blade
required 17.8% less torque than the IT-type blade. However, the IT-type blade achieved a slightly higher soil
fragmentation rate, exceeding the bio-inspired design's performance by 3.9%. This study demonstrates that
biomimetic design can significantly reduce energy requirements for rotary tillage while maintaining effective
soil fragmentation.
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INTRODUCTION

The global need to improve soil-engaging tools is highlighted by a significant amount of research across
various agricultural settings. Studies have shown that soil compaction caused by machinery traffic is a
widespread issue, negatively affecting soil structure and crop growth (Ungureanu et al., 2015). This concern
has driven current trends in the design and selection of deep tillage equipment, focusing on reducing soil
degradation (Vl&ddutoiu et al., 2017).
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The importance of efficient tillage is even more pronounced in areas with heavy or challenging sails,
where specialized tools are essential for proper seedbed preparation (Viddut et al., 2018). At the same time,
the implementation of conservation agriculture systems, such as minimume-till and no-till practices, has been
thoroughly examined as a strategic method to lower costs, improve soil quality, and reduce machinery traffic.
This, in turn, decreases fuel consumption and labor requirements (Bularda et al., 2020). Recently, research
has also focused on the tribological aspects of tillage tools, investigating the wear mechanisms of chisel knives
to enhance their durability and performance (Viddutoiu et al., 2023). Overall, these studies represent a
continuous and comprehensive effort to promote the sustainability and effectiveness of tillage practices.

Rotary tillage improves agricultural conditions by breaking up and turning over the top layer of soil. This
process enhances soil structure, increases water permeability and retention, and helps incorporate plant
residue (Chen et al., 2024). As a result, it creates a better environment for crop growth, promoting seed
germination and root development (Chertkiattipol et al., 2010; Siddique et al., 2012; Xiong et al., 2017; Xiong
et al., 2018). The key parameters affecting the draft and vertical forces of tillage tools include the tool's
geometry, working depth, soil properties, and the associated soil failure pattern (Godwin et al., 2007). Since
rotary blades directly interact with the soil, their geometric design is crucial for reducing energy consumption
and ensuring effective tillage operation (Li et al., 2023; Zheng et al., 2025). Therefore, optimizing the geometric
structure of rotary blades is a crucial area of research in agricultural machinery. Hao et al., (2019) designed a
wedge-shaped rotary blade and evaluated its performance in soil bin tests. Their findings revealed that across
the tested operational parameters, the wedge-shaped blade reduced average rotational resistance torque by
11.35% and average power consumption by 9% compared to a conventional blade. Additionally, the modified
design improved the soil fragmentation rate by 4%.

The superior ability of some animals to dig and burrow in soil has inspired researchers in agricultural
machinery to adopt bionic principles in the design of soil-engaging components that achieve high operational
performance while reducing soil-cutting resistance (Sun et al., 2018; Salem et al., 2021). El Salem et al., (2023)
investigated the impact of integrating a bio-inspired convex surface geometry, specifically, a micro-convex
structure modeled after dung beetle skin, with a low-surface-energy polymer, ultra-high molecular weight
polyethylene (UHMW-PE), on soil-tool adhesion and sliding resistance. Their comprehensive soil bin
experiments were conducted across various soil textures (silty clay and sandy clay loam), moisture contents
(18-33% on a dry basis), and sliding speeds (0.15-0.3 m/s). The results demonstrated that the domed UHMW-
PE surface significantly reduced both soil adhesion and sliding resistance under all tested conditions compared
to a conventional flat carbon steel plate. The authors attributed this enhanced performance to the combined
effects of the biomimetic surface structure, which disrupts the interfacial water film, and the polymer coating's
inherent hydrophobic properties. They concluded that this integrated bio-inspired and materials-based
approach offers a promising strategy for developing more efficient soil-engaging tools. In the same context, a
bioinspired rotary blade was designed based on the contour curves of the forefoot toes of Gryllotalpa orientalis
to reduce energy consumption. DEM simulations and soil bin experiments revealed that, compared to the
IT245 Chinese standard blade, the bionic design decreased maximum horizontal resistance by up to 9.91%
and vertical resistance by up to 9.74% at speeds ranging from 150 to 250 r/min. Additionally, the average
torque was reduced by up to 10.53%. This study demonstrates that using a biomimetic approach effectively
lowers working resistance and energy demand during rotary tillage (Yang et al., 2019).

Rotary tillers mainly use three types of blades: IT-type (ITTB), L-type (LTB), and J-type (JTB). Each
blade consists of three functional regions: the lengthwise, curved, and sidelong parts. During tillage, these
components interact with the soil through a combination of impact, compression, and cutting actions, leading
to significant tillage resistance and, consequently, high energy consumption (Cheng et al., 2023). To tackle
this issue, the current study aims to: (1) design and fabricate a bioinspired rotary blade optimized for reduced
soil-cutting resistance; and (2) propose and calibrate a discrete element method (DEM) model that reliably
simulates soil-tool interactions under the salt-affected soil conditions typical of the Yellow River Delta. The
performance of the proposed blade was assessed using the calibrated DEM model and validated through soil
bin tests, with rotating resistance torque and soil fragmentation rate being the primary evaluation metrics.

MATERIALS AND METHODS

1. Detection and extraction of geometric features from the bionic prototype

Brown bears (Ursus arctos) have strong claws that typically measure between two to four inches in
length and are gently curved.
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This claw shape is particularly well-suited for digging up roots and creating dens in hard soil. Inspired
by the brown bear's effective digging abilities, this study uses its claw as a bionic prototype for the design of a
novel rotary tiller blade. Edge detection and morphological analysis of the bionic prototype's front claw were
conducted using mathematical morphology within MATLAB's Image Processing Toolbox. These techniques
operate on the standard digital image representation, which is a discrete two-dimensional matrix of size M x
N (or a three-dimensional stack for RGB images). This data structure enables direct application of
morphological structuring elements and convolution kernels, leveraging MATLAB's optimized matrix-based
computational framework for efficient image processing (Zhihong et al., 2018). Edge extraction for the bionic
prototype was performed using a multi-stage protocol (Figure 1).

The workflow initiates with a raw RGB image and proceeds through several stages: conversion to
grayscale, binarization, and morphological operations such as dilation and erosion. This is followed by hole
filling and edge detection using the Canny algorithm. Next, the edges are digitized, and polynomial curve fitting
is applied to the contours. The process concludes with the creation of a digital 3D model. The Canny algorithm
was used to create an accurate edge map, thanks to its multi-step process that includes noise reduction,
gradient calculation, non-maximum suppression, and hysteresis thresholding. The bionic prototype features
two main contours that define its edges: an inner edge outlining the soil-engaging surface and an outer edge
following the dorsal profile (Figure 2). The digitized pixel coordinates for both the inner and outer contours are
shown in Figure 3, along with their corresponding best-fit polynomial equations. The outer edge is represented
by a sixth-order polynomial, while the inner edge is described by a fourth-order polynomial, along with their
respective coefficients of determination.

[Binary image (level 0.12) Image filling

Fig. 1 - Flowchart illustrating the multi-stage image processing workflow for the edge detection
and extraction of the brown bear claw

[ Edge detection (canny algorithm)]

Edge digitizing

[Cu.rve fitting for edges ]

l

[Crcating a digital 3D modclJ

RGB image

Binary image The detected edge

Fig. 2 - Edge extraction results from the brown bear claw image show the transition from the original RGB image
to grayscale, then to binary, and finally to the detected edges
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Fig. 3 - Digitizing and applying polynomial curve fitting to the contours of brown bear claws

2. Design of the Bio-inspired Rotary Blade

During tillage, the blade cuts through soil while incorporating grass stems and crop residues. Given these
demanding functions, the rotary tiller is one of the most energy-intensive soil-engaging tools (Xie et al., 2025).
To reduce the high operational resistance encountered with traditional blade designs, this study presents a
biomimetic optimization of the rotary blade, based on the contour curves of the brown bear's claw. The two-
dimensional fitting curves of the bear's front claw, obtained previously, were extruded by 11 mm along the z-
axis using the ANSYS SpaceClaim modeling tool to create a three-dimensional model of the claw contour
curves (Figure 4a). Based on biomechanical observations of how bear claws interact with soil during digging,
where the main contact happens below the claw’s convex area (Li et al., 2016), Therefore, to adapt the three-
dimensional claw model to the functional geometry of a rotary blade, the portion above point F was trimmed,
retaining only the segment that actively engages with the soil (Figure 4b). The trimmed claw model was then
proportionally scaled to match the dimensional parameters (length, width, height, and radius) of a conventional
IT-type rotary blade to ensure functional equivalence and comparable performance in the performance
evaluation.
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Fig. 4 - Bio-inspired rotary blade design based on brown bear claw morphology
(a) a simplified three-dimensional contour model of a brown bear claw for biomimetic translation, (b) a trimmed version of the model, (c)
a conventional IT-type rotary blade serving as the reference design, and (d) the proposed bio-inspired rotary blade, which highlights key
functional regions: (1) inner side, (2) sidelong part, (3) curved section, (4) side cutting edge, (5) lengthwise part, and (6) blade handle.

3. Soil Bin Test

A comparative study was conducted in a soil bin facility (Figure 5), comparing a conventional IT-type
blade (used as the reference) with a bio-inspired rotary blade (Figure 6). The blade torque and soil
fragmentation rate were used as evaluation indices in this study. The rotary implement is powered by a 7.5
kW motor, allowing it to operate at speeds ranging from 0 to 600 rpm. Real-time tillage torque is measured
using a dynamic torque transducer with a capacity of 1000 N-m, which is installed on the motor's power take-
off (PTO). To ensure that fresh soil is presented to the blade for each test run, the facility features a conveyor
belt system that can transport soil to depths of up to 350 mm. The conveyor’s linear speed can be adjusted
between 0.05 and 1 m-s™ beneath the fixed unit that houses the implement. Ten blades of each type, five left-
handed and five right-handed, are mounted centrally on a 0.8 m shaft in a symmetrical double-spiral
configuration to ensure balanced loading. The soil fragmentation rate, which is defined as the proportion of soil
aggregates with a diameter of 10 mm or less, was determined following the protocol outlined in GB/T 24675.6-
2021 ("Test Methods for Conservation Tillage Equipment — Part 6: Rotary Tillage Machinery"). Immediately
after the rotary tillage blade passed through, soil samples were collected from the tilled layer at a depth of 0—
100 mm using a steel frame sampler measuring 20 x 20 cm. To account for spatial variability within the soil
bin, samples were taken from 10 randomly selected points and then combined to create a composite sample.
The composite sample was carefully crumbled by hand along natural failure planes and air-dried until it reached
a constant mass. A 2 kg sub-sample was then sieved through a standard sieve with a 10 mm aperture using
a GZS-1 High-Frequency Sieve Shaker for 5 minutes. The mass of the soil fraction that passed through the
10 mm sieve and the mass retained on it were recorded. The dry soil fragmentation rate was calculated as the
ratio of the mass of the aggregates measuring 10 mm or less to the total dry mass of the sub-sample,
expressed as a percentage (Equation 1).

Given the controlled and homogeneous conditions inherent to soil bin testing, which ensure uniform soil
preparation and tillage depth throughout the bin, this procedure was performed once for each test condition
without replication.

M
Soil Fragmentation Rate (%) = Mf * 100 (1)

t
where M; is the mass of soil fragments < 10 mm and M is the total soil mass of the tilled layer sample.
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1 11 10 9 8 7 6

Fig. 5 - The soil bin test facility used for comparative blade evaluation

(a) Photograph of the operational setup. (b) Annotated schematic identifying the core subsystems: (1) fixed carriage,
(2) data acquisition system, (3) motor control box, (4) hydraulic system, (5) tested blades, (6) conveyor belt, (7) three -point hitch,
(8) torque sensor, (9) motor, and (10) control and monitoring computer.

Fig. 6 - Physical specimens of the tested rotary blades
(a) conventional IT-type blade; (b) bio-inspired rotary blade

4. Chiseling Experiments
Chiseling experiments were conducted in experimental fields located at the Yellow River Delta

Intelligent Agricultural Machinery Equipment Industry Academy in Dongying, China (118° 39' 9" E, 37° 18' 39"
N). The draft force of the chisel shank was measured using three S-shaped load cells (model SBT620TF;
capacity: 1000 kg). The shank was attached to a 150-horsepower tractor (John Deere model 6E-1504-PL)

using a standard three-point hitch (Figure 7).

v 5k % FARE

Fig. 7 - Measurement of draft force for the chisel shank operating in cohesive, salt-affected soil
in the Yellow River Delta: (a) experimental setup and (b) the resulting furrow profile

787



Vol. 78, No. 1 / 2026 INMATEH - Agricultural Engineering

Before data collection, a 10-meter acceleration zone was established to allow the tractor to reach a
steady operating speed (Qin et al., 2025). During each chiseling pass, the draft force was continuously
recorded using a multi-channel dynamic signal acquisition system (DH3820 N Distributed Stress-Strain Test
and Analysis System, Donghua Testing Technology Co., China). The total net draft force (DF) in the direction
of travel was calculated in real time by summing the horizontal force components from each sensor (Md-Tahir
et al.,, 2019). After the operation, the average tillage depth was determined by excavating and measuring the
loosened soil at five equally spaced points along a 5-meter section of the furrow. The operating speed was
calculated by timing the tractor over a fixed 30-meter travel distance within the test section. The experiment
was conducted with five replicates. The resulting mean draft force, tillage depth, and operating speed were
712 £ 73 N, 220 £ 27 mm, and 0.94 + 0.05 m/s, respectively. The measured draft force was then used as the
calibration metric for key parameters in the proposed model.

5. Development, Calibration, and Implementation of the Discrete Element Model
This study aimed to develop and calibrate a suitable discrete element model to simulate soil-tool
interaction under soil conditions in the Yellow River Delta (YRD).

This region is a young alluvial plain with a semi-humid continental monsoon climate and a high
groundwater table, typically located 1.0 to 2.0 meters below the surface (Fan et al., 2010). These conditions
lead to consistently high soil moisture during soil preparation operations, particularly from June to September.
In such moist environments, soil cohesion is influenced by interparticle forces, including liquid bridges and van
der Waals forces (El Salem et al., 2026), which present specific challenges for accurate simulation. To address
these challenges, a combined hysteretic spring—linear cohesion contact model was employed, as described
by Ucgul et al., (2015).

The soil utilized in this study was collected from the tillage layer (0—200 mm depth) of a representative
salt-affected field located in the reclamation region of the Yellow River Delta (YRD) in Dongying City, China.
To establish a solid foundation for the subsequent calibration of a discrete element method (DEM) model, the
physical and mechanical properties of the soil were characterized following standard laboratory procedures.
The gravimetric moisture content was determined by oven-drying field-moist samples at 105°C for 24 hours
until a constant mass was achieved. Water loss was then calculated relative to the final dry mass. Wet bulk
density was measured using the core method, where undisturbed samples were collected in stainless steel
cylinders (61.8 mm in diameter and 20 mm in height). The wet mass of the sample was divided by the core
volume to obtain the bulk density. Soil cohesion was determined through direct shear tests on remolded
samples that were compacted to the target wet bulk density and moisture content. The specimens were
sheared under normal stresses of 12, 18, 24, 30, 40, and 50 kPa, following the procedure described by Marsh
and Rixon (1991). The resulting shear stresses were recorded to create a failure envelope based on the Mohr-
Coulomb failure criterion. Particle size distribution was determined using sieve analysis for the coarser
fractions and hydrometer analysis for the finer fractions. This enabled us to classify the soil texture based on
the percentages of sand, silt, and clay. Soil penetration resistance was measured in undisturbed soil using a
digital cone penetrometer, which was equipped with a standard cone that had a 30° apex angle and a diameter
of 12.83 mm. The penetrometer was inserted vertically at a constant rate of 30 mm/s to a depth of 150 mm—
corresponding to the operating depth of the rotary blade—while recording the resistance at 10 mm depth
increments. Soil salinity was evaluated by measuring the electrical conductivity of a 1:5 soil-water extract. Air-
dried soil was mixed with distilled water in a 1:5 ratio, agitated for 30 minutes, and then allowed to settle. The
electrical conductivity of the supernatant was subsequently measured using a Hanna Instruments HI2003-01
(Edge Multiparameter). A summary of the measured properties of the YRD soil is presented in Table 1.

Table 1
Physical and mechanical properties of the tested soil used in this study
Property Value
Moisture content on a dry basis (%) 18.7
Wet bulk density (kg m-3) 1563
Cohesion (Pa) 23277
Sand (2-0.05 mm) (%) 43.3
Silt (0.05-0.002 mm) (%) 37.9
Clay (< 0.002 mm) (%) 18.8
Texture class Loam
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Property Value

Penetration resistance at 150 mm depth (MPa) 1.82
Electrical Conductivity (dS-m™) 1.23

5.1. Initialization and Stabilization of the Soil Material Model
A rectangular soil bin (2000 x 600 x 800 mm) was filled with simulated particles using a static factory. The
particles were generated with a nominal diameter of 8 mm, with a random variation of +5% (0.95 to 1.05 times
the nominal size) to enhance packing density (Aikins et al., 2021; El Salem et al., 2026). A total of 960,352
particles were randomly assigned positions and orientations within the bin using the 'fill section' option. To
stabilize the initial particle arrangement across runs with varying input parameters, particles were created and
arranged according to the initial parameter values listed in Table 2. The system was then subjected to a
gravitational acceleration of -9.81 m/s? in the Z-direction and allowed to settle until stabilization. In this study,
stabilization was defined as the point at which the total number of interparticle contacts ceased to increase
(Figure 8). Finally, the depth of the soil bin was reduced to 250 mm for the subsequent chiseling simulation. A
CAD model of the chisel shank was created in SolidWorks 2020 and subsequently imported into the EDEM
simulation environment. During the simulation, the draft force was recorded over a 0.8 m travel distance under

steady-state operating conditions (Figure 9).
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Fig. 8- Stability indicator of the particle assembly

Table 2
DEM input parameters applied for initial particle assembly generation and stabilization
(Bahrami et al., 2020; Cheng et al., 2023; El Salem et al., 2026; Ucgul et al., 2020; Zhang et al., 2025)

Property Value
Poisson's ratio of the soil particle 0.37
Particle density (kg m3) 2600
Shear modulus of soil particle (Pa) 1.82x108
Interparticle restitution coefficient 0.22
Soil-Soil internal friction coefficient 0.5
Soil-Soil rolling friction coefficient 0.28
The diameter of spherical particles (mm) 8
Particle size distribution 0.95-1.05
Poisson's ratio of steel 0.3
The density of steel (kg m™2) 7865
Shear modulus of steel (Pa) 7.9x10%°
Restitution coefficient of soil-steel 0.36
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Property Value
Soil-Steel external friction coefficient 05
Soil-Steel rolling friction coefficient 0.17
Damping factor 0.05
Stiffness factor 0.95
Soil Particle Yield Strength (Pa) 70000
Cohesive energy density of soil-soil (J m3) 10540
Adhesive energy density of soil-steel (J m3) 1500

.- Chisel shank

Vi B A
—Vement Giroi\
—~top )

Chiseling depth

Fig. 9- A schematic diagram of the DEM simulation setup for the chiseling operation,
illustrating the model geometry and the measurement zone

5.2. Sensitivity Analysis of Model Parameters

The Plackett-Burman (PB) experimental design is an efficient method for screening a large number of
parameters to identify those with the greatest influence. This approach estimates the main effects of each
parameter at two levels while requiring a minimal number of experimental runs, assuming that higher-order
interactions are negligible. In this study, an 11-factor PB design was implemented to screen seven parameters
of the proposed model, with the remaining four parameters assigned as virtual parameters to facilitate
estimation of experimental error (Xia et al., 2019). The DEM-simulated draft force of an individual chisel shank
was used as the response variable. To ensure an equitable comparison and prevent the dominance of any
single factor, the ratio of the high to low levels for each screened factor was kept at or below 2.5. The upper
and lower limits for the screened parameters are detailed in Table 3. The Design Expert 10.0.4 software was
utilized to set the testing settings, resulting in 12 simulation runs.

Table 3
Experimental parameters and their corresponding levels in the Plackett-Burman screening
Parameter Symbol Lower limit Upper limit
Soil-soil static friction coefficient X4 0.4 0.7
Soil-soil rolling friction coefficient X, 0.15 0.3
Soil-steel static friction coefficient X3 0.3 0.6
Soil-steel rolling friction coefficient X4 0.15 0.35
Yield strength of the soil particle (Pa) Xs 30000 70000
Cohesive energy density of soil-soil (J m-3) Xe 7000 15000
Adhesive energy density of soil-steel (J m-3) X, 500 1200
Virtual parameters A B,C,D -1 +1

5.3. Model and DEM Parameters Calibration
The key parameters influencing the draft force of a curved chisel shank were calibrated to match the
experimentally measured draft force. This calibration process consisted of two sequential phases. In the first
phase, a steepest-ascent experimental design was used to identify the approximate parameter range that
could generate a simulated draft force matching the experimental value.
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In the second phase, a Central Composite Design (CCD) was employed to optimize the parameters and
develop a regression model, minimizing the relative error between simulated and experimental results (Li et
al., 2025). All simulations in this phase were conducted under the same operational conditions as the field test,
specifically at a speed of 0.94 m/s and a depth of 0.22 m.

6. Operational Performance Assessment of the Developed Bio-Inspired Rotary Tiller Blade

The calibrated DEM model was used to systematically assess the performance of both conventional
and bioinspired blades under various operational conditions. The experimental variables included blade shaft
rotational speed (150-350 rpm) and tillage depth (60-140 mm).

The primary evaluation metric was the torque about the blade's rotational axis. For each experimental
variable, a dedicated test series was conducted, systematically varying that parameter while keeping the other
constant at predefined baseline levels (rotational speed: 240 rpm; tillage depth: 100 mm). All simulations were
carried out at a constant forward speed of 0.5 m/s. This controlled, one-factor-at-a-time approach allowed for
a direct performance comparison between the two blade designs across the specified operational ranges. In
addition to torque, the disturbed soil area was used as a secondary evaluation index under these baseline
parameters (0.5 m/s forward speed, 240 rpm, 100 mm depth).

RESULTS

1. Results of the DEM and contact model sensitivity analysis

The results of the Plackett—Burman screening test are presented in Tables 4 and 5. As outlined in Table
4, a sensitivity analysis determined that the soil-steel static friction coefficient is the most influential factor
affecting the DEM-simulated draft force of the chisel shank. This positive correlation makes mechanistic sense:
an increase in the friction coefficient increases shear resistance at the soil-shank interface, requiring greater
force to overcome adhesion and initiate sliding. Consequently, this increases the total draft force. The next
most influential parameters were the soil particle yield strength, interparticle cohesive energy density,
interparticle static friction coefficient, and soil-steel adhesive energy density. Interestingly, the soil particle yield
strength showed a negative correlation with draft force over the tested range, contradicting the usual
expectation that higher yield strength increases shear resistance. This negative relationship can be explained
by the role of the soil particle yield strength during the initial soil stabilization phase. A lower yield strength
allowed for greater particle deformation, resulting in a final soil assembly with higher bulk density and more
interparticle contacts. As a result, displacing this denser, more consolidated soil mass required a greater draft
force to overcome its enhanced structural integrity. Finally, the two rolling friction coefficients (interparticle and
soil-steel) were found to have negligible effects and were therefore held constant at 0.225 and 0.25,
respectively, for all subsequent simulations. According to the Pareto chart analysis (Figure 10), parameters
X1, X3, X5, and X6 have a strongly significant effect on the DEM-simulated draft force, as they exceed the
Bonferroni-corrected significance level. Parameter X7 shows only a nominal significance, while Parameters
X2 and X4 do not demonstrate any significant effect.

Table 4
Experimental design and results of the Plackett-Burman test
Run no. X1 X2 X3 X4 X5 X6 X7 A B C D F
1 0.7 0.3 0.3 0.35 70000 15000 500 -1 -1 1 -1 571.3
2 0.4 0.3 0.6 0.15 70000 15000 1200 -1 -1 -1 1 674.6
3 0.7 0.15 0.6 0.35 30000 15000 1200 1 -1 -1 -1 970.3
4 0.4 0.3 0.3 0.35 70000 7000 1200 1 1 -1 -1 3904
5 0.4 0.15 0.6 0.15 70000 15000 500 1 1 1 -1 592.7
6 0.4 0.15 0.3 0.35 30000 15000 1200 -1 1 1 1 612.2
7 0.7 0.15 0.3 0.15 70000 7000 1200 1 -1 1 1 406.1
8 0.7 0.3 0.3 0.15 30000 15000 500 1 1 -1 1 710.8
9 0.7 0.3 0.6 0.15 30000 7000 1200 -1 1 1 -1 811.7
10 0.4 0.3 0.6 0.35 30000 7000 500 1 -1 1 1 669.8
11 0.7 0.15 0.6 0.35 70000 7000 500 -1 1 -1 1 607.5
12 0.4 0.15 0.3 0.15 30000 7000 500 -1 -1 -1 -1 440.9

F represents the DEM-simulated draft force of an individual chisel shank.
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Table 5

The order of influence of the calibrated parameters on the DEM-simulated draft force

2. Results of the proposed model calibration

Parameter Effect Sum of Squares Contribution (%) Influence ranking
X1 116.18 40495.7 13.19 4
X2 33.15 3296.77 1.07 6
X3 199.15 1.19 x 105 38.75 1
X4 30.78 2842.84 0.926 7
X5 -162.18 78910.3 25.7 2
X6 134.25 54069.19 17.61 3
X7 45.38 6178.94 2.01 5
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Fig. 10 - Pareto chart ranking the influence of the screened parameters
on the DEM-simulated draft force of an individual chisel shank

2.1. Steepest Ascent Test Results

The Plackett-Burman screening test revealed that, among all screened parameters, the yield strength

of soil particles is the only parameter negatively correlated with the DEM-simulated draft force. Based on this
finding, a subsequent steepest ascent test was designed to incrementally increase the values of parameters
X1, X3, X6, and X7 while systematically decreasing the value of parameter X5. This strategy aimed to identify
the optimal range of the key influencing parameters that minimizes the relative error between the DEM-
simulated and experimentally measured draft forces. The relative error between the DEM-simulated and
experimentally measured draft forces was calculated for each simulation run. The design and results of the
steepest ascent experiments are shown in Table 6. The findings revealed that the parameter values in run No.
4 resulted in the lowest relative error. Therefore, the parameter values from run No. 4 were taken as the middle
values, while those from runs No. 3 and No. 5 served as the low and high values, respectively, for the
subsequent Central Composite simulation test.

Table 6
Experimental design and results of the steepest ascent test
Trial no. X1 X3 X5 (Pa) X6 (J m3) X7 (J m3) F (N) SF (%)
1 0.3 0.60 55000 2100 1800 523 26.5
2 0.4 0.65 50000 2200 1900 588 17.4
3 0.5 0.70 45000 2300 2000 655 8.0
4 0.6 0.75 40000 2400 2100 719 1.0
5 0.7 0.80 35000 2500 2200 803 12.8
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2.2. Central Composite Test Results

Based on the steepest-ascent test's directional guidance, an orthogonal Central Composite Design (CCD)
experiment was conducted to accurately identify the parameter set that minimizes the difference between the
DEM-simulated draft force and the experimentally measured force. The design was analyzed using Design-
Expert software and included five replications at the center point (m,=5) and a star arm (a) value of 1.84 to
ensure rotatability. Details on the coding of the experimental factors are provided in Table 7, while the complete
design matrix and associated simulation results are presented in Table S1 (Supplementary Material). A
regression model was developed to relate the DEM-simulated draft force to the independent variables using
Design-Expert software. To simplify the model while maintaining its predictive power, insignificant terms were
removed from the full quadratic model, yielding a refined quadratic polynomial (Equation 2). The statistical
significance of the reduced quadratic polynomial model's terms, including main and interaction effects, was
assessed using analysis of variance (ANOVA). The results of this analysis are summarized in Table 8.

F(N) = 822.78 4+ 375.53 X, — 37.59 X5 —66.2 X 107* X5 + 452 x 103 X, — 6 x 1073 X, X; )

Table 7
Coded parameters and their corresponding levels for the central composite design (CCD)
Calibrated parameters

Coded value

X1 X3 X5 (Pa) X6 (J m?) X7 (J m?)
-a 0.42 0.66 30800 2216 1916
-1 0.50 0.70 35000 2300 2000
0 0.60 0.75 40000 2400 2100
0.70 0.80 45000 2500 2200
a 0.78 0.84 49200 2584 2284

The ANOVA results confirm the strength of the derived regression model. The model's P-value is highly
significant (< 0.0001), indicating a strong relationship between the independent variables and the DEM-
simulated draft force. Additionally, the non-significant lack-of-fit P-value (0.0892 > 0.05) suggests that the
quadratic model fits the data well. The model's predictive strength is further illustrated by its near-unity
coefficients of determination (R? = 0.9899, Adj. R? = 0.9887). The notably low coefficient of variation (CV =
0.725%) and a high adequate precision value (101, which far exceeds the recommended threshold of 4)
demonstrate the model’s reliability and strong signal-to-noise ratio. As a result, this model is effective for
predicting the DEM-simulated draft force without requiring additional simulation runs.

Table 8
Analysis of variance for the refined quadratic model of the Central Composite test
Variance Source DF Mean Square F-Value p-Value
Model 5 21933.15 805.84 < 0.0001*
X1 1 7123.22 261.71 < 0.0001*
X3 1 137 5.03 0.0303
X5 1 1.01x105 3722.74 < 0.0001*
X6 1 792.42 29.11 < 0.0001*
X1 X5 1 288 10.58 0.0023
Residual 41 27.22
Lack of Fit 37 29.38 4.08 0.0892
Pure Error 4 7.2
Total 46

2.3. Determination of the Optimal Calibrated Parameter Set
The optimization of the refined quadratic polynomial model was conducted using the experimentally
measured average draft force (712 N) as the target response variable, within the previously calibrated
parameter ranges (El Salem et al., 2026). By applying the numerical optimization function in Design-Expert
software, the following optimal parameter values were determined: an interparticle static friction coefficient of
0.65, a soil-steel static friction coefficient of 0.74, a particle yield strength of 41402 Pa, an interparticle cohesive
energy density of 2415 J/m?3, and a soil-steel adhesive energy density of 2142 J/m?3.
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The rolling friction coefficients for interparticle and soil-steel interactions were maintained at their initial
constant values of 0.225 and 0.25, respectively, as their influence was deemed negligible. Subsequently, this
optimal parameter set was implemented in a DEM simulation, which yielded an average draft force of 697 N,
corresponding to a relative error of 2.1% compared with the average experimental measurement of 712 N
(Figure 11).
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Fig. 11 - Comparison of experimental and simulated draught force data during a chiseling operation

using the optimal calibrated parameter set

3. Effect of Operational Variables on DEM-simulated Blade Torque
The DEM-simulated blade torque values obtained from the single-factor test series are displayed in
Table 9.
Table 9
Simulated torque on the blade's rotational axis across tested parameter levels
Mean torque (N.m)

Parameter Level Conventional IT-type blade Bioinspired blade
160 19.3 19.4
200 28.1 25.2
Rotation Speed (rpm) 240 34.1 30.5
280 41.5 36.7
320 48.9 46.3
60 26.1 24
80 30.8 28.9
Tillage depth (mm) 100 34.1 30.5
120 38.2 34.7
140 39.6 36.8

3.1. Influence of Rotational Speed on Rotary Torque Demand

The impact of rotational speed on blade torque for both designs is shown in Figure 12. The data points
represent the average values obtained from three simulation replicates at each rotational speed, conducted at
a tillage depth of 100 mm and a forward speed of 0.5 m/s. As the rotational speed increased from 160 to 320
rom, the torque required by both blades rose significantly. For the conventional blade, torque increased
substantially from 19.5 N-m to 46.0 N-m. The bioinspired blade demonstrated a similar trend, with torque rising
from 19.5 N-m to 44.0 N-m. Notably, while the torque values were the same at the lowest speed (160 rpm),
the bioinspired blade consistently generated lower torque than the conventional blade at all higher speeds.
The maximum observed difference was 3.0 N-m at 240 rpm. This consistent reduction in torque demand
indicates that the bioinspired design maintains an energy efficiency advantage across the entire operational
speed range, likely due to its optimized interaction with the soil medium, which reduces resistive forces during
rotation.
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—l— Conventional blade
—®— Bionic blade

Source DF S5 MS P

Rotational speed 4 2865.03 716.258 <0.0001

Blade type 1 57.13 57.132 <0.0001
Error 24 19.64 0.818
Total 29 29418
T T T T T
160 200 240 280 320
Rotation speed (rpm)

Fig. 12 - Variation of blade torque with rotational speed for conventional and bioinspired rotary blades.

3.2. Influence of Tillage Depth on Rotary Torque Demand

The data points shown in Figure 13 represent the mean values obtained from three simulation
replicates at each tillage depth, conducted at a rotational speed of 240 rpm and a forward speed of 0.5 m/s.
Statistical analysis of the effect of tillage depth revealed that tillage depth significantly influenced the torque of
the rotary blades (P < 0.0001). For both the conventional and bioinspired blades, torque showed a strong
positive correlation with tillage depth. The torque of the conventional blade increased by 50% (from 26.0 to
39.0 N'm) over the tested range of 60 to 140 mm, while the bioinspired blade’s torque increased by 25% (from
24.0 to 30.0 N-m). More importantly, a highly significant main effect was observed for blade type (P < 0.0001),
with the bioinspired blade generating substantially less torque at every depth. This performance difference
was not constant but increased with depth: the torque reduction for the bioinspired blade was 7.7% at 60 mm,
rising to 23.1% at 140 mm (Figure 13). This suggests that the bioinspired design not only reduces energy

consumption but also demonstrates superior load-adaptive capability, maintaining greater efficiency under
more demanding tillage conditions.
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E 35 4
Z
S
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5
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254 Tillage depth 4 165.85  663.438 <0.0001
Blade type 1 57.963  57.963 =D
Error 24 0.152 3.642
otal 29 725.043
T T T T T
60 80 100 120 140

Tillage depth (mm)

Fig. 13 - Blade torque versus tillage depth for the two blade designs, with associated ANOVA summary.

4. Impact of Blade Type on Disturbed Soil Area

In addition to torque, the disturbed soil area was used as a secondary evaluation index under these
baseline parameters (0.5 m/s forward speed, 240 rpom, 100 mm depth).
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This metric was quantified by analyzing the central longitudinal and cross-sectional soil profiles after the
blade passed through. The boundary particles of the disturbed profile were identified by analyzing particle
velocities immediately after the blade passed (Figure 14). The areas beneath the original soil surface were
calculated using the trapezoidal rule for numerical integration, based on the coordinates of the boundary
particles of the disturbed profile [25]. For two successive data points with coordinates (Xi, Z:) and (Xz, Z-), the
area of each trapezoid was computed using the formula ((Z: + Z2)/2) * (X2 — X1). The total area of the disturbed
soil profile was obtained by summing the areas of all the individual trapezoids located within the disturbed
profile (Figure 15). The simulation results show that the bio-inspired blade produced larger disturbed soil areas
than the IT-type blade, with increases of 3.4% in the central longitudinal profile and 1.2% in the cross-sectional
profile. To ensure a fair comparison, the bio-inspired blade was designed with the same rotational
circumference as the conventional IT-type blade. However, the bio-inspired design features a more
streamlined geometry, resulting in longer and narrower lateral extensions than those of the IT-type blade. This
increased lateral reach likely contributed to the greater soil disturbance area observed with the bio-inspired
blade.

Velocity (m/s)

o A U i o il e

Lot T IR LY PANIRARTI G Sah LS [~t

Fig. 14 - DEM-simulated results of disturbed soil areas: (a) IT-type blade, longitudinal profile; (b) IT-type blade,
cross-sectional profile; (c) bio-inspired blade, longitudinal profile; (d) bio-inspired blade, cross-sectional profile
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Fig. 15 - Calculation of the disturbed soil area using the trapezoidal rule for numerical integration

5. Comparative Study of an IT-Type Blade and a Bioinspired Rotary Blade in a Soil Bin

To assess the low soil-cutting resistance of the bioinspired rotary blade, a comparative experiment was
conducted using a soil bin, with a conventional IT-type blade serving as the baseline. The IT-type blade, which
features an Archimedes spiral cutting edge, is widely used in both paddy and dryland agriculture (Cheng et al.,
2023; Matin et al., 2021). The experiment was carried out under the following operational parameters: a
rotational speed of 240 r/min, a forward speed of 0.5 m/s, and a plowing depth of 100 mm. Measurements
showed that the bio-inspired blades reduced the average rotary torque on the rotating shaft by 17.8%. The
torque decreased from 272.2 N-m for the IT-type blades to 223.7 N-m for the bio-inspired blades. This
corresponds to average torques of 27.22 N-m per blade for the IT-type blades and 22.37 N-m per blade for
the bio-inspired blades. In comparison, the simulated values per blade were 34.1 N-m for the IT-type blades
and 30.5 N'm for the bio-inspired blades (Table 9).
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This resulted in relative errors of 20.18% for the IT-type blades and 26.66% for the bio-inspired blades.
These relatively high errors may be attributed to differences in testing conditions: the simulated values were
obtained from a single blade operating in isolation, while the experimental results from the soil bin were derived
from ten blades working simultaneously on a rotary shaft. To address this discrepancy, the simulation was
repeated using the same blade configuration as the soil bin test, producing average per-blade torques of 29.71
N-m and 26.2 N-m. This resulted in substantially reduced relative errors of 12.9% for the IT-type blades and
14.1% for the bio-inspired blades. These findings demonstrate that the DEM model, together with the input
parameters calibrated for the cohesive, salt-affected soil of this study, can reliably assess rotary plowing
performance. The observed 17.8% reduction in average rotary torque for the bio-inspired blade compared to
the conventional IT-type blade supports the idea that biomimetic designs can significantly reduce the energy
demand of soil-engaging tools. This finding is consistent with previous studies documenting the low-resistance
properties of biological structures. For example, Sun et al., (2020) reported that a ditcher inspired by bear
claws exhibited lower specific energy consumption than a GB/T5996-2017 ditching blade, attributing this
advantage to the optimized geometry of the claw. The torque reduction observed in our study is likely due to
the gentle, curved cutting edge of the bio-inspired blade, which allows for smoother soil entry and a more
uniform distribution of stress during rotary tillage. This design minimizes abrupt soil failure and decreases the
peak cutting resistance encountered by the blade. As a result, lower torque demand directly translates into
reduced power requirements for tillage operations. This offers a promising avenue for developing more energy-
efficient agricultural machinery, especially in challenging soil conditions like those found in the Yellow River
Delta. The reduction in torque, however, was accompanied by a slight decrease in soil fragmentation
performance. The IT-type blades achieved a fragmentation rate of 89.1%, while the bio-inspired blades
reached 85.6%, resulting in a difference of 3.9%. The higher fragmentation rate of the IT-type blade is likely
due to its wider lateral flanges, which result in greater soil shearing and volumetric disturbance than the more
streamlined bio-inspired design.

CONCLUSIONS

This study designed, simulated, and experimentally validated a bioinspired rotary tiller blade modeled
after the claw morphology of the brown bear (Ursus arctos). The blade is specifically intended for use in
cohesive, salt-affected soils in the Yellow River Delta. A novel biomimetic design was developed by extracting
and scaling the claw's contours to reduce soil-cutting resistance while maintaining functionality equivalent to
that of conventional IT-type blades. Using a systematically calibrated Discrete Element Method (DEM) model,
which was refined through Plackett-Burman screening, steepest ascent tests, and Central Composite Design
to align with experimental draft forces, simulations demonstrated that the bioinspired blade significantly
reduced torque demand. This reduction reached up to 13% across rotational speeds (ranging from 160 to 320
rpom) and up to 11% across tillage depths (from 60 to 140 mm). Additionally, the blade produced a larger
disturbed soil area, enhancing soil loosening. Soil bin experiments confirmed a 17.8% reduction in rotary
torque for the bioinspired blade. In comparison, the conventional blade achieved a slightly higher soil
fragmentation rate (3.9%) due to its wider flanges and more aggressive shearing action. This research
validates that biomimetic principles derived from structures adapted for digging can lower energy consumption.
The gentle, curved geometry of the blade promotes smoother soil entry and more uniform stress distribution.
Additionally, it presents a calibrated DEM framework for simulating soil-tool interactions in salt-affected soils
of the Yellow River Delta.
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