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Preface

Farming machinery has a long history of development. However, the rate of farming

mechanization is still low in many countries, and technological advances are needed to develop

optimal machinery for specific agricultural work. This requires an in-depth understanding of both

soil and mechanical systems as most farming machinery work on soil. This reprint aims to expand

knowledge about soil and mechanical systems by introducing the latest related research.

The studies presented in this reprint include research on advanced machinery technology,

soil-machine interactions, and soil characteristics. It contains original and advanced research with

novel analytical and experimental methods. Most farming machine applications such as agricultural

tractors for multi-purposed works, rotavators for soil preparation, planters and transplanters for

planting crops, pot-seeding machines for seeding in pot trays, and machine vision systems for crop

phenotyping information were covered in this reprint. It also includes research on soil–machine

interactions pertaining to traction force, load factor, tillage workload, and soil compaction as well

as soil characteristics regarding fertilization effect and soil particle size distribution.

We believe that the research published in this reprint will be helpful to related researchers and

contribute to expanding knowledge in this field. We appreciate all of the authors and reviewers

for publishing their significant research results and providing excellent suggestions to improve the

quality of this reprint.

Ju-Seok Nam and Yongjin Cho

Editors
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The mechanization of agricultural work has contributed significantly to the improve-
ment of agricultural productivity and reduced production costs. Recently, its importance
has been highlighted owing to the shortage of agricultural labor, especially in developing
countries where urbanization is progressing rapidly [1,2]. Since the beginning of mechaniza-
tion, various types of farming machinery related to soil preparation, sowing, fertilization,
pest control, harvesting, and post-harvesting have been developed. In addition, customized
farming machines suitable for the cultivation type and soil characteristics of each country
and region have been developed [3]. Unlike other industrial machinery, farming machinery
targets living organisms and operates on the soil; therefore, it should be designed consider-
ing its interaction with the soil. Thus, it is essential to understand the characteristics of both
the soil and mechanical systems to optimize the design of farming machinery. This Special
Issue covers the design, analysis, and testing of all types of farming machinery, with an
in-depth understanding of soil and mechanical systems.

This Special Issue contains 14 papers, with 12 research articles, one communication
article, and one technical note. The authors are from five countries: Indonesia, Iran, Poland,
South Korea, and Ukraine. In terms of machines, agricultural tractors, rotavators, garlic
planters, vegetable transplanters, pot-seeding machines, and machine vision systems were
included. Design, measurement, simulation, and theoretical analyses were conducted
to develop advanced farming machinery techniques and to extend the understanding of
the interaction between soil and mechanical systems in farming machine applications.
The papers in this Special Issue can be grouped into three categories: advanced farming
machinery techniques, soil–machine interaction research, and soil property research.

The first category includes advanced farming machine techniques. This includes
the development of novel or improved mechanical systems, advanced measurement and
simulation methods, and the investigation of the characteristics of farming machines using
theoretical or experimental methods. Eight papers were included in this category, half of
which were related to agricultural tractors.

Kim et al. presented a modified method to improve the accuracy of a three-point hitch
dynamometer, also known as a six-component load cell, for measuring the precise traction
force of agricultural tractors [4]. They suggested modified force and moment equations that
could consider the geometry and tilt of the dynamometer under real installation conditions.
The accuracy of the modified method was verified through an actual field test. This study is
important because accurate knowledge of the operating force is crucial for the application
of smart farming technology that requires the precise control of attached implements, as
well as for the optimal design and efficient use of agricultural tractors.

Unlike Kim et al. [4], who focused on measuring the traction force, Lebedev et al.
analyzed the effect of a coupling weight to increase the traction efficiency of agricultural
tractors by reducing the uneven distribution of vertical reactions between the wheels [5].
They employed theoretical and comparative analyses by incorporating existing scientific
findings related to agricultural tractors operating in traction mode. This study revealed

Agriculture 2024, 14, 1661. https://doi.org/10.3390/agriculture14091661 https://www.mdpi.com/journal/agriculture1
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that agricultural tractors with a center of mass offset to the front or rear axles had the
highest probability of equal distribution of vertical reactions between the wheels of one
axle, and agricultural tractors with a center of mass in the middle between the axles had
the lowest probability. In addition, this study found that agricultural tractors can operate
with maximum traction efficiency when the front and rear axles are locked during plowing
work, with an uneven load distribution on the sides. Although further verification is
required under conditions with various installed implements, this study provides good
insights into the effect of an agricultural tractor’s coupling weight and center of mass on
traction performance.

Lim et al. developed a finite element (FE)-based simulation model of an agricultural
tractor’s frame-type rollover protective structure (ROPS) to replace a real ROPS test with a
virtual simulation [6]. This study presents methods for developing 3D models of ROPS and
setting the load and boundary conditions to accurately simulate the force and deformation
applied to the ROPS. The accuracy of the proposed method was verified using actual
test results. Virtual simulation technology for the ROPS of agricultural tractors can make
significant savings in time and cost, and is also very important in terms of safety. Many
developed countries are conducting research to develop this technology, and this study
provides important technical information.

Ahn et al. investigated power loss in the dual-clutch transmission (DCT) of agricultural
tractors using theoretical and experimental approaches considering the oil circulation
effect [7]. Power losses in all of the components of the DCT, such as gears, shafts, bearings,
clutches, and brakes, were calculated using the ISO standard and viscous fluid theory,
and the theoretical analysis result was verified through an experiment using a three-axis
dynamometer system. This study revealed that the oil level of the transmission system,
oil circulation conditions, and operating characteristics of the transmission components,
such as rotation speed, are important factors for power loss and transmission efficiency.
This study has important implications as the interest in DCT and energy conservation is
increasing worldwide.

Cho and Yang developed a real-time, low-cost, and high-throughput plant phenotyp-
ing system for commercial plant factories that can determine crop growth information,
such as fresh weight, leaf length, leaf width, and number of leaves [8]. The developed
system is composed of a low-cost phenotype sensor network with an integrated Raspberry
Pi board and a camera module that allows easy modification depending on the crop growth
environment. The applicability of the system is validated through experiments on Batavia
lettuce cultivated in a plant factory. The cost-effective and highly productive characteristics
of the developed system can be distinguished from those of existing phenotyping systems.
The ripple effect of this research is significant, as it can be applied to all types of crop
cultivation facilities, including smart farms.

Lim et al. studied garlic planters [9]. This study presented a simulation method using
the discrete element method (DEM) to optimize the bucket size of the finger-type metering
device. For highly accurate simulation results, techniques for creating 3D models of garlic
cloves and buckets, deriving the physical and mechanical properties of garlic cloves, and
setting the contact conditions between the garlic cloves and bucket were presented. The
simulation method presented in this study was validated through experiments using an
actual garlic clove and bucket. As a result of this study, the authors were able to obtain the
optimal bucket size with a plant rate of 97.5%. Recently, DEM have been widely used in
simulations of the interaction effects between farming machinery and soil or agricultural
products, and this study provides important information for correctly applying DEM.

In countries such as Korea and Japan, where the per capita cultivation area is not large,
vegetable transplantation is often performed using semi-automatic vegetable transplanters.
Markumningsih et al. investigated the power consumption, static safety factor, and fatigue
life characteristics of cam- and four-bar link-type transplanters during operation [10]. Each
characteristic was measured and analyzed through extensive field tests using numerous
sensors attached to the transplanter components. This study expands the understanding
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of the operating characteristics of semi-automatic vegetable transplanters, as well as the
measurement and analysis techniques for the consumed power and static and dynamic
safety of farming machines.

A mechanical pot-seeding machine was used to sow seeds into pot trays for trans-
planted crops. Plastic pot trays are currently being used, but are known to cause environ-
mental problems. Hwang et al. developed an auto-feeding device for a mechanical pot-
seeding machine applicable to paper-based biodegradable pot trays [11]. An auto-feeding
device is used to supply pot trays individually in the first part of the mechanical pot-seeding
machine, and a design appropriate for the physical and mechanical properties of the pot
tray is essential. The authors designed and manufactured an auto-feeding device using
mechanical and kinematic theories after measuring the properties of biodegradable pot
trays. The performance of the developed device was evaluated through an actual test. The
results of this study can be applied to technology for future environmental conservation.

The second category is soil–machine interaction research. It deals with the interaction
effect between soil and mechanical systems, including the performance of machines that
vary depending on the soil properties or the properties of soil that vary depending on the
machine characteristics. Four studies were included in this category, all of which were
related to agricultural tractors.

Bae et al. developed a traction force prediction model for agricultural tractors as part
of a simulation study using DEM [12]. They presented a technique for modeling virtual
soil environments in a simulation based on measured soil properties to obtain accurate
simulation results. The traction force of an agricultural tractor during moldboard plow
operations was simulated by considering the interaction between the soil and the plow
blade. The simulation results were validated through an actual field test, which revealed
higher accuracy than the existing empirical equation. Although the authors noted that
further research is required to improve the prediction accuracy, this study provides good
insight for simulating the interaction between soil and mechanical systems using DEM.
This study can also be used as a reference for future digital twin modeling techniques for
agricultural machinery.

Emission regulations for agricultural tractors are becoming stricter worldwide as
concerns about environmental pollution increase. The load factor (LF) of agricultural
tractors, which is the ratio of the actual engine power to the rated engine power, is an
important indicator of air pollutant emissions. To obtain a more realistic LF in agricultural
tractors, Min et al. investigated the effects of soil physical properties on the LF through
extensive experiments under various soil conditions [13]. The results confirmed that soil
variables had a significant influence on the LF, although the impact varied depending on
the soil type. The authors noted that further research is needed to collect LF data under a
wider range of tractor operating and soil conditions to improve reliability. This study has
important implications related to environmental regulations of agricultural tractors.

Tillage is an essential agricultural task for the preparation of proper soil environments
for crop growth. It is usually conducted by agricultural tractors with implements such
as plows and rotavators, and the interaction between the soil and implementation has a
decisive impact on tillage performance. Kim et al. analyzed the effects of the tillage type
and gear selection on the workload of agricultural tractor–implement systems during rotary
tillage [14]. The soil properties and mechanical operating characteristics were simultane-
ously considered to derive conclusions through extensive field experiments. The authors
concluded that both the soil and mechanical conditions significantly influenced the tillage
workload. The quantitative measurement results of this study can be used as reference
data for designing agricultural tractors and implements as well as for understanding the
workload characteristics during tillage operations.

Soil compaction caused by the passage of agricultural tractors has long been a subject
of interest because of its significant effect on crop growth. Shahgholi et al. investigated the
effects of the tire parameters of agricultural tractors on soil compaction through experiments
and mathematical analysis [15]. The authors revealed that the tire size, tire inflation
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pressure, and number of passages are significant influencing factors of soil compaction, and
their effects vary depending on the tire type and soil depth. A narrow tire is more effective
for soil compaction because its soil bulk density changes significantly more than that of
a normal tire under the same external offset condition. This study provides insight into
the interaction between soil compaction and the mechanical or operating characteristics of
agricultural tractors.

The final subject area was soil property research. It focuses on the quantification of
soil properties for agricultural applications, with two papers in this category.

In precision agriculture, which minimizes the amount of input resources and max-
imizes production, spot-specific fertilization or variable control based on soil and crop
characteristics is essential. Shin et al. developed a map of expected fertilization rates for
nitrogen (N) and phosphorus (P2O5) based on quantified soil properties in salt-affected
paddy fields [16]. The predicted N fertilization rate for the entire field was within 10.0 g
to 25.7 g for each lot, whereas that of P2O5 was in the range of 0.68 g to 8.46 g. This
large deviation indicates significant savings in resources compared to fertilizing the same
amount overall. The technique used in this study can be applied to any type of fertilizer for
precision agriculture.

Soil particle size distribution has a significant impact on the mechanical characteristics
of the soil and its interaction with farming machines. Standard sieves were used to deter-
mine the size distribution of relatively large particles. However, for very small particles (less
than approximately 5 mm in diameter), a hydrometer test is needed to determine the size
distribution, which requires a considerable amount of labor and time. Kim et al. proposed
a new method to determine the size distribution of small particles using a machine vision
system with a red–green–blue (RGB) camera to overcome the shortcomings of hydrometer
tests [17]. The experimental results demonstrate the reliability and accuracy of the proposed
system, with only a 2.3% deviation from the actual particle size distribution. This study
presents a novel and promising technique for assessing soil particle size distribution, which
can be an alternative to traditional methods.

The papers in this Special Issue of Soil Mechanical Systems and Related Farming
Machinery contain excellent research results that reflect the latest trends in the field. We are
confident that this Special Issue will inspire researchers in the field and serve as excellent
research reference data. We sincerely thank all of the authors who submitted their papers
to this Special Issue and the reviewers of these papers for their constructive comments and
thoughtful suggestions.
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Abstract: In this study, crank-locker kinematic equations were used to analyze the three-point hitch
behavior when the dynamometer was connected to the work machine. The dynamometer was
statically tested with a hydraulic actuator, and the accuracy of the three-way force and the moment
was confirmed to be 96–99%. The calibrated dynamometer was put to the test on a real farm field, and
data were collected using a data acquisition system. Using the transport pitch correction equation,
the collected data can be transformed into more realistic data. International standards were used to
determine the point of connection between the tractor, dynamometer, and implement. The results of
this study made it possible to accurately measure force and moment, which will have an important
role in future agricultural technologies such as autonomous agricultural operation.

Keywords: three-point hitch; tractor-attached dynamometer; force–moment equation; force
measurement accuracy

1. Introduction

Modern agriculture is highly specialized and mechanized, and the agricultural work-
force is decreasing as rural populations decline and age. As a result, the use of a tractor
that can be equipped with a variety of agricultural implements to increase the labor force is
becoming more common [1].

The tractor generates forces in various directions during operation. The generated force
affects operation performance, the life of the implement, and tractor parts [2]. The tractor
interacts with the soil during operation, and the force is changed by various variables, such
as the soil properties and the tractor’s shift level.

The traction force generated by the tractor can be estimated from the Wismer–Luth,
Brixius equations, etc., which are registered in the ASABE test specification [3,4]. However,
since these estimation methods are empirical formulas rather than theory-based methods,
the prediction result cannot be considered accurate. Furthermore, because variables such
as the soil cone index (CI) cannot be used in real-time formulas, predicting the traction
force in real time is inaccurate. As a result, measuring the force with a sensor such as a
load cell or strain gage yields the most accurate traction results. To address these issues,
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dynamometers with sensors have recently been developed to measure the force generated
during operation [4].

An adjustable three-point hitch dynamometer with a draft capacity of 50 kN to measure
forces on the tractor and mounted implements were developed [5]. With this dynamometer,
it was confirmed that all mounted tillage implements in categories II and III such as plows,
cultivators, and harrows could be tested [6]. And a bi-axial direct-mount strain gage lower
link system calibrated for coincident and perpendicular loads up to 10 kN for measuring
tractor–implement forces were developed [7]. The strain gage test method was confirmed
to be the most appropriate when medium-type equipment is used with a tractor. However,
because all of the tests were conducted in a lab, field validation is required.

A mathematical model was developed to determine the forces and the moments at the
different couplers between bodies of the tractor–dynamometer–implement system, taking
into account the mechanical characteristics of the dynamometer as well as the inclination
of the terrain on which the tractor is working [8]. This model allows you to evaluate the
dynamometer’s destructive effect on the forces acting on the tractor. However, the effect of
the connection between the dynamometer and the power take-off (PTO) was not considered.
To measure traction forces, a dynamometer made up of three telescopic beams connected
to a central T-shaped box was developed [9]. A three-point hitch-attached dynamometer
basic conceptual diagram was presented. Different strain gage sets can be attached and
arranged in the bridge to measure only lateral or vertical forces. However, because it
was developed for use in a specific region, the use of the device presented is bound to
be limited. Additionally, there is a lack of evidence that the measured force was exact
using dynamometer.

A six-component load cell was developed to measure the tractor’s traction force, and
the accuracy of the load measurement using a six-component load cell was validated using
a static load test [10]. In addition, a field test was conducted by installing the developed
six-component load cell on the multi-tasking agricultural implement and measuring the
working load. A method was presented for acquiring and post-processing traction force
data while performing tillage operations using a three-point hitch [11]. The developed
system is capable of running a large number of carried and partially carried machines in
the II and III categories. In two past studies, a research was conducted to measure forces
and moments using a hitch dynamometer, but it cannot be considered that accurate forces
and moments were analyzed because changes in size and angle due to installation of the
dynamometer were not considered.

Many research cases support the use of a three-point hitch dynamometer to measure
the force applied to a three-point hitch during agricultural work confirmed [12,13]. To
increase the precision of force measurement, the three-point hitch dynamometer primarily
employs a six-component load cell. However, there are only a few cases where the geomet-
rical change caused by the installation of the dynamometer is considered. Furthermore, no
research has been conducted on how to correct the actual data that change depending on
the angle of the dynamometer.

In this study, a modified method was presented to increase the accuracy of traction
force prediction for tractors equipped with dynamometers. Using the existing equations,
a modified equation considering the geometry of the dynamometer was developed. The
equation’s accuracy has been demonstrated through static load tests and a field test. By
correcting the error of the measurement data that may occur due to the installation of the
dynamometer, a modified method that can obtain data close to the actual is presented.

Securing realistic traction force data enables accurate measurement of the traction force.
And it will enable the development of algorithms for performing autonomous agricultural
operation through accurate traction measurement.

7
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2. Materials and Methods
2.1. Three-Point Hitch

As shown in Figure 1, the three-point hitch is the most representative method used
to connect the tractor and various implements [14]. The three-point hitch consists of two
lower links and one upper link, and there are other devices to drive these links. The lift
arm rotates by hydraulic power and is connected to the lift rod. The lift rod is connected
to the lower link to pull up the lower link. The upper link moves dependently as the
lower link moves up and down. The upper link is adjustable in length, and the upper and
lower links each have a link point attached to the tractor and a hitch point attached to the
implement. ISO 730 [15] defines mast height as the height of the triangle formed by the
three hitch points.
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Figure 1. Element of three-point hitch.

When the three-point hitch ascends and descends, a height element with the ground
and transport pitch of the implement occur. The transport pitch is defined as the angle
between the working machine and the virtual vertical line. Transport pitch is determined
by the range of use of the implement, which has a significant impact on load and traction.
The transport pitch is measured when the minimum transport height is reached. The
transport height is the vertical distance from the ground to the lower hitch point when the
three-point hitch is ascended. The lower hitch point height is the vertical distance between
the ground and the lower hitch point when the hitch descends. The movement range is
actually the vertical displacement of the three-point hitch and is the transport height minus
the lower hitch point height [16–19]. Transport pitch, transport height, lower hitch point
height, and mast height are all specified by the ISO 730.

2.2. Three-Point Hitch-Type Dynamometer
2.2.1. Specification of Load Cell and DAQ

The dynamometer used in this study is a combination of triangular frame and one-
axis load cell. The triangular shape was chosen for this study because it is known to be
more structurally stable and easy to design. Because each link of the three-point hitch is
connected one to one, the triangular geometry is relatively stable in terms of dynamics.

Single-axis load cells (CAS, SBA-2) are installed in 6 locations. Three load cells
mounted in the tractor driving direction measure only the traction force. Two load cells
mounted on the slope of a triangle measure longitudinal and vertical forces. Load cells
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mounted in the horizontal direction measure only longitudinal forces. The specifications of
the load cell used in this study are shown in Table 1.

Table 1. Specification of the load cell used in this study.

Specification Value

Max capacity (kgf) 2000
Rated output (mV/V) 3.0 ± 0.3
Zoro balance (mV/V) 0 ± 0.03
Combined error (%) 0.03

Repeatability (%) 0.01
Recommended excitation (V) 10

Maximum excitation (V) 15

Six load cells connected to the dynamometer are connected to the data acquisition
system (DAQ) with a Wheatstone bridge. The data from each measured load cell are
independently output and finally converted into target elements via equations. Output
data are transferred to a PC via Ethernet and stored. The specifications of DAQ used for
data acquisition are shown in Table 2. Each load cell is connected to the switch box by a
connector and then from the switch box to the DAQ.

Table 2. Specification of DAQ used in this study.

Specification Value

Model Name Q.Brixx A108
Manufacturer Gantner, Germany

Input Voltage (V) Max 30
Input Current (mA) Max 0.5

Upper Threshold (V) >10
Lower Threshold (V) <2

Analog Input Accuracy (%) 0.01–0.05
Repeatability (%) 0.003

2.2.2. Dynamometer Component Force and Moment

Because the dynamometer’s load cell can only detect force in one direction, it must be
converted to the needed factor using the combined load cell. The traction force is measured
on Fa, Fb and Fc load cells mounted in the tractor’s driving direction. Figure 2 shows a free
body diagram of the load cell’s three-direction force.
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Vertical force is calculated by multiplying the value measured by the Fd and Fe load
cells mounted on the inclined plane of the triangle and the sine of the triangle. The
longitudinal force is calculated by multiplying the values of the load cells Fd and Fe by the
cosine of the triangle, and adding Ff which measures the longitudinal force.

The traction moment is calculated from the front of the dynamometer’s geometric
center. Forces Fd and Fe are converted to perpendicular components and recalculated as
moments. Forces of Fa, Fb and Fc in the same moment, direction does not affect the traction
moment. Force Ff is added to the moment in the tension direction.

The vertical direction moment is calculated based on the center of the dynamometer
from above. Fa, Ff , which make up the center, and Fd and Fe, which are not in the plane, do
not affect the vertical direction moment. Vertical moments are calculated simply with Fb
and Fc, as well as a horizontal distance away from the center.

The horizontal direction moment is also calculated based on the side of the dynamome-
ter from above. Fd, Fe, which make up the center, and Ff not in the plane, do not affect the
horizontal direction moment. Horizontal moments are calculated only with Fa, Fb and Fc,
and with a vertical distance away from the center.

Once the component force and moment are determined, the component force and
moment may be calculated using the dynamometer shape and center point. Ph is the
sum of the traction forces. Pv is the sum of the vertical forces, and Ps is the sum of the
horizontal forces. Mh is the torsional moment acting in the traction direction? Mv is the
torsional moment acting in the vertical direction, Ms is the torsional moment acting in the
horizontal direction.

2.3. Tractor and Implement

The dynamometer was mounted on the 26 kW tractor and linked to the 2440 mm-
long plows. Figure 3 shows the dynamometer and associated components attached to the
tractor. The implement used in this study was category 1 type, and detailed information
was omitted.
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2.4. Test

Static load tests and field tests were performed to compare the results measured by
the dynamometer with those calculated by modified equation.

In the static load tests, the method was used to apply static load and moment through
a hydraulic actuator to compare the input value with the actual input load. In field tests,
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the force was measured by performing the plow operation while maintaining the operating
depth of the plow constant [20].

3. Results and Discussion
3.1. Modified Equation

The component force–moment equation for the triangular three-point hitch dynamome-
ter was developed based on these considerations. Figure 4 summarizes the direction and
magnitude of moments. The location information where the load cells are mounted on the
dynamometer is shown in Figure 4. This is very important information regarding moment
calculations. The location values in this study are as follows.

l1 = 0.0506 m

l2 = 0.2878 m

l3 = 0.2461 m

l4 = 0.3081 m

l5 = 0.3233 m

l6 = 0.1938 m

Agriculture 2024, 14, x FOR PEER REVIEW 7 of 12 
 

 

 
Figure 4. Moment direction of load cells. 

Figure 5 shows the direction of each force and moment, and the dynamometer 
equation developed is represented by Equations (1)–(6). The coordinate system for 
calculation was set based on the end point of the dynamometer axis connected to the PTO 
axis. The tractor’s forward direction was set to the x-axis, the left and right directions were 
set to the y-axis, and the vertical direction was set to the z-axis. This system is local 
coordinate system [21]. 

 
Figure 5. The force–moment direction of the dynamometer. 

𝐹௫ = 𝐹  𝐹  𝐹 (1) 𝐹௭ = 𝐹ௗ𝑠𝑖𝑛𝜃  𝐹𝑠𝑖𝑛𝜃 (2) 

Figure 4. Moment direction of load cells.

Figure 5 shows the direction of each force and moment, and the dynamometer equation
developed is represented by Equations (1)–(6). The coordinate system for calculation was
set based on the end point of the dynamometer axis connected to the PTO axis. The tractor’s
forward direction was set to the x-axis, the left and right directions were set to the y-axis,
and the vertical direction was set to the z-axis. This system is local coordinate system [21].

Fx = Fa + Fb + Fc (1)

Fz = Fdsinθ + Fesinθ (2)
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Fy = Fecosθ − Fdcosθ + Ff (3)

Mx = (Fd − Fe)× [l2sinθ + l1cosθ] + l3 × Ff (4)

Mz = (Fb − Fc)× l4 (5)

My = Fal5 − (Fb + Fc)× l6 (6)
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The dynamometer consists of a single-axis load cell, its value should be modified
according to the pitch angle of the dynamometer. Since the dynamometer was initially
connected vertically to the lower link, the transport pitch is the dynamometer’s angle.

Let the x′y′z′ coordinate system move and rotate with the dynamometer such that the
load cells are always in the y′z′ plane and with the same y′z′ coordinates (x′ coordinate of all
load cells is zero since all load cells are in the y′z′ plane). Since the x′y′z′ coordinate system
moves with the dynamometer, any forces and moments measured by the dynamometer
load cells will be expressed in the x′y′z′ coordinate system by Equations (1)–(6), irrespective
of the orientation of the dynamometer, even if it is upside down. The xyz coordinate system
and x′y′z′ coordinate system can be simplified through Figure 6.
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Transform these forces and moments in the x′y′z′ coordinate system at transport pitch,
δ, to the global coordinate system, xyz. The transport pitch used in this study is −7.52◦ at
lowest hitch point. All that is required to achieve this is a to pre-multiply the force and
moment vectors by a standard 2-D coordinate transformation matrix.

Equation (7) rotates the x′y′z′ coordinate system about the y′ axis by an angle δ.
Whether the signs for sinδ are positive or negative depends on whether the rotation angle
is measured from x′y′z′ to xyz, or from xyz to x′y′z′ coordinate systems. The same rotation
matrix can be used to transform the three moments, Mx’, My’ and Mz’ to Mx, My and Mz
in the global xyz coordinate system. In fact, the three orthogonal forces and moments as
measured by the dynamometer load cells, can be combined into a six dimensional load
vector, and transformed from the x′y′z′ coordinate system by pre-multiplying by a single
6 × 6 partitioned transformation matrix.




Fx
Fy
Fz


 =




cosδ 0 sinδ
0 1 0

−sinδ 0 cosδ






Fx’
Fy’
Fz’


 (7)

3.2. Result of the Static Load Test

Tables 3 and 4 show the calculated force and moment when the static force and moment
are applied. The moment is calculated by multiplying the vertical distance between the
hydraulic actuator and the center of the dynamometer. And the error rate was calculated
by comparing the calculated data and the input data.

Table 3. Calculated force and input force.

Specification Calculated Force
(kN) Input Force (kN) Error Rate (%)

Traction Force 14.709 14.551 1.1
Vertical Force 9.806 9.732 0.8
Lateral Force 4.903 5.032 2.6
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Table 4. Calculated moment and input moment.

Specification Calculated Moment
(kN·m)

Input Moment
(kN·m) Error Rate (%)

Traction Moment 3.912 3.983 1.8
Vertical Moment 3.912 3.807 2.7
Lateral Moment 2.535 2.619 3.5

The component force test yielded an accuracy of 97.4% or higher in all regions, as
well as satisfactory reliability. The component force tests have modest errors, which are
predicted to be caused by manufacturing errors and misalignment when attaching the
surface plates.

The error of the moment test is expected to be the measurement error and the moment
arm length. The maximum accuracy of 98.2% and the minimum accuracy of 96.5% were
calculated for the whole test, and the dynamometer is considered reliable even considering
the error rate.

3.3. Result of the Field Test

To ensure that the dynamometer operates accurately in the field, the dynamometer
was tested in the field. The test site is a test field located in Gimje-si, Korea. The force was
measured by performing the plow operation while maintaining the operating depth of the
plow constant. The operation velocity was set to 3 km/h, and the hitch height lever was set
to the same value during all test conditions. During plow work, the power of the tractor
was mainly consumed by the traction force, and the vertical force supporting the machine
was second. Horizontal forces occurred insignificantly, and the effects of torsion were not
considered in this study.

Figure 7 shows the traction force corrected by dynamometer installation, while Figure 8
shows the vertical force. When the implement descends due to the horizontal connection
condition of the initial implementation, the transport pitch occurs in the negative direction,
so the traction force decreases by the transport pitch sine value of the vertical force.
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The measured values of the traction force and vertical force itself are also changed
by the transport pitch, but the transport pitch generated at the actual working depth is
0.994–0.99, and the difference value is insignificant, 0.06–1%, so there is virtually
no difference.

When the transport pitch value occurs anticlockwise when the implement is lowered,
the traction force increases in part with the vertical force and decreases in part with the
traction force, resulting in a traction-vertical component force that differs from the initial
measured force. The larger the transport pitch, the larger the difference between the
correction value and the measured value is because the value of the traction force to be
converted to the vertical force is greater than the vertical force to be converted to the traction
force. When lowering the implement to the desired operation depth, the transport pitch
affects this difference. In addition, the initial connection angle is thought to be important.
As a result, net traction increased by approximately 11.4%.

As a result, the difference in vertical force is greater while operating with plows,
cultivators, and sub-soilers, which demand a high traction force. When working with a
rotavator or agricultural roller under conditions that demand little traction or have a high
vertical force due to the weight of the implement itself, the difference in the traction force is
expected to be greater.

Through this study, a method to accurately measure traction forces and moments
was proposed. Static tests were performed in which known values were applied to the
dynamometer, and the effectiveness of the method was proven as a result of low errors. It
was confirmed that the results of applying this method to the field test showed a difference
of 11.4% compared to the value measured using the existing method.

In order to realize open-field smart farms, which are in the spotlight as one of future
agriculture, autonomous farming must be carried out. For autonomous agricultural opera-
tion, it is necessary to accurately measure the load applied to the three-point hitch during
agricultural operation, and this study can contribute. In addition, it is necessary to correct
the measurement results using a dynamometer and verify the effectiveness of this study
through various field tests.

4. Conclusions

This study was conducted to design a three-point hitch dynamometer with an easy
connection to the implement and to propose a calibration equation to obtain realistic data.
The conclusions obtained in this study are as follows.

(1) The force–moment equation was developed considering the geometrical position of
the load cell constituting the dynamometer and, as a result of static load testing using
a hydraulic actuator, confirmed more than 97% accuracy in all sections.
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(2) The plow work data were collected in the field with a dynamometer and verified
in a static environment. A modified equation based on transport pitch was used to
modify the measured data. The actual traction force is slightly less than the measured
traction force, and the actual vertical force is 11.7% greater than the measured vertical
force. Because the dynamometer is a single-axis load cell, the correction data using
the transport pitch are thought to be closer to the actual data.

(3) Because traction is primarily used in plowing, a significant difference between the
actual vertical force and the measured vertical force was confirmed because the
traction force to be converted into vertical force was large. In contrast, in roller
and landscape work, where vertical force is primarily used, the vertical force to be
converted into the traction force is greater, so a significant difference between the
actual traction force and the measured traction force is expected.

(4) This study can be used as a basis for open-field smart farm research. The core of
open-field smart farm technology is autonomous agricultural operation, and for this,
it is most important to accurately analyze the traction force required for agricultural
operation. The significance of this study is that it enabled precise traction analysis for
autonomous agricultural operation. In addition, it is expected that further research
will be needed, such as real-time traction analysis and traction force prediction for
real-time autonomous agricultural operation.
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Abstract: In the field of agricultural machinery, various empirical field tests are conducted to measure
design loads for the optimal design and implementation of tractors. However, conducting field
tests is costly and time-consuming, with many constraints on weather and field soil conditions, and
research utilizing simulations has been proposed as an alternative to overcome these shortcomings.
The objective of this study is to develop a DEM-based draft force prediction model that reflects
differences in soil properties. For this, soil property measurements were conducted in two fields
(Field A in Daejeon, Republic of Korea, and Field B in Chuncheon, Republic of Korea). The measured
properties were used as parameters for DEM-based particle modeling. For the interparticle contact
model, the EEPA contact model was used to reflect the compressibility and stickiness of cohesive soils.
To generate an environment similar to real soil, particle mass and surface energy were calibrated
based on bulk density and shear torque. The soil property measurements showed that Field B had a
higher shear strength and lower cone index and moisture content compared to Field A. The actual
measured draft force was 19.47% higher in Field B than in Field A. In this study, this demonstrates
the uncertainty in predicting draft force by correlating only one soil property and suggests the need
for a comprehensive consideration of soil properties. The simulation results of the tillage operation
demonstrated the accuracy of the predicted shedding force compared to the actual field experiment
and the existing theoretical calculation method (ASABE D497.4). Compared to the measured draft
force in the actual field test, the predictions were 86.75% accurate in Field A and 74.51% accurate
in Field B, which is 84% more accurate in Field A and 37.32% more accurate in Field B than the
theoretical calculation method. This result shows that load prediction should reflect the soil properties
of the working environment, and is expected to be used as an indicator of soil–tool interaction for
digital twin modeling processes in the research field of bio-industrial machinery.

Keywords: draft force; agricultural tractor; moldboard plow tillage; soil property

1. Introduction

Among various agricultural operations, soil tillage operations such as moldboard plow
generate the most soil resistance, which caused various dynamic stresses on the tractor. In
addition, this is widely used as an indicator to evaluate the performance of agricultural
machinery [1]. These tillage operations are performed in a wide range of soil environments
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and directly contribute to soil resistance and working load size. These factors act in
combination and exhibit an atypical correlation with the working load, making it difficult
to predict the working load in the soil environment [2]. Therefore, the design optimization
of agricultural equipment typically relies on iterative prototyping and evaluation using soil
bins and field experiments.

A number of studies have been performed on the various factors that affect the draft
force of agricultural tractors, either through field experiments in soil bin test beds or in
real agricultural environments. Raper [3] studied an analysis of minimum draft force
generation as a function of subsoil geometry through soil bin tests, and the results showed
that, the lesser the resistance of a bent shank compared to a straight shank, the more
soil breakdown occurs. Kim et al. [4] conducted a study to analyze the effects of tillage
depth and gear selection on the mechanical load and fuel efficiency of agricultural tractors
during plow tillage. Typically, the working load increased as the travel speed increased,
and there were different trends in production versus fuel usage depending on the type of
agricultural machinery. Kim et al. [5] carried out a study for the progress of a real-time
tillage depth measurement system. The development of an improved real-time tillage
depth measurement system was to quantitatively confirm the increasing draft force with
tillage depth. Development and design processes by the means of field testing have the
advantage of reflecting actual field conditions, however they have a lot of disadvantages,
including cost, time, the labor of building an instructional system, lower replicability, space
constraints, and the effects of weather and soil conditions.

As an alternative to actual field experiments, simulation-based virtual field experi-
ments can reduce the number of prototypes and accelerate design and product development
by facilitating the creation of targeted work environments in any climate [6]. Virtual field
experiments can be performed in two representative numerical methods. One method of
virtual field experiments, the finite element method (FEM), is a stress analysis method that
divides a structure into elements of virtually finite size and analyzes the structure as a
collection of these elements. Analyses using FEM models use complex geometries as simple
geometries, providing values that clearly indicate the location of high stresses or displace-
ments. Fielke [7] carried out a soil–tool interaction analysis study of the cutting edges of
tillage tools based on FEM. In Fielke’s study, the effects of Poisson’s ratio and cutting-edge
geometry on tillage forces and soil flow were determined through FEM simulations. A
study of soil–tool interaction was conducted by Ucgul et al. [8] by comparing discrete
and finite element methods. The study showed that a better vertical force prediction was
obtained using DEM software (EDEM 2.7TM), whereas forward soil movements below the
tillage depth were simulated more accurately using FEM. The prediction accuracy of the
FEM simulation model was verified by soil bin experiments. A follow-up study analyzed
the effects of the cutting angle and tool lift angle of the moldboard plow through FEM
simulations using an elasto-plastic model [9,10]. However, numerical studies using FEM
have the disadvantage that it is difficult to predict the flow of granular materials and is not
suitable for modeling materials with large displacements, such as soil.

Another representative numerical analysis method, the discrete element method
(DEM), has been used worldwide in agricultural machinery research because it can calculate
the interaction of each granular material. In a study analyzing the analysis time and
accuracy of fine-grained material sizes in relation to the computational power of the
computer, Wang et al. [11] conducted a study on the effect of modeling particle size on
the interaction between soil and subsoiler. The results, models with a radius of 4 to
7 mm, provided relatively accurate predictions. They also reported that, when modeling
simulations were reduced from a radius of 5 mm to 3 mm, the solution time increased by
about seven times. Obermayr et al. [12] carried out DEM simulations to forecast the draft
force of a simple tool in a cohesionless powdery material, and validated the simulation
consequences with small-scale laboratory tests, which showed that the draft force was
predicted within a reasonable range despite the outdated particle modeling. Ucgul et al. [13]
performed DEM modeling using a hysteretic spring contact model based on cohesion and
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adhesion. The results showed that the proposed contact model could be used to predict both
tillage aeration and vertical tillage force for different speeds, operating depths, moisture
contents, and compaction levels. Tekeste et al. [14] utilized DEM simulations to investigate
the impact of tiller sweep–soil interaction, worn and hardened edges on soil–tool forces, and
soil flow. Their findings revealed that carbide-treated worn sweeps exhibited comparable
soil gradient forces and soil forward failure distances to those of new sweeps. However,
most previous studies have been conducted in soil bin testing facilities under granular
material or cohesionless soil conditions. [15] The soil within soil bin test facilities exhibits a
lower cohesion compared to the natural paddy field, attributed to frequent indoor tillage
operations; consequently, soil modeling in a soil bin test facility commonly employs a
hysteretic spring contact model [16]. However, the DEM modeling of agricultural soils
involves a nonlinear hysteretic spring model and employs the Edinburgh elasto-plastic
adhesion (EEPA) contact model [17], which considers the compressible, adhesive, and
nonlinear behavior of cohesive solids between particles and between particle shapes.
Recently, a study predicted the working performance of agricultural machinery in response
to DEM simulations of the properties of cohesive soil, a real agricultural soil. Kim et al. [18]
conducted a study to predict the draft force with tillage depth by using the EEPA contact
model to implement the modulus of compression and stickiness of cohesive soil in a DEM
simulation program. In the same soil environment, draft force prediction studies have
been conducted, but draft force prediction studies based on soil properties have not yet
been conducted.

The specific objective of this study is to elucidate the soil–implement interaction by
predicting the draft force in two soil working environments with different properties during
moldboard plowing operations, and demonstrating the prediction accuracy by comparing
the draft force predicted by traditional theoretical prediction equations and actual field
experiment results.

2. Materials and Methods
2.1. Measurement of Field Soil Properties

To simulate the properties of the two fields and select them as modeling parameters,
soil property measurement tests were performed respectively. Field A is located in Daejeon,
Republic of Korea, and Field B is located in Chuncheon, Republic of Korea. The soil
properties were calculated based on the uniformed grid (3 m × 3 m) sampling method in
the field [19]. Each field was divided into 10 uniformed grids, each of which was sampled
to measure the physical properties of the soil and vane shear and cone penetration tests to
measure the mechanical properties. An actual field has different soil properties according
to the depth [5]. Therefore, in this study, the target tillage depth of 20 cm was divided into
several layers and the soil properties of each layer were measured. According to the depth
of the blade of the ring-type vane shear tester (5 cm), the soil layer was divided into four
layers: Layer 1 (0~5 cm), Layer 2 (5~10 cm), Layer 3 (10~15 cm), and Layer 4 (15~20 cm),
and 10 times of soil sampling and shear vane tests were performed for each layer. Figure 1
displays the positions of the two examined fields and the soil property measurements
obtained through uniform grid sampling.

For physical properties of the soil, soil sampling was conducted in both test fields,
A and B, utilizing a 100 mL soil sampling tube (DIK-1801, Daiki Rika Kogyo Co., Ltd.,
Konosu, Japan) in conjunction with a soil sampling tool (DIK-1815, Daiki Rika Kogyo Co.,
Ltd., Konosu, Japan). To determine the soil moisture content, each soil sample underwent a
24 h drying process at 110 ◦C [20] using the oven drying method (SH-DO-100FGB, Samhe-
ung Energy, Sejong, Republic of Korea). The compaction of soil occurs due to the exclusion
of air or water from void spaces, rearrangement of soil particles, and compaction of water
and air within the voids. Soil texture is also an important indicator for soil modeling
because it determines the degree to which soil particles rearrange and many other proper-
ties, such as water permeability [21]. The soil texture at the field site was analyzed using
the USDA soil classification method [22] with a sieve shaker (HJ-4560, Heungjin, Gimpo,
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Republic of Korea) [23]. The soil model’s plasticity index value, a determinant for its
plastic characteristics and compressibility [24], was assessed through the Atterberg limit
test encompassing liquid and plastic limits [25].

Agriculture 2023, 13, x FOR PEER REVIEW 4 of 18 
 

 

 
Figure 1. Location of test fields and uniformed grid sampling methods. 

For physical properties of the soil, soil sampling was conducted in both test fields, A 
and B, utilizing a 100 mL soil sampling tube (DIK-1801, Daiki Rika Kogyo Co., Ltd., Ko-
nosu, Japan) in conjunction with a soil sampling tool (DIK-1815, Daiki Rika Kogyo Co., 
Ltd., Konosu, Japan). To determine the soil moisture content, each soil sample underwent 
a 24 h drying process at 110 °C [20] using the oven drying method (SH-DO-100FGB, Sam-
heung Energy, Sejong, Republic of Korea). The compaction of soil occurs due to the exclu-
sion of air or water from void spaces, rearrangement of soil particles, and compaction of 
water and air within the voids. Soil texture is also an important indicator for soil modeling 
because it determines the degree to which soil particles rearrange and many other prop-
erties, such as water permeability [21]. The soil texture at the field site was analyzed using 
the USDA soil classification method [22] with a sieve shaker (HJ-4560, Heungjin, Gimpo, 
Republic of Korea) [23]. The soil model’s plasticity index value, a determinant for its plas-
tic characteristics and compressibility [24], was assessed through the Atterberg limit test 
encompassing liquid and plastic limits [25]. 

Shear strength and cone index are mechanical properties of soil that have a significant 
impact on working load [26,27]. These two properties were measured using a cone pene-
tration tester (DIK-5532, Daiki Rika Kogyo Co., Ltd., Konosu, Japan) [28,29] and a ring-
type vane shear tester (DIK-5503, Daiki Rika Kogyo Co., Ltd., Konosu, Japan). Shear 
strength was obtained from Equation (1) [30]: τ = 3M2π(𝑟ଵଷ − 𝑟ଶଷ), (1)

where τ is the shear strength of the soil (Pa), M is the soil resistance torque that caused 
the vane shear test (Nm), nd 𝑟ଵ and 𝑟ଶ are the inner and the outer radii of the shear box 
(m). 

2.2. Modeling Cohesive Soil with DEM 
Modeling the virtual soil environment for simulation can be broadly divided into 

particle modeling and contact modeling. The modeling process proceeded as shown in 
Figure 2. 

Figure 1. Location of test fields and uniformed grid sampling methods.

Shear strength and cone index are mechanical properties of soil that have a significant
impact on working load [26,27]. These two properties were measured using a cone penetra-
tion tester (DIK-5532, Daiki Rika Kogyo Co., Ltd., Konosu, Japan) [28,29] and a ring-type
vane shear tester (DIK-5503, Daiki Rika Kogyo Co., Ltd., Konosu, Japan). Shear strength
was obtained from Equation (1) [30]:

τ =
3M

2π(r1
3 − r23)

, (1)

where τ is the shear strength of the soil (Pa), M is the soil resistance torque that caused the
vane shear test (Nm), nd r1 and r2 are the inner and the outer radii of the shear box (m).

2.2. Modeling Cohesive Soil with DEM

Modeling the virtual soil environment for simulation can be broadly divided into
particle modeling and contact modeling. The modeling process proceeded as shown
in Figure 2.
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The first step in conducting a DEM simulation is to model the particles. Modeling
soil particles requires entering parameters such as solid density, Poisson’s ratio, shear
modulus, Young’s modulus, and friction coefficient for both soil and steel. Table 1 shows
the major particle model parameters in the DEM software (EDEM, 2022, Altair, Troy, MI,
USA). The particle size of the soil was set based on past studies to reduce the simulation
time without adversely affecting the prediction accuracy [18]. An increase in particle size
leads to an increase in voids, so the process of calibrating the mass of the particles based
on the actual measured bulk density was performed. The shear modulus and Young’s
modulus, which have a direct and significant impact on the draft force, were set based
on measured values from field properties experiments. In prior work, Wang et al. [11]
investigated subsoiler interaction with soil using DEM and they made a clear distinction
between the friction coefficients of ploughed soil and soil beneath the subsoiler when
selecting modeling parameters. In this study, the parameters used in Wang et al.’s study
were selected to reflect the change in soil properties with depth. The restitution coefficients
for soil–soil and soil–steel were selected from values widely used in DEM studies [31,32].

Table 1. Major particle model parameters in EDEM.

Properties Value

Particle size of soil Radii 5 mm

Particle mass of soil Calibrated

Shear modulus Measured

Young’s modulus Measured

Static friction coefficient of soil–soil 0.4

Rolling friction coefficient of plough layer 0.58

Rolling friction coefficient of hardpan layer 0.25

Static friction coefficient of soil–steel 0.24

Rolling friction coefficient of plough layer-steel 0.34

Rolling friction coefficient of hardpan layer-steel 0.14

Restitution coefficient of soil–soil 0.2

Restitution coefficient of soil–steel 0.3

The second step in conducting a DEM simulation is contact modeling. EDEM (EDEM,
2022, Altair, Troy, MI, USA) provides several contact models to reproduce various particle-
to-particle contact behaviors. Soil with clay content exhibits a greater capacity for retaining
water when compared to sandy soil [33]. This enhanced water retention capability creates
a conducive environment for the flourishing of crops. Consequently, it is common to find
clay-rich agricultural soils in Korea. This study employed the EEPA contact model to
simulate the compressibility and stickiness of agricultural soil. The EEPA contact model is
organized into various equations for numerical analysis. The vertical normal force of the
EEPA model is given by Equation (2)

Fn = ( fhys + fn
d)u, (2)

where Fn is the total contact normal force, fhys is the hysteretic spring stiffness, fn
d is the

damping force, and u is the unit normal vector pointing to the center of the particle at the
contact point.

fsys =





f0 + k1δn i f k2
(
δn − δp

n) ≥ k1δn

f0 + k2
(
δn − δp

n) i f k1δn > −kadhδx

f0 − kadhδx i f −kadhδx > k2
(
δn − δp

n)
(3)

22



Agriculture 2023, 13, 2205

where f0 is the initial contact normal force, δn is the initial overlap, −kadh is the adhesive
stiffness, and δx is the overlap due to adhesive force.

fn
d = 2

√
5
6

βNL
√

Knm∗vn (4)

Kn = 2E ∗
√

R ∗ δn (5)

βNL =
ln e√

ln e2 + π2
(6)

where βNL is the coefficient of the normal dashpot in the nonlinear model, Kn is the Hertzian
stiffness, m∗ is the equivalent mass of the particle, and e is the user-defined restoration
factor in the simulation.

Additionally, the contact tangential force (Ft) was obtained from Equation (7):

Ft = fts + fds (7)

where fts is the tangential spring force and ftd is the tangential damping force.

fts = fts(n−1) + ∆ fts (8)

∆ fts = ktδt (9)

kt = ζtm8G∗
√

R∗δn (10)

f d
t = −2

√
5
6

βNL
√

ktm∗v
⇀
r
t (11)

βt =

√
4m∗kt

1 + ( π
lne )

2 (12)

where fts(n−1) is the tangential spring force at the previous time step, ∆ f ts is the increment
in the tangential force, kt is the tangential normal stiffness, δt is the tangential displacement,
ζtm is the tangential stiffness multiplier, G∗ is the equivalent shear modulus, R∗ is the
equivalent radius, vt is the relative tangential velocity between the two particles, and βt is
the linear tangential dashpot coefficient, which depend on the tangential stiffness.

τi = −µt fhysRiωi (13)

Finally, the rolling friction torque τi was obtained from Equation (9), µt is the rolling
friction, Ri is the distance from the contact point to the center of the particle, and ωi is the
vector of the unit angular velocity of the particle at the contact point. Equations (2)–(13),
used for particle force calculations in EDEM, show that the contact force, which consists of
normal and tangential forces, is a function of the particle mass, particle overlap, particle
size, Young’s modulus, shear modulus, friction coefficient, and restitution coefficient.

Table 2 presents the key input parameters for the EEPA contact model. In this paper,
the input parameters were determined by referring to a soil model with compressibility and
adhesion from the Soil Starter Pack provided by DEM software (EDEM, 2022, Altair, Troy,
MI, USA). The surface energy was calibrated with a virtual simulation using a ring-type
vane shear tester to set the value. For cohesionless soils, the calibration is most often
performed with a repose angle experiment. Cohesive soils sometimes exhibit non-flowing
characteristics in certain areas. Hence, when calibrating cohesive soils, relying on vane
shear test outcomes and comparisons proves more suitable than utilizing the repose angle
for calibration. Repeated calibration through virtual vane shear tests was conducted for
every soil layer to accurately anticipate the loads induced by tillage activities.
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Table 2. Major contact model parameters in EDEM.

Properties Value

Constant pull-off force 0

Surface energy Calibrated

Tensile exponent 5

Tangential stiff multiplier 0.28571

Slope exponent 1.5

Contact plasticity ratio 0.75

2.3. Design a Working Load Measurement System
2.3.1. Tractor-Implement System

A 42 kW tractor (TX58, TYM, Iksan, Republic of Korea) was selected for this study
considering the tillage load. Table 3 shows the specific specifications of the tractors uti-
lized. Moldboard plows are commonly used in soil mechanization research due to their
high working stability and soil resistance. In the field experiment, a six-row moldboard
plow (WJSP-6S, Woongjin, Gimje, Republic of Korea) with a maximum working depth of
200 mm was used to perform the tillage test. The detailed specifications of the machine are
presented in Table 4. The moldboard plow was reverse engineered in a 1:1 ratio using a 3D
scanner for the virtual draft force prediction test.

Table 3. Specifications of the agricultural tractor used in this study.

Item Specification

Company TYM

Model TX58

Wheel base (mm) 2155

Length × width × height (mm) 3695 × 1848 × 2560

Engine Rated power (kW) 42 @ 2000 rpm
Max torque (Nm) 211.8 @ 1600 rpm

Transmission gear selection Main 4 stage/Sub 6 stage

PTO gear selection
1st 540 rpm
2nd 750 rpm
3rd 1000 rpm

Tire (inch)
Front 11.2–20
Rear 14.9–30

Maximum travel speed (km/h) 33.8

Table 4. Specifications of the moldboard plow used in this study.

Item Specification

Product name WJSP-6S

Manufacturing company Woongjin

Type Moldboard plow

Length × width × height (mm) 1930 × 1800 × 1235

Rake angle (deg) 30.76

Tillage width (mm) 270

Share length (mm) 360
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Table 4. Cont.

Item Specification

Share form Pointed

Required power (kW) 40–52

Maximum tillage depth (mm) Up to 200

Coulter type Skid jig/Plain coulter with spring

Coulter diameters (mm) 340

Number of furrows 3

Required travel speed (km/h) 5–8

2.3.2. Working Load Measurement System

The load generated during tillage operations using a moldboard plow is strongly
influenced by tillage depth and travel speed. For a comparative analysis of the effects of
soil properties, it is requisite to verify the draft force at a constant tillage depth and travel
speed with a device that accurately measures tillage depth and travel speed. The working
load measurement system consists of a draft force measurement part, a tillage depth
measurement part, and a real-time kinematic global positioning system (RTK-GPS) Mini
Survey Antenna GPS1000, Swift Navigation, San Francisco, CA, USA). Figure 3 illustrates
the load measurement system along with the installation positions of each measurement
component. The part of draft force measurement consisted of a triangular jig with load cells
(UU-T2, DACELL, Cheongju, Republic of Korea) to measure the draft force. The draft force
(D) was obtained as the sum of the loads measured on the three load cells that measure
tangential forces (FA, FB, FC).
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D = FA + FB + FC (14)

The segment dedicated to tillage depth measurement facilitates the real-time track-
ing of the moldboard plow’s vertical penetration depth that was achieved by affixing a
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custom-designed jig, housing an inclinometer (IS2MA090-U-BL, GEMACsensors, Chemnitz,
Germany), at the base of the draft force measurement system [5].

d = L sin θ1 − L sin θ2 (15)

where d is the tillage depth (cm), L is the length of the lower link of tillage depth measure-
ment system (cm), θ1 is the initial angle of the lower link measured using the inclination
sensor when tillage depth is zero (deg), and θ2 is the angle of the lower link measured using
the inclination sensor when tillage depth occurs (deg).

The RTK-GPS is designed to attach to the tractor’s center of gravity and measure the
speed at which it is reduced by slip during tillage operations. The data acquisition system,
Dewesoft X (Dewesoft 3X, Dewesoft, Trbovlje, Slovenia), was employed for concurrent
field data measurements, operating at a sampling frequency of 1 kHz.

2.4. Field Experimental Design

The predicted draft force from the DEM simulation was compared to field tests to
demonstrate its accuracy. Load measurement tests were performed on two fields in different
locations to compare the draft force due to differences in soil properties. Field A was
located at 37◦00′44.4′′ N and 126◦30′20.4′′ E and Field B was located at 37◦93′67.2′′ N and
127◦78′20.6′′ E. The tillage operation was performed by speeding the M3 gear (theoretical
speed is 7.9 km/h) in four-wheel drive mode on a 100 m straight course with a moldboard
plow. The measuring tractor’s results from each field, including the travel speed, tillage
depth, and draft force, were recorded across three drives and subsequently organized in
ascending order based on tillage depth.

2.5. Theoretical Method for Draft Force Prediction

Typically, the validation of the predicted draft force from tillage operations involves
comparing these values against those derived from traditional theoretical calculation
methods [34]. For the theoretical calculations, ASAE Standard D.497.4 was used [35]. This
method stands out as the simplest and most prevalent due to its reliance on soil texture
details, tillage depth, implement geometry, and travel speed to make predictions.

D = Fi[A + BV + CV2]bd (16)

where Fi is the dimensionless soil texture adjustment with different values (if soil has
fine texture Fi = 1, medium texture Fi = 0.7, and coarse texture Fi = 0.45), A, B, and C are
machine-specific parameters determined by the implement type. In the case of moldboard
flow, A is 652, B is 0, and C is 5.1.

3. Results
3.1. Result of Soil Properties Measurement

The results of the soil’s physical and mechanical properties measured in the field
according to the soil layer are presented in Table 5.

Atterberg limits testing showed that the plastic and liquid limits for Field A were
21.1 ± 1.55% and 34.59 ± 0.81%, respectively, and the plastic and liquid limits for Field B
were 19.62 ± 1.22% and 32.31 ± 0.64%. The contact modeling parameters were selected
based on the assumption that all soil layers were classified as plastic, which has a similar
behavior to the compressible sticky model in the soil starter pack of DEM software (EDEM,
2022, Altair, Troy, MI, USA). A soil particle analysis revealed that Field A exhibited a loam
texture composed of 40% sand, 48% silt, and 12% clay, while Field B demonstrated a clay
loam texture comprising 40% sand, 28% silt, and 32% clay. The shear strength obtained
based on the vane shear torque increased with depth, with Field A increasing by about
1.67 times to 25.19 kPa at Layer 1 and 42.25 kPa at Layer 4, and Field B increasing by about
1.43 times to 65.32 kPa at Layer 1 and 93.10 kPa at Layer 4. Identifying the hardpan layer’s
formation site is crucial, as tillage operations aim to disrupt this layer. Figure 4 shows the

26



Agriculture 2023, 13, 2205

results of the cone penetration test for Field A and Field B. For the cone penetration test
in Field A, the cone index is 491.5, 586.8, 706.4, and 2008.9 kPa, in the order of the layers.
The cone index for field B is 548.96, 731.81, 824.75, and 1090.59 kPa, in the order of each
layer. For both Field A and Field B, the cone index increases from Layer 3 to Layer 4 by
64.8% and 24.4%, respectively, indicating that the hardpan is located in Layer 4.

Table 5. Measured on-field soil properties according to soil layer.

Field Properties
Soil Layer

Layer 1 (0~5 cm) Layer 2 (5~10 cm) Layer 3 (10~15 cm) Layer 4 (15~20 cm)

A

Bulk density (g/cm3) 1.50 1.60 1.72 1.90
Moisture contents (%) 32.21 34.20 28.72 24.23

Cone index (kPa) 465.48 547.92 636.96 1900.2
Shear strength (kPa) 25.19 30.87 32.90 42.25

B

Bulk density (g/cm3) 1.90 1.91 1.96 2.02
Moisture contents (%) 26.56 23.81 22.49 20.24

Cone index (kPa) 707.56 868.44 1063.16 2153.64
Shear strength (kPa) 65.32 68.24 72.14 93.10
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3.2. Soil Modeling and Calibration Using DEM

Considering the computational power of the computer, a particle size of a 5 mm radius
was selected for the soil modeling. The soil modeled using the discrete element method
had more voids than the real soil due to the larger particle size. Therefore, the mass of the
particles was calibrated based on the measured bulk density for a realistic draft force predic-
tion. Soil particles were produced within a small soil bin (700 mm × 700 mm × 120 mm)
and the total number of particles generated was 20,684. The calibration results are shown
in Table 6.

Following the bulk density calibration, the interparticle surface energy was calibrated
based on the shear torque obtained from the vane shear test. The vane shear tester was
modeled as a CAD step file, as shown in Figure 5, and imported into DEM software
(EDEM, 2022, Altair, Troy, MI, USA) to measure the shear torque generated by rotating
the vane blades at the same angular speed as the field test. The generated particles were
standardized with a radius of 5 mm, mirroring the simulation used for predicting draft
force. The shear torque was measured by setting the vane shear tester to penetrate only
the vane part to minimize the impact of vertical loading on the measurement. The surface
energy values calibrated using shear torque are shown in Table 7. The shear strength error
in Field A ranged from 8.51% to 54.9%, and the calibration process reduced the error by
0.16% to 0.89%. In the calibration process for Field A, the input surface energy values were
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130, 150, 260, and 330 J/m2 allocated to Layer 1, Layer 2, Layer 3, and Layer 4. For Field
B, the error in the shear strength ranged from 9.4% to 39.53%, and the calibration process
reduced the error from 0.52% to 1.35%. In the calibration of Field B, the input surface
energy values allocated to Layer 1, Layer 2, Layer 3, and Layer 4 were 100, 300, 500, and
900 J/m2 respectively.

Table 6. Calibration results of bulk density.

Field Soil Layer Procedure Particle Mass (kg)
Bulk Density (kg/m3) Calibration

Error (%)Simulated Measured

A

Layer 1 Initial 0.00144 1538.90
1496.58

2.83
Calibrated 0.00138 1508.42 0.79

Layer 2 Initial 0.00144 1559.09
1597.01

2.37
Calibrated 0.00147 1597.44 0.03

Layer 3 Initial 0.00144 1557.89
1715.29

9.18
Calibrated 0.00159 1714.88 0.02

Layer 4 Initial 0.00144 1565.49
1904.46

17.80
Calibrated 0.00175 1904.81 0.02

B

Layer 1 Initial 0.00144 1269.91
1899.8

33.16
Calibrated 0.00174 1901.43 0.09

Layer 2 Initial 0.00144 1269.91
1905.64

33.36
Calibrated 0.00175 1912.36 0.35

Layer 3 Initial 0.00144 1905.69
1955.48

35.05
Calibrated 0.00179 1956.07 0.03

Layer 4 Initial 0.00144 1269.91
2021.54

37.18
Calibrated 0.00185 2021.64 0.005
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3.3. Prediction of Draft Force Based on DEM Simulations
3.3.1. Results of Draft Force Measurements from Actual Field Tests

The actual field tests were conducted three times with the gear selection of the M3 for
each field following the draft force measurement procedure. Table 8 shows travel speed
and draft force for each tillage depth. The target tillage depth was 15–20 cm, and the
average tillage depth was 16.28 cm in Field A and 16.9 cm in Field B. The actual travel
speed measured through RTK-GPS was reduced by slip, showing Field A at 5.63 km/h
and Field B at 5.43 km/h in gear M3. In order to determine the difference in draft force
based on the soil properties, it was necessary to uniformize the tillage depth, which has a
large impact on the draft force. Based on the tillage depth, the most data were recorded at
16–17 cm and the draft force was averaged at that depth. The results showed that the
measured draft force was 12.38 kN in Field A and 14.79 kN in Field B.
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Table 7. Calibration results for shear torque in small soil bin using field measurements values.

Field Soil Layer Procedure Surface Energy (j/m2)
Shearing Torque (Nm) Calibration

Error (%)Simulated Measured

A

Layer 1 Initial 100 4.73
5.17

8.51
Calibrated 130 5.13 0.77

Layer 2 Initial 100 5.11
6.33

19.27
Calibrated 150 6.32 0.16

Layer 3 Initial 100 3.81
6.75

43.56
Calibrated 260 6.69 0.89

Layer 4 Initial 100 3.91
8.67

54.9
Calibrated 330 8.64 0.35

B

Layer 1 Initial 100 12.14
13.4

9.4
Calibrated 100 13.55 1.19

Layer 2 Initial 100 12.56
14

10.29
Calibrated 300 13.84 1.14

Layer 3 Initial 100 11.93
14.8

19.39
Calibrated 500 15 1.35

Layer 4 Initial 100 11.55
19.1

39.53
Calibrated 900 19.2 0.52

Table 8. Draft force measurement results from actual field experiment.

Field A Field B

Tillage Depth
(cm)

Travel Speed
(km/h)

Draft Force
(kN)

Tillage Depth
(cm)

Travel Speed
(km/h)

Draft Force
(kN)

15 5.89 ± 0.35 11.61 15 5.83 ± 0.51 13.71
16 5.85 ± 0.31 12.11 16 5.68 ± 0.65 14.72
17 5.77 ± 0.33 12.64 17 5.47 ± 0.59 14.86
18 5.62 ± 0.34 13.29 18 5.61 ± 0.51 15.18
19 5.41 ± 0.39 13.53 19 4.99 ± 0.80 17.80
20 5.25 ± 0.48 14.30 20 4.97 ± 0.71 16.81

3.3.2. Creating a Virtual Soil Bed for Simulation

Figure 6 shows a large soil bed that represents the properties of the soil measured
in this study. Considering the 1:1 ratio in full-scale moldboard plow geometry and the
target tillage depth, the large soil bed size was set to 5000 mm × 2500 mm× 300 mm
(length × width × depth) to minimize the interaction between the walls and the particles.
The height of each soil layer in the virtual large soil bed was set to 50 mm for Layers
1, 2, and 3 and 150 mm for Layer 4. The total number of particles in the large soil bed
was 4,004,939.

The simulation time was 3.2 s to ensure that the moldboard plow was sufficiently
penetrated to represent a constant working load. The tillage depth in the simulation was
set to 16.5 cm to compare with the actual field test conducted for the purpose of breaking
the hardpan layer.

3.3.3. Accuracy Verification of DEM Simulation for Draft Force Prediction

Draft force is a force generated in the same axis as the working direction when the
implement is towed by a tractor. To predict the draft force in this study, the total force
generated in the Y-axis, the working direction, was analyzed through EDEM (EDEM, 2022,
Altair, Troy, MI, USA). Then, the accuracy of the predicted draft force was demonstrated
by comparing it to measured values from actual field experiments and to values obtained
from the traditional theoretical method. As shown in Table 9, the simulation results show
that Field A has a predicted draft force of 14.02 kN and Field B has a predicted draft force
of 18.56 kN. The predicted draft forces obtained through the theoretical calculation method
are 24.42 kN in Field A and 24.08 kN in Field B. Comparing the draft force measured in
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the actual field test to the draft force predicted by the simulation, the error for Field A is
13.25% and the error for Field B is 25.49%. The draft force predicted by the theoretical
calculation method was 24.42 kN in Field A and 24.08 kN in Field B. Figure 7 shows a
graph of the measured draft force from an actual field trial and predicted draft force based
on simulation. Savitsky–Golay has the advantage of preserving the shape of the peaks
when smoothing [36], so the graph of the draft force recorded in the form of a waveform
was fitted with the Savitsky–Golay method. Figure 8 shows a comparison of Field A
and Field B, which includes the actual measured draft force, the draft force predicted by
the DEM simulation, and the values obtained using traditional theoretical methods. The
actual measured draft force was 13.28% higher in Field B than in Field A, while the DEM
simulation predicted that the draft force in Field B was 32.38% higher than that in Field A.
Despite the errors, the increasing trend of the draft force could be demonstrated through
the discrete element method.
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Table 9. Result of draft force predict simulation.

Field
Tillage

Depth (cm)
Travel Speed

(km/h)
Draft Force (kN)

Predicted Error (%)
Simulated Measured

A
16.5

5.63 14.02 12.38 13.25
B 5.43 18.56 14.79 25.49
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4. Discussion

In this study, a procedure for measuring soil properties was established, and property
measurement tests were conducted at different depths of the soil in two cohesive fields
with different properties. Measured properties include soil texture, moisture content, bulk
density, shear strength, cone index, plastic limit, and liquid limit. First, the soil texture of
the two fields was determined, with Field A as loam and Field B as clay loam. To determine
the difference in draft force based on the properties of the working environment, the cone
index of the soil was first compared. The cone index is one indicator of soil compaction, and
past research has shown that the cone index is proportional to the workload of a tractor [26].
Compared to Field A, Field B was 1.52 times higher in Layer 1, 1.58 times higher in Layer
2, and 1.62 times higher in Layer 3, while in Layer 4, Field A was 1.84 times higher than
Field B. In terms of shear strength, Field B measured higher than Field A in all soil layers:
2.59 times in Layer 1, 2.21 times in Layer 2, 2.19 times in Layer 3, and 2.2 times in Layer
4. For moisture content, Field A had a higher measured moisture content in all layers
compared to Field B: 1.21 times at Layer 1, 1.44 times at Layer 2, 1.28 times at Layer 3,
and 1.2 times at Layer 4. Rashidi et al. [37] reported that the draft force was the highest at
484 kgf in soil with 11.27% moisture content and the lowest was at 427 kgf in soil with
22.87% moisture content. In addition, S.A. Al-Suhaibani et al. [38] confirmed that the draft
force decreases as the moisture content increases in soil at 5.08%, 5.14%, and 6.82%. Based
on these past studies, for the two fields that were found to be plastic state by the Atterberg
limit test, it can be assumed that the lower moisture content in Field B experienced more
draft force. In the actual field test, the measured draft force was 12.38 kN in Field A and
14.79 kN in Field B, with Field B being 19.47% higher than Field A. Based on these results,
the analysis of soil properties for draft force prediction should be treated comprehensively,
and it is difficult to relate only one factor to draft force.

To reflect the properties of the measured soil in the particle modeling, two steps of
calibration were performed. Since this process results in more voids than in real soil, the
mass of the particles was calibrated based on the bulk density. As a result, the error was
reduced to a range of 0.005–0.79%. In addition, unlike cohesionless soil, the cohesive soil
modeling was calibrated for surface energy by performing a vane shear test rather than
an angle of repose test. As a result, the virtual test closely reproduced the measured shear
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torque with an error from 0.16 to 1.35%. Despite calibrating the values of bulk density
and shear torque to within 1.5% of each other, there was a prediction error of 13.25% for
Field A and 25.49% for Field B. This indicates the need for more precise soil property
measurements for modeling parameters that were not addressed, such as the coefficient
of restitution and plasticity ratio. The fact that more prediction errors occurred in Field B
compared to Field A is also an important discussion point. In this study, in the process of
reflecting the measured soil properties into the particle modeling, a virtual vane shear test
was performed to calibrate the surface energy based on the shear torque. As a result, Field
A showed an error in shear torque of less than 1%, while Field B was calibrated with an
error of up to 1.35%. It can be seen that an error in the calibration step led to more error in
predicting the draft force.

The DEM-simulation-based predicted draft force was 14.02 kN in Field A and 18.56 kN
in Field B, differences of 13.25% and 25.49%, respectively, when compared to the actual
field test. Compared to the traditional theoretical calculation method, the DEM-simulation-
based draft force prediction was 84% more accurate for Field A and 37.32% more accurate
for Field B. Since the existing theoretical calculation method comprehensively classified
soil texture into three categories (fine, medium, and coarse) and did not reflect other soil
properties except soil texture, it could not show the difference in predicted draft force
under the same type of implement and almost similar working conditions (tillage depth
and travel speed, etc.). On the other hand, DEM-simulation-based draft force predictions
were significant even under similar operating conditions (same tillage depth and similar
travel speed), reflecting the soil properties that affect draft force.

5. Conclusions

In this study, a draft force prediction model using DEM was developed to verify the
effect of soil properties on draft force through simulation. The soil textures of the two
fields were loam and clay loam, and the difference in draft force due to the difference in
the physical properties of the two fields could be seen. The developed prediction model
was also verified by comparing the actual field experiment with the existing theoretical
calculation method. Soil property measurements were conducted at each depth in two
fields with different physical properties. The Atterberg limit test revealed that both soils
were cohesive soil in a plastic state. Past studies have shown that, the higher the shear
strength and cone index, and the lower the moisture content in a certain section, the higher
the draft force. However, Field B had a higher shear strength, lower moisture content,
and lower cone index compared to Field A. Therefore, it is difficult to relate to a single
factor when predicting the draft force, and many factors must be considered together. The
precision of the predicted draft force from DEM simulations was confirmed by juxtaposing
it with the measured draft force obtained from real-field experiments. In Field A, the
draft force prediction from DEM simulations demonstrated an accuracy rate of 86.75%,
while, in Field B, it reached 74.51%. The process of calibrating the surface energy based
on shear torque resulted in more errors in Field B than in Field A, which led to a larger
error in the draft force prediction. In future research, it is recommended to further study
the modeling of various agricultural soil environments to improve the accuracy of design
load prediction for soil–machine systems. The developed DEM-based draft force prediction
model is up to 84% more accurate than the existing theoretical method by ASABE D497.4.
This demonstrated the importance of reflecting the physical and mechanical characteristics
of the working environment when assessing the performance of agricultural machinery.
Performance evaluations of soil tillage machines include not only the workload, but also
the degree of soil crushing and the flow of soil to invert and properly drain the soil.
Future research should focus on enhancing the initial prediction accuracy of workload
by employing precise soil property measurements based on modal modeling parameters.
Furthermore, it is anticipated that the acceleration of simulation-based design optimization
will be achieved through the establishment of a comprehensive database encompassing
diverse soil environments. This will enable a more thorough study of load predictions for
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various types of working machines beyond moldboard plow. For virtual simulation-based
performance evaluations, it is important to obtain a database for defining various farming
environments and analyzing loads. The results of this study are expected to be used as
indicators of soil–tool interaction in future soil–tractor and soil–tire interaction studies for
agricultural operations.
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Abstract: The purpose of this study was to construct a map of expected fertilization rates for nitrogen
(N) and phosphorus (P2O5) based on measurements of components in soil samples and to identify
the spatial variabilities of four lots of a salt-affected paddy field in Korea. Four salt-affected paddy
field lots in Korea were divided into 30 sectors for collecting soil samples. They were then analyzed
for soil organic matter (SOM), silicon dioxide (SiO2), total nitrogen (TN), and available phosphorus
(Av.P2O5) in accordance with international standards. Expected fertilization rates of N and P2O5

were developed as prescription standards for the application of fertilizer to paddy fields. They were
derived using a model of the fertilization rates of N and P2O5. To determine the presence of spatial
correlation and continuity in the given fields, a spherical variogram was used. Based on the spherical
model with the application of a regular kriging interpolation, maps of the contents of TN and Av.P2O5

as well as the expected fertilization rates of N and P2O5 at each sector of 1× 1 m2 were developed.
The expected fertilization rate of N at each sector appeared in the range of min. 10.0 g to max. 25.7 g,
while that of P2O5 appeared in the range of min. 0.68 g to max. 8.46 g.

Keywords: fertilization rate; kriging; soil mapping; variogram

1. Introduction

Soil is regarded as an essential element for agriculture. It not only provides neces-
sary nutrients and moisture needed for the growth of crops but also provides a stable
foundation for the habitat. To produce agricultural products of good quality through an
improvement in productivity and in the quality of crops, a sustainable management of soil
is essential [1–3].

Fertilizer for soil is an important element that affects the growth of crops. It consists
of nitrogen, phosphorus, potassium, and so on. Some farmers tend to exceed the level
of reasonable fertilization rates needed for the growth of crops to maximize the yield of
crops [4]. Conventional fertilization with excess manuring disturbs sustainable agriculture.
An excess supply of nitrogen results in an exceeded reasonable level of nutrient needed for
the growth of crops and reduces the resistance of crops against insect pests. Furthermore, it
accelerates the acidification of the soil, leading to soil contamination [5]. An excess supply
of phosphorus could disturb the absorption of nutrients by crops, reduce the level of the pH
of the soil, and bring about eutrophication of the soil by creating an insoluble compound
bound with either aluminum or iron. Excessive application of fertilizer could create various
environmental problems, such as salt accumulation, overnutrition, accumulation of heavy
metal and nitrate in the soil, and so on, resulting in adverse effects such as deteriorated
growth of crops and consequential decrease in productivity [6]. Thus, the physicochemical
properties of soils need to be considered for sustainable management of soil.
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On the other hand, due to the geographical characteristics of Korea, the country is
surrounded by the sea on three sides, and more than 66% of the country’s land area is
covered by mountains and lakes, leaving only about 26% of the land area available for
agriculture. Therefore, reclamation projects were carried out to maximize land use and
develop agricultural areas [7]. Reclamation refers to the conversion of water surfaces such
as oceans, rivers, and lakes into arable land. About 81% of the reclaimed land in Korea is
used for paddies, and about 21.9% of it is used as salt-affected paddies [8]. “Salt-affected
paddy” refers to soil that has been recently reclaimed and has a high salt concentration.
Compared to normal soils, salt-affected paddy soil has a lower fertility and a higher salt
concentration, which reduces the availability of moisture to crops and can lead to an
imbalance of nutrients needed for crop growth. In addition, salt-affected paddy soils have
poorly developed soil structure, resulting in poor particle cohesion and low water-holding
capacity [9]. Therefore, soil management technology that improves crop quality and yield
while considering the chemical and physical properties of the soil is required [10], and
sustainable agriculture and high-quality crop production are possible through proper
fertilizer input [11].

Precision agriculture is a term describing the agricultural approach to maximize the
level of productivity and quality by minimizing the input of resources such as water,
fertilizer, manpower, and so on. It is also a term describing the technique to control the
specified space of each site for the stable growth of crops [12]. Accordingly, a decision
support system that takes spatial and temporal variabilities into account can be provided to
keep reasonable levels of harvest and quality of crops. This could realize a safe production
system in terms of the environment [13]. A technology that is capable of reducing uneven
effects on crop growth is needed, utilizing the efficient processing of information of varying
soil properties in the spaces of each lot of a field [14]. Variable rate technology has been
introduced to solve such a problem. It could control the fertilization rate by considering
spatial variabilities of corresponding factors in soils. To apply variable rate technology
effectively, the identification of soil properties by considering spatial variabilities in the soil
is essential [15].

To solve potential economic and environmental problems due to an excessive or
deficient input of soil fertilizer, the development of a map of soils to design the application
of variable rate technology is essential [16]. After developing a spatial statistics model of
soil properties, a map of soil properties can be created by applying the spatial statistics
model to a geographical database [17]. Rabi [18] has reported that unsampled data could
be estimated using kriging interpolation in a variogram model developed based on sample
data of soil collected at each site. Zhang and Kovacs [19] have developed a map of predicted
soil components by employing sensor data applied to a spatial statistics model. Diacano
and Castrignano [20] have applied variable rate technology to each location by employing
a developed map of soil components. Aggelopoulou and Pateras [21] have developed a
map of nitrogen content in soil through collected samples of soil, applied the fertilization of
nitrogenous fertilizer to each lot, and reduced the fertilization rate of nitrogenous fertilizer
by approximately 38%. Hong and Kim [22] have introduced variable rate technology to
rice and reduced the fertilization rate by approximately 32% compared to conventional
fertilization. The map of soil components can be utilized as an important tool for producing
crops of uniform quality by taking spatial variability of soil into account.

Identification of soil composition is essential for soil mapping for variable rate technology.
However, there is currently no active research on salt-affected paddies in Korea, and it is time
to conduct research on salt-affected paddy soil for the realization of precise agriculture.

The purpose of this study is to analyze the soil composition of salt-affected paddies
in Korea and to develop a variable rate technology application map for nitrogen and
phosphate fertilizers. The specific objectives are as follows.

1. Collect soil samples from salt-affected paddies in South Korea and characterize the
soil composition.

2. Derive expected nitrogen and phosphate rates based on the analyzed chemical composition.
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3. Create a map of the total nitrogen and available phosphorus content of salt-affected
paddies and a map of the expected nitrogen and phosphorus rates for variable rate
technology through a variogram and kriging.

2. Materials and Methods
2.1. Analysis of Soil Components and Model of Fertilization Rate

The soil samples used in this study were collected from four places of a salt-affected
paddy field (126◦52′28′′ E, 37◦05′09′′ N and 3 m elevation) in Suchon-ri, Jangan-myeon,
Hwaseong-si, Gyeonggi-do Province in Korea during the period from 19 April 2022 to
23 April 2022 (Figure 1). Temperature and humidity in the ambient environment were
15.1 ◦C and 45%, respectively. The soil texture was silty clay. Silty clay is grayish in color,
soft in texture, and abundant in organic matter, with a clay content of more than 50%, and
is mainly distributed in ocean current areas. For the sampling of soils, the paddy field was
divided into 30 sectors. The size of each sector was set as 11 × 9 m, 13 × 8 m, 13 × 9 m,
and 13 × 9 m, respectively. A dedicated “Soil Sampler (Edelman Auger, Eijkelkamp, The
Netherlands)” was used for the sampling of soils. A depth of 5 cm of surface soil was
removed for sampling soils. A total of 120 soil samples were collected from the plough layer
with a depth of 15 cm. Five samples were collected from each sector. Collected samples
were mixed into a single lump to minimize potential deviations in the compositions of
components in the soil sample.

Figure 1. Location of soil sampling point in Hwaseong–si, Gyeonggi–do, Republic of Korea. All
fields were divided into 30 sections. Each number was a soil sampling number.

The collected samples of the soil were forwarded to the “Center of Soil Verification”
in the “Korea Agriculture Technology Promotion Agency” for analysis of the components
in the soil samples. The “Manual of analysis procedures for comprehensive test lab [23]”
and the “Method for Chemical Analysis of Soils [24]” of the “Rural Development Ad-
ministration” in Korea were employed for analyses of soil organic matter (SOM), silicon
dioxide (SiO2), total nitrogen (TN), available phosphorus (Av.P2O5), and so on in the soil
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samples. The soil samples were pulverized finely and sifted through a 0.5 mm screen. The
components of SOM, SiO2, Av.P2O5, and TN in the soil samples were then analyzed by
utilizing the Tyurin method, the method of stationary fresh water incubation, the Lancaster
method, and the Dumas method, respectively.

The Tyurin method is an externally heated method of analysis, in which the soil sample
is finely ground and sieved through a 0.5 mm sieve, and then 0.3 g of the homogenized
soil sample and 10 mL of 0.4 N potassium dichromate sulfate-mixed solution are added
to a 250 mL glass triangular flask. In our study, the mixture was then heated on a heating
plate at 200 ◦C and boiled for 5 min from the beginning of bubbling, then removed from
the heating plate; the potassium dichromate sulfate mixture was washed with distilled
water, and about 5 mL of 85% phosphoric acid (H3PO4) and 5–6 drops of the indicator
diphenylamine solution were added. Then, it was titrated with 0.2 M ferric ammonium
sulfate solution, and the end point was measured when the color of the solution changed
from black-brown to indigo-blue to green.

The fresh water constant temperature method was performed by placing 10 g of
air- dried fine earth into a 100 mL centrifuge tube, shaking it in 60 mL of distilled water,
removing the air, and sealing it. After that, it was placed in a thermostat at 40 ◦C for
7 days, and the supernatant was filtered through filter paper No. 6. Then, 10 mL of the
filtered supernatant was placed in a test tube; 0.25 M HCl solution and 5 mL of ammonium
molybdate solution were added; and 10 mL of sodium sulfite solution was added after
standing for about 3 min. The treated supernatant was measured at an absorbance of
700 nm after about 10 min of incubation.

The Lancaster method was carried out by placing 5 g of air-dried fine earth in a
triangular flask, dissolving 400 mL of HOAC and 300 mL of 10 M lactic acid in 6 L of
distilled water, then adding 22.2 g of NH4F, 133.3 g of ammonium sulfate, and 170 g
of NaOH. Then, 20 mL of leachate adjusted to pH 4.25 by adding distilled water was
added, shaken for 10 min, and filtered through No. 2 filter paper. Color development and
determination were performed by the molybdenum (MO) method with ascorbic acid and
the MO method with 1-amino-2-naphtol-4-sulfonic acid.

The Dumas method is a method for quantifying N2O by reducing it to N2 and measur-
ing the volume of N2 gas. The soil sample is oxidized by heating CuO to a high temperature
of more than 600 ◦C; the resulting combustion gas is reduced to N2 gas by contact with
pure CO2 and hot Cu, and CO is converted to CO2 by contacting CuO again. The N2–CO2
mixture is passed through a nitrometer in a concentrated alkaline solution, and after the
CO2 is captured, the volume of N2 gas is measured to quantify the nitrogen content.

The model of fertilization rate for N and P2O5, which was developed as a fertilization
standard of rice [25], was also used for the analysis. The fertilization rate of N corresponds
to the components of the soil of SOM and SiO2. It can be calculated through Formula (1),
whereas the fertilization rate of P2O5 corresponds to the soil component of Av.P2O5. It can
be calculated by using Formula (2). Formulas (3) and (4) are transformations wherein a
unit area of 10a is converted into 1 m2 to be compatible with the scale of the lot.

N(kg/10a) = 9.05 − 0.108 × OM + 0.020 × SiO2 (1)

P2O5 (kg/10a) = (100 − Av.P2O5) × 0.1 (2)

N(kg/m2) = (9.05 − 0.108 × OM + 0.020 × SiO2) × 0.001 (3)

P2O5 (kg/m2) = (100 − Av.P2O5) × 0.1 × 0.001 (4)

where N is nitrogen (kg/10a); OM is organic matter (g/kg); SiO2 is silicon dioxide (mg/kg);
P2O5 is phosphorus (kg/10a); and Av.P2O5 is available phosphorus (100 mg/kg).
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2.2. Spatial Statistics Model

A variogram generally uses measured data to predict unknown data, to determine the
presence of correlation and continuity between data, and to estimate the interdependent
distance between data [26,27]. “Correlation” and “variance” are measures to determine
the presence of correlation between data. Autocorrelation represents a correlation between
different variables at the point of measurement, given that only one datum is known at each
point. Thus, it was regarded that it could be employed as a quantitative measure [28,29].
According to Lee and Jung [28], the autocovariance that expresses the quantitative measure
of interrelationship between data points, which are distant from the point of specified data,
is used. Autocovariance increases in accordance with decreasing distance between two
data points. Therefore, it decreases in accordance with increasing distance between two
data points [30]. In general, the semivariogram, which is half (1/2) of the variogram, is
used. It provides the correlation length (range), threshold (sill), and nugget, which are
necessary information for the kriging interpolation (Figure 2). Correlation length refers to
the maximum distance of separation that represents the correlation between data points,
whereas the threshold indicates the degree of variance of data. The nugget represents a
constant value at the separation distance of 0. The selection of the model of the variogram is
very important since the identified spatial correlation obtained through using the variogram
would validate continuity in the interpolation of spatial data. Thus, the spherical model,
which could be employed as an excellent one to determine the spatial variability and
continuity of the soil, was used.
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In this study, a regular kriging interpolation was applied to develop a soil map of
the expected N and P2O5 fertilization amount suitable for salt-affected paddies, and the
mentioned variogram and regular kriging interpolation were performed through Surfer
ver. 22 (Golden Software, Golden, CO, USA).

Kriging interpolation renders expected differences between actual and estimated
values to be 0 by using the BLUE (best linear unbiased estimator) of the minimum variance
for the periphery or zone of given data in an arbitrary spatial space. Simultaneously, it
renders dispersion of difference as minimized. A spherical model renders the tangential
line at the point of 0 separation distance to intersect the threshold at the point of 2/3 of the
correlation length, thereby enabling the derivation of threshold and correlation length.

3. Results and Discussion
3.1. Derivation of Expected Fertilization Rates Accordant with Soil Components

Table 1 presents the soil properties of collected soil samples from each field. Mean
and standard deviation of the SOM of the entire field were 20.6 g/kg and 4.482 g/kg,
respectively. Those of SiO2 were 471.6 mg/kg and 72.80 mg/kg, respectively. Mean and
standard deviation of Av.P2O5 were 44.24 mg/kg and 12.73 mg/kg, respectively. Those
of TN were 0.12% and 0.02%, respectively. There were approximately less than 15% of
differences compared to the average of the entire field in the statistics of SOM, SiO2, and
Av.P2O5. TN showed a difference of less than 20% compared to the average of the entire
field. However, the SOM and Av.P2O5 in Field 2 and Field 4 exhibited respective values
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higher than the average of the entire field. In the case of SOM, its value in Field 2 was
approximately 24% higher than the average of the entire field, while that of Field 4 was
approximately 19% lower than the average of the entire field. With regard to Av.P2O5, the
value of Field 2 was approximately 19% lower than the average of the entire field, while the
value of Field 4 was approximately 37% higher than the average of the entire field. Such
variability of the chemical components in the soils of each field was due to environmental
factors comprising climate conditions, soil management approaches, and so on. According
to Park [31], the variability in the chemical composition of soil could be created by various
environmental factors such as the properties of specific soils, the size of the land area, and
functions of time factors, consistent with the results of the analysis of soil components in
the present study.

Table 1. Soil properties of collected soil samples.

Min. 25% Median 75% Max. Mean * S.D.

All Fields
(n = 120)

SOM [g/kg] 11.37 16.89 19.96 24.33 31.29 20.60 4.48

SiO2 [mg/kg] 300.88 414.60 466.04 524.30 637.40 471.60 72.80

Total Nitrogen [%] 0.06 0.10 0.12 0.14 0.19 0.12 0.02

Av.P2O5 [mg/kg] 15.39 35.20 41.84 52.35 75.43 44.24 12.73

Field 1
(n = 30)

SOM [g/kg] 11.37 16.74 21.98 23.68 29.91 20.90 4.38

SiO2 [mg/kg] 300.88 410.51 450.74 509.21 629.48 456.00 70.47

Total Nitrogen [%] 0.06 0.10 0.13 0.15 0.19 0.13 0.03

Av.P2O5 [mg/kg] 28.58 33.80 37.81 42.67 48.64 38.10 5.72

Field 2
(n = 30)

SOM [g/kg] 20.43 24.33 25.90 27.39 31.29 25.50 3.09

SiO2 [mg/kg] 327.74 387.23 421.58 481.50 565.71 437.40 68.03

Total Nitrogen [%] 0.11 0.13 0.14 0.15 0.17 0.14 0.02

Av.P2O5 [mg/kg] 15.39 29.31 35.61 41.74 48.78 35.70 9.63

Field 3
(n = 30)

SOM [g/kg] 15.25 17.21 19.05 21.08 24.74 19.20 2.47

SiO2 [mg/kg] 409.49 442.02 474.28 533.05 637.40 488.50 52.92

Total Nitrogen [%] 0.9 0.10 0.11 0.12 0.15 0.11 0.01

Av.P2O5 [mg/kg] 32.43 36.54 41.54 47.65 60.23 42.70 8.00

Field 4
(n = 30)

SOM [g/kg] 11.58 15.39 16.71 18.53 21.98 16.80 2.39

SiO2 [mg/kg] 375.14 438.22 505.41 571.92 696.36 504.60 80.42

Total Nitrogen [%] 0.08 0.09 0.10 0.12 0.14 0.10 0.01

Av.P2O5 [mg/kg] 48.36 54.78 58.53 64.75 75.43 60.60 9.06

* S.D. = Standard Deviation.

Fertilization rates for N and P2O5 were derived by using Formulas (3) and (4) (Table 2,
Figures 3 and 4) to alleviate variability in soil composition and to obtain a reasonable fertil-
ization rate for each field. According to the fertilization standards for crops in Korea, the
optimal nitrogen fertilization rate is 11 to 18 kg/10a, and the optimal phosphorus fertiliza-
tion rate is 4.5 kg/10a. Derivation of the expected fertilization rate of N for each sector used
both SOM and SiO2, while the derivation of the expected fertilization rate of P2O5 used
Av.P2O5. Mean expected fertilization rates of N for Fields 1–4 were 15.9 kg/10a, 15.1 kg/10a,
16.8 kg/10a, and 17.4 kg/10a, respectively, while those of P2O5 were 6.1 kg/10a, 6.4 kg/10a,
5.7 kg/10a, and 4.3 kg/10a, respectively. The predicted fertilization rate of N exhibited a
difference of less than 20% compared to the average of each field. The expected fertilization
rate of N for Fields 3 and 4 should be set higher than those of Fields 1 and 2 (Figure 3). The
difference in fertilization rate of P2O5 was insignificant except for that of Field 4.
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Table 2. Means and standard deviations (SD) of expected fertilizer.

All Fields Field 1 Field 2 Field 3 Field 4

Mean
(n = 120)

SD
(n = 120)

Mean
(n = 30)

SD
(n = 30)

Mean
(n = 30)

SD
(n = 30)

Mean
(n = 30)

SD
(n = 30)

Mean
(n = 30)

SD
(n = 30)

Nitrogen
fertilizer
[kg/10a]

16.3 0.27 15.9 0.15 15.1 0.17 16.8 0.12 17.4 0.12

P2O5
fertilizer
[kg/10a]

5.6 0.12 6.1 0.06 6.4 0.10 5.7 0.09 4.3 0.11
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3.2. Spatial Statistics Analysis of Expected Fertilization Rate to Develop a Map of
Variable Fertilization

The spherical model of the variogram was employed to construct a map of the variable
fertilization of the expected fertilization rate of N and P2O5 for each field. The threshold
(sill) and correlation length (range) of TN, Av.P2O5, N, and P2O5 are as presented in Table 3.
Figure 5 represents the spherical model of the variogram of N and P2O5. The N fertilizer for
Field 4 and the P2O5 fertilizer for Fields 2 and 3 exhibit a trend of larger spatial variability
compared to those of other fields; the value of N fertilizer for Field 4 appeared as 43.26 m,
which was higher than 20.43 m and 27.54 m for Fields 2 and 3. Contrarily, a higher value
of the sill and a lower value of the range, compared to those of other fields, appeared in
the cases of N fertilizer and Av.P2O5 fertilizer for Field 2. This was attributed to the lower
spatial dependence of N fertilizer and Av.P2O5 fertilizer for Field 2 compared to the higher
spatial variability in the given space.
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Table 3. Sill and range for soil properties and expected fertilizer using variogram.

Field 1 Field 2 Field 3 Field 4

Sill
(m)

Range
(m)

Sill
(m)

Range
(m)

Sill
(m)

Range
(m)

Sill
(m)

Range
(m)

Soil
properties

TN
in soil (%) 0.0051 276.60 0.0009 124.00 0.0006 220.00 0.0008 182.90

Av.P2O5
in soil (mg/kg) 33.32 36.31 89.01 27.08 100 99.90 66.26 30.85

Expected
fertilizer

N fertilizer
(kg/Sector *) 0.0199 28.42 0.0220 20.43 0.0189 27.54 0.0614 43.26

P2O5 fertilizer
(kg/Sector *) 0.0033 36.31 0.0104 31.19 0.0112 73.68 0.0088 26.13

Sector * = Division of the entire field into 30 (Each sector size of fields 1–4 is 99 m2, 104 m2, 127 m2, and 127 m2).
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3.3. Map of Variable Fertilization Developed by the Application of Interpolation

A map of soil components was developed by employing the regular kriging inter-
polation, the known spatial statistics technique, based on the spherical variogram model
to obtain variable fertilization rates suitable for rice in the paddy fields of Korea. The
soil map is divided into (1× 1 m2), taking into account the speed and working radius
of the developing variable rate fertilizer applicator for accurate and precise variable rate
fertilization. The expected fertilization map can show the appropriate fertilization amount
for each compartment in the field (Figures 6 and 7). Figure 6 represents the map illustrating
the predicted fertilization rate of TN (upper end of Figure 6) and N (lower end of Figure 6)
in the soil for each field. Figure 7 represents the map illustrating the predicted fertilization
rate of Av.P2O5 (upper end of Figure 7) and P2O5 (lower end of Figure 7) in soils for each
field. In the map, the parts that correspond to less content or less predicted fertilization rate
are painted in white color, and by way of contrast, the parts corresponding to more content
or more predicted fertilization rate are painted in either green or orange color. In the
case of the fertilization rate of N, the predicted fertilization rate per unit sector (1× 1 m2)
appeared as 12 g to 26 g for Field 1 and Field 2 and 10.0 g to 21.7 g for Fields 3 and 4. With
regard to the case of the fertilization rate of Av.P2O5, the predicted fertilization rate per
unit sector (1× 1 m2) appeared as 5.15 g to 7.27 g for Field 1, 3.07 g to 8.46 g for Field 2,
3.16 g to 6.83 g for Field 3, and 0.68 g to 5.21 g for Field 4. The trends in the maps of the
Av.P2O5 content and predicted fertilization rate of P2O5 in the soil for each field appeared
oppositely (Figure 7). And the maps of the TN content and predicted fertilization rate of N
in the soil for each field appeared with partially contrasting trends. This was attributed to
the difference in the content levels of the SOM and SiO2. It appears that with the utilization
of the expected fertilization maps (N and P2O5) in the development of the variable rate
fertilizer applicator, more precise variable rate fertilization will be achievable in the future.
This is believed to enable environmentally friendly and sustainable agriculture, specifically,
precision farming, by minimizing the input of fertilizer and increasing crop yields. Thus, it
is presumable that the minimization of the input of fertilizer and the increase in production
of crops would be enabled by utilizing the map of the predicted fertilization rate (of N
and P2O5) in a way of realizing an environmentally friendly and sustainable agriculture,
precision agriculture.
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4. Conclusions

The present paper intended to develop a map of the expected fertilization rate of
N and P2O5 through the measurement of chemical components and the identification of
spatial variability in soil samples collected from four lots of a paddy field in Korea. The
paddy field was divided into 30 lots for the sampling of soils collected for the analysis.
SOM, SiO2, and Av.P2O5 manifested differences of less than 15% compared to the overall
average of the field, while the TN exhibited a difference of less than 20% from the overall
average of the field.

According to the prescription standard of fertilization for each crop based on chemical
components comprising SOM, SiO2, and Av.P2O5, the modeling for the expected fertil-
ization rate of N and P2O5 was carried out, from which the predicted average of the
fertilization rate of N and P2O5 per each lot appeared as 1.78 kg and 0.60 kg, respectively.
The spherical model was employed to develop a map of soil components for the application
of variable fertilization suitable for crops in Korean paddy fields. In addition, the map of
the expected fertilization rate of N and P2O5 was developed through the application of
regular kriging interpolation based on the spherical model for which the total field was
divided into sectors of 1× 1 m2 to achieve precise variable fertilization. The predicted
fertilization rate of N for each lot in the entire field appeared in the range from min. 10.0 g
to max. 25.7 g, whereas that of P2O5 appeared in the range from min. 0.68 g to max. 8.46 g.
The map of the predicted fertilization rate of N exhibited a trend partially contrasting
with the map of the predicted fertilization rate of TN, whereas the map of the predicted
fertilization rate of P2O5 manifested a fully contrasting trend with the map of Av.P2O5
content. This kind of map of the predicted fertilization rate can minimize the input of
resources by enabling a reasonable application of N and P2O5 necessary for crops. The map
of the expected fertilization rate of P2O5 and N developed in the present study needs to
be validated through verifying the actual yield and evaluating the quality of rice resulting
from its use.
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Abstract: The load factor (LF) of a tractor represents the ratio of actual engine power and rated engine
power, and is an important indicator directly used in calculating national air pollutant emissions.
Currently, in the Republic of Korea, a fixed value of 0.48 is used for the LF regardless of the working
conditions, making it difficult to establish a reliable national air pollutant inventory. Since tractors
perform work under soil conditions, soil physical properties directly affect the tractor LF. Therefore, it
is expected that more accurate LF estimation will be possible by utilizing soil physical properties. This
study was conducted to assess the impact of soil physical properties on the LF. Experimental data were
collected in ten different soil conditions. Correlation analysis revealed that the LF exhibited strong
correlations with SMC, soil texture, and CI, in that order. The coefficient of determination for the
regression model developed using soil variables ranged from 0.678 to 0.926. The developed regression
models generally showed higher accuracy when utilizing multiple soil variables, as compared to
using a single soil variable. Therefore, an effective estimation of the LF through non-experimental
methods can be achieved by measuring various soil properties.

Keywords: agricultural tractor; load factor; engine characteristic; soil physical properties; tillage
operation

1. Introduction

Recently, there has been a significant amount of international interest in addressing
environmental pollution problems [1]. The Korean government provides a clean air policy
support system (CAPSS) for the management of national air pollutant emissions to analyze
emissions and uses it to utilize national air conservation policies [2]. NRMS by non-road
mobile machinery (NRMM), including agricultural machinery and construction machinery,
is one of the key categories among the various sectors managed by CAPSS [3]. The Republic
of Korea’s NOx emissions from NRMMs were 311,748 tons in 2019, which is 28.7% of the
country’s annual NOx emissions [4].

Among the various machinery industries included in NRMM, agricultural machinery
is essential for the production of high-efficiency and high-quality agricultural products.
Tractors are among the most useful agricultural machinery. In 2019, the annual working
area of tractors in the Republic of Korea was 21.7 ha/year, and the annual usage time was
139.9 h/year [5]. They can be specifically employed to perform multi-purpose agricultural
tasks by attaching various pieces of working equipment [6].
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In the Republic of Korea, national air pollutant emissions from agricultural machinery
are calculated using the following formula [3,7], which takes into account the number
of units owned, rated power, load factor (LF), and emission factor: Emission (g/y) =
Number of machiney × Rated power (kW) × Load factor × Working hours (h/y) ×
Emission factor (g/kWh). LF is one of the most important factors in the above formula [8].
It is a quantitative indicator of the average power rating of the engine [9,10]. Currently, in
the Republic of Korea, LF is used as a fixed value of 0.48 regardless of various conditions,
such as the agricultural machinery type, model, power range, and operating conditions [11].
This greatly reduces the reliability of the national emissions inventory for agricultural ma-
chinery, and it is necessary to secure an LF generated under actual agricultural working
conditions for an accurate representation.

In the domain of construction machinery, there have been studies aimed at quantifying
the LF and emissions under actual operational conditions. Previous studies have indicated
that the LF and emissions during actual operations are contingent on the specific type
of construction equipment [12]. The conclusions of this study propose the potential for
devising an emission factor model based on the LF. However, due to the influence of
diverse emission control devices, the linear relationship between LFs and emission factors
has proven elusive [13]. Barati and Shen (2016) developed an LF estimation model and
an emission estimation model [14]. The LF model was developed using three operating
parameters, including machine acceleration, road inclination, and machine speed, and the
model demonstrated a high R2 range of 0.973 to 0.986. And the emission model for CO2, Co,
HC, and NOx emission based on the LF exhibited a substantial R2 range of 0.904 to 0.954.
The conclusion of this study was that the LF and emissions have a strong linear relationship,
and operational parameters have a high linear relationship with the LF, which suggests that
emissions can be accurately estimated through operating parameters. As these operational
parameters are crucial to the accuracy of the model, they should be selected taking into
consideration the machine’s characteristics.

Tractors are mainly operated in soil conditions, and the tractor’s load (i.e., the LF)
varies greatly depending on the soil conditions [15,16]. Numerous previous studies have
indicated that the engine load differs depending on the soil physical properties. Inchebron
et al. (2012) evaluated the traction performance of a tractor equipped with a moldboard
plow at various tillage depths and SMC conditions [17]. It was demonstrated that elevated
soil moisture content (SMC) led to increased rolling resistance and wheel slippage and
decreased traction efficiency. Kim et al. (2021) analyzed the effect of SMC on tractor
traction performance during moldboard plow operations [18]. The results of the study
highlighted that the tractor’s traction load varied in accordance with SMC levels. Rasool
and Raheman (2018) conducted a study on improving the traction performance of mobile
tractors according to the cone index (CI) [19]. The traction performance was assessed by
towing a load tractor on the experimental tractor. It was identified that soils with a large CI
increased the drawbar force and traction efficiency. Battiato and Diserens (2017) performed
the simulation and validation of tractor traction performance under different soil texture
conditions [20]. Traction tests were performed using a second tractor as a braking machine.
As a result, the traction power of the tractor was found to be different in soils with different
soil textures.

In previous studies, the emphasis was primarily on tractor wheel slip and traction
force. Multiple soil variables were employed to describe the LF of the tractor. The soil physi-
cal properties have intricate interactions with the soil–tractor system, making it challenging
to mathematically resolve these relationships. Consequently, numerous studies in terrame-
chanics have been conducted based on empirical experimental values, primarily focusing
on individual soil variables. While individual soil physical characteristics can influence
the LF, employing a broader range of soil variables could provide a more comprehensive
explanation of the engine load of the tractor [21,22]. Previous research indicates that SMC,
CI, and soil texture are interrelated, and this relationship appears to be nonlinear [23]. In
specific soil conditions, an increase in SMC can initially lead to an increase in CI, followed
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by a decrease, which is influenced by the soil’s particle composition. These characteris-
tics make it challenging to predict the impact of unaccounted soil conditions on the LF.
Therefore, estimating tractor load based on various combinations of soil conditions can
enhance a model’s reliability. However, this approach has limitations due to the difficulty
of obtaining soil and engine load data. Consequently, comprehensive studies that evaluate
tractor LF based on diverse combinations of soil conditions are relatively scarce.

Research on the influence of soil physical properties on tractor LFs can aid in the
appropriate estimation of the LF based on soil variables. Due to the highly diverse and
challenging-to-control nature of soil conditions, it is impractical to experimentally evaluate
the LF across all soil conditions. Estimating the LF using tractor specifications and soil
variables could lead to more accurate exhaust gas emission calculations compared to
applying a fixed value of 0.48. This may help to improve the reliability of emission data
from tractors in the Republic of Korea.

Therefore, the aim of this study is to evaluate the effect of soil physical properties on
the LF of tractors. This study is expected to provide useful information as a foundational
study for estimating the tractor LF based on soil physical properties in the future. The
specific objectives of this study are as follows: (1) the measurement of tractor engine
data using a load measurement system, (2) the measurement of soil physical properties,
(3) an evaluation of the influence of soil physical properties on the tractor LF, and (4) the
development of an LF estimation model according to soil properties.

2. Materials and Methods
2.1. Experimental Equipment
2.1.1. Agricultural Tractor

In this study, a 78 kW agricultural tractor (S07, TYM, Gongju, Republic of Korea) was
utilized. Table 1 details the specific tractor specifications utilized in this study. Figure 1
depicts the engine performance curve of the tractor.
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Table 1. Specification of the 78 kW agricultural tractor used in this study.

Item Specifications

Dimensions (length × width × height) (mm) 4225 × 2140 × 2830
Empty weight (kg) 3985

Engine

Make DOOSAN INFRACORE
Type In-line, 4-cycle

Aspiration Turbocharged and intercooler
Rated torque (Nm) 324 @2300 rpm
Rated power (kW) 78 @2300 rpm
Max. torque (Nm) 430 @1400 rpm

Torque rise (%) 31.3
Maximum speed (rpm) 2450

Bore × Stroke (mm) 98 × 113
Total displacement (cc) 3409

Compression ratio 17:1
Dry weight (kg) 500

Emission Compliance TIER4-Final/EU STAGE IV

Transmission
Type Power shuttle

Gear stage (Forward/Reverse) 32/32

2.1.2. Measurement Equipment

In this study, a tractor equipped with a Tier-4 compliant electronic control unit was
utilized. Engine torque and engine rotational speed during field operations were mea-
sured using a data measurement device (QuantumX MX840B, HBM, Darmstadt, Germany)
through controller network area (CAN) communication. Among various soil physical
properties, we selected three representative attributes: SMC, CI, and soil texture. SMC
was measured through a soil moisture sensor (TDR350; Spectrum Technology, Aurora,
IL, USA) with two rods, each 20 cm in length. CI was measured with a cone penetrom-
eter (SC900; Spectrum Technology, Aurora, IL, USA). The average CI value, calculated
from measurements obtained every 25 mm at a depth of 150 mm, was employed [24].
Table 2 demonstrates the specifications of the soil measurement equipment. Soil samples
were collected at a depth of 150 mm. The soil particle proportion was determined using
the hydrometer method of the Soil Environment Analysis Center of Chungnam National
University, and soil texture was classified according to the USDA soil classification system.

Table 2. Specification of the soil measurement equipment used in this study.

Item Specification

Soil moisture sensor
Measurement units: percentage of volumetric water content (VWC)

Range: 0% VWC to saturation
Accuracy: ±3.0% VWC

Cone penetrometer
Measurement units: cone index (kPa)

Range: 0 to 45 cm, 0 to 7000 kPa
Accuracy: ±1.25 cm, ±103 kPa

2.2. Field Experiment
2.2.1. Field Site

The field experiment was conducted at 10 sites in the Republic of Korea, as illustrated
in Figure 2. All sites were paddy fields where rice was the primary crop, and only stubble
remained at the time of the experiment. The experiments were conducted in March of the
experimental year, just before the rice was transplanted, following the November harvest
of the previous year. Information for each site is presented in Table 3.
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2 60 × 100 Seosan 36◦46′46.2′′ N 126◦33′28.8′′ E 2017
3 40 × 100 Cheongyang 36◦30′35.3′′ N 126◦47′27.5′′ E 2017
4 40 × 100 Cheongyang 36◦30′35.9′′ N 126◦47′29.1′′ E 2017
5 30 × 100 Anseong 36◦56′42.7′′ N 127◦14′33.2′′ E 2019
6 40 × 100 Anseong 36◦56′37.8′′ N 127◦14′04.5′′ E 2019
7 60 × 100 Dangjin 36◦55′50.0′′ N 126◦37′57.5′′ E 2019
8 40 × 100 Dangjin 36◦56′04.1′′ N 126◦37′58.3′′ E 2019
9 40 × 100 Dangjin 36◦56′04.3′′ N 126◦37′59.8′′ E 2019

10 40 × 100 Dangjin 36◦56′04.8′′ N 126◦38′01.5′′ E 2019

2.2.2. Soil Environment Measurement

Soil sampling can be carried out using various methods, including simple random
sampling, systematic sampling, and stratified sampling. Samples are collected according to
a regularized pattern in systematic sampling [25]. This method is often more accurate than
simple random sampling because it guarantees uniform spatial coverage [26]. Therefore, in
this study, soil samples were collected using a systematic sampling method. A total of ten
soil samples were collected from each of the ten field sites, and SMC and CI were measured
at the same points.

2.2.3. Field Experiment Conditions

In this study, the tractor implement used was an eight-blade moldboard plow (WJSP-8;
Woongjin Machinery, Gimje, Republic of Korea). The dimensions of the moldboard plow
were 2150 mm × 2800 mm × 1250 mm (length × width × height), with a weight of 790 kg.
The tractor’s driving gear stage was set to M3 low (7.09 km/h) during plow tillage [8]. The
tillage depth was set to be in the range of 13 to 17 cm through the tractor’s automatic tilling
depth control system, and tillage work was performed with an average tillage depth of
15 cm.

2.3. Data Analysis
2.3.1. Load Factor Analysis

Engine torque and rotational speed data collected during tractor operations in the ten
sites were analyzed to determine the LF. The engine power was calculated as in Equation (1),
using time-based engine torque and rotational speed. Then, the average of engine power
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was calculated using time-based engine power. The analysis process of the engine power
involved removing outliers using boxplot-based whisker analysis. In particular, this process
was used to remove engine power values that were higher than the engine’s rated power.
The average of engine power data for each site was used in calculating the LF, as shown
in Equation (2). One-way analysis of variance (ANOVA) was performed using IBM SPSS
Statistics (SPSS 25, SPSS Inc., New York, NY, USA) to evaluate whether soil physical
property and engine characteristic data from each site showed significant mean differences
between groups.

EP =
2πTN
60,000

, (1)

LF =
EPm

EPr
, (2)

where EP represents the engine power, T is the engine torque, N is the engine rotational
speed, LF is the load factor, EPm is the measured engine power in real time, and EPr is the
rated engine power.

2.3.2. Correlation Analysis

A correlation analysis was conducted to analyze the impact of soil physical properties
on the LF. The linearity between two variables was assessed using the Pearson correlation
coefficient (r), as illustrated in Equation (3). The range of r values is from −1 to 1, where
an absolute value of 1 indicates a perfect linear relationship and a value of 0 signifies no
linear relationship. Each soil variable is considered to have a linear relationship with the
LF when the absolute value of r is 0.7 or higher and the significance level of p < 0.05.

r = ∑n
i=1(Xi − X)(Yi − Y)√

∑n
i=1(Xi − X)2 ∑n

i=1(Yi − X)2
(3)

where X is the mean of sample group X, and Y is the mean of sample group Y.

2.3.3. Regression Analysis

The data collected from field experiments were used to develop regression models.
Since the tractor and equipment conditions were consistent throughout the experiments,
only soil variables were considered in the regression models. Considering the ease of data
collection for each soil variable, regression models were constructed using both individual
functions and combinations of functions. Equation (4) can be utilized in cases when only
a soil moisture sensor is accessible. Equation (5) can be utilized in cases when only a soil
strength sensor is accessible. Soil moisture sensors and soil strength sensors have been
widely used as important tools for soil monitoring due to their affordability and ease of
measurement. Equation (6) can be utilized when analyzing soil texture of an experimental
field. The soil texture incorporates the proportions of sand, silt, and clay, but we only
considered the sand proportion, which has the most significant impact on the LF. Using
multiple soil texture variables had a detrimental effect on the model’s performance, as
stated in the paper. Typically, soil texture analysis involves several processes, such as
sample collection, drying, and classification, making data measurement more challenging.
Furthermore, in order to investigate whether the estimation performance of the model was
enhanced by combining multiple soil variables, we employed all possible combinations of
these variables (f1, f2, f3, f1 + f2, f1 + f3, f2 + f3, f1 + f2 + f3), as stated in the study.

LF = f1(SMC) (4)

where SMC is the soil moisture content.

LF = f2(CI), (5)
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where CI is the cone index.
LF = f3(Sa) (6)

where Sa is the sand proportion.
The performance of the estimative model based on regression analysis was evaluated

by referring to previous studies. For the assessment of model performance, four statistical
metrics were chosen: the coefficient of determination (R2), mean absolute percentage error
(MAPE), root mean square error (RMSE), and relative deviation (RD) [27]. Each of these
model performance metrics was calculated using Equations (7)–(10), based on the actual
and estimated engine loads.

R2 =
∑i = N

i=1 (yi − ya)−∑i = N
i =1 (yi − ŷi)

∑i=N
i=1 (yi − ya)

, (7)

MAPE =
1
N

i = N

∑
i =1

∣∣∣∣
1
yi
(yi − ŷi)

∣∣∣∣× 100(%), (8)

RMSE =

√√√√ 1
N

i = N

∑
i =1

(ŷi − yi)
2, (9)

RD =
RMSE
Mean

× 100, (10)

where ya is the mean actual load factor, yi is the actual load factor, and ŷi is the estimated
load factor.

3. Results
3.1. Soil Physical Properties

The collected CI and SMC from a total of ten sites are displayed in Figure 3. The CI
and SMC exhibited large variations across ten measurements for each site. In terms of
the CI, the largest variation was observed at site 9, ranging from 640.6 to 2085.0 kPa. As
for the SMC, the most extensive range was observed at site 1, ranging from 24.2 to 41.0%.
Additionally, in general, the CI exhibited a wider range than the SMC. The minimum
value for CI was observed at site 4, measuring 236.6 kPa, while the maximum value was
observed at site 9, measuring 2085.0 kPa. For SMC, the minimum value was noted at site 4,
measuring 18.42%, while the maximum value was noted at site 8, measuring 45.90%.
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Figure 3. Results of box plot analysis of soil physical properties measured on field experiment sites
(e.g., S1 refers to site 1): (a) cone index (CI) and (b) soil moisture content (SMC).

Figure 4 illustrates the results of the particle distribution proportion analysis for each
particle type in the context of soil texture analysis. The sand proportion ranged from 24%
to 85% across all sites, with Groups S1 to S4 exhibiting a sand proportion of over 70%. The
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silt proportion ranged from 13% to 57% across all sites, while Groups S5 to S10 displayed
higher silt proportions, exceeding 35%. Clay ranged from 2% to 27%, with Groups S1 to S4
demonstrating a low clay proportion of less than 8%, and Groups S5 to S10 demonstrating
a high clay proportion of over 18%. Sites with a high sand proportion exhibited relatively
low CI values. These results are consistent with findings reported in previous studies [28].
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Figure 4. Results of sand, silt, and clay proportion analysis of soil particles by field experiment sites,
where S# refers to the number of sites (i.e., S1 = Site 1).

Table 4 presents the analysis results of the soil physical properties of the ten sites used
in this study. Soil textures were categorized as loamy sand in four sites, clay loam in one
site, loam in two sites, and silt loam in three sites. An ANOVA analysis was conducted to
determine whether there were significant differences in the means of soil physical properties
data across different sites. The analysis results indicated statistically significant differences
between sites, with the exception of a few sites with comparable values. Furthermore, in
all cases except for the comparison between sites 8 and 10, each site exhibited statistically
significant mean differences in at least one soil physical property. This suggests that data
measurements were taken from sites with varying soil physical properties.

Table 4. Analysis results of averaged soil physical properties, including soil moisture content, cone
index, soil particle proportions, and soil texture (N = 10).

Sites SMC (%) CI (kPa)
Soil Particle Proportions (%)

Soil TextureSand
(<2 mm)

Silt
(<0.05 mm)

Clay
(<0.002 mm)

1 33.79 b,c 483 e 80.00 b 14.00 e 6.00 d Loamy sand
2 27.01 d 768 c,d 79.00 b 14.00 e 7.00 d Loamy sand
3 24.79 d 476 e 78.00 b 20.00 d 2.00 e Loamy sand
4 21.55 e 656 d,e 85.00 a 13.00 e 2.00 e Loamy sand
5 33.60 b,c 1034 a,b,c 37.00 d 36.00 c 27.00 a Clay loam
6 33.27 c 910 b,c,d 45.00 c 36.00 c 19.00 b Loam
7 37.84 a 1038 a,b,c 32.00 e 50.00 b 18.00 b,c Loam
8 36.24 a,b 1111 a,b 24.00 f 56.00 a 20.00 b Silt loam
9 31.77 c 1223 a 34.00 e 50.00 b 16.00 c Silt loam

10 33.54 b,c 1212 a 25.00 f 57.00 a 18.00 b,c Silt loam
Mean values within same column showing different superscripts are significantly different (p < 0.05). Duncan’s
least significant multiple-range test was employed to compare the means.
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Figure 5 displays the results of mapping the 10 study sites onto the USDA soil texture
classification triangle. Overall, sites 1–4 are predominantly situated within the loamy sand
region, characterized by high sand proportions and low clay proportions. The remaining
sites exhibited a balanced mixture of soil particles.
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USDA soil texture triangle.

3.2. Engine Load Characteristics

The measurement results of the engine load characteristics at each site are depicted
in Figure 6. Site 4 had the lowest average engine torque of 127.1 Nm, while site 7 had the
highest average engine torque of 359.1 Nm. Site 6 had the lowest average engine rotational
speed at 1967 rpm, while site 4 had the highest at 2450 rpm. The average engine power and
average LF were lowest at site 4, measuring 32.60 kW and 0.418, respectively, and highest
at site 10, measuring 78.33 kW and 1.004, respectively. The engine power and LF exhibited
a similar box plot pattern to that of engine torque. Therefore, engine torque is estimated to
have a greater effect on LF than engine rotation speed.

The statistical analysis results of the engine load characteristics are presented in Table 5.
The average values of the engine load characteristics across all sites ranged as follows:
engine rotation speed from 2148 to 2419 rpm, engine torque from 227.2 to 329.7 Nm,
engine power from 57.52 to 76.76 kW, and LF from 0.737 to 0.984. According to the ANOVA
results, both engine rotation speed and engine torque exhibited statistically significant mean
differences across all sites. Conversely, there were no statistically significant differences
observed in engine power and LF between sites 7 and 8 or between sites 5 and 9.

Figure 7 displays the results of mapping the average LF for each site to the engine
performance curve. During soil tillage operations, tractors are generally operated at an
engine rotational speed of 2400 rpm; however, when there is a demand for a higher load
than the LF that can be output at this time, the engine rotational speed is reduced to output
a higher LF [29]. Therefore, site 4, which has a low LF requirement, performs work in the
range of 2400 rpm, whereas sites with a higher LF requirement have an engine operating
point in a lower range of engine rotation speed.
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Figure 6. Results of box plot analysis of engine load measured on field experiment sites (e.g., S1
refers to site 1): (a) engine torque (ET), (b) engine rotation speed, (c) engine power (EP), and (d) load
factor (LF).

Table 5. Results of engine load characteristics.

Sites Engine Rotational Speed
(rpm)

Engine Torque
(Nm)

Engine Power
(kW) Load Factor

1 2189 i 316.4 d 72.47 e 0.929 e

2 2405 c 258.3 h 65.03 f 0.834 f

3 2413 b 244.6 i 61.77 g 0.792 g

4 2419 a 227.2 j 57.52 h 0.737 h

5 2345 e 305.8 f 75.07 b 0.962 b

6 2148 j 323.4 c 72.70 d 0.932 d

7 2224 h 329.7 a 76.71 a 0.983 a

8 2233 g 328.8 b 76.76 a 0.984 a

9 2310 f 310.3 e 75.05 b 0.962 b

10 2356 d 301.4 g 74.32 c 0.953 c

Means (±standard deviation) within same column showing different superscripts are significantly different
(p < 0.05). Duncan’s least significant multiple-range test was applied to compare the means.
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3.3. Effect of Soil Physical Properties on Engine Load

Figure 8 presents the correlation matrix depicting the relationship between soil phys-
ical properties and engine load characteristics. The top portion of the matrix features
bivariate scatterplots along with fitted lines, while the bottom section displays Pearson cor-
relation coefficients. The engine speed exhibited a significance level of p > 0.05 between soil
texture (sand, silt, and clay proportions) and the CI. Therefore, the correlation coefficients
between engine speed and soil parameters are considered unreliable. In contrast, engine
torque, engine power, and LF exhibited a significance level of p < 0.05 for all soil variables
in the study. The LF exhibited correlation coefficients ranging from absolute values of
0.79 to 0.91 for soil parameters. Excluding engine power, the variables that had the most
significant impact on the LF were engine torque (r = 0.96), SMC (r = 0.91), sand proportion
(r = −0.85), and clay proportion (r = 0.84). Except for silt proportion and SMC, five of the
soil variables mostly demonstrated a significance level of p < 0.05. The sand proportion
and silt proportion displayed a very strong correlation coefficient of −0.98. Therefore, to
address the issue of multicollinearity in the regression model, only sand proportion, one of
the two soil variables with a higher correlation coefficient with load, was selected as the
soil variable for developing the regression model.

Table 6 presents the developed regression models. The adjusted R2 ranges from 0.638
to 0.902, indicating that each model can estimate the load rate with an accuracy ranging
from 63.8% to 90.2%.

Models A–C represent single-variable regression models for soil physical properties.
Model A had the highest R2 at 0.824, while Model B had the lowest R2 at 0.678. Model D
used SMC and CI as soil variables. The combination of these two soil variables is significant
because they can be relatively easily obtained through field sensors. However, Model
D’s adjusted R2 of 0.800 was slightly lower than Model A’s adjusted R2 of 0.803, which
solely used SMC as a variable. Thus, using both SMC and CI for load estimation may
potentially reduce model accuracy. Models E and F utilized soil texture variables. Model E
exhibited a higher adjusted R2 value compared to Model A, while Model F outperformed
Model B. Hence, incorporating the sand proportion variable can enhance the accuracy of
the regression model. Model G incorporated all soil variables, displaying an adjusted R2

value of 0.888, which was lower than Model E but higher than Model F. When comparing
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Models E and G, the reason for the decrease in model accuracy can be attributed to the
fact that the dependent variable is already well explained solely by the SMC variable. A
high correlation between the SMC and CI variables can, in fact, decrease model accuracy.
Therefore, it is crucial to choose a model with the appropriate number of variables.

Table 6. Regression model for estimating the load factor of the tractor.

Model Source Regression Model R2 R2 Adj S.E.

A f1 LF = 0.0147SMC + 0.4487 0.824 0.803 0.0388
B f2 LF = −0.000255CI + 1.1343 0.678 0.638 0.0525
C f3 LF = −0.00292Sp + 1.0582 0.718 0.683 0.0491
D f1 + f2 LF = 0.0114SMC − 0.000076CI + 0.6168 0.844 0.800 0.0391
E f1 + f3 LF = 0.00997SMC − 0.00147Sp + 0.6719 0.924 0.902 0.0274
F f2 + f3 LF = −0.000126CI − 0.001804Sp + 1.1130 0.780 0.717 0.0465
G f1 + f2 + f3 LF = 0.0108SMC + 0.000030CI − 0.00162Sp + 0.6282 0.926 0.888 0.0291

Note: SMC = soil moisture content (%), CI = cone index (kPa), Sp = sand proportion (%).
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Figure 8. Results of correlation analysis of soil physical properties and engine load characteristics.

Table 7 displays the results of ANOVA analysis for each regression model, showcasing
the degrees of freedom (Df), sum of squares (SS), and mean squares (MS). A higher F-value
implies that the regression model better explains the variability in the dependent variable.
Models E and A exhibited higher F-values of 42.278 and 37.381, respectively, indicating
strong explanatory power. In contrast, Models F and B demonstrated lower F-values
of 12.375 and 16.848, respectively, indicating relatively weaker explanatory capabilities.
Consequently, the SMC is significantly more effective in explaining the load rate compared
to the CI. Model G, which utilized all soil variables, yielded an F-value of 24.881. The
p-value, calculated using the F-value and Df, indicates the probability that the model’s
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dependent variable and independent variable have no significant correlation. All models
demonstrated statistical significance with p < 0.01. Variance inflation factor (VIF) is used
for diagnosing multicollinearity, and it is the reciprocal of tolerance. VIF values closer to 1
indicate that there is no correlation between independent variables. Typically, a VIF of 10
or higher suggests multicollinearity [30]. The VIF for each model ranged between 1.854
and 4.435. Therefore, all models did not exhibit multicollinearity issues.

Table 7. ANOVA results for each regression model.

Model Degrees of
Freedom (Df)

Sum of Squares
(SS)

Mean Squares
(MS) F-Value p-Value Variable Tolerance Variance Inflation

Factor (VIF)

A
Regression 1 0.0565 0.0565

37.381 0.000 * SMCResidual 8 0.0120 0.0015

B
Regression 1 0.0464 0.0464

16.848 0.003 * CIResidual 8 0.0221 0.0028

C
Regression 1 0.0492 0.0492

20.370 0.002 * SandResidual 8 0.0193 0.0024

D
Regression 2 0.0578 0.0289

18.964 0.001 *
SMC 0.331 3.201

Residual 7 0.0107 0.0015 CI 0.331 3.201

E
Regression 2 0.0633 0.0316

42.278 0.000 *
SMC 0.539 1.854

Residual 7 0.0052 0.0007 Sand 0.539 1.854

F
Regression 2 0.0534 0.0267

12.375 0.005 *
CI 0.370 2.703

Residual 7 0.0151 0.0022 Sand 0.370 2.703

G
Regression 3 0.0634 0.0211

24.881 0.001 *
SMC 0.329 3.042

Residual 6 0.0051 0.0008
CI 0.225 4.435

Sand 0.367 2.722

* Significant at p < 0.01.

4. Discussion

The data obtained from previous studies were utilized to validate the regression mod-
els derived in this study [31]. The study evaluated the tractor’s operational performance
using the same tractor–moldboard plow combination. In contrast to this study, the mold-
board plow had six blades and the tractor had a rated power of 42 kW. The soil physical
properties were determined by measuring the SMC in the 150 to 200 mm layer and the CI as
the average value in the 0 to 150 mm range, aligning with our data collection methodology
for this study. The LF used measurements obtained under the condition of a working depth
of 16 cm. The average LF for each soil physical characteristic reported in the previous
studies is presented in Table 8.

Table 8. Average LF by soil physical properties for model validation [31].

Site SMC (%) CI (kPa)
Soil Texture

LF
Sand (%) Silt (%) Clay (%)

1 19.45 689.69 68 20 21 0.793
2 24.50 563.21 40 48 12 0.852
3 20.24 864.67 40 28 32 0.921

Table 9 illustrates the estimation value and analysis result of error for the model. The
estimated average LF ranged from 0.734 to 0.956 at site 1, 0.808 to 0.991 at site 2, and
0.746 to 0.942 at site 3. MAPE, RMSE, and RD were used as an indicator to evaluate the
model performance. The MAPE ranges of models A to G varied from 5.36% to 12.55%.
With the exception of one case, Models D to G, which employed multiple soil variables,
exhibited lower MAPEs compared to models A to C that utilized single soil variables.
This suggests that employing multiple soil variables can enhance the estimative accuracy
of the models. However, in the case of Model F, which used CI and sand proportion as
variables, its MAPE was higher compared to the model C concerning the sand proportion.
This underscores the fact that not all variables hold equal importance, and the choice of
specific soil variables can significantly impact the model’s performance. Furthermore, this
emphasizes the conclusions drawn from the research in the Results section.
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Table 9. Analysis of errors in validation data for each regression model.

Items Model
A

Model
B

Model
C

Model
D

Model
E

Model
F

Model
G

Site 1

Average LF
(Kim et al. [31]) 0.793

Estimated LF 0.734 0.956 0.860 0.787 0.766 0.902 0.748
Error (%) 7.43 20.58 8.47 0.80 3.44 13.79 5.64

Site 2

Average LF
(Kim et al. [31]) 0.852

Estimated LF 0.808 0.991 0.942 0.855 0.857 0.970 0.844
Error (%) 5.20 16.21 10.47 0.26 0.57 13.77 1.00

Site 3

Average LF
(Kim et al. [31]) 0.921

Estimated LF 0.746 0.914 0.942 0.783 0.815 0.932 0.807
Error (%) 19.09 0.84 2.19 15.02 11.58 1.11 12.43

Average
MAPE (%) 10.57 12.55 7.04 5.36 5.19 9.56 6.35

RMSE 0.110 0.124 0.065 0.080 0.064 0.093 0.071
RD (%) 12.87 14.44 7.66 9.35 7.44 10.85 8.31

The analysis result of RMSE and RD differed somewhat from MAPE. Model C demon-
strated the second lowest values for RMSE and RD. This is the result of RMSE and RD
being more responsive to outliers compared to MAPE. In practice, Models D, F, and G,
which employed multiple soil variables, exhibited higher errors at specific sites. These
results underscore the need for a more diverse dataset of LF data collected under various
soil conditions to enhance the model’s stability and applicability.

5. Conclusions

In this study, the effect of soil physical properties on LF of tractor engine was analyzed.
A correlation analysis was performed between LF and five soil variables: SMC, CI, sand
proportion, silt proportion, and clay proportion, and all soil variables were found to have a
strong correlation with LF. However, the correlation coefficients between each soil variable
and LF were different, indicating that the soil variables had different impacts. The LF
estimation model was developed through a regression model using soil variables. The
objective of developing this estimation model was to estimate the LF more accurately and
compare the accuracy of models using a single soil variable and models using multiple
soil variables. In many cases, models using multiple soil variables demonstrated higher
accuracy compared to those using a single soil variable. Therefore, adding soil variables
allows us to encompass the complexity and variability caused by soil conditions during
actual tractor operations, leading to an improvement in model accuracy. However, in some
instances, the addition of soil variables led to a decrease in model accuracy. This occurred
due to the added soil variable having a relatively low correlation with LF, which increased
the error of the model, or the increase in outlier values due to the high correlation between
the added variables. Consequently, it was concluded that selecting an appropriate level of
model complexity is crucial.

Kim et al.’s (2022) model validation was performed using soil physical properties
and LF data reported in [31]. The MAPE of the models varied between 5.19 and 12.55%,
with models using multiple soil variables tending to have lower errors. This supports the
conclusions of this study. However, there was no correlation between the model’s high R2

value and the error in the verification results. Differences in tractor power, soil consolidation
tools, range of soil conditions, etc., can affect the accuracy of the model. Therefore, LF data
collected under a wider range of operating conditions and soil conditions are needed to
improve the model’s reliability and versatility. Research on data collection for these various
conditions will continue to be conducted in future studies.
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Abstract: In this study, a model of the frame-type ROPS (rollover protective structure) for an agricul-
tural tractor was developed using FEA (finite-element analysis). Various boundary conditions were
applied as input variables to replace the actual test of the ROPS with a virtual test. An optimization
study was carried out based on the boundary conditions of the bolt, considering the ROPS part
directly mounted on the tractor and the folding connection to the ROPS. The results of the virtual
test were compared with those of the actual test, and the error was determined. The maximum error
of the evaluation model was 7.0% for the force applied on the load and 9.6% for the corresponding
ROPS deformation. All mounting bolts of the ROPS required modeling. In particular, we had to
establish free boundary conditions for axial rotation to implement the folding connection. In addition,
a simulation of the frame-type ROPS was conducted according to the mesh size. A convenient simu-
lation time was obtained for a mesh size of 8~10 mm. Compared with the actual test, the accuracy
was the highest with a mesh size of 6~8 mm.

Keywords: agricultural tractor; ROPS; virtual test; FEA

1. Introduction

According to a survey on agricultural machinery accidents in Korea, tractor accidents
due to a lack of safety measures account for 16.1% of all farming accidents, and overturning
and fall accidents account for 43.3% of all tractor accidents [1]. According to a fatal accident
investigation by the Ministry of Agriculture, Forestry and Fisheries of Japan conducted
in 2005, about 70% of tractor fatal accidents were caused by tractor tipping or falls. This
may be related to the fact that, in Japan, the installation rate of rollover protection structure
(ROPS) is 69%, and only 48% of these frames are certified ROPSs, ensuring the required
performance [2]. In 2002, approximately 52% of fatal accidents during tractor operation in
the United States were caused by tipping, and the ROPS installation rate was 38% [3]. In
Portugal, over the past 10 years, tractor accidents accounted for 79% of all deaths caused
by farming accidents, and 38.6% of these accidents were caused by the overturning; the
application rate of the ROPS for tractors was only 4.1% [4]. In Korea, the installation rate
of the ROPS is 80.1%, but 15.6% of the ROPSs are then removed due to the conditions of
the working environment [5]. It thus appears that, in most countries, tractor accidents are
often fatal, which makes crucial the installation of the tractor ROPS with certified safety
performance [6–8].
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When a tractor overturns, the ROPS, which is intended to protect the driver, is sub-
jected to external forces inducing crushing and deformation [9]. The tests performed to
evaluate ROPS crushing and deformation resistance involve applying static loads to the
tractor-installed ROPS to assess its efficiency in protecting the driver’s safety zone. How-
ever, when changes are introduced in ROPS, even minor design changes such as thickness
variations to improve its strength or changes in the location of bolt holes, the ROPS must
be tested again and obtain a safety certification, which is time-consuming and expensive.
For this reason, during the 2018 OECD (Organization for Economic Cooperation and De-
velopment) Tractor Technical Meeting, the OECD Tractor Division proposed to replace
actual tests with virtual tests when assessing ROPS performance. Accordingly, the OECD
Tractor Division is developing a virtual test for the ROPS. In technologically advanced
countries, the importance of tractor ROPS virtual test technology is recognized through
various studies.

Karakulak and Yetkin [10] argued that virtual testing can prevent wasting time and
money in test repetitions whenever a minor change is introduced in a tractor ROPS design,
and Blanco and Martin [11] confirmed that simulation tests required before ROPS certi-
fication tests are convenient in these respects [11]. Fabbri and Wards (2002) successfully
simulated the test conditions defined in the OECD code to verify the effectiveness of FEA
in reverse engineering of the tractor ROPS [12]. In Korea, Ha et al. [13] used finite-element
analysis to design the ROPS that met the certification conditions and compared their results
with those of an actual test, confirming that their method allowed satisfying the OECD
code. Kim et al. [14] used the finite-element method to achieve the OECD certification
of agricultural tractor cabin structures [14]. Additionally, Jang and Lee [15] obtained an
optimal ROPS design using finite-element analysis, reducing the manufacturing time and
cost and satisfying the performance requirements.

In this way, finite-element analysis can be applied in various conditions, allowing the
optimization of various aspects such as object performance and reverse engineering [16–18].
It also has the great advantage of being able to repeatedly check load test results that
cannot be repeated in reality. As mentioned earlier, the importance of ROPS performance
certification is increasing, and at the same time, a simplification of the existing test methods
is continuously required. One way to simplify the test methods is to introduce virtual
testing, which has the advantages of being less expensive and time-consuming as well as
more suitable for complex structure installations. However, a specific method for virtual
testing has not been established yet, and most previous studies used empirical methods.
In addition, as ROPS behavior is nonlinear, performance testing has to be conducted in
conditions very similar to the real ones to increase accuracy; therefore, setting boundary
conditions and constraints for the examined finite elements is very important.

The aim of this study was to develop a model for virtual testing as efficient as the
performance test method recommended by the OECD tractor code and reflecting the
structural characteristics of the ROPS. We propose a simplified model to validate the data
obtained by virtual tests based on real-vehicle tests. We verified our model with data
collected through repeated tests using a simplified ROPS model in previous research [19].

2. Materials and Methods
2.1. Experimental Design

In order to improve accuracy when performing finite-element analysis of the ROPS, it
is important to select the most appropriate hardening model for the ROPS material. The
stiffness of the model can be reduced by including soft deformable elements [20]. Since
the shape of the joint portion of bolts is complex, it is difficult to establish it according to
the joint conditions. That is why, depending on the purpose of the analysis, it is necessary
to select a precise, practical, and simple model. The FE models can be developed for
various conditions and can yield results similar to those obtained with actual tests only
when suitable elements and constraints are set. Therefore, in this study, a virtual test was
conducted by developing an FE model considering the characteristics of the tractor ROPS.
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Rather than developing a new virtual test software, we verified it with an actual test using a
dynamic commercial tool so that users can easily access it. The possibility of virtual testing
was confirmed by modeling boundary conditions suitable for the frame-type ROPS and
load plates considering actual tests. The procedure for developing the model is shown in
Figure 1.
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The required energy and forces for the ROPS performance test were calculated using
the reference mass of an agricultural tractor of 1650 kg based on OECD code 4. The
required energy and force were calculated as 2.310 kJ rear, 2.888 kJ side, and 0.578 kJ front
and 33.0 kN crush, respectively. The loading sequence should be as follows: rear, primary
crush, lateral, secondary crush, front. The crushing test was performed in both real and
virtual tests. However, the crushing test was not analyzed in this study because it is a
vertical load, not a concept of force direction and energy absorption.

2.2. Software

In general, various software packages are used for structural analysis. In this study,
Marc ver. 2020 (MSC software Corp., Newport Beach, CA, USA), which is widely used
for the structural analysis of the tractor ROPS in Korea, was chosen [21]. This is a general-
purpose, commercial analysis software package that is compatible with various FE model
files and has auto-remeshing and refinement functions useful for the analysis of the non-
linear behavior of the ROPS in load tests. Marc has the advantage of being able to model
the behavior according to nonlinear physical properties and environmental characteristics,
considering the passage of time, by simply defining a contact model and providing a
re-mesh function.

2.3. Simulation Conditions
2.3.1. FE Model for the Frame-Type ROPS

For a certification test of ROPS performance, the manufacturer must submit a drawing
including detailed information, such as the tractor’s basic characteristics, specifications
for each ROPS component, the material used, and the type of assembly and mounting
bolts, to an authorized testing agency. The submitted detailed drawings by the tractor
manufacturer were used to create the initial FE model for virtual testing. In this study, a
3D model of each ROPS component was developed using Solidworks ver. 2019 (Dassault
systems SolidWorks Corp., Waltham, MA, USA) based on a drawing of the tractor, as
shown in Figure 2a. The main frame material of the ROPS model was square steel-pipe
SPSR, and the folding and mounting portions were made of steel-plate SS400. The FE
model used automatic meshing, and local corrections were made for mesh breaks and
element shapes. In addition, each component was named and grouped to facilitate finding
the requested information for the analysis. A grid was made based on the adaptive FE
method for each part, and the shape of each part was accordingly presented. Its advantages
allow us to predict and redesign the mesh breaks, shape, etc. for each assembly. Table 1
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summarizes the mesh information for the nodes and elements of the entire ROPS and the
geometric and material information for each part. The FE model of the ROPS included
upper and lower frames, with 26,474 nodes and 25,951 elements. With respect to the shape,
there were 24,654 square elements, 217 triangular elements, 792 hexagonal elements, and
276 octagonal elements. The FE model of the generated ROPS is shown in Figure 2b,c. The
mainframe, steel plates, pins and mounting plates, and bolts are configured in the same
way as the real thing. Therefore, it has the advantage of being able to analyze the FE model
by various contact condition methods compared with the real one. In terms of geometry,
the mainframe was a 3D shell with upper, middle, and lower parts, and the bolts for folding
and mounting the ROPS were 3D solid. Based on previous research, as shown in Figure 3,
the true stress–strain values of SS400 and SPSR were used in the simulation. As for the
material properties of S45C bolts, the linear properties entered for automatic provision in
the analysis software were used.
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Table 1. Specifications of the FE model for ROPS proposed in this study.

Mesh Geometric

Components Specification
(Number) Components Properties No. of Elements

Nodes 26,474 Frame upper part 3D Shell 14,565
Frame mid part 3D Shell 1518

Elements 25,951 Frame lower part 3D Shell 5786
Frame weld 3D Shell 142

Quad 24,654 Bolt case 3D Solid 144
Stopper bolt 3D Solid 72

Tria 217 Bolt 3D Solid 652
Bottom plate 3D Solid 2336

Hexa 792 Bottom bolt 3D Solid 1576
Octagon 276 Folding part bolt 3D thin walled 4

Material Properties

Components Mass Density
(kg/m3)

Elastic Modulus
(GPa) Poisson’s Ratio No. of Elements

SPSR 7900 200 0.28 42,348
SS400 7900 200 0.28 8529

S45C Stopper 7850 205 0.29 76
S45C Bolt 7850 205 0.29 652
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simulate real conditions. However, there was no function available in the analysis 
program to estimate the required energy. Therefore, the representative deformation value 
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Figure 3. True stress–strain of material used in this study. (a) SS400; (b) SPSR.

2.3.2. Load Conditions

In the simulation, the load was applied in the rear, side, and front of the ROPS, and
the point contact condition was set at the same location as that in the actual test [22]. The
evaluation of the ROPS was performed by applying loads with the energy required to
simulate real conditions. However, there was no function available in the analysis program
to estimate the required energy. Therefore, the representative deformation value for the
required energy was selected based on the trail-error method and simulated the model.
The load conditions including load direction and point in the ROPS FE model are shown in
Figure 4. The ROPS test is a sequential analysis and should take into account the behavior
changes caused by the previous test. In particular, the results of the ROPS test can be
expressed in a strain–force graph obtained by determining strain energy, displacement, and
force over time. The forces applied to the rear, side, and front of the ROPS are represented
on the minus Y axis, minus X axis, and Y-axis, respectively.
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Figure 4. Loading conditions in the ROPS FE model.

In the actual test process, as shown in Figure 5a, a load plate of a certain size was
attached to the front of the cylinder, and a load was applied. However, since the point of
contact was set in the analysis, 2D plate elements were implemented by directly measuring
the actual size of the load plate. The number of nodes for the central contact position of
the plate element implemented in the analysis was 12,461 for the rear load and 26,475 for
the front load, as shown in Figure 5b. As shown in Figure 6a, a load plate was installed to
prevent the slipping and separation of the cylinder in order to apply the side load, and after
measuring its size, a 2D plate element was introduced in the model, as shown in Figure 6b.
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2.3.3. Boundary Conditions

In the FE model, the mounting and folding parts of the ROPS consist of three-
dimensional elements (3D shell, solid) connected to plate elements (2D plate). Therefore,
when connecting solid elements and plate elements as well as beam elements in the normal
direction of the plate elements, a hinge may be introduced. Therefore, a detailed analysis
is required. The 3D solid elements have 3 degrees of freedom per node, while the shell
plate elements have 6 degrees of freedom per node and generally are not stiff in the normal
direction. The ROPS has a relatively complex shape in which solids and shell plates are
geometrically connected. The boundary conditions regarded (1) the portion of the ROPS
attached to the tractor and (2) the folding portion of the ROPS; the model was developed
with two variables. As shown in Figure 7a, instead of 10 bolts for ROPS mounting, it was
applied as a rigid body element (except for the bolt modeling process). For the second con-
dition, we modeled the bolts as shown in Figure 7b and then constrained the displacement
of the bolts on the x, y, and z axes on a rigid body, as shown in Figure 7c.

The ROPS upper frame can be folded for work convenience. As shown in Figure 8,
it was difficult to model a behavior similar to the actual one when a load was applied
because in the folding region, a solid element and a plate element were bound and had
different degrees of freedom. Therefore, in this study, boundary conditions were set so that
the FE model could obtain results that were as close to reality as possible. The boundary
conditions were set as follows: (1) the bolts in the folding part were set to rigid restraints,
(2) all fastening parts outside the bolts were connected, and (3) the fastening part inside the
bolts was set free to rotate in the axial direction. In this study, boundary conditions were
defined according to the Korean national standard [23]. This study focused on developing
and verifying a virtual test model, and because too much content had to be covered to
provide all mathematical equations, it was omitted, which can be confirmed in the standard.
Table 2 shows the comparison between the existing methods and this study. The existing
method, which did not consider the physical properties of the mounting bolt and the
behavior of the connection, and the method of this study, which considered the physical
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properties of the modeled bolt and the contact condition of the connection, were compared.
In addition, we compared it with the virtual test based on data from previous studies such
as ROPS actual test, which did not exist until now.
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Table 2. Comparison of existing methods and this study.

Division Existing Methods
(FEA 1)

Study Methods
(FEA 2)

ROPS mounting part Rigid restraints Bolts modeled
Reflection physical property

ROPS folding part Rigid restraints
Between plate element and 3D

element was set rotation-free in the
axial direction

Mesh size Simple selection of large or
small meshes

Apply mesh after performing
simulation tests for each mesh size

2.3.4. Selection of the Mesh Size

If the same mesh is applied throughout the analysis, and deformation occurs in various
parts during the structural analysis, some serious errors may occur, making it difficult to
guarantee reliability. To reduce these errors, engineers often locally use fine meshes over
the entire finite-element model. This is inefficient in terms of computing resources and
time required for the analysis [24]. Also, the meshes of small size do not prevent excessive
deformation in an unpredictable dynamics analysis. Therefore, it is important to find the
optimal mesh size rather than simply choose a large or a small mesh size [25]. Therefore, in
order to evaluate the effect of the mesh size on the FEA of the performance of the ROPS,
five mesh sizes, i.e., 4, 6, 8, 10, and 15 mm, were selected using the re-meshing function,
as shown in Figure 9. The optimal mesh size was selected by evaluating the difference
between the actual test results and those of the FE model.
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3. Results and Discussion
3.1. Performance of ROPS Simulation Test
3.1.1. Results by Boundary Conditions Rigid Body Element (FEA 1)

The automatic meshing with a mesh size of 6 mm was applied in the simulation. As a
result of the simulation, we measured a force of 12.301 kN on the rear load, 19.515 kN on the
side load, and 9.267 kN on the front load, and the corresponding values of maximum defor-
mation were 253.9, 180.6, and 96.9 mm, respectively. Figure 10 shows a force–deformation
graph that compares the obtained actual test values from a previous study with the virtual
test values. It is evident that, in the simulation, the force sharply increased in each loading
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direction at the beginning, after the application of the load. This was not observed in the
actual test. Because the folding part and the bolt mounting part of the ROPS were set to
rigid constraints, a stress stiffening effect occurred. Therefore, it was measured to have
higher rigidity and smaller deformation than the actual test.
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Figure 10. Force–deformation curve; results of FEA 1. (a) Rear loading, (b) side loading, and
(c) front loading.

The errors and simulation results of FEA 1 are summarized in Table 3. The force
and maximum deformation in the different loading directions were significantly different.
In particular, the force error at the front load reached 43.4%. One-sample t-tests were
performed comparing the mean force and the mean deformation measured in the actual
test and in the simulation. As shown in Table 4, we found significant differences according
to the p values at the confidence level of 95%.

Table 3. Results of the force and maximum deformation for ROPS FEA 1 by load direction.

Load
Direction

Force (kN) Maximum Deformation (mm)

Simulated
(FEA 1) Measured Error

(%)
Simulated

(FEA 1) Measured Error
(%)

Rear 12.301 13.681 10.1 253.9 285.9 11.2

Side 19.515 16.308 19.7 180.6 269.2 32.9

Front 9.267 6.461 43.4 96.9 170.2 43.1

Table 4. One-sample t-test on the results from FEA 1 and the actual analysis (α = 0.05, two-tailed).

Test N Mean SD SE t df p Mean
Difference

Actual rear/
FEA rear

Force 3 13.7 0.353 0.204 6.77 2.00 0.021 * 1.38

Deformation 3 286 8.11 4.68 6.85 2.00 0.021 * 32.1

Actual side/
FEA side

Force 3 16.3 0.0402 0.0232 −138 2.00 0.001 * −3.21

Deformation 3 269 7.46 4.31 20.6 2.00 0.002 * 88.6

Actual front/
FEA front

Force 3 6.46 0.195 0.112 −25.0 2.00 0.002 * −2.81

Deformation 3 170 6.46 3.73 19.7 2.00 0.003 * 73.3

* α = 0.05, p value < α; Therefore, there is a significant difference.

3.1.2. Results by Bolt Modeling and Free Axial Rotation (FEA 2)

External conditions such as load plates were implemented in the same way as in the
actual test. In addition, the characteristics of the ROPS contact site were reflected in the
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FEA boundary conditions. The test of the FE model was performed by setting the contact
conditions of the mounting bolt and the folding steel plate. Figure 11 shows the FEA
2 stress distribution and deformation results of ROPS loading. A comparison between the
simulation and the actual test is shown in the graphs in Figure 12. The graph obtained with
the simulation appeared similar in shape to that obtained with the actual test. As before, a
stress stiffening effect was seen at the beginning of the test. In fact, when compared with
the actual test, the force at the beginning linearly increased as the deformation reached
about 70 mm. But the errors were smaller overall. Table 5 shows the results for each load
direction and the corresponding errors. We measured a force of 12.789 kN on the rear load,
17.135 kN on the side load, and 6.911 kN on the front load. The maximum deformation
was 298.5 mm at the rear, 243.8 mm at the side, and 153.9 mm at the front. In summary,
we found that the errors of load force and corresponding deformation were as follows:
rear force 6.5%, deformation 4.4%; side force 5.1%, deformation 9.4%; front force 7.0%,
deformation 9.6%. Overall, it showed significantly better performance than FEA 1. The
results of one-sample t-tests comparing the actual and the FEA test results are shown in
Table 6. We found significant differences only for the forward load deformation and the
lateral load force and deformation, as indicated by the small p-value at a confidence level
of 95%.
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Figure 11. Evaluation of the distribution stress and deformation on ROPS according to the loading
direction. (a) Rear loading; (b) side loading; and (c) front loading.
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Table 5. Results of the force and maximum deformation for ROPS FEA 2 by load direction.

Load
Direction

Force (kN) Maximum Deformation (mm)

Simulated
(FEA 2) Measured Error

(%)
Simulated

(FEA 2) Measured Error
(%)

Rear 12.789 13.681 6.5 298.5 285.9 4.4

Side 17.135 16.308 5.1 243.8 269.2 9.4

Front 6.911 6.461 7.0 153.9 170.2 9.6

Table 6. One-sample t-test on the results from FEA 2 and the actual analysis (α = 0.05, two-tailed).

Test N Mean SD SE t df p Mean
Difference

Actual rear/
FEM rear

Force 3 13.7 0.353 0.204 4.38 2.00 0.054 0.892

Deformation 3 286 8.11 4.68 −2.68 2.00 0.116 −12.5

Actual side/
FEM side

Force 3 16.3 0.0402 0.0232 −35.7 2.00 0.001 * −0.827

Deformation 3 269 7.46 4.31 0.028 2.00 0.028 * 25.4

Actual front/
FEM front

Force 3 6.46 0.195 0.112 −4.01 2.00 0.057 −0.450

Deformation 3 170 6.46 3.73 4.37 2.00 0.049 * 16.3

* α =0.05, p value < α; Therefore, there is a significant difference.

3.2. Simulation Test Results by Mesh Size

The mesh sizes in the ROPS FE model were set differently, and a test was performed
on the rear load. The results showing the actual and FEA test results according to the mesh
size are shown in Figure 13. The results are shown in Table 7. The time for solving the ROPS
finite-element model was 21,285 s for an element size of 4 mm, 8315 s for an element size of
6 mm, 3383 s for an element size of 8 mm, 2540 s for an element size of 10 mm, and 4605 s
for an element size of 15 mm. When the size of the element was 8 or 10 mm, the model was
solved in a relatively short time, whereas when the element size was 4 mm, it took about
6 h to solve it. The largest error in the force value when comparing the results with those of
the actual test was found for the element size of 10 mm and was 21.9%. In addition, the
error in the force value was 19.3% and 18.8%, respectively, for the element sizes of 4 mm
and 15 mm. Although the mesh size 6 mm showed the lowest error, this condition still
required the second highest simulation time among the five mesh conditions. Therefore,
the user must select the mesh size considering the appropriate simulation time and error.
These results are similar to those presented in the previous research results of Kim and
Jung (2012), who studied the relationship between element size, effective characteristics,
and analysis time [26]. To replace a real-test ROPS performance, the virtual test is required
to be highly accurate. It was observed that the lowest error in the virtual test compared
with the actual test was for the mesh size of 6 mm.

Table 7. FEA results and errors for the ROPS FE model according to the mesh size.

Mesh Size (mm) 4 6 8 10 15

Simulation time (s) 21,285 8315 3383 2540 4605

Force (kN) 11.045 12.687 11.830 10.684 11.147

Error (%) 19.3 7.3 13.5 21.9 18.8
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4. Conclusions

The ROPS for the tractor driver’s rollover safety must be subjected to load performance
tests even when only minor design changes are introduced, such as changes in the position
of bolts and in frame thickness. Tractors and the ROPS need to be examined and certified
through actual testing, which is costly and requires manpower and money. Therefore, in
this study, the characteristics of the tractor frame-type ROPS were considered to develop a
simulation as a valid alternative to actual testing. In addition, an FE model was developed
considering different boundary conditions. Simulations were performed, and the results
were compared with those obtained with the actual test; the corresponding errors were
then calculated. The main findings of this study were as follows:

(1) For the virtual test of the frame-type ROPS, the stress stiffening effect of the tractor
and its mounted area must be considered. Therefore, all bolts should be modeled
rather than using rigid body constraints. Additionally, the boundary condition of the
bolt finite-element model must be set to rotation-free for the bolt itself.

(2) The size of the load plate in the actual performance test was taken into consideration
and reflected in the load conditions. In addition, the boundary conditions of the ROPS
part directly mounted on the tractor were simulated by applying bolt 3D modeling
and free axial rotation rather than rigid body restraints. As a result, the slope of the
force–deformation curve was improved. The measurement error with respect to the
actual test measurement was reduced by up to 38.3%.

(3) A simulation was conducted to identify the mesh size suitable for the ROPS. As for
the simulation time, when the mesh size was 8 or 10 mm, the simulation was relatively
short. The error with respect to the measurement from the actual test was the smallest,
i.e., at 7.3%, when the mesh size was 6 mm.

(4) We expect that the results of this study will soon allow the establishment of a secure
virtual test technology for domestic ROPS. In addition, we expect that it will be
possible to propose a domestic virtual test technology to the OECD tractor group.
The manufacturers can thus verify ROPS design changes to improve ROPS quality
through convenient virtual tests. This is expected to help ensure excellent ROPS
quality by reducing costs and saving time.

In this study, the FE model for frame-type ROPS performance was proposed. The
results of this study suggested the possibility of replacing real tests with virtual tests.
In future research, in order to improve the accuracy of virtual testing, we would like to
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implement full virtual testing as a replacement for actual testing through advanced research
such as individual research on the physical properties of materials.
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Abstract: Plant phenotyping has been widely studied as an effective and powerful tool for analyzing
crop status and growth. However, the traditional phenotyping (i.e., manual) is time-consuming
and laborious, and the various types of growing structures and limited room for systems hinder
phenotyping on a large and high-throughput scale. In this study, a low-cost high-throughput
phenotyping system that can be flexibly applied to diverse structures of growing beds with reliable
spatial–temporal continuities was developed. The phenotyping system was composed of a low-
cost phenotype sensor network with an integrated Raspberry Pi board and camera module. With
the distributed camera sensors, the system can provide crop imagery information over the entire
growing bed in real time. Furthermore, the modularized image-processing architecture supports the
investigation of several phenotypic indices. The feasibility of the system was evaluated for Batavia
lettuce grown under different light periods in a container-type plant factory. For the growing lettuces
under different light periods, crop characteristics such as fresh weight, leaf length, leaf width, and
leaf number were manually measured and compared with the phenotypic indices from the system.
From the results, the system showed varying phenotypic features of lettuce for the entire growing
period. In addition, the varied growth curves according to the different positions and light conditions
confirmed that the developed system has potential to achieve many plant phenotypic scenarios at
low cost and with spatial versatility. As such, it serves as a valuable development tool for researchers
and cultivators interested in phenotyping.

Keywords: plant phenotyping; phenotypic index; low-cost system; camera network; online monitoring;
plant factory

1. Introduction

Stressful situations cause morphological, physiological, and biochemical changes in
crops. Thus, research on crop phenomics has been conducted to measure and utilize
these changes in order to increase productivity, improve quality, and reduce energy and
resource consumption through optimal control [1]. In the early stage, a specific stimulus
was provided in a controlled environment, such as a smart farm, and response analysis
and growth modeling were performed. In particular, to obtain characteristic information
about crops, direct measurement, observation, or destructive methods are used. However,
although these methods are generally simple and reliable, they require considerable time
and labor because of the small number of activities that can be performed at one time [2,3].
In addition, when destructive methods are applied, the sample is damaged, and subsequent
analysis is difficult.
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To overcome these difficulties, various analyses using non-destructive methods have
been conducted. Data available for analysis include images, environmental (temperature,
humidity, light intensity, and nutrients) values, and physical (length and weight) values
to quantify the genotype and phenotype [4]. Among them, image-based methods are
used to analyze the external characteristics or growth of crops using two- (2D) or three-
dimensional (3D) images or to indirectly explain internal phenomena through spectral
images [5]. As several samples can be easily and automatically obtained using a camera,
the time and cost required to acquire feature information can be reduced [6]. In addition, a
large amount of information can be obtained using several images, broadening the scope
of the analysis. This development coincides with the creation of integrated and mass
crop production facilities; moreover, with the development of information communication
technology (ICT) convergence technology, high-throughput analysis has been developed
into a high-speed, mass-phenotypic method with high efficiency [7]. A high-throughput
phenotyping platform refers to a system that integrates the storage of crop data, data
analysis, robotics, and decision making. Growing demand, along with the development of
numerous types of applicable data and technologies, has led to the requirement of several
research studies for this platform and improvement of standardization, experimental
methods, and analysis [8–10].

The process of stably collecting and analyzing images is important for analyzing the
overall growth of crops through images. The process of acquiring the image should place
no additional stress on the crop, and there should be no other influences such as noise or
color distribution changes on the image. Several cameras can be utilized to acquire images.
In addition, automatically moving and saving the images according to the conditions in a
specific storage space can be advantageous because shooting is conducted over several days
depending on the growth process. A system with continuity in which the characteristics of
crops are automatically analyzed using various image processing and machine learning
algorithms for each image and where model development and updates are performed
is considered ideal. Thus, the entire process from image acquisition to analysis must be
organically connected to enable high-speed mass-phenotypic analysis. However, most of
the previously developed systems are very expensive and use algorithms applicable only to
a specific environment, hindering their broad application. For example, in a previous study,
when examining the number and area of leaves in the growth chamber to investigate the
development of Arabidopsis, there were differences in the absence of various application; in
addition, the study was soil-based [11]. Similarly to this study, in a 2D-based phenotyping
system using a fixed camera, automatic water supply adjustment and area and color
characteristics were analyzed. This study was conducted in a soil environment and applied
to relatively small crops [12]. In some studies, 3D images and spectroscopy were applied
by performing growth monitoring through individual moving ports. However, a limited
number of parameters were used, and there were difficulties in system configuration using
built-in software [13,14].

A plant factory is a mass crop production facility that can provide a more uniform
growth environment than the open field through artificial lighting and complex environ-
mental control in an enclosed space for the year-round production of crops [15]. However,
even within these plant factories, spatial variations exist in micro-environmental conditions,
such as light, temperature, and humidity, resulting in growth differences [3,16]. Moreover,
it is necessary to capture and analyze at minimum hundreds of plant images per day to
follow the rapid and intensive progression of growth in plant factories [4,17]. If the analysis
is not accomplished in a real-time manner, the data will be accumulated and delay the
response to the crop status. In the context, high-speed mass phenotyping approach can
be a practical solution to provide location-specific information on crops growing in the
cultivation bed, thereby allowing precise environmental control and growth management
in plant factories such as yield estimation, crop harvest, or disease treatment.

Methods for acquiring image information according to location include acquiring mul-
tiple images while moving one camera and acquiring multiple data at a time by arranging
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multiple cameras at a certain location. When using a single mobile camera system, it is
possible to use a high-cost camera with good performance rather than purchasing several
cameras. Good performance provides high resolution and facilitates obtaining images of
depth sensors or other wavelength bands rather than simple colors. Because the image
is acquired with one device, there is no need to consider the error of the hardware itself.
However, this method is relatively expensive and has limitations in repeatability, data
acquisition time, and movement section restrictions because the camera position must
be moved manually unless an additional automation device is employed in a situation
where multiple crops need to be photographed. For example, Jiang et al. [18] developed an
on-the-go monitoring platform to measure crop-growth variation according to the location;
however, this system could only be moved for the first applied bed structure, and the
configuration of the system became more complicated as the cultivation area increased.
Yeh et al. [19] created a moving-image monitoring system using a moving arm. Its effec-
tiveness was verified only on a small vertical bed, and rapid analysis was difficult because
the growth information was confirmed via image processing through post-processing.
Rossi et al. [20] reported a low-cost sliding platform for high-resolution plant phenotyping,
but the processing time of more than 1 h would limit the application of the system to the
level of laboratory analysis. A greenhouse-based low-cost phenotyping platform reported
by Yassue et al. [21] is noteworthy since it proved its effectiveness in a greenhouse-level
environment. However, it would not be applicable for vertical plant factories due to height
problems. Bari et al. [22] applied a moving-cart embedded camera to the rails for moni-
toring growing peas in greenhouse, but the large area of the greenhouse meant that it was
necessary to analyze the image via post-processing after the collection of images.

By contrast, as the method using several inexpensive cameras can secure a large
amount of simultaneous image data, it is easy to analyze changes in the same location
without additional correction processes. In addition, it can be flexibly configured for plant
factories with relatively large and diverse production structures. However, there is a non-
uniformity of information depending on the type and quality of images and the use of
various hardware; therefore, it is necessary to develop an image processing technique to
overcome this problem. Although An et al. [23] adopted the calibration of multiple-camera
array and utilized it for plant phenotyping, the post-data collection and -processing made it
difficult to access and analyze data in real time. Thrash et al. [24] also proposed a low-cost
wireless phenotyping system, but it was only developed for a single index and a horizontal
space. Gang et al. [25] developed a novel convolutional neural network-based model
that can estimate various morphologic indices for plants grown in greenhouses, but its
feasibility was not validated in an integrated phenotyping platform.

Considering the aforementioned limitations, it is necessary to develop a low-cost
phenotyping system capable of collecting and processing data in real time while being
structurally more flexible for crop monitoring in vertical plant factories. Furthermore, for
phenotyping modeling aimed at analyzing the behaviors of various crops, it is necessary to
simplify the determination of new indices or code modifications for correlation analysis.

For the purpose, in this study, a multi-camera network using an inexpensive image
sensor and processor was developed. It was designed to have flexible space applicability
through a wireless, miniaturized camera node configuration, and to make it easy to collect
and analyze various phenotypic indices through a modularized image processing algorithm
structure. Based on this, a system capable of performing high-speed mass-phenotypic
analysis was constructed. Specifically, the developed system continuously and stably
collected crop growth images from camera devices installed at different locations, classified
them according to location and time, and stored them in an independent space of the
computer server. The stored images were configured to analyze diverse crop characteristics
through various image processing algorithms and to output the results. Additionally,
the analyzed crop characteristics were used as data for a growth model for a specific
situation, and the model was updated according to the data generation. The feasibility
of the developed system was evaluated by collecting 2D images of lettuces for the entire
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growth cycle at various locations. To verify the applicability of the obtained phenotypic
indices, growth information of lettuces growing under two different photo-environmental
conditions within the plant factory were analyzed and compared.

2. Materials and Methods
2.1. Plant Growth Conditions

The camera system could be applied to any leafy vegetables with low heights, which
are usually cultivated in the commercial plant factories [26]. In this study, Batavia lettuce
(Lactuca sativa L.) was cultivated for the growth experiment, which is a type of lettuce
that originated in Europe. Lettuce is one of the most important leafy vegetables in plant
factories because of its popularity, with the highest consumption and economic importance
throughout the world [27,28]. Individuals with similar weight, size, and shape were
selected by direct sowing, and a monitoring experiment was conducted on the growth of
the entire cycle from the second day after planting.

Cultivation was conducted in a container environment system located in Yongin,
Gyeonggi-do, Republic of Korea (Figure 1). This container, a system that has an envi-
ronment independent of the outside environment, is suitable for conducting reaction
experiments of crops to a target factor. Crops were grown independently in a sponge
medium serving as artificial soil, and the necessary nutrients were provided through a
closed nutrient film technique system where the electrical conductivity and pH values
without a separate nutrient solution supply device. Generally, EC and pH values below or
above the optimal range can impede water and nutrient uptake in crops, thereby inhibit-
ing growth and potentially inducing diseases [29]. Therefore, the nutrient solution was
manually managed to maintain an appropriate concentration by measuring the EC and pH
values at 2-day intervals through standard sampling. During cultivation, the temperature
inside the container plant factory was maintained at an average of 22.1 ◦C in the range of
21–23 ◦C, and the humidity was maintained at an average of 65% in the range of 50% to
80%. CO2 was maintained at 400–700 ppm as a factor relating to plant respiration.
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2.2. Photoperiod Condition

Photoperiod is one of the most important variables affecting the plants’ growth process,
thereby inspiring researchers or industries to explore the effective light/dark cycle for
leafy vegetable productivity [30,31]. Specifically, it was reported that differing pulse width
modulation of light would be an important factor in the photosynthesis. Chen and Yang [32]
reported that intermittent light irradiation could enhance the biomass and taste of lettuces.
Therefore, not only to evaluate the applicability of the developed system but also to confirm
the effect of different light/dark cycles on the growth of lettuces, an experiment was
conducted to establish a camera network for two cultivation beds and to check the growth
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difference by varying the photoperiod conditions for each zone. The control (con) group
was irradiated with light for 16 h and maintained in the dark for 8 h; for the pulse (pul)
group, light–dark conditions were set at intervals of 2 h and 1 h, respectively. Accordingly,
the daily light irradiation time of the two groups was 16 h, and the total irradiation time
and the total incident light amount were the same under the two photoperiod conditions.
However, it was expected that improved growth would appear for pul group due to the
different light/dark cycles. A total of 14 Batavia lettuces were cultivated for each group, and
4 lettuces were used for acquiring destructive test data (Figure 2). Specifically, 12 camera
systems were installed for each control and experimental group to acquire images, while
each camera was installed to be located in the center of each target crop. With regard to
the extra two cameras for each group, they were used to validate the phenotypic analysis
during the cultivation. Growth characteristics such as fresh weights of shoots, leaf length,
leaf width, and leaf numbers were measured for four samples every week. Fresh weights of
shoots of lettuces were measured using a digital scale (Si-234, Denver Instrument, Denver,
CO, USA), and the length and the width of leaves were measured using a ruler. The
measured values were used to analyze the differences in data and to compare means
among the treatments, respectively.
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2.3. Low-Cost Camera Network

For high-speed, mass-phenotypic analysis targeting plant factories, the narrow cultiva-
tion interval between crops and the restriction of height should be considered. Accordingly,
the proposed system was configured in the form of a multi-point camera network that
could freely attach and detach small camera modules and provide integrated access to in-
formation on each image collection node through a web connection. Moreover, the building
cost of the camera network system is about 5% level compared to the on-the-go monitoring
system by Jiang, Kim, and Cho [18] (Table 1). Although the cost will be increased as the
number of camera nodes increases, it is still more reasonable than the on-the-go monitoring
system when considering the scan area.
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Table 1. Comparison of the camera network system with the on-the-go monitoring system by Jiang,
Kim, and Cho [18].

Item Camera Network System On-the-Go System

Cost ~USD 50 per node ~USD 2200

Setup Light and compact (~50 g L96 mm ×W71 mm ×
D26 mm per node)

Bulky (~8 kg for conveyer belts, controllers,
motors, and actuators)

Scan area (height of
0.45 m) 0.54 m × 0.4 m 0.94 m × 1.8 m

Plant scan time <1 ms ~127 s

Ease of installation Easy (due to the node’s compact size and
individual modularity)

Difficult (due to the complexity of conveyer belts
and frames)

External equipment Wi-Fi router Linear actuators, a motor servo driver, and step
motors

A Raspberry Pi 3B+ (Raspberry Pi Foundation, Cambridge, UK) was used as a low-
cost microprocessor that can acquire images of crops for the experiment and transmit
them to the server. It was selected because it is small, light, and inexpensive, has good
compatibility with various equipment, and has good accessibility compared to other
commercial products.

Various cameras, including a USB webcam, can be connected to the Raspberry Pi to
take pictures. The Raspberry Pi Camera v2 (Raspberry Pi Foundation, UK) was selected and
used to compare the stability, convenience, and image quality. This camera is composed
of a module with a resolution of 3280 × 2464 and a performance of approximately eight
megapixels. For the stability of data collection, the board and camera modules were
configured in a one-to-one connection. The Raspberry Pi and camera module used in this
study are not essential parts and can be replaced with other products depending on the
experimental environment conditions.

Because the monitoring of crops is conducted remotely, the information obtained
on the local Raspberry Pi has to be grasped remotely. Moreover, as mentioned above,
an external system is needed to solve the problems associated with the use of multiple
processors and limited local capacity. To this end, a computer acting as a server and
multiple Raspberry Pi devices were connected to form a system to automatically import
data. The computer acting as a server played an overall role in storing and analyzing data.
The computer was configured with a Linux operating system environment of core i7-7700k
CPU @4.2 GHz (Intel Corp., Santa Clara, CA, USA) and 32 GB RAM for continuity with
Raspberry Pi.

Figure 3 shows the network diagram for system setup. This network diagram is an
example for the photoperiod experiment of this study, and it is possible to add or remove a
server, router, Raspberry Pi, etc., depending on the researcher’s experimental environment.
Several Raspberry Pi devices for shooting were connected to a single local router via Wi-
Fi. A port forwarding method replaces the internal IP between the local router and the
Raspberry Pi connected to the lower internal network and creates a new address that can be
accessed remotely. Therefore, it was possible to remotely access the Raspberry Pi containing
the image information for each location and transmit and receive real-time monitoring and
image information. The external server was connected to several Raspberry Pi devices
through the local router and used the secure shell (SSH) protocol to access and issue remote
commands. Thus, the SSH class was implemented, and the image data were transmitted
to the server at a specific period after creating a session using the port forwarding access
address. In the server, there were folders designated for each Raspberry Pi, and images
were saved in each folder with a name set using date and time information.
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2.4. Crop Image Collection

As described in the following passages, image data taken according to time conditions
were saved in the Raspberry Pi and configured to be transmitted to the server at a specific
point in time to enable continuous image shooting. When an image acquisition signal was
transmitted to the Raspberry Pi according to the time condition (20 min intervals), a process
for stabilizing the image sensor was performed, and the image shooting was performed
after acquiring the local time required for phenotypic analysis. To stably acquire image
data, the data transmission operation was interrupted during the acquisition process. Since
it did not take much time to transmit one image, the data were transmitted when a certain
number of images were accumulated in consideration of the system load in the transmission
process. Accordingly, data collection to the server was performed once daily. The code for
image acquisition was written using Python, and camera control was performed with a
Python library called “PiCamera.” The use of crontab provided a reduction in the system
load, as the system was run only when necessary, rather than continuously.

As the images acquired have high resolution, one file has a size of approximately 4 MB.
This is not a problem in short-term monitoring, but in the case of long-term experiments,
there may be a problem of insufficient capacity inside the processor. Accordingly, flags for
the number of consecutive shooting days, or the number of stored files can be configured
to enable continuous monitoring by deleting previous files when the limit is exceeded. In
addition, in the process of transmitting the image to the server, it was implemented to record
and display logs such as connection errors, image errors, and transmission completion of
the local Raspberry Pi to promptly respond to users.

The imaging system consisted of a top-view image acquisition system that could secure
crop-growth images in container environmental conditions. The system was configured so
that only one crop was placed in the center of one image. Camera modules were installed in
the space between the LED lamps to obtain an accurate top-view image and to prevent light
intensity interference. Each camera module was calibrated using a classic color checker
(X-Rite, Grand Rapids, MI, USA) to compensate the spatial variability. Image acquisition
was performed for additional 10 s to stabilize the shooting. Figure 4 shows the multi-camera
network installed for multi-point growth image monitoring.
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2.5. Phenotypic Index Processing Algorithms

An automatic extraction process of the phenotypic index required for analysis was
performed on crop images stored in each folder of the server. Crop images acquired
by our system consisting of a camera network contain various noises depending on the
environmental conditions of the plant factory. Depending on the system configuration
conditions, an image contains only one crop, but the image also includes several types of
surrounding environments, such as planting bed, media, and other modules, as noise. The
image processing steps to counter these issues are shown in Figure 5. Several algorithms
were combined to extract the region of interest (ROI) corresponding to the crop parts
required for analysis. ROI are initially extracted from the acquired images using the
vegetation index and Otsu threshold method. Because small errors appear in these results,
the final binary ROI was extracted through the intersection of colorimetric changes and
small space filling methods. For the extracted ROI, the contour and pixel area were obtained,
the center was found, the shortest and longest lengths were measured, and the average color
information was identified. The extracted index formed a data frame with the structure of
the crop, date, time, index 1, index 2,. . ., index n, which was stored in a comma-separated
values (csv) format. It was also possible to check the image for specific results. The image
processing was configured to be performed on the entire folder when a certain number
of image data were added, including files that were not analyzed. The default value
was set at daily intervals; thus, when the daily data transmission was completed, index
extraction was performed only on new data. The newly created indicator data were stored
cumulatively in the previously saved csv file to enable continuous analysis. For the storage
and management of data, it is possible to consider a method of using a database rather
than a simple csv format storage. In this study, a database was not considered because
a simple configuration was sufficient. However, if the system grows in size, the use of
a database would be necessary. OpenCV and PlantCV libraries were mainly used in the
image processing.

For accurate analysis of crop image phenotypic indices, some aspects were considered
on the images obtained. First, image distortion was considered [33]. Usually, in the case of
an image containing several crops, errors occur in the center and edges of the image owing
to the hardware characteristics of the camera lens. This phenomenon is called distortion. In
the case of the configured system, only one crop was placed in the center of one camera
to avoid distortion. Second, even by precisely positioning the camera and crop, physical
skew occurs [34]. This can cause problems in image tracking because movement may occur
as the crop grows; in addition, it depends on the characteristics of hydroponics. In this
regard, an analysis method not affected by skew was used. Specifically, two methods were
applied to avoid the effect of skew: first, one camera was placed for each crop so that the
crop was located in the center of the image, thereby minimizing the effects of skew, which
typically occurs in the corners of the image. Second, the projected area viewed from the
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top instead of the actual leaf area to extract phenotyping features because it could reduce
skew interference caused by leaves growing in various directions. Lastly, because multiple
cameras were used, the colors appeared slightly different for each camera, even when
shooting the same subject. This was solved by performing a calibration process using a
separate color panel as a hardware characteristic.
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The first step of the analysis of crops is the extraction of a ROI through background sep-
aration. If ROI extraction is not performed adequately, values calculated in the subsequent
process become useless. Accordingly, several algorithms were combined and utilized. The
target part was a crop, and the image to be analyzed was in the form of 2D red–green–blue
(RGB). Thus, Excess Green (ExG), an image extraction method [35], was applied among the
available vegetation indices [36]. As shown in Equation (1), R, G, and B color channels were
used, normalized values divided by the maximum values (Rm, Gm, Bm) of each channel
were employed, and the equation was derived by assigning weights to the green part.

R* = R
Rm

, G* = G
Gm

, B* = B
Bm

r = R*

R*+G*+B* , g = G*

R*+G*+B* , b = B*

R*+G*+B*

ExG = 2g− r− b
(1)

ExG uses only RGB colors and is an index affected by green; therefore, large and small
noises could be included, as shown in Figure 6. Although the noise of small particles is also
an issue, the artificial medium, which is usually used in plant factories, has a larger role
in noises. The artificial medium is artificial soil constructed to enable crops to absorb and
support the nutrient solution. In commercial plant factories, an empty artificial medium is
sometimes placed to control the planting distance, but it could be recognized as a crop part
in the image and included as noise. These noises cannot be distinguished by using ExG, so
additional image processing is required.

In this study, the hydroponic system in plant factory was considered as the target field.
Therefore, noise filtering for plant factory condition was established to extract the crop parts,
excluding noise from the image extracted through the vegetation index. After converting
the image masked with ExG to the Lab color system, the green-magenta and blue-yellow
channels were extracted, and a threshold value determined based on the trial-and-error
method was set to remove the noise. Since the lab color space reflects the uniformity of
colors, thereby allowing more robustness for the illumination effect [37,38]. Relating to
binarization for crop segmentation, by combining the two methods and performing an
additional fill process on a small part, a sophisticated binary image of the ROI was extracted.
The final target image was obtained by masking the original image on the binary image
(Figure 7).
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Center 

• Obtained by using the mo-
ment value to find the coor-
dinates of the center of 
mass (𝑝) 

• Reference point for radius 
and growth skew calcula-
tion 
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(2) 

 
Contour 

• Point data acquired using 
the boundary of the binary 
mask image through ROI 
extraction 

• Used for projected leaf area 
calculation 

𝑙௧௨ ൌ  ቚ𝑝ప െ 𝑝పିଵሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬ⃑ ቚ 𝑝: i-th point of the contour 
(3) 

 
Radius (length) 

• Minimum and maximum 
radii (length) from the cen-
tral index to the contour us-
ing Euclidean distance 

• Available for estimation of 
leaf length and volume in-
dex 

𝑙௫ ௗ௨௦ ൌ 𝑚𝑎𝑥൛ห𝑝 െ 𝑝పሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬ⃑ หൟ 𝑙 ௗ௨௦ ൌ 𝑚𝑖𝑛൛ห𝑝 െ 𝑝పሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬ⃑ หൟ 𝑝: center point 
(4) 

 
Central axis 

• Vertical axis in space with 
respect to the center of the 
crop and the axis showing 
maximum growth 

• Alignment of the obtained 
crop image; evaluation of 
the crop growth behavior 

𝐴𝑥𝑖𝑠௫ ௪௧ ൌ 𝑚𝑎𝑥൛ห𝑝ప െ 𝑝 ఫሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬ⃑ หൟ (5) 

Figure 7. Additional image processing to acquire images of the ROI: (A,B) noise removal through
Lab color system, (C) binary image, and (D) mask image.

Although more sophisticated segmentation techniques such as a multilevel thresh-
olding or combination of other color spaces such as hue–saturation–value (HSV), and
hue–saturation–intensity (HSI) used for detecting the diseased leaf area could be used, the
techniques require more processing time for one image, thereby inducing considerable
delay for entire growing bed monitoring [37–39]. Therefore, in this study, the proposed
image processing algorithm was simply constructed to achieve the real-time analysis of the
morphological growth characteristics.

A process was performed to determine a phenotypic index that could be used for
analysis with respect to the extracted ROI image. The center, contour, length, central axis,
color space distribution, growth distortion, and color histogram were selected by referring
to the useful phenotypic indices related to crop morphology in previous studies [19,40–42].
Table 2 shows a description of each indicator and the automatic acquisition algorithm.

All processes such as image acquisition, save, image processing, and phenotypic index
extraction were modularized through classes and functions. Modularity facilitated the
modification and addition of content. Although some parameters needed to be modified
according to the experimental environment conditions, it was possible to easily change them
according to the user environment through the modularization of the image processing
algorithm. Since it was possible to remove only a specific part and add a sub-list of
new functions and classes, it could be flexibly applied according to various experimental
purposes and growing environments.

Although these various phenotypic indices can have meaning by themselves, they
enable further analysis through correlation with actual crop characteristics or addition of an
algorithm. To check this possibility, the manually measured values were used for analysis. In
the process of conducting the experiment, crop characteristics such as fresh weight, leaf length,
leaf width, and leaf number were manually measured and compared with the extracted
phenotypic indices. After identifying the correlation, a trend line was drawn through a
regression equation, and the coefficient of determination and root mean square error (RMSE)
were obtained to verify the indices.
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3. Results
3.1. Evaluation of Camera Network

It was confirmed that the developed system can easily identify and solve various
problems that may occur in the process of image acquisition and processing through
the log generated during the image transmission process. This detected several errors
in the artificially generated data port, capturing data, and in the transmission process.
Accordingly, it was possible to respond appropriately to the problems that arose, and the
validity of subsequent analysis of the transmitted data could be secured.

The phenotypic index extraction algorithm was evaluated by performing the analy-
sis on nine items, including center, contour, minimum radius, maximum radius, spatial
vertical axis, maximum growth axis, color space distribution, growth distortion, and color
histogram. As a result of performing automatic index extraction on a total of 35,000 image
data, the total analysis time was approximately 2.43 s per image and included index values
and image result output. The time required for analysis may vary depending on the number
and type of indicators to be analyzed.

Figure 8 shows the analysis results using the phenotypic indices selected by the devel-
oped system for one crop. ROI extraction was performed through background separation,
and the phenotypic index was automatically extracted according to a previously defined
algorithm. The background was adequately removed using the vegetation index, color sys-
tem conversion, and additional algorithms and by providing visualization information for
all indices such as center, contour, and maximum/minimum radius. As a result of applying
the original image and the phenotypic index, the entire growth cycle can be analyzed for
approximately two weeks with an interval of two days for the image. This can provide a
better understanding of the acquired information, such as the growth level of crops, growth
status, and product quality. In addition, it is possible to access the saved analysis result
and analyze it in the form of a data frame. In the developed system environment, the data
frame can access each index value by using a “key” corresponding to the column, and
it is possible to separate data for each crop by specifying a “value” condition of the key.
Accordingly, it is possible to analyze individual crops to perform intensive analysis on
crops of different growth by location.
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3.2. Growth Analysis for Lettuces under Different Light Conditions

Figure 9 shows the area index changes for the pul group with a change in the photope-
riod and for the “con group” with no change. In the pul group, as the light period during
image acquisition and the dark period when acquisition was interrupted were short, the
data appeared continuously, whereas the con group showed a step-like graph because the
dark period was long. The two groups had the same duration of the entire light period;
thus, the total number of images acquired in one day was the same, even though there were
differences in the acquisition time. That is, the data of the two groups were compared for
each day, not for the point value corresponding to the x-axis value of the graph.
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In the growth curve, the growth pattern according to the growth location was different
in both groups, indicating that there was spatial variation. Approximately 13 days after
transplantation, the maximum area of lettuce was approximately 18% larger than the mini-
mum area in the control group, whereas in the pulse group, it was 38% larger, confirming
that the spatial variation was larger in the pulse group.

Among the ten phenotypic indices that can be extracted from our system, the indices
that can be analyzed meaningfully in light condition experiments include contour, length,
minimum radius, and maximum radius in addition to area. These phenotypic indices were
closely analyzed to examine the growth difference according to the light period (Figure 10).
Thus, a new data frame was created by calculating the average value and standard deviation
of each indicator in the developed system interface, and it was expressed as a graph. In the
graph, there was no significant difference in the minimum and maximum radius, but the
growth was higher in the control group in both area and contour length.

Figure 10 shows the index change for one crop during the experimental period. As
observed, it is possible to monitor the growth status, including the phenotypic indices
selected for the crop growth of the entire period, using the developed system. However,
based on the indices, additional considerations were identified in the analysis. In the case
of the contour, it was possible to find a part showing a difference due to the complexity
expressed in the growing process of the crop or the change in the crop shape according to
the light/dark period. Accordingly, the maximum length from the center was measured
by moving the position according to a specific period rather than a single point according
to the passage of time. Although it was shown continuously on the graph, the actual
measurement position changed significantly. The minimum length was considerably
affected even by slight differences in these morphological characteristics; thus, this index
showed the greatest change.
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Figure 10. Analysis of phenotypic indices for Batavia lettuces in different light periods: (A) area,
(B) contour length, (C) minimum radius, and (D) maximum length. The colored area indicates the
standard deviations.

In order to verify the phenotypic index, the analysis was performed using the area
index as a representative. Figure 11 shows the results of performing predictions using area
index for the four characteristics of manually measured crops. Each regression formula
was set to have the highest coefficient of determination. The area index showed the best
correlation with fresh weight (R2 = 0.9602 and RMSE = 2.23 g) (Figure 11A). In the early
stages of small size, it was small with RMSE = 0.83 g, but it was confirmed that the error
also increased as the size increased (Figure 11B–D). A comparison with the other three
characteristics showed a low coefficient of determination compared to the fresh weight,
and no specific characteristics were found.
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4. Discussion

Among the phenotypic indices, the area that was the most intuitive index for crop
growth was a part of the projected pixel points obtained from the top view. Although
the area index would be different from the actual area because the index was calculated
based on the top projection image without considering the lateral information, it can be
used to provide spatial–temporal information of growing lettuces. Specifically, the site-
specific growth monitoring might be feasible for the small number of plants because the
variations in growth are displayed from the images for all growth periods [19,42]. In fact,
this index enabled us to clearly identify both spatial variation in growth and differences in
the photoperiods (Figures 9 and 10). In particular, looking at the control condition graph in
Figure 10A, it can be seen that the y-axis value decreases at the beginning of the change
from the dark period to the light period, and then it gradually increases thereafter. This is
considered to be a phenomenon that occurs because the leaf area is expanded due to the
horizontal decrease in the leaf during the dark period [31,43]. It can be seen from the graph
that it decreases again as the light period begins, but it gradually increases again with plant
growth. Meanwhile, another analysis was possible. Under the experimental conditions,
when the light period was twice that of the dark stage, and considering the length of the
x-axis expressed in the graph, it can be judged that the growth of the crop mainly occurred
during the dark stage (Figure 10A). At the beginning of the experiment, the difference was
less than two times, but on day 7, the difference in area was slightly larger. Initially, the
control group showed similar or slightly smaller values, but 7 days after planting, it showed
a larger value than the pulse group. In fact, even in the destruction data, the group with a
change in the photoperiod had poor growth, and the final weight showed a difference of
13.89 g when comparing the average value based on the fresh weight of the above-ground
part; thus, it was interpreted that this part was revealed by the area index. The initial
hypothesis was that the efficiency could be increased by changing the photoperiod, but it
was judged that the efficiency was rather low due to the short light period. The length of
the contour was similar to that of the area, indicating a difference between the two groups.
However, unlike the area index, where the difference gradually increased, the length of
the contour showed an initial large difference, which gradually decreased (Figure 10B).
As the crop grew, the edge of the leaf flattened, and the curvature seemed to disappear
due to overlapping. Therefore, a different tendency from the continuously increasing area
index was observed. In particular, a relatively fast saturation phenomenon was observed in
the control group. The minimum and maximum radii from the center were also projected
values, and the minimum length index was not suitable for analysis of the photoperiod
(Figure 10C,D). This was because the minimum radius showed a large change depending on
the growth of new leaves and the effect of the light period. The maximum radius showed a
tendency similar to that of the area at the beginning, but with saturation at a relatively early
period, and the two groups reached the same value in the second half of the experiment.
Unlike the area and contour length indices that could increase in various directions on the
image, the maximum radius index could not be measured beyond the measurable range;
therefore, this point is shown in the graph. Moreover, researchers or growers can add new
phenotypic indices based on the camera network system. Then, the system could be used
for building a new phenotyping model by building a new model between the phenotypic
indices and plant physiological behaviors such as nutrient deficiencies, diseases, or pests.

When referring to studies relating to fresh weight, it was found that the analysis using
the area index extracted from this study has explanatory power, and it can be said that
the low error shows the accuracy of the measurement (Figure 11A) [3,44]. Similarly, it was
confirmed that the maximum radius index and the contour index had a high coefficient
of determination in each leaf length and leaf width (Figure 11B,C). The results show
the usefulness of the system for monitoring and determining the phenotypic indices of
growing plants.

From the index, the growth of different light/dark cycle were observed and compared.
The growth of the pul group was lower than that of the con group, indicating the longer
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light/dark cycle would be more beneficial for vegetative growth of lettuces. Specifically,
lettuce biomass did not change unidirectionally with the extension or shortening of the
light/dark cycle, but only specific light/dark cycle can strengthen root growth and water
absorption of lettuces [32,45]. Therefore, it is important to find the optimal cycle of the
illumination on growing lettuces. The results show the developed system would provide
the continuous monitoring of growing lettuces, thereby allowing more effective and rapid
analysis on such variables.

Table 3 shows the comparison of the high-throughput plant phenotyping system
developed in this study with other existing systems. The most expensive system using
a 3D camera array showed a highly accurate measurement performance with a slope of
1.01 and R2 of 0.99 in the comparison with the actual values [46]. The automated growth
measurement system using a conveyer also showed a highly linear predictability for the
fresh weight, with a slope near 1.0 and R2 of 0.95 [18]. Although the predictability of the
developed system is lower than those systems (Figure 11), it is comparable to other systems
with R2 of 0.6–0.8 [20,21]. Considering the performance, a total cost of USD 1200 is quite
reasonable. The system also can measure various phenotypic characteristics and has a
high degree of freedom in analysis compared to other systems. Moreover, the use of other
devices might be limited due to their high costs or spatial reasons in densely growing
environment such as plant factories. In contrast, the proposed system has excellent space
efficiency through a small-sized camera module and a network-based multi-connection
protocol. Continuous monitoring of phenotypic indices relating to height, leaf area, volume
and biomass are effective parameters that could allow farmers to conduct better fertilizer
and water management as well as scheduling of their harvest [47,48]. In plant factories,
leafy vegetables are usually harvested when the leaves reach full vegetative growth; thus, it
is important to monitor the growth during the vegetative stage. Accordingly, in this paper,
lettuce observation was continued from two days after transplantation until the end of the
first harvest, and usable phenotypic indices were successfully presented.

Table 3. Comparison of the camera network system with the on-the-go monitoring system by Jiang,
Kim and Cho [18].

System Plant No. of
Plants

Phenotypic
Characteristics

Code
Availability Cost Ref.

Camera array HTPP * Arabidopsis 1050 3 Commercial +
Not open

~USD 43,200 (including
camera) [46]

Greenhouse-based
HTPP * Maize 756 3 Open ~USD 5000 (including

camera) [21]

An automated growth
measurement system Boston lettuce 45 4 Not open ~USD 2200 (including

camera) [18]

Sliding phenotyping
platform

Maize, Tomato,
Olive 1 8 Commercial ~USD 1300 (without

camera) [20]

Our system Batavia lettuce 24 10 Open ~USD 1200 (including
camera) -

* HTPP: high-throughput plant phenotyping.

From the above results, it is demonstrated that the developed system can be applied to
the real-time analysis of growth differences by group for various growth condition changes
in plant factories, as well as spatial variation analyses according to the visualization of
growth distribution. In future research, we will improve the measurement performance
of the system by adding a side-view camera to collect information about crop height and
areas that cannot be observed from the top view. In particular, we intend to apply a
machine learning algorithm to the various phenotypic indices collected from the system to
understand more complex crop-growth information and to develop a web-based interface,
such that users can freely select and modify functions for each process.
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5. Conclusions

In this study, we developed an analysis system for high-speed mass phenotyping based
on a multi-point camera network using low-cost cameras and processor boards. To ensure
its applicability to various cultivation structures and environments, a server computer was
configured for several image collection modules to automatically import data from multiple
points. Transmission stabilization conditions were applied for data collection stability, and
a large amount of image information was transmitted from the local to the main server
at daily intervals. When the transmission was completed, an ROI image was obtained
through background separation, and 10 phenotypic indices were calculated using an image
processing algorithm. The processing time of approximately 2.43 s per image confirmed
the real-time analysis performance of the developed system. By applying the system to a
commercial plant factory environment, it was possible to determine the growth distribution
information and the influence of the growth environment for each individual based on
various phenotypic indices through the data frame, confirming its feasible application. The
projected area index-based estimation for fresh weight, leaf length, leaf width, and the
number of leaves shows a high R2 over than 0.9, indicating the system would be feasible for
monitoring the growth information of growing lettuces. In addition, the high scalability of
easily removing or adding programming parts through modularization of the calculation
and analysis structure of the phenotypic index can be useful for growers or researchers
who are concerned. In future research, we intend to introduce a side-view camera for crop
height analysis and strengthen the field usability by adding machine learning algorithms.
Overall, the developed system is expected to effectively help crop-growth management, as
it can respond to changes in the dense plant factory cultivation environment and structural
changes through low-cost camera installation and network connection configuration.
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Abstract: Soil particle size distribution is a crucial factor in determining soil properties and classifying
soil types. Traditional methods, such as hydrometer tests, have limitations in terms of time required,
labor, and operator dependency. In this paper, we propose a novel approach to quantify soil particle
size analysis using machine vision analysis with an RGB camera. The method aims to overcome the
limitations of traditional techniques by providing an efficient and automated analysis of fine-grained
soils. It utilizes a digital camera to capture the settling properties of soil particles, eliminating the
need for a hydrometer. Experimental results demonstrate the effectiveness of the machine vision-
based approach in accurately determining soil particle size distribution. The comparison between
the proposed method and traditional hydrometer tests reveals strong agreement, with an average
deviation of only 2.3% in particle size measurements. This validates the reliability and accuracy of
the machine vision-based approach. The proposed machine vision-based analysis offers a promising
alternative to traditional techniques for assessing soil particle size distribution. The experimental
results highlight its potential to revolutionize soil particle size analysis, providing precise, efficient,
and cost-effective analysis for fine-grained soils.

Keywords: soil particle size analysis; machine vision; RGB camera; settling characteristic; image
analysis

1. Introduction

Soil is composed of particles with varying sizes [1], and its properties vary depending
on the particle size distribution. Soil texture is determined by its sand, silt, and clay content,
and it is divided into coarse- and fine-grained soils based on the particle size distribution.
These soil classifications are crucial because they facilitate the easy identification of general
soil characteristics.

Particle size analysis separates soil by size to determine the particle size distribution [1].
Particle size analysis is one of the most basic and important soil property tests because soils
can be classified according to their particle size distributions [2–4]. Using this method, the
particle size distribution curve, which is the relationship curve of the percent finer (P) as a
function of the particle size (D) of the soil, can be obtained. In addition to soil classification,
the results of particle size analysis can be used for purposes such as index testing, profiling,
and compliance [5]. They can also be used to estimate various soil properties such as
permeability, shear strength, compressibility, conductivity, and consolidation [2,3].

In the particle size analysis tests, the particles with a diameter of 0.075 mm or more
are analyzed via sieve analysis, and those with smaller diameters are analyzed using
hydrometer testing [1–4,6–8]. Hydrometer testing is a test method for determining the
particle size distribution of soil particles by measuring the change in density in a soil–water
suspension over time as the soil particles settle in the suspension [2].

Hydrometer tests are widely used but have some limitations [9]. For example, they can
be time- and labor-consuming [10] and exhibits operator and instrument dependency [3].
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The hydrometer test involves multiple steps, including soil dispersion, sedimentation, and
reading the hydrometer scale at specific time intervals. This makes it difficult to analyze a
multitude of soil samples within a short period. Moreover, the accuracy of the hydrometer
test depend on the skills and experience of the operator. Appropriate sample preparation,
handling, and accurate hydrometer scale are critical for obtaining reliable results. Reading
the hydrometer scale can be challenging because of several factors. The scale is often small
and requires precise measurement. Variations in technique between different operators may
introduce inconsistencies and affect the accuracy of the analysis. Despite these drawbacks,
hydrometer testing is widely used for particle size analysis of fine-grained soils owing to
its moderate cost, wide availability, and extensive existing references [5].

There are many alternatives to hydrometer testing, including laser diffraction (LD),
X-ray absorption, and gamma-ray attenuation methods [8]. The aforementioned methods
afford faster analysis and higher accuracy compared to hydrometer tests. However, they
require specialized equipment for experimentation, which can be expensive to purchase,
operate, and maintain. In particular, compared to experimental methods such as sieve
analysis or pipette method, the test cost per sample is approximately 3 to 10 times more
expensive, and the equipment cost is approximately 10 to 25 times more expensive [5]. As a
result, these alternative methods have limitations that make them difficult to use except in
specialized labs. It is also worth noting that hydrometer tests typically use 50 g of sample,
whereas the aforementioned methods use much smaller amounts of sample; this can lead
to problems concerning the representativeness of the test results [8]. In this regard, the
sieve–hydrometer method is still widely used as the most representative method of soil
particle size analysis.

Digital image analysis essentially entails analysis based on features found in a dig-
ital image of an object [11,12]. The process of analyzing digital images to quickly make
a desired decision is referred to as machine vision. Digital image analysis is fast, inex-
pensive, and repeatable and has a wide range of applications [13–17]. As regards soils,
digital image analysis is also being used to predict various soil properties such as water
content [12,18–20], density [12,20], soil cracks [21,22], permeability [23,24], settling veloc-
ity [25,26] and strength [27,28].

Analyzing particle size distribution is also possible via digital image analysis. Soil
particle size analysis through digital image analysis can be divided into two methods:
measuring the size of individual particles in images and predicting the particle size dis-
tribution based on the features in the images. Measuring the size of individual particles
is a widely used method for aggregates. Mora et al. [29] performed particle size analysis
of coarse aggregates from 6.3 to 28 mm with high accuracy by digital image analysis.
Ohm and Hryciw [16] developed a new image-based test called “sedimaging” to analyze
particle sizes in the range of 0.075–2.0 mm, which has been typically performed by sieve
analysis. Sudarsan et al. [30] characterized soil particle sizes using image analysis of micro-
scope images. Bittelli et al. [31] conducted a comparative analysis of the pipette method,
SediGraph method, LD method, and automated digital image analysis to determine the
appropriate test method for particle size analysis of fine-graded soil and recommended the
LD method as the standard method. Sun et al. [32] proposed a minimum image quality
to obtain reliable results in image-based soil particle shape characterization. However, in
the case of fine-grained soils with particle sizes of 0.075 mm or less, the size distribution is
difficult to predict with typical digital image analysis because of the extremely small size of
the particles and the difficulty of separating individual particles. As a result, the particle
size analysis of fine-grained soils using digital image analysis is still limited. Thus, it is
necessary to develop a particle size analysis method based on digital image analysis to
analyze the particle size of fine-grained soil affordably and quickly.

Therefore, this study devised a machine vision-based analysis method to replace the
hydrometer test to perform particle size analysis of fine-grained soil. The test method
was developed by applying the principles of the hydrometer test. To reduce operator
dependency and errors in the readings, an experimental method that does not use a
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hydrometer was proposed. A digital camera was used to analyze the settling properties
of the soil, replacing the hydrometer. In particular, the analysis was performed based on
digital images acquired using a conventional digital camera meant for general use. This
enables efficient soil particle size analysis and affords the advantage of real-time analysis
and automation.

This paper follows a structured approach to introduce a machine vision-based method
for analyzing fine-grained soil particle sizes, aimed at replacing traditional hydrometer
testing. It begins by outlining the rationale for the study and the development of the
experimental technique, which eliminates the need for a hydrometer reading. The soil
properties under investigation are detailed, and the methodology for particle size analysis,
including sieve analysis and a particle size analyzer, is explained. The image acquisition
process using a specially designed settling tank and digital camera is then elucidated. The
core of the paper focuses on image analysis, establishing relationships between settling
distance, particle size, and average image intensity, which replaces hydrometer readings.
Results showcase the method’s success in predicting particle size distribution across various
soil types, followed by a discussion of practical considerations and limitations.

2. Hydrometer Test

The hydrometer test is a test method for obtaining the particle size distribution by
measuring the density of soil–water suspension over time and obtaining the percent finer
(P) by particle diameter (D) of the soil sample [7,33]. The hydrometer test calculates the
diameter of a soil particle based on Stoke’s law [3,4,34]. The settling velocity (v) of a particle
having diameter D, according to Stoke’s law, is as follows:

v =
g(ρs − ρw)

18µ
D2, (1)

where g is the gravitational acceleration, ρs is the density of the soil particle, ρw is the
density of water, and µ is the viscosity of water at T (◦C). A particle having diameter
D settles at a distance equal to the settling distance (L) in an elapsed time (t); therefore,
v = L/t. Therefore, D can be determined as follows:

D =

√
18µ

g(ρs − ρw)

L
t

. (2)

L at time t is measured on the basis of the hydrometer reading (γ). When the hy-
drometer and measuring cylinder are tested as a pair, L and γ are in a linear relationship.

L = aγ + b. (3)

Here, a and b are the slope and intercept, respectively. Assuming that at time t = 0, a
particle of mass ms1 is uniformly suspended in a volume V, the mass of the particle contained
is ms1/V and the volume is ms1/(Vρs) in a unit volume of suspension. Thus, the volume
and mass of water in a unit volume of suspension are 1 − ms1/(Vρs), ρw(1− ms1/(Vρs)),
respectively. Therefore, the density of the suspension (ρ) is as follows:

ρ =
ms1

V
+

(
ρw − ms1ρw

Vρs

)
= ρw +

ms1

V

(
ρs − ρw

ρs

)
(4)

At time t = t, only particles having diameters smaller than D are present at depths
smaller than L. Therefore, if the ratio of the mass of the particles having diameters smaller
than D to the total mass is denoted P(D), the density of the suspension at L is

ρ = ρw +
ms1

V

(
ρs − ρw

ρs

)
P(D)

100
(5)
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In this case, ρ has the following relationship to the hydrometer reading (γ):

ρs − ρw

ρw
= γ + Cm + F, (6)

where Cm is meniscus correction and F is the temperature correction coefficient. Thus,
using Equations (5) and (6), P(D) can be calculated as follows:

P(D) =
V

ms1

ρs

ρs − ρw
(γ + Cm + F)ρw × 100. (7)

3. Materials and Methods
3.1. Soil Properties

Table 1 summarizes an overview of the soil types used in the present study and their
corresponding sampling locations. The investigation focused on five forest soils, namely, B,
R, GrB, DR, and Va. These are representative soils in the Korean forest soil group.

Table 1. Description and sampling location of soil samples.

Soil Group (Subgroup) Symbol Latitude Longitude

Brown forest soils B 37.309404 127.30986
Red & yellow forest soils (Red forest soils) R 37.23417 126.80021

Gray brown forest soils GrB 35.98825 127.63727
Dark red forest soils DR 37.28844 126.84164

Volcanic ash forest soils Va 33.414417 126.48421

Particle size analysis and soil property tests were carried out on a set of five soil
samples. The tests included a specific gravity test, as well as liquid and plastic limit tests
(LL and PL), along with a loss of ignition (LOI) test. These experiments focused on particles
measuring 2 mm or smaller. Furthermore, particle size analysis was performed on particles
measuring 0.075 mm or larger using sieve analysis, while a particle size analyzer Malvern
Mastersizer 2000 (Malvern Panalytical Ltd., Worcestershire, UK) was employed to analyze
the smaller particles. The resulting particle size distribution curve for each soil sample,
which combines the outcomes from the sieve analysis and particle size analyzer, is shown
in Figure 1.
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Table 2 summarizes findings obtained from the particle size analysis and soil property
tests. The specific gravity measurements for soil samples B, R, GrB, and DR were within the
typical range for soils, while Va stood out with notably low specific gravity. Additionally,
Va exhibited a significant LOI value of 32.6%, indicating a substantially higher organic
matter content than the other soils examined. In terms of plasticity, B, GrB, and Va were
classified as non-plastic, whereas R and DR showed low plasticity. Moving on to the particle
size analysis results, GrB was identified as a coarse-grained soil, with 34.3% of particles
passing through a 0.075 mm sieve, while the remaining were classified as fine-grained soils.
Determining soil texture based on the sand, silt, and clay content proportions revealed
that B, R, and GrB soils could be categorized as sandy loam, while DR and Va could be
categorized as silt loam and silt, respectively.

Table 2. Result of soil property tests and particle size analysis.

Symbol Gs * LL * PI * LOI * <0.075 mm (%) Sand (%) Silt (%) Clay (%) USDA *

B 2.53 N.P. * N.P. 12.9 52.1 52.2 46.1 1.7 Sandy Loam
R 2.59 36.64 20.67 6.8 56.0 45.2 48.6 6.2 Sandy Loam

GrB 2.61 N.P. N.P. 6.9 34.3 70.6 28.2 1.2 Sandy Loam
DR 2.57 28.78 11.79 9.0 76.3 26.4 67.8 5.8 Silt Loam
Va 2.07 N.P. N.P. 32.6 92.0 14.5 82.2 3.3 Silt

* Gs: Specific gravity, LL: Liquid limit (%), PI: Plastic index, N.P.: Non plastic. LOI: Loss of ignition (%), USDA: US
Department of Agriculture.

3.2. Image Acquisition during Settlement of Soil Particles

In this study, we aimed to predict the particle size distribution of fine-grained soil
with a diameter of 0.075 mm or less based on digital image analysis. For this purpose, it is
necessary to acquire a series of digital images of the soil–water suspension during settle-
ment. The particle size analysis of fine-grained soils was performed using the hydrometer
test as aforedescribed. The hydrometer test employs a measuring cylinder with an external
scale for measuring the volume. In addition, measuring cylinders are typically made of
glass, which can reflect light and result in low-quality images when used for capturing soil
images. Hence, to overcome this issue, a settling tank was devised to replace the measuring
cylinder, as illustrated in Figure 2.
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The settling tank used in the study has the following dimensions: a height of 400 mm,
a width of 80 mm, and a depth of 40 mm. It is constructed using acrylic material having
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a thickness of 3 mm. Each soil–water suspension in the settling tank weighs 100 g, and
the total volume of the suspension is 1000 mL. Before adding the soil to the tank, it was
thoroughly dried. and only the portion that passed through the 2 mm sieve was used,
consistent with the particle size analysis test.

To capture digital images of the soil–water suspension during the settling process,
a Canon EOS 100d camera (Canon Inc., Tokyo, Japan) was used. The photographs were
acquired from the front of the settling tank, and a white matte plate was positioned at the
back of the tank to eliminate color distortion caused by the background. The photography
sessions were conducted in an indoor studio to maintain consistent lighting conditions.
The camera settings were configured as follows: a shutter speed of 0.125 s, an aperture
value of 5.6, and an ISO setting of 200.

For automated continuous shooting, the camera’s shooting time was controlled by a
computer. Canon’s EOS Utility program was employed for this purpose. The elapsed time
from the initiation of the settling process to the moment the n-th photograph was taken
was defined as Tn.

In the hydrometer test, readings from the hydrometer are recorded at specific time
intervals: around 1, 2, 4, 15, 30, 60, 240, and 1440 min, with the option for more readings
to enhance accuracy. In this study, photographs were acquired every 10 s within the first
20 min, followed by intervals of one minute until 1520 min, and then at ten-minute intervals
up to 2980 min. From this collection of images, those taken within the initial 120 s, as well
as at 3, 4, 6, 8, 12, 15, 30, 60, 120, 240, 480, 960, and 1440 min, were chosen for in-depth
analysis. As a result, a total of 25 images were utilized for the image analysis and particle
size analysis.

3.3. Image Analysis

In Figure 3, a specific region of interest (ROI) is highlighted within the digital image.
The ROI corresponds to the area spanning the top to the bottom of the soil–water suspension
in each settling tank. This area was designated as the ROI for analysis purposes. The
dimensions of the ROI are 400 pixels in width and 2400 pixels in height.
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Figure 4 illustrates the proposed concept of machine vision-based soil particle size
analysis (MVSPSA). In the settling tank, the soil particles within the soil–water suspen-
sion gradually settle over time. As the particles settle, the color distribution within the
suspension changes.
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Figure 4. Conceptual diagram of machine vision-based soil particle size analysis.

The settling distance (L), at time T for a particle having a diameter D, can be determined
using Equation (2). L is directly proportional to the square of D. Consequently, particles
that have settled below the distance L have sizes larger than D, whereas particles above
the distance L have sizes smaller than D. Consequently, the color distribution in the image,
specifically within the range of L, is primarily influenced by particles having diameters
smaller than D.

In the hydrometer test, the hydrometer reading (γ) at a particular value of L is mea-
sured using the hydrometer. This reading γ represents the density of the soil–water
suspension, including particles having diameters smaller than D that have settled above
L. According to Equation (7), γ is proportional to the percent finer (P). Thus, γ serves as a
measure of the weight of particles with sizes smaller than D. In this study, instead of using
a hydrometer, we sought to represent the weights of the particles smaller than D by using
image features.

Figure 5 depicts a schematic diagram of the movement of a particle of diameter D
over time and its color change in a soil–water suspension. When the end of settlement of a
particle with diameter D is Ti, i images from T1 to Ti each contain images L1 to Li. Each of
these images represents the P values of particles smaller than D. Therefore, ID, which is the
average of the gray value of the i-th images (ID,i) taken from T1 to Ti, was calculated and
used as a factor to predict the percent finer P of particles smaller than D.
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Python was utilized for performing image processing tasks, including crop and color
extraction. Various libraries such as NumPy, pandas, pillow, OpenCV, and matplotlib,
among others, were employed for this purpose. The ROI was extracted by cropping it
from the original image. Subsequently, the ROI was converted into a grayscale image. To
analyze the grayscale image, the average gray value was calculated from the top of the
image up to a specific value of L.

Root mean squared error (RMSE) is used as a metric to evaluate the accuracy of
image-based particle size analysis. RMSE is calculated as follows:

RMSE =

√
1
n∑n

i=1(Predictedi − Actuali)2 (8)

where Predictedi is the predicted i-th percent finer and Actuali is the observed i-th percent
finer. n is the number of data points.

4. Results
4.1. Image Analysis of Soil–Water Suspension during Settlement

Figure 6 shows the change in soil–water suspension and hydrometer reading during
soil settlement over time. As time progresses, an observable trend emerges wherein the
average color of the soil–water suspension gradually lightens. Specifically, in a soil–water
suspension, the color tends to become lighter from the top downward. This phenomenon
can be attributed to the gradual reduction in the concentration of suspended soil particles
within the suspension. As settling occurs, the soil particles gradually settle down, leading
to a decrease in their presence in the suspension. Consequently, the overall color of the
suspension becomes lighter. Among the different soil types analyzed, Soil DR exhibited
the most rapid color change, while Soil R exhibited the slowest. Within the initial 30-min
period, most of the color change for Soil DR took place, with minimal additional color
alteration thereafter.
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Figure 6. Changes in the hydrometer (γ) reading and color in soil–water suspension according to time.

The presence of dark areas at the top of the region of interest (ROI) can be attributed
to the settling of organic matter that was initially present on the water surface. During the
settling process, these organic particles tend to migrate downward and accumulate in the
upper portion of the ROI, resulting in the observed dark areas. On the other hand, at the
bottom of the settling tank, particles that have completed the settling process are observed.
It’s important to note that the volume of settled particles after the settling process varies
for each soil type. This discrepancy arises due to differences in particle size distribution,
organic content, and other soil-specific characteristics. These variations result in differences
in the volume of settled particles among different soil samples.

Additionally, γ gradually decreases over time in the settling process. The initial γ
values differ among the soils due to variations in fine content (0.075 mm sieve passage).
However, as the settling process progresses, the hydrometer readings (γ) tend to converge
towards a value close to 1. In hydrometer tests, γ is measured to calculate P, as expressed
by Equation (7). Given this correlation between γ and particle sizes, it becomes feasible
to explore whether certain image features of the soil change similarly to γ. By identifying
image features that exhibit similar variations, the particle size distribution can be analyzed
using image processing techniques.

Figure 7 shows the changes in gray value observed in a soil–water suspension as
the settling process occurs. Over time, the gray value gradually increases, indicating a
lightening of the soil–water suspension as the soil particles settle. The color change within
the soil–water suspension varies across different elevations within ROI. Notably, the upper
section of the soil–water suspension (0–10% range) exhibits significant color change initially
but eventually converges towards a constant value after the completion of the settling
process. In contrast, the lower section of the soil–water suspension (90–100% range) is
where the sedimentation of the soil occurs. Consequently, the color value trend in this area
differs from the rest of the ROI. For soil Va, it is worth noting that a relatively large volume
of soil deposition occurs compared to the other soils. In fact, deposited soil is observed
even within the 80–90% range of the suspension. As a result, subsequent analyses were
performed within the 0–80% range of the ROI, excluding potential soil deposition, to ensure
accurate color measurements in soil–water suspension.
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4.2. Prediction of Particle Size Distribution by MVSPSA

Figure 8 shows the relationship between L and D for soil B. According to Equation (3),
L is proportional to the square of D. Hence, larger diameter particles exhibit increasingly
rapid settlement. Considering that the height of the soil–water suspension in the settling
tank is 38.4 cm, it can be observed that a particle with a diameter of 0.075 mm takes
approximately 1.6 min to completely settle. In contrast, a particle with a diameter of
0.038 mm takes approximately 6 min. Furthermore, a smaller particle with a diameter of
0.002 mm settles a distance of 23.9 cm after 1440 min, while a particle with a diameter of
0.001 mm settles a distance of 6.0 cm. Using this approach, the value of L, based on the D,
can be calculated for each soil type. L is also influenced by the specific gravity (Gs) of the
soil particles. This is because heavier particles tend to settle relatively faster. Consequently,
soil types such as R, GrB, and DR, which have Gs approximately 1.5–3% higher than that of
soil B, would exhibit increased values of L compared to soil B. In contrast, soil Va, with Gs
approximately 18% smaller than that of soil B, shows a slower settling velocity compared
to other soils, resulting in a decrease in L over the same period.
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Figure 8. Relationship of settling distance (L) and time (T) for soil B.

Figure 9 illustrates the calculated values of ID based on the particle diameter (D). In
an 8-bit grayscale image, the pixel intensity or gray value is represented by a value ranging
from 0 (black) to 255 (white). Consequently, when the soil content within the soil–water
suspension is high, the corresponding gray value of the image tends to be closer to 0.
Conversely, if there is a minimal amount of soil present, the gray value tends to be closer to
255. For ease of interpretation, the scale of gray values has been adjusted to range from 0
(white) to 1 (black) rather than the original 0 (black) to 255 (white). Therefore, an ID value
closer to 1 signifies a darker image with a higher concentration of soil particles, whereas an
ID value closer to 0 represents a lighter image with a lower concentration of soil particles.
ID shows a decreasing trend as the diameter of the particle decreases, similarly to γ. This
indicates the possibility of replacing γ with ID.
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Figure 10 shows the relationship between ID and P. This indicates that P has an
exponential tendency to increase with ID. Depending on the value of ID, P tended to
increase exponentially. Consequently, it is inferred that by applying a suitable exponent
to ID, it is feasible to accurately predict P. However, it is important to note that Soil DR
exhibited a distinct trend compared with the other four soil types. The relationship between
ID and P for Soil DR deviated from the expected exponential behavior observed in the
remaining soils.
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Figure 10. Relationship between average image intensity of particle size D and percent finer.

Considering the relationship between ID and P shown in Figure 10, the prediction
formula of P based on ID is as follows:

PD = ID
m × P0.075

I0.075
(9)

where m is exponent of ID, P0.075 is percent finer at D = 0.075 mm, I0.075 is average image
intensity of particle size = 0.075 mm. P0.075 and I0.075 were introduced to align the initial
values of the image-based analysis results with the results of the sieve analysis. Depending
on the value of m, the accuracy of the analysis results can vary. The optimal m for each
soil was found to be different, but with the exception of DR, the other soils were found
to be highly correlated when m ranged from 2 to 3. For Soil DR, the ID did not exhibit an
exponential relationship with P, resulting in a gradual decrease in correlation coefficient as
m increased. On average, the highest correlation was found when m was 2.5. Therefore, it
was decided to utilize m of 2.5 for predicting P using ID across all soil types.

Figure 11 shows the results of the particle size analysis predicted using the proposed
method. Except for Soil DR, the four remaining soil types yielded particle size distribution
curves that closely matched the experimental results obtained from the laser particle size
analyzer. Moreover, the root mean squared error (RMSE) of the prediction results, excluding
Soil DR, demonstrated a high level of accuracy, ranging from 2.5 to 4.0%. This indicates
that the proposed method provides reliable particle-size predictions for the analyzed soils,
offering an effective alternative to hydrometer tests.
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Figure 11. Particle size distribution curve predicted by machine vision-based soil particle analysis
method for soil samples.

Figure 12 shows the USDA soil texture triangle depicting the sand, silt, and clay content
calculated from the particle size analysis results. By utilizing the soil texture prediction
derived from the image analysis, it becomes evident that the predicted soil texture closely
corresponds to the soil texture determined from the actual particle size tests. This alignment
between the predicted and calculated soil textures indicates the reliability and accuracy
of the image analysis method for determining soil texture. The results confirm that the
proposed approach successfully captures the essential characteristics of soil particles and
enables the accurate prediction of soil texture based on particle size analysis.
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Figure 12. Soil texture triangle predicted by machine vision-based soil particle analysis method for
soil samples.
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5. Discussion
5.1. Practical Considerations and Limitations

There are important considerations when implementing the machine vision-based soil
particle analysis method proposed in this study.

Firstly, the analytical method relies on the average color of the image. However, it
should be noted that color values in digital images can vary based on camera settings and
lighting conditions. This means that the analysis results for the same sample can differ
due to external factors affecting image color. To address this issue, establishing standard-
ized lighting and shooting conditions or developing appropriate measures for correction
when variations in shooting conditions occur is crucial. By ensuring consistency in image
acquisition, the reliability and comparability of the analysis results can be enhanced.

Additionally, the analysis of the DR sample was not conducted appropriately, lead-
ing to different results compared with the other soil samples (B, R, GrB, and Va). This
discrepancy is attributed to the rapid color change observed in the DR images within a
very short period. While the other soils exhibited gradual color changes over a duration
of 1440 min (1 day), the DR sample underwent significant color change within the initial
30 min, followed by a minimal color change afterward. However, it should be considered
that the sedimentation of particles in the DR sample may still be occurring during periods
when color changes are not observed. This discrepancy could be due to inadequate lighting
or camera settings, which may have hindered proper observation of the settling process of
small particles. To address these issues and ensure accurate and reliable results, optimizing
the experimental setup, lighting conditions, and camera settings is recommended to capture
the full range of particle settlement. Additionally, further investigations and adjustments
specific to the DR sample may be necessary to improve the analysis methodology for this
particular soil type.

5.2. Advantages of Proposed Method

This study introduces a machine vision-based soil particle analysis method utilizing a
standard digital camera, presenting it as a viable alternative to the hydrometer test. The
method offers several notable advantages.

Firstly, it enables experimentation on many samples. In this study, a single test suc-
cessfully predicted the particle size of five samples. Although the resolution of commercial
cameras imposes limitations on sample size, future improvements in camera technology
and test setup optimizations can increase the number of simultaneous tests.

Additionally, the proposed method offers simplicity compared to hydrometer testing.
Unlike the labor-intensive process of ongoing measurements required in hydrometer testing,
the test described in this study can be automated after the initial setup, enhancing efficiency
and reducing manual labor.

Furthermore, advancements in camera technology can further enhance the results.
While a common commercial digital camera was utilized in this study, specialized cameras
such as NIR or hyperspectral cameras allow for the observation of wavelengths beyond
RGB. This opens possibilities for analyzing samples like DR that were challenging to study
in this particular research. However, a notable strength of this study lies in its reliance on
commonly available cameras, ensuring wider accessibility and distribution.

The proposed machine vision-based sedimentation test offers advantages such as the
ability to experiment on larger sample sizes, simplicity compared to hydrometer testing,
and potential enhancements with the progression of camera technology. Notably, this
method utilizes widely accessible cameras, making it practical for various applications.

For the automation of hydrometer testing, Murad et al. [35] presented an automated
hydrometer testing system for about $70 using Time of Flight Distance (ToF). The system
measures the distance between the hydrometer and the ToF sensor and converts it into
a hydrometer reading. The study reported an R2 of percent finer of 0.857 to 0.896 when
comparing the results of the automated system to the results of the pipette method. In
this study, R2 at m = 2.5 was 0.976 to 0.993 for the soils except DR. The clay content of
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the soils in this study ranged from 1.2 to 6.2%, which is lower than the clay content of
the soils used by Murad et al. [35], which ranged from 24.5 to 73.8%, which may explain
the relatively high correlation. Compared to the above study, this study is considered to
have the advantages of relatively simple system configuration and easy testing of a large
number of samples. It is also significant that this study proposed a new method to analyze
particle size by applying the principle of hydrometer test based on Stoke’s law without
using a hydrometer.

In particular, in this study, the percent finer was predicted based on the color change
of the digital image, but in the further research, the hydrometer reading can be obtained
directly by tracking the change of the position of the hydrometer in the digital image. In
this regard, Souza et al. [36] applied machine vision technology to calibrate hydrometers
that can be utilized in various industrial sites. Therefore, it is expected that machine
vision-based hydrometer reading automation will be possible through further research.

6. Conclusions

This study focused on predicting the particle size distribution of fine-grained soil
using digital image analysis. The study utilized a settling tank instead of a measuring
cylinder to acquire digital images of soil–water suspensions during settlement. Image
analysis techniques were applied to extract relevant features and predict the percent finer
of particles smaller than a given diameter. The results showed a correlation between
the average gray value of the images and the percent finer, indicating the potential of
image-based analysis for particle size prediction.

The study investigated five forest soils, namely B, R, GrB, DR, and Va. The image
analysis process involved cropping the region of interest (ROI) from the acquired images
and calculating the average gray value up to a settling distance. The gray value decreased
with decreasing particle diameter, similar to the hydrometer reading. The obtained gray
values were then used to predict the percent finer of particles smaller than a given diameter.

The prediction results showed that the proposed method could closely align with
the experimental results from a laser particle size analyzer for four out of five soil types.
The RMSE of the prediction results ranged from 2.5% to 4.0%, indicating a high level of
accuracy in particle size prediction.

Overall, this study demonstrates the potential of digital image analysis for predicting
particle size distribution in fine-grained soils. The proposed method can provide a con-
venient and efficient alternative to traditional particle size analysis techniques, offering
insights into soil properties and aiding in soil classification and characterization.
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Abstract: The objective of this study was to analyze the effect of tillage type (i.e., primary and
secondary tillage) and gear selection (P1L2 to P1L4) on the working load of tractor–implement
systems during rotary tillage. Soil properties change with depth, and differences in properties along
the depth distribution, such as the location of formation of the hardpan layer, internal friction angle,
and moisture content, affect the load of rotary tillage operations. Therefore, the physical properties
of soil along the field depth distribution were measured to analyze the effect of tillage type and
gear selection on workload in rotary tillage. In addition, a load measurement system equipped
with PTO torque meter, axle torque meter, proximity sensor, and RTK-GPS were configured on
the 42 kW agricultural tractor. The experimental results show that the combination of tillage type
and gear selection has a wide-ranging effect on the tractor’s workload and performance when the
rotavator operated at the same tilling depth. Overall working load was higher by up to 14% (engine)
and 29.1% (PTO shaft) in primary tillage compared to secondary tillage when the gear selection
was the same. When the tillage type is the same, it was analyzed that the overall average torque
increased by up to 35.9% (engine) and 33.9% (PTO shaft) in P1L4 compared to P1L2 according to gear
selection. Based on load analysis results, it was found that the effect of gear selection (Engine: 4–14%,
PTO: 12.1–28.6%) on engine and PTO loads was higher than that of tillage type (Engine: 31.6–35.1%,
PTO: 31.9–32.8%), and the power requirement tended to decrease in secondary tillage. Therefore,
working load should be considered according to the soil environment and tillage type when designing
agricultural machinery system.

Keywords: working load; agricultural tractor; rotary tillage; soil property; tillage type

1. Introduction

In Korea, agricultural tractors have a working area of 18.9 ha per unit and an operation
rate of 74.3%. Tractors not only simply pull attached implements, but also deliver the
required power to drive attached implements through a power take-off (PTO) shaft [1]. In
particular, agricultural power using PTO is mainly used for high-load agricultural work
such as powered disc plow, rotary, and baler operation. Because tractors are subjected
to large and irregular working load fluctuations depending on the type of agricultural
work performed, it is necessary to analyze the largest fluctuation load on the tractor to
ensure reliability [2,3].
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For the optimal design of agricultural tractors and implements, it is necessary to
measure and analyze the load data generated during agricultural work [4]. Basically,
various load measurement tests were conducted for plow tillage. The initial working load
analysis study was conducted mainly in the soil bin test bed to analyze soil–tool interaction.
Raper [5] conducted a study related to the analysis of minimum draft force generation
according to subsoiler geometry via a soil bin test. As a result, it was confirmed that the
soil disruption was better with less resistance in the bentleg shanks than in the straight
shanks. Other studies have conducted various types of soil–tool interaction study related
to working conditions and load influence parameters on the basis of field experiments.
Naderloo et al. [6] analyzed the tillage depth and travel speed effect on draft force using
three types of plow treatment under clay loam soil conditions. Additionally, Moeenifar [7]
conducted field experiments to analyze the influence of tillage depth and penetration
angle on soil–thin blade interaction. In addition, Aday and Ramadhan [8] conducted draft
force and distribution area analysis studies with respect to single-tine and double-tine
conditions in the subsoiler. In another study, Kichler et al. [9] conducted field tests to
analyze the effect of transmission gear selection on tractor performance and fuel cost as
a function of the geometric shape of the subsoiler during deep tillage operations. The
field test results showed that the productivity rate increased as the appropriateness of
gear selection increased, while the fuel cost decreased. In another study, Kim et al. [10]
analyzed the effect of soil water content on the traction performance of agricultural tractors
during tillage operation. On the basis of the results of the test, it was concluded that
overall tractor traction performance parameters such as axle torque, slip and traction
increased proportionally with increasing soil water content. In addition, Kim et al. [11,12]
conducted field tests to analyze the field environment (i.e., soil texture and soil properties)
and the effect of tillage depth and gear selection on the working load of tractors during
tillage operations.

In addition, some studies have conducted field load measurement tests for agricultural
operations using PTO power. Lee et al. [13] conducted field tests to measure the PTO
working load during rotary tillage and baler operation in Korean upland fields. In another
study, Behera et al. [14] analyzed the effects of tillage depth and travel speed on PTO
torque, draft force and fuel consumption in rota-cultivators. Additionally, Kim et al. [15,16]
conducted a load analysis study on the effect of different gear combinations on the PTO
working load during rotary tillage. In another study, Kim et al. [17] conducted field
measurement testing of the PTO working load of a multi-purpose cultivator in order to
identify the weak part of the PTO gear train.

Rotary tillage is used in both primary and secondary tillage operations. It is also useful
for puddling the field before paddy transplantation. However, load analysis studies with
respect to the soil working environments and tillage types used in primary and secondary
methods have not been performed. Therefore, this study was conducted to evaluate the
working load of 42 kW class agricultural tractor with respect to tillage type and gear
selection during rotary tillage, which is the most widely used agricultural operation that
uses tractor PTO power. The main purposes were to (1) develop a field load measurement
system with an experimental design, (2) measure and analyze the working load data during
rotary tillage, and (3) perform an analysis of the effect of tillage type and gear selection on
tractor working load.

2. Materials and Methods
2.1. Measurement of Field Soil Properties

Basically, all working loads of agricultural machinery originate from the soil environ-
ment. Since the rotary work was performed in two fields with different physical properties,
soil property measurement tests were performed. Figure 1 shows the soil sampling pro-
cedure of the field soil properties. Soil properties were measured using the uniform grid
(3 m × 3 m) sampling method in the field [18]. The test field was divided into 10 uniform
grid squared, and soil sampling was performed in each grid square to measure the physical
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properties of the soil, and in the case of the cone penetration test and vane shear test, which
were performed to measure the engineering properties of the soil, 10 tests were performed
in each grid, for a total of 100 tests.
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First, soil sampling was performed in each test field, A and B, using a 100 mL soil
sampling tube (DIK-1801, Daiki Rika Kogyo Co., Ltd., Akagidai, Japan) and a soil sampling
device (DIK-1815, Daiki Rika Kogyo Co., Ltd., Akagidai, Japan). To measure the soil water
content, the soil specimen was dried at a temperature of 110 ◦C for 24 h [19] using the
oven-drying method (SH-DO-100FGB, Samheung Energy, Sejong, Republic of Korea). The
soil texture of field site was analyzed using the USDA soil classification method [20] using
a sieve shaker (HJ-4560, Heungjin, Gimpo, Republic of Korea) [21].

Additionally, cone index and shear strength, which are the most important parameters
among soil mechanical properties, and have the greatest impact on agricultural workload,
were measured using a cone penetrometer (DIK-5532, Daiki Rika Kogyo Co., Ltd., Akagidai,
Japan) [22,23] and a shear ring-type soil resistance meter (DIK-5503, Daiki Rika Kogyo
Co., Ltd., Saitama, Japan), respectively.

In this study, the soil properties measured in this study were obtained using
Equations (1)–(3) [24,25]:

W =
100Ww

Ws
, (1)

where W is the soil water content (%), Ww is the water weight of the soil specimen, and Ws
is the weight of solids in the soil specimen.

γ =
W
V

, (2)

where γ is the bulk density (g/cm3), W is the total weight of the soil specimen (kg), V is the
total volume of the soil specimen (cm3).

τ =
3M

28πr3 , (3)

where τ is the shear strength of soil (kPa), M is the soil resistance torque that caused the
on-field vane shear test (Nm), and r is the radius of shear box.

2.2. Tractor–Implement System

Figure 2a shows a rotavator (WJ185A, Woongjin Machinery, Gimje, Republic of Korea),
often used in studies on soil–machine interactions to analyze working load using PTO power.
The rotavator undertakes a high-load operation compared to other agricultural operations,
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such as plowing. Therefore, it is suitable for soil–tool interaction studies of agricultural
machinery using PTO power. The rotavator has a maximum tillage depth of 200 mm, and
the dimensions are 810 mm × 2020 mm × 1130 mm (length × width × height). In addition,
it has 7 flanges and 42 tillage blades, with a working width of 1820 mm. The detailed
specifications of the attachment implement are shown in Table 1.
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Figure 2. Tractor–implement system used in this study: (a) rotavator (WJ185A, Woongjin, Republic
of Korea); (b) 42 kW class agricultural tractor (TX58, TYM, Gongju, Republic of Korea).

Table 1. Specifications of the rotavator.

Item Specification

Company Woongjin

Model WJ185A

Required power (kW) 35~45

Length (mm) × width (mm) × height (mm) 810 × 2020 × 1130

Tillage width (mm) 1820

Weight (kg) 405

Max. tillage depth (mm) 200

Number of flanges 7

Number of blades 42

In this study, a 42 kW tractor (TX58, Tong Yang Moolsan, Gongju, Republic of Korea)
was used, considering that the specifications of the rotavator indicate that a power source
of 35~45 kW is required, as shown in Figure 2b. The overall dimensions of the agricultural
tractor body were 3695 mm × 1848 mm × 2560 mm (length × width × height), with
a rated power of 35.6 kW and a maximum torque of 211.8 Nm. The test tractor’s total
weight was 3894 kg, and with the inclusion of the DAQ system (229 kg) and a front loader
(450 kg) (HIT400 L, Hanil Industry Co., Ltd., Gyeongsan, Republic of Korea). The agricul-
tural tractor used in the field experiment was equipped with a mechanical transmission
power shuttle, and through a combination of 4 main gears and 6 subgears, a total of 48 gears
(24 forward gears, 24 reverse gears) could be shifted, depending the tilling work, and the
maximum speed was 33.8 km/h. In addition, the PTO power train is a three-stage power
train, and has rotational speeds of 540, 750, and 1000 rpm, respectively. The specifications
of the agricultural tractor are shown in Table 2.
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Table 2. Results of measured soil properties of test field according to soil depth.

Parameters Soil Depth: 0 to 10 cm Soil Depth: 10 to 20 cm

Water contents (WC, %) 20.6 ± 1.2 17.7± 1.1
Bulk density (γ, kg/m3) 1571.7 ± 75.2 1830 ± 30.6

Cone index (CI, kPa) 801.8 ± 277.6 2065.9 ± 643.1
Shear strength (τ, kPa) 25.1 ± 7.2 64.3 ± 14.4

2.3. Working Load Measurement System

Figure 3 shows the overall measurement system of a 42 kW agricultural tractor for
measuring working load during the rotary tillage. The DAQ (data acquisition) system
was Dewesoft X (Dewesoft 3X, Dewesoft, Trbovlje, Slovenia), and the working load was
measured simultaneously during rotary tillage at a sampling rate of 1 kHz. The working
load measurement system used to analyze the effect of soil properties on the design load of
the tractor–implement system during tillage operations is as follows:

Vth =
πDrwNrwGR3.6

60
(4)

where Vth is the theoretical speed of the tractor in the working direction (km/h), Drw is the
diameter of the rear wheel axle (m), Nrw is the wheel axle rotational speed as calculated by
proximity sensors (rpm), and GR is the gear ratio,

S =

(
Vth −Va

Vth

)
× 100 (5)

where S is the slip ratio (%) and Va is the travel speed as the actual working speed of the
tractor, as measured by RKT-GPS (km/h).
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The engine load measuring unit featured a 5 kNm strain gauge torque transducer
mounted on the flex plate to measure the engine torque (Te), which measured the torque
data with non-contact sensor telemetry through an amplifier. The engine rotational speed
(Ne) was measured by sampling at 100 Hz based on wireless CAN (Controller Area Net-
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work) communication and then synchronized with other working load data at 1 kHz using
DAQ system. In addition, the engine power requirement can be obtained as follows:

Pe =
2πTeNe

60, 000
(6)

where Pe is the power requirement of the engine (kW), Te is the engine torque (Nm)
measured by the flex plate torque transducer, and Ne is the engine rotational speed (rpm)
measured by controller area network (CAN) communication.

The torque of the wheel axle and the PTO shaft was measured using a flange-type
torque transducer (Sensor telemetrie GmbH PCM16, MANNER, Spaichingen, Germany).
The wheel axle torque and PTO torque data from each torque transducer were amplified
by internal amplifiers. The torque range of the transducer was 15–30 kNm. In addition, a
proximity sensor (CYGTS211B-PO2, Chen Yang Technologies GmbH & Co. KG, Finsing,
Germany) was installed on the inner side of each wheel axle in order to measure wheel axle
rotational speed. This method of measuring rotational speed has been used in previous
studies [26,27]. An antenna integrating a torque transducer, a proximity sensor and an
amplifier was installed inside and outside each wheel axle shaft to precisely measure the
wheel axle load and the PTO axle load simultaneously. In the case of the proximity sensor,
the measuring range was up to 20,000 rpm with a response frequency of 1–20 kHz. In
addition, the power requirements of the agricultural tractor were analyzed in order to
evaluate the working load of wheel axles and PTO shafts during rotary tillage operations,
as follows:

Pw =
2πTwNw

60, 000
, (7)

where Pw is the power requirement of the wheel axle (kW), Tw is the wheel axle torque
(Nm), as measured by the wheel torque meter, and Nw is the wheel axle rotational speed
(rpm), as measured by the proximity sensor.

PPTO =
2πTptoNpto

60, 000
, (8)

where PPTO is the power requirement of the PTO shaft (kW), TPTO is the PTO shaft torque
(Nm), as measured by the PTO torque transducer, and NPTO is the rotational speed of the
PTO shaft (rpm), as measured by CAN communication.

To measure fuel consumption, an oval gear flowmeter (OG2-SS5-VHQ-B, Titan En-
terprises, Sherborne, UK) was installed at the fuel injection inlet and outlet. Specific fuel
consumption (SFC), which is often used as a performance indicator for fuel consumption,
can be obtained using the following equation. The fuel cost was also calculated using the
method described in another study [9].

FC =
60(Fin − Fout)

0.83
, (9)

SFC =
FC
Pe

, (10)

PR =
TS×WW

10
, (11)

Fuelcost = FC× 1
PR
× FP, (12)

where FC is the fuel consumption of the engine (kg/h), Fin is the flow rate (L/min) measured
by the flow meter installed at the fuel inlet of the engine, Fout is the flow rate (L/min)
measured by the flow meter installed at the fuel outlet of the engine, SFC is the specific fuel
consumption (g/kWh), PR is the productivity rate (ha/h), TS is the travel speed measured
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by RTK-GPS (km/h), WW is the working width (m), fuel cost (USD/ha), and FP is the fuel
price (1.31 USD/kg).

2.4. Field Experimental Design

In this study, field experiments were conducted to analyze the effect of tillage type and
gear selection on the working load of agricultural tractors during rotary tillage. The field
test site was located at 37◦93′67.2′′ N and 127◦78′20.6′′ E. After carrying out the soil property
measurements using the equipment and method described in Section 2.1, rotary tillage was
repeatedly performed using a tractor equipped with a field load measurement system.

The test was performed on the basis of the 3 × 2 split-plot design under three different
gear selection (combinations of a PTO stage 1 and transmission gear stages L2 to L4 (i.e.,
P1L2, P1L3, and P1L4)) and two tillage types (primary and secondary tillage), as shown
in Figure 4. Under no-load conditions, the first PTO gear stage had a PTO shaft rotational
speed of 540 rpm, and the L2, L3, and L4 transmission gear stages had theoretical travel
speeds of about 1.57, 2.25, and 3 km/h, respectively, at rated engine rotational speed.
However, a load measurement test for rotary tillage was performed under full-throttle
conditions in four-wheel-drive mode, taking into consideration the driving propensities of
farmers. In addition, the plowing depth was set to about 10–12 cm, and the engine, axle,
PTO, travel speed, and slip were measured three times with each test condition as the target
measurement parameter.
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3. Results
3.1. Analysis of Soil Properties

In general, soil compaction in agricultural soils increases with the repeated use of
heavy machinery such as tractors. Therefore, the distribution tendency of soil properties
varies depending on the soil depth [28]. First, from the results of the cone penetration
test analysis performed to see the distribution of mechanical properties of the soil, it was
found that the cone index value rapidly increased at around 10 cm, as shown in Figure 5.
Specifically, it showed an average value of 801.8 ± 277.6 kPa at a depth of about 0–10 cm
and an average value of 2065.9 kPa at a depth of 10–20 cm. The average values at a depth
of 10–20 cm were found to be 2.57 times higher than those measured at 0–10 cm.

Based on the results of the cone penetration test, the field soil properties were measured
by dividing it into two depths. Table 3 shows the results of field measurement of soil quality
divided into two depth sectors according to the soil depth, top soil (0–10 cm) and hardpan
(10–20 cm). As a result, of soil analysis, the test field site was analyzed as loam (sand 46%,
silt 34%, clay 20%). In general, it is known that the deeper the soil layer, the higher the soil
compaction and the lower the porosity, and the lower the water content than the topsoil.
This field test site also showed that the topsoil had an overall average soil water content of
20.6 ± 1.2%, which was 10% higher than that of the hardpan depth (17.7 ± 1.1%). As for

123



Agriculture 2023, 13, 1556

the overall average bulk density result, the hardpan was analyzed to have an average of
1830± 30.6 kg/m3, 16.4% higher than the top soil (1571.7± 75.2 kg/m3), which showed similar
bulk density results to the range of 1500–2100 kg/m3 reported in studies using actual field
experiments for tillage operations [29,30]. Additionally, as a comparison group, the bulk density
of soil failure by each of the primary (rotary tillage) and secondary tillage (rotary tillage after
plowing) was measured, and the results showed 1483.2± 10.9 kg/m3 and 1431.2 ± 17.2 kg/m3,
respectively. Finally, in the case of shear strength, the average value of 64.3± 14.4 kPa in hardpan
was 2.56 times significantly larger than top soil value (25.1 ± 7.2 kPa).
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Table 3. Results of overall average travel speed and slip ratio according to driving conditions.

Driving Conditions Theoretical Speed (km/h) Travel Speed (km/h) Slip Ratio (%)

Primary × P1L2 1.73 ± 0.03 1.7 ± 0.14 1.42 ± 5.31
Primary × P1L3 2.47 ± 0.04 2.44 ± 0.16 1.27 ± 6.21
Primary × P1L4 3.29 ± 0.06 3.26 ± 0.25 0.51 ± 6.54

Secondary × P1L2 1.73 ± 0.02 1.68 ± 0.08 2.43 ± 4.63
Secondary × P1L3 2.47 ± 0.02 2.42 ± 0.12 2.04 ± 4.81
Secondary × P1L4 3.29 ± 0.05 3.24 ± 0.17 1.43 ± 4.99

3.2. Travel Speed with Wheel Slippage

The overall average results of tillage depth and slip ratio are shown in Table 4. Since
the travel speed was about 5–6% higher than the travel speed at the rated engine rotation
speed in all gear stages, it was confirmed that the engine rpm was slightly higher than the
rated speed. This was attributed to the fact that high loads such as plow tillage did not
occur to such an extent that the engine load caused the engine rotational speed to drop
below the rated engine rotational speed. In addition, the travel speed showed a very low
slip ratio of 0.51~2.43%, considering the full-throttle condition of 2300 rpm. It was found
that the harder the road surface (primary tillage) and the higher the travel speed (high
transmission gear stage), the lower the overall average slip ratio, but the more frequent the
negative slip based on larger data oscillation.
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Table 4. Results of fuel efficiency by tillage type and gear selection.

Driving Conditions FC 1 (kg/h) SFC 2 (g/kWh) PR 3 (ha/h) Fuel Cost ($/ha)

Primary × P1L2 7.19 358.07 0.31 30.38
Primary × P1L3 7.56 336.10 0.44 22.51
Primary × P1L4 7.84 326.73 0.59 17.41

Secondary × P1L2 6.87 396.58 0.31 29.03
Secondary × P1L3 7.73 338.62 0.44 23.01
Secondary × P1L4 7.85 329.73 0.59 17.43

1 FC: fuel consumption; 2 SFC: specific fuel consumption; 3 PR: productivity rate.

3.3. Engine Load

The overall measured results of engine torque are shown in Figure 6. In the case
of engine rotation speed, only a difference of less than 1% was observed as a result of
whether primary (within 0.83%) or secondary tillage (within 0.65%) conditions were em-
ployed under full-throttle (about 2300 rpm). In the case of engine torque, average engine
torques of the working sections of 84.06 ± 7.24 Nm (P1L2), 95.67 ± 5.54 Nm (P1L3), and
111.55± 9.92 Nm (P1L4) were observed as a function of gear selection in primary tillage, and
average engine torques of the working sections of 73.69 ± 6.86 Nm (P1L2),
91.88 ± 6.59 Nm (P1L3), and 100.15 ± 4.06 Nm (P1L4) were observed in secondary tillage.
Under the same gear selection condition, the engine torque increased by 4.12% (P1L3) to
14.07% (P1L2) as a function of the tillage type. In addition, it was found that the engine
torque increased by up to 32.7% (primary tillage) or 35.9% (secondary tillage) under the
same tillage type. Basically, the overall average engine torque showed higher values in
primary tillage under the same gear selection conditions, while there was a difference
in engine torque of up to 51.37% as a function of the combination of tillage type and
gear selection.
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3.4. PTO Shaft Load

The overall measured results of PTO shaft torque are shown in Figure 7. In the case of
primary tillage, the overall average PTO shaft torque for the working section with respect
to gear selection was 256.1 ± 36.8 Nm (P1L2 at 564.5 rpm), 286.2 ± 32.1 Nm (P1L3 at
563 rpm), and 343.1 ± 42.7 Nm (P1L4 at 559.8 rpm). In the case of secondary tillage, the
results of PTO shaft torque were 200 ± 28.3 Nm (P1L2 at 565.4 rpm), 255 ± 29.7 Nm (P1L3
at 563.4 rpm), and 265.7 ± 22.2 Nm (P1L4 at 561.8 rpm). In the field test, the data measured
for the secondary tillage method showed an average PTO torque value that was 10.1–22.6%
lower than that of the primary tillage method due to the influence of the physical properties
of soil, which changed rapidly with primary tillage, despite the rotary operation being
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performed at the same travel speed, gear selection, and tillage depth. This phenomenon of
increasing PTO shaft torque with increasing forward speed and decreased PTO shaft torque
for secondary tillage was also observed in a 2018 study analyzing performance using a
combined offset disc harrow [31].
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3.5. Axle Shaft Load
3.5.1. Front Wheel Axle

The overall measurement results for front wheel torque are shown in Figure 8. In
the case of primary tillage, the overall average front axle torques for the working section
according to each gear selection were 487.5 ± 124 Nm (P1L2 at 9.57 rpm), 566.6 ± 157 Nm
(P1L3 at 13.73 rpm), and 541.2 ± 213.5 Nm (P1L4 at 18.16 rpm), respectively. In the
case of secondary tillage, the results of front wheel axle torque were 823.9 ± 134.8 Nm
(P1L2 at 9.73 rpm), 869.5 ± 173.1 Nm (P1L3 at 13.7 rpm), and 878.7 ± 108.7 Nm (P1L4 at
18.2 rpm), respectively. Overall, secondary tillage showed average values for each gear
selection that were 1.55–1.69 times higher than those for primary tillage, which was at-
tributed to the fact that the power distribution in the engine was affected by the higher
PTO load in primary tillage. However, it was confirmed that the pitch angle at the center
of gravity of the tractor continuously occurred due to the soil–tool interaction in primary
tillage, resulting in unstable load transfer. The standard deviation of the tractor’s torque
was also higher by 23% at P1L4 than that for secondary tillage.

3.5.2. Rear Wheel Axle

The overall results measured for rear wheel torque are shown in Figure 9. Basically,
the rear wheel axle load, like the front wheel axle torque, did not show a linear relationship
according to gear selection. However, it was analyzed that the rear axle load under
secondary tillage conditions was 21% (P1L2) to 49% (P1L3) higher for all gear selections than
under primary tillage conditions. In the case of primary tillage, the overall average rear axle
torque for the working section according to each gear selection was 555.9 ± 127 Nm (P1L2
at 6.41 rpm), 622± 167.8 Nm (P1L3 at 9.18 rpm), and 549.3 ± 213.1 Nm (P1L4 at 12.18 rpm),
respectively. In the case of secondary tillage, the results of rear wheel axle torque were
673.7 ± 136.8 Nm (P1L2 at 6.42 rpm), 930.3 ± 195 Nm (P1L3 at 9.19 rpm), 772.7 ± 278.1 Nm
(P1L4 at 12.2 rpm), respectively. Based on these results, it was also concluded that the power
requirements distributed to the axles were relatively high, as the power requirements in
the engine and PTO shaft were relatively reduced in the rear wheels as well.
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3.6. Fuel Efficiency

The fuel efficiency of a 42 kW agricultural tractor depending on tillage type and gear
selection is shown in Table 4. In terms of fuel usage, the FC when working with P1L4 was
up to 1.09 times higher than the FC when working with P1L2. In terms of fuel efficiency,
the SFC when working with P1L2 was up to 1.2 times higher than the SFC when working
with P1L4. From a cost perspective, the fuel cost of working with P1L2 was up to 1.74 times
higher than that when working with P1L4. In general, it has been reported that in order
to obtain maximum fuel efficiency during tillage operations, it is required that the work
be performed under the conditions of using the high torque ranges in the appropriate slip
range [32]. Therefore, in the case of this test, where the slip rate did not change significantly
when increasing the number of gears, the higher the torque value at a higher gear ratio, the
better the fuel efficiency.

4. Discussion

In this study, the influence of soil–tool interaction (i.e., tillage type, gear selection, soil
properties) during rotary plowing work was investigated. Based on a report on the effect of
soil compaction on crop root growth from the USDA [33,34], test soil form an agricultural
field was analyzed before the tillage operation in order to evaluate the degree to which the
physical properties of the field affect (over 1630 kg/m3) or limit crop root growth (over
1800 kg/m3). The results of the test showed that the bulk density measured from 1571 to
1830 kg/m3 decreased to a level of 1431 to 1480 kg/m3. This was judged as indicating that
tillage type directly affects the soil–tool interaction.

In general, there are reports suggesting that the rear axle load is 3 to 8 times greater
than the front axle load during plowing [11,12]. However, unlike plowing, the load transfer
increased toward the front wheel, and the front wheel axle torque showed a similar level
to the rear wheel axle torque. In other words, the rotavator increases the soil thrust in the
working direction, giving the same effect as pushing the vehicle forward. This was found
to be the same as the effect of strengthening the soil–tyre interaction with an auxiliary
iron wheel. In addition, for the same reason, it was found that negative slip, which
momentarily produces a higher travel speed than the theoretical speed of the vehicle, partly
and momentarily occurs in some sections.

Figure 10 shows the relative histogram results of power requirements as a function of
tillage type and gear selection. On the basis of the results of power requirement analysis, it
can be seen that engine and PTO power have tendencies that are different from the wheel
axle power requirements. In the case of wheel axle power under the same gear selection
conditions, it was found that the required power in secondary tillage was 21–81% higher
than in primary tillage. The reason for this phenomenon is that primary tillage reduces the
internal friction of the soil [35]. In another study by Kim et al. [36], it was reported that
with increasing value of the slip ratio range, the axle torque also increased. Table 4 shows
that the slip ratio increased more during secondary tillage than during primary tillage,
overall. Therefore, it seems that the power requirement of the wheel axle increased more
during secondary tillage than during primary tillage in this study. In the case of the rotary
tillage performed in this study, it was found that the effect of tillage method was greater
than the effect of gear selection for the axle load, which is in contrast to the engine and PTO
load. Conversely, it was analyzed that the effect of gear selection (Engine power: 4–14%,
PTO power: 12.1–28.6%) on engine and PTO loads was greater than that of tillage type
(Engine power: 31.6–35.1%, PTO power: 31.9–32.8%), and the load tended to decrease in
secondary tillage.

Compared to the test conditions in the specifications of the actual rotavator, consid-
ering that only up to 62.1% of the maximum engine capacity (42 kW) was used, it was
deemed that this work could be performed in a harder and stickier environment than the
loam soil in which this study was conducted. In addition, it was concluded that the work
efficiency will increase more when rotary tillage is performed under the conditions of a
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tillage depth deeper than 12–13 cm, a wider work width (over 1820 mm), and a work speed
faster than 3.24 km/h in the same working environment.
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5. Conclusions

In this study, a field load measurement test was conducted to analyze the effect of
tillage type (i.e., primary tillage or secondary tillage) and gear selection (i.e., P1L2, P1L3, or
P1L4) on the tractor working load (i.e., engine load, wheel axle load, and PTO shaft load,
as well as travel speed) during rotary tillage operations. The major conclusions obtained
were as follows.

1. By measuring the soil properties according to depth, it was confirmed that the core
index, shear strength, and water content, which are the main properties that affect
the load of cultivation work, changed in accordance with the change in depth. In
particular, soil bulk density was measured to decrease by 9–19% under rotary opera-
tion. Therefore, soil properties as a function of tillage type, which is a typical soil–tool
interaction process, should be considered first when evaluating the performance of
the operation of agricultural machinery or in field tests.

2. Overall average torque was higher by up to 14% (engine) and 29.1% (PTO shaft) in
primary tillage than in secondary tillage when the selected gear was the same. When
the tillage type was the same, it was found that the overall average torque increased
as a result of gear selection by up to 35.9% (engine) and 33.9% (PTO shaft) in P1L4
compared to P1L2.

129



Agriculture 2023, 13, 1556

3. In the case of fuel efficiency, it was revealed that the effect of gear selection was greater
than the effect of the tillage type. When working on loam field (soil water content of
17–20%, bulk density of 1571–1830 kg/m3, and cone index of 801–2065 kPa), the most
suitable gear for reducing fuel consumption was found to be P1L4.

4. In addition, based on the power requirement results, from the perspective of the
machine, when working on loamy soil with a tillage depth of 10 to 13 cm, 66.7–77%
of the power generated by the engine was consumed by the PTO shaft. This shows
that the force applied to the implements during rotary operation is greater than the
traction load.

5. In the case of the power requirements, the power required on the same tillage type
increased with increasing gear ratio. During secondary tillage, the overall power
required decreased due to changes in key soil properties such as bulk density, cone
index, and vane shear torque. Therefore, it was judged that design modification is
necessary in order to have a wide working width, and that in some cases, rotary tillage
will be possible at a deeper tillage depth or at a higher travel speed. It is expected that
performance evaluation and optimal design of soil operation machinery in various
working environments will be possible through similar field verification procedures
in future studies.

Recently, various agricultural work environments have been defined, and virtual
agricultural performance evaluation or load prediction simulation studies are being con-
ducted through modeling. It is important to secure a database for the definition of agri-
cultural work environments and load analysis. The results of this study are expected to
be of use in future studies for designing loads in research on modeling and the verifica-
tion of agricultural machinery systems such as soil–tool and soil–tyre interaction during
agricultural operation.
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Abstract: Recent carbon neutrality policies have led to active research in the agricultural tractor
sector to replace internal combustion engines, making it imperative to minimize power losses to
improve efficiency. Dual-clutch transmissions (DCTs) have been employed in agricultural tractors
primarily due to their short shift time and smooth shift feel. However, DCTs have a relatively large
number of components and complex structures owing to spatial constraints, making it challenging
to predict power losses. Therefore, to predict DCT power losses, this study defined oil churning
by considering the structural characteristics and oil circulation and comparing and analyzing the
theoretical calculation and test results of power losses at different oil levels. Power loss was calculated
based on ISO standards and fluid viscosity theory, and tests were performed to verify. We calculated
power losses based on the defined oil churning of a DCT in agricultural tractors and confirmed
that their consistency in test results improved when reflecting the lubrication state, considering the
structural features and oil circulation. In addition, the factors contributing to power loss under low-
and high-speed conditions were analyzed by calculating the power loss for each component.

Keywords: dual-clutch transmission; power loss; agricultural tractor

1. Introduction

Agricultural tractors perform various farming tasks using the vehicle’s rotational
power or traction, such as plowing, transportation, and rotary work. Traditionally, diesel
engines, particularly with manual transmissions, have been widely used owing to their
high torque characteristics relative to engine output. Recently, demand for improved driver
convenience and work efficiency, as well as technological pressure to replace fossil fuels in
the agricultural tractor sector due to carbon neutrality policies, has been increasing.

Prominent alternative power sources for agricultural tractors being discussed include
hydrogen fuel cells, batteries, and biodiesel. Research on small electrically driven tractors
using batteries and motors, and studies exploring the technical and economic feasibility
of small farms, are actively underway [1–3]. Other studies have proposed new energy
management strategies for applying hybrid systems, comprising fuel cells and battery
packs, to agricultural tractors [4,5]. Moreover, energy, economic, and environmental life-
cycle assessment analyses have been conducted for applying biodiesel fuel to agricultural
tractors [6]. However, alternative power sources generate less energy per unit volume and
mass compared to diesel [7,8]. Consequently, when using alternative power sources, the
continuous working time is reduced, making power losses in transmission systems an even
more critical issue owing to their direct impact on production efficiency.

Furthermore, researchers are actively studying automatic transmission systems in
response to market demand for improved driver convenience and work efficiency [9–12].
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Automated transmissions (ATs) allow drivers to operate without a gear lever and can
improve transmission productivity via the selection of the optimal gear ratio for farming
tasks through control algorithms. Dual-clutch transmissions (DCTs), a type of AT, use
two clutches responsible for even and odd gear steps in power transmission. Considering
DCTs preselect the target gear shift stage and engage the clutch when shifting, they have
a short shift time with no power interruption, resulting in a smooth shifting experience.
However, due to the increased number of mechanical components needed to select even
and odd gears—such as wet multi-plate clutches—and the complex supporting structures
for components owing to spatial constraints within the transmission, power losses in the
transmission must be considered.

Research on power loss in transmissions has been conducted primarily at the compo-
nent level. Many studies have investigated the drag torque caused by oil viscosity between
friction surfaces to calculate the power loss of wet multi-plate clutches [13,14]. The shear
stress caused by oil viscosity between the ring and cone was considered for calculating the
power loss of synchronizers, friction coefficients obtained through testing were proposed
to predict bearing power loss [15,16]. In addition, research comparing analytical models
and test results has been conducted to predict the power loss caused by oil churning in
gears [17,18]. Moreover, researchers have conducted studies to calculate the power loss
due to gear load transfer and conducted experimental verifications [19,20].

Power loss research on DCTs has primarily been conducted in the automotive sector,
predicting power loss through theoretical predictions and experimental verifications [21,22].
Additionally, research considering power loss in transmissions has also been conducted
in the agricultural tractor sector. The efficiency and energy consumption of tractor trans-
missions have been examined primarily in relation to operating conditions using vehicle
tests [23,24]. Studies have also been conducted to predict transmission efficiency by exam-
ining the power loss generated by each component of agricultural DCTs through theoretical
calculations [25].

Considering policy reasons driven by carbon neutrality requirements and consumer
demand, a systematic study on the power transmission efficiency of agricultural transmis-
sions is necessary. However, research on the efficiency of tractors has focused primarily on
vehicle-level experimental verification, while no studies have examined the contribution
of each component to the total power loss and compared theoretical calculations with
actual test results. Moreover, the oil-churning state of the mechanical components must
be defined to accurately predict the power loss of a transmission system. However, in
transmissions such as the DCT—which has many components and circulates oil through
hydraulic systems—oil levels change locally; hence, the structural characteristics must
be considered. Moreover, studies on efficiency considering oil level changes due to the
structural characteristics of agricultural DCTs remain insufficient.

Accordingly, this study compared the theoretical predictions of power loss in a DCT
applied to agricultural tractors with power loss measurements obtained through laboratory
tests. Considering the oil circulation for DCT lubrication, two power loss models, which
considered the average oil level and oil circulation, respectively, were proposed, with
theoretical predictions performed for each case. We used the ISO standard and viscosity
fluid theory to calculate the power loss of components making up the transmission and
constructed a measurement system using a 3-axis dynamometer to measure them. The
power losses considering oil circulation and the average oil level were compared and the
test results were analyzed.

2. Materials and Methods
2.1. DCTs for Agricultural Tractors

In this study, a 24-speed full-power shift DCT for 100-kW agricultural tractors was
applied to 5-ton tractors (without attachments) and shifted by alternately engaging the left
and right odd and even shaft clutches. This DCT comprises three parts—input, even, and
odd shafts—which is relatively more components than other transmissions.
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As shown in Figure 1, the target DCT comprises 64 shafts, 58 gears, 95 bearings,
5 clutches, 14 synchronizers, and 2 dog clutches, and includes 2 rear axle brakes and 1
parking brake within the transmission. However, the transmission system is assembled by
dividing it into sections because it is challenging to arrange the numerous components that
make up the DCT in a single case. Each section has a partition wall supported by housing
and bearings, with empty spaces being left to allow free oil movement when designing the
partition wall. However, the rear partition wall has a relatively thick wall and a narrow
space to support the amplified load of the gear train, hindering oil circulation and isolating
the space. Nonetheless, these spaces can be divided into three cells based on the partition
walls isolating them.
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Figure 1 shows the structure and oil level of the DCT used in this study. The DCT is
divided into three cells based on the partition walls supporting the rear part of the power
transmission system: the front cell, where gears of the forward/reverse shift and main
shift parts are arranged; the mid cell, where gears of the range shift and 4WD parts are
arranged; and the rear cell, where the spiral bevel gear connected to the rear axle and PTO
(power take-off) gears are arranged. As shown in Figure 1a, the transmission oil level is
maintained at the height of the rear axle center.

The oil in agricultural tractors simultaneously performs the roles of lubrication for the
components and hydraulic fluid for the hydraulic system. The transmission oil is churned
by the immersed rotating components and circulated by the hydraulic system simultane-
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ously. Therefore, the oil levels in each cell are dynamic and differ considerably. The DCT
used in this study has an intake line at the bottom to supply oil to the hydraulic system.
Moreover, to secure a stable oil supply flow when driving on a slope, forward/reverse
and dual clutches are used, which forcibly supply oil from the front cell—where relatively
more flow is discharged—to the mid cell through a pump. Figure 1b shows an oil-level
application model reflecting the partition walls and oil circulation of the hydraulic system.

Theoretical power-loss predictions were performed for Case I, considering the average
oil level of the transmission, and for Case II, considering the partition walls and hydraulic
system, both verified through testing.

2.2. Power Loss Calculations

The ISO TR 14179-1 standard and drag torque due to viscous fluid were considered to
calculate the power loss caused by the components making up the powertrain, with gears,
bearings, shafts, clutches, and brakes considered for these calculations [26,27].

The total power loss can be expressed as the sum of fundamental, load-dependent,
and speed-dependent power losses. The fundamental power loss is the power consumed
to drive the tractor, a representative example being the power loss of the pump used to
drive the hydraulic line. The measured fundamental power loss was 3.0 kW, applied
equally to all gear steps. The load-dependent power loss occurs in the friction surfaces
under load, resulting in a corresponding load-dependent power loss of gears and bearings.
Speed-dependent power loss is the power loss due to motion resistance when components
of the power transmission system rotate, implying that the power loss due to drag is caused
by the oil applied for lubrication and cooling. For speed-dependent power loss, the power
loss of clutches, bearings, gears, shafts, and brakes was considered. The total power loss
(PL) of the power transmission system can be calculated using Equation (1), with the factors
considered for each power loss shown in Table 1.

PL = ∑ PHP + ∑ PGL + ∑ PGS + ∑ PBL + ∑ PBS + ∑ PS + ∑ PCL + ∑ PBR (1)

Table 1. Composition of the total power loss.

Power Loss Component

Fundamental power loss Hydraulic pump [PHP ]

Load-dependent power loss Gear [PGL ], Bearing [PBL ]

Speed-dependent power loss Gear [PGS], Bearing [PBS], Clutch [PCL],
Shaft [PS], Brake [PBR ]

2.2.1. Power Losses of the Gear and Shaft

The load-dependent power loss of the gear (PGL) can be expressed as follows:

PGL =
fmT1n1cos 2β

9549M
(2)

where fm denotes the mesh coefficient of friction (determined by the pitch line speed,
lubricating oil viscosity, load size, and gear size), and M denotes the mesh mechanical
advantage (a coefficient influenced by the gear size, pressure angle, and gear step).

The speed-dependent power loss of the gear (PGS) and speed-dependent power loss
of the shaft (PS) can be expressed as the sum of power losses owing to the outer diame-
ter (PGW1), lateral part (PGW2), and tooth surface (PGW3). PGW1, PGW2, and PGW3 can be
calculated using Equations (3)–(5), respectively, as follows:

PGW1 =
7.37 fgνn3D4.7L

Ag1026 (3)
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PGW2 =
1.474 fgνn3D5.7

Ag1026 (4)

PGW3 =

7.37 fgνn3D4.7F
(

R f√
tan β

)

Ag1026 (5)

where R f denotes the roughness factor (which is influenced by the transverse module).

2.2.2. Power Loss of the Bearing

The load-dependent power loss of the bearing (PBL) can be expressed as follows:

PBL =
(M1 + M2)n

9549
(6)

where M1 denotes the bearing-load-dependent torque (calculated using the load rating
of the bearing, dynamic load, coefficient of friction, and bearing size) and M2 denotes
the cylindrical-roller-bearing axial-load-dependent moment (determined by the friction
coefficient of the lubrication surface, axial bearing load, and bearing size).

The speed-dependent power loss of the bearing (PBS) can be expressed as follows:

PBS =
(M0 + M3)n

9549
(7)

where M0 denotes the load-independent frictional moment (influenced by the dynamic
viscosity coefficient, dip factor, rotation speed, and size), and M3 is the frictional moment
of seals (a factor influenced by the size and type of the bearing).

2.2.3. Power Loss of the Clutch and Brake

Clutch drag torque occurs owing to the shear stress caused by the viscosity of the
lubricating oil between the friction surfaces. The clutch power loss can be calculated by
correcting the drag torque based on the supplied flow area, while the drag torque can be
calculated using Equation (8) [27]. The oil is supplied from the shaft center, causing a rup-
tured section where the oil flow breaks into mist and steam. As a result, three flow sections
are generated—Tf a, Tra, and Tm; their relationships are expressed in Equations (9)–(11).
The oil used was ISO VG 46; in addition, oil viscosity properties of 46 cSt at 40 ◦C and
6.7 cSt at 100 ◦C were considered. The viscosity of the lubricating oil in the mist state can
be assumed to be 1/10 of the oil viscosity.

TCL =
(
1− rag

)
·
(

Tf a + Tra + Tm

)
(8)

Tf a =
πµ∆ωN

2h
·
(

rc
4 − ri

4
)

(9)

Tra =
πµ∆ωN

h
·Φ·
(

ro
2 − rc

2
)

(10)

Tm =
2πµmist∆ωN

h
·
[(

ro
4 − rc

4)

4
− Φ

2
·
(

ro
2 − rc

2
)]

(11)

The power loss of the clutch (PCL) considering the drag torque of each section can be
expressed as follows:

PCL = TCL∆n
2π

60× 1000
(12)
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Similarly, the power loss of the brake (PB), which occurs owing to the shear stress
caused by the fluid viscosity, can be expressed as follows:

PB =
(
1− rag

)Nµα

h

(
2πn
60

)2[ ro
4

4
− ri

4

4

]
1

1000
(13)

2.3. Power Loss Measurement of DCT

Figure 2 shows the system constructed for power loss measurement using a 3-axis
dynamometer to control the rotation speed and torque. Sensors for measuring the rotation
speed and torque are installed at the connection between the motor and the transmission to
measure the input and output power. The input speed to the transmission is controlled at
the input section, while the load applied to the transmission is controlled by controlling the
torque at the output section. Additionally, a thermometer is installed inside the transmission
system to monitor the oil temperature during the test. The test procedure is as follows.
The speed of the input motor is slowly increased over 120 s from 0 to 2200 rpm. When the
speed reaches 2200 rpm, the torque of the output motor is increased by 200 Nm to reach
the target load level. While maintaining the target load for 1 min, the torque and rotation
speed of the input and output sections are measured by the sensor. The oil temperature is
maintained in the range of 50 to 90 ◦C, which is the normal operating temperature of the
tractor. Motor and sensor specifications are shown in Table 2.
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follows. The speed of the input motor is slowly increased over 120 s from 0 to 2200 rpm. 
When the speed reaches 2200 rpm, the torque of the output motor is increased by 200 Nm 
to reach the target load level. While maintaining the target load for 1 min, the torque and 
rotation speed of the input and output sections are measured by the sensor. The oil tem-
perature is maintained in the range of 50 to 90 °C, which is the normal operating temper-
ature of the tractor. Motor and sensor specifications are shown in Table 2. 

 

(a) layout of the 3-axis dynamometer system 

 

(b) photograph of the 3-axis dynamometer system 

Figure 2. Power loss measurement system.
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Table 2. Specifications of sensor and motor applied to 3-axis dynamometer.

Component Specifications

Input motor Rated voltage: 360 V, rated speed: 3090 rpm, rated power: 282 kW

Output motor Rated voltage: 360 V, rated speed: 1800 rpm, rated power: 246 kW

Torque and rpm sensor
Nominal torque: 30 kNm, nominal rotational speed: 4000 rpm

Magnetic rotational speed measuring system:
1024 pulses/revolution

For the test, the input rotation speed was set to the engine’s rated rotation speed of
2200 rpm across all gear steps. The torque level applied to the transmission was determined
separately for the two sections. In the max. traction force range, traction force was
determined using the vehicle weight, with the engine’s output not fully utilized. In the
rated engine power range, the engine’s rated output could be used, with the output torque
of the rear axle decreasing as the vehicle speed increased. Figure 3 shows the test conditions,
applying the wheel torque, vehicle speed, and input power at the rated rotation speed of
the engine for the tractor used in this study. Tests were conducted in gear steps 2nd–24th,
with the load conditions for each point shown in Figure 3.
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3. Results
3.1. Theoretical Power Loss Calculations

Figure 4 shows the theoretical calculation results of the power loss based on the
equations presented in Section 2.1. The horizontal axis represents the vehicle speed at the
engine’s rated rotation speed for each gear step. For Case I and Case II, the total power loss
can be calculated by adding the power loss of the DCT components, with power losses of
less than 1 kW being combined and represented as a single item.
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Figure 4. Theoretical calculation results of the power losses.

The components comprising the largest portion of overall power loss are the gears
and bearings. Most of the load-dependent power loss occurs owing to the gears, the largest
power loss occurring at 5.5 km/h for Cases I and II of 4.51 and 4.50 kW, respectively. As the
vehicle speed increases at gear steps above 12 km/h, the speed-dependent power loss of
the gears and bearings increases proportionally. Furthermore, the speed-dependent power
loss of the gears and bearings is the highest at the top gear step of 40.2 km/h. In Case I,
the speed-dependent power loss of the gears and bearings is 9.1 and 9.2 kW, respectively,
while in Case II, it is 25.8 and 15.9 kW, respectively. The highest power loss occurs at
the top speed of 40.2 km/h for both Cases I and II, with total power losses of 28.8 and
53.8 kW, respectively. This is because the speed-dependent power loss of each component
is calculated to be higher in high-speed gear steps for Case II compared to Case I.

Figure 5 shows the power transmission efficiency calculated for Cases I and II. The
power transmission efficiency for Cases I and II tends to increase as the vehicle speed
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increases in the max. traction force range (0–5.5 km/h) owing to the contribution of
fundamental and load-dependent power losses relative to the total power. In the rated
engine power range (5.5–40.2 km/h), the efficiency is maintained up to a speed of 11.1 km/h,
but drops sharply as the speed increases in high-speed gear steps above 12.9 km/h. The
maximum efficiency is 86.6% at 9.7 km/h for Case I and 87.6% at 7.3 km/h for Case II,
while the minimum efficiency is calculated to be 70.4% for Case I and 44.7% for Case II at
40.2 km/h.
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3.2. Experimental Studies of Power Loss

Figure 6 shows the measurement results of power loss for each gear step of the DCT
obtained through lab tests.

As the vehicle speed increases, the power loss of the transmission tends to increase.
The power loss is lowest at 1.8 km/h (10.16 kW), and highest at 40.2 km/h (60.06 kW).
Conversely, at lower gear steps with low vehicle speeds, the efficiency increases as the
speed increases, it being highest at 5.5 km/h (83.2%). At gear steps with vehicle speeds
above 5.5 km/h, the efficiency tends to decrease as the speed increases, the efficiency being
the lowest at 40.2 km/h (37.2%).
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Figure 6. Power loss measurement results of the DCT.

4. Discussion
Comparison between Theoretical Calculations and Experimental Studies

Figure 7 compares the theoretical calculations and experimental studies of the power
losses for Cases I and II. The tendency for power loss to increase as vehicle speed increased
is the same for both Cases I and II, but the absolute level of power loss differs more as the
speed increases.

As shown in Figure 7a, in Case I the theoretical calculations tend to be higher than
the test results. However, as the speed increases in the high-speed gear steps, the mea-
sured power loss increases; at 40.2 km/h, the measured power loss is 60.06 kW, while the
calculated total power loss is 28.80 kW, the error being as much as 31.26 kW.
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Figure 7. Comparison between calculations and measurements of the power loss.

As shown in Figure 7b, in Case II the load-dependent power loss is similar to that of
Case I, where the speed-dependent power loss increases rapidly with the vehicle speed.
The maximum power loss is 47.21 kW at 40.2 km/h, and the total power loss is 53.79 kW,
exhibiting an error of 12.85 kW compared to the experimentally measured power loss of
60.06 kW. That is, the power loss error in high-speed gear steps is smaller than that of
Case I.

To analyze the effects of the oil level on load-dependent and speed-dependent power
losses, the theoretical calculation results for the power loss in Cases I and II were compared,
as shown in Figure 8.

Figure 8a shows the comparison of load-dependent power losses for Cases I and II,
which are similar regardless of the oil levels. The load-dependent power loss is the highest
at 5.5 km/h, corresponding to the fastest gear step in the max. traction force range for
agricultural tractors.

Figure 8b compares the speed-dependent power losses for Cases I and II. For both cases,
the speed-dependent power loss tends to increase with vehicle speed. However, a local
peak value is evident at 3.6 km/h owing to the considerable influence of temperature on the
speed-dependent power loss. In the tests of 3.1 km/h and 3.6 km/h, the oil temperatures
were 69.3 ◦C and 50.7 ◦C, respectively, showing a difference of 18.6 ◦C. As a result of
calculating viscosity by the ASTM D341 method, the kinematic viscosity of the oil is 33.2 cSt
and 63.61 cSt, respectively, for the tests of 3.1 km/h and 3.6 km/h. As the viscosity increases,
it can be seen that the drag torque increases and results in a larger speed-dependent
power loss.

According to the results shown in Figure 8b, at vehicle speeds below approximately
11.1 km/h, the power loss in Case I is greater; conversely, at speeds above 14.8 km/h, the
power loss in Case II is greater. The differences in power loss between Cases I and II in
each speed range are related to the structural features of the DCT used in the study.

The DCT used in the study comprises a gear train made up of 58 gears to implement
24 gear shift stages. The gears in the forward/reverse and main shift parts—including
the dual clutches—are in the front cell, while gears in the range shift part are in the mid
cell. The vehicle speed range for the primary work of agricultural tractors is defined by
the range shift part, the transmission used in this study being divided into 0–4.1 km/h
(low-speed range), 4.7–12.9 km/h (mid-speed range), and 14.8–40.2 km/h (high-speed
range) depending on the applicable gear ratio. Consequently, the gears in the range shift
part have larger gear ratio differences than other gears, the speed deviation of idle gears
that do not transmit power also being greater.
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Figure 8. Power loss analysis results.

Figure 9 shows the average rotation speed and distribution of gears in the front and
mid cells at the engine’s rated rotation speed. The gears in the front cell—which are closer
to the engine—determine the forward/reverse direction and perform the role of primary
reduction in the engine’s rotation speed. Consequently, their average rotation speed and
deviation are similar. Therefore, the speed-dependent power loss of the gears in the front
cell is not greatly affected by the vehicle speed.

By contrast, the rotation speed of the gears in the mid cell is similar to or lower than
that of the gears in the front cell in the 1.8–12.9 km/h vehicle-speed range, the average
rotation speed and deviation increasing sharply at speeds above 14.8 km/h compared to
the gears in the front cell.

The rotation speed of the gears in the mid cell is more greatly influenced by driving
speed than those in the front cell. Therefore, the speed-dependent power loss of the gears
in the mid cell is affected by the driving speed, showing a similar tendency to the results
shown in Figure 7b, where the speed-dependent power loss increases sharply at speeds
above 14.8 km/h. Consequently, speed-dependent power loss has a greater impact on the
components located in the front cell at low-speed gear steps and the mid cell at high-speed
gear steps.

As in Case II of Figure 7b, when the oil level in the front cell is lowered and the oil
level in the mid cell is raised, the speed-dependent power loss in the front cell decreases,
reducing the total power loss at low speeds. Owing to the increased influence of speed-
dependent power loss in the mid cell, the total power loss at high speeds increases. This
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trend is consistent with the test results, where power loss decreases at low speeds and
increases sharply at high speeds.
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Through this study, it was confirmed that the error between the theoretical calculation
and the measured value of power loss was reduced by considering the oil level change
caused by the oil circulation of the transmission. Therefore, in order to improve the
efficiency of the transmission, the rotation speed of the internal components and the oil
lubrication condition must be considered together. For example, gears with high rotation
speeds should be located in positions that are not submerged in oil. Rotating components
that are inevitably immersed in oil need to be designed with a small outer diameter and
width to minimize power loss.

5. Conclusions

In this study, we calculated the power loss of an agricultural tractor DCT using the
ISO standard and viscous fluid theory and measured the power loss of the DCT for each
gear step using a 3-axis dynamometer measurement system. The calculated power loss and
measurement results were compared and analyzed with the calculation results reflecting
the oil levels considering the characteristics of the agricultural tractor DCT reviewed. The
results of this study can be summarized as follows:

1. We calculated the power loss for each gear shift stage of a DCT applied to agricul-
tural tractors using the ISO standard and the viscous fluid theory. The components
accounting for the largest portion of the total power loss were the gears and bearings,
with the efficiency calculated to be highest at 5.5 km/h, the fastest speed in the max.
traction force range.

2. We confirmed that the theoretical calculation results of power loss in Case II were
more consistent with the test results compared to Case I. Additionally, while the
load-dependent power loss was not significantly affected by the oil level, the speed-
dependent power loss was affected by the locally varying oil level owing to oil
circulation.

3. The transmission components closer to the engine exhibited smaller speed deviations
for each gear step, while the gears of the transmission components closer to the output
shaft exhibited greater rotation speed and speed deviation between gears at higher
gear steps. Owing to these driving characteristics, when the oil level in the cell closer
to the output shaft rose, the power loss was lower at low-speed gear shift stages, while
it increased sharply at high-speed gear steps.
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4. Thus, we confirmed that, to predict the efficiency of agricultural transmissions, the
oil level reflecting the transmission structure characteristics, oil circulation, and the
operating characteristics of the transmission component—such as rotation speed and
deviation—must be considered.
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Nomenclature

PL Total power loss, kW
PHP Fundamental power loss of the hydraulic pump, kW
PGL Load-dependent power loss of the gear, kW
PGS Speed-dependent power loss of the gear, kW
PBL Load-dependent power loss of the bearing, kW
PBS Speed-dependent power loss of the bearing, kW
PS Speed-dependent power loss of the shaft, kW
PCL Speed-dependent power loss of the clutch, kW
PBR Speed-dependent power loss of the brake, kW
fm Mesh coefficient of friction
M Mesh mechanical advantage
T1 Pinion torque, Nm
n1 Pinion rotation speed, rpm
β Operating helix angle/mean spiral angle, degrees
PGW1 Gear windage and churning losses associated with smooth outside diameters, kW
PGW2 Gear windage and churning losses associated with smooth sides of the disc, kW
PGW3 Gear windage and churning losses associated with tooth surfaces, kW
fg Gear dip factor
ν Kinematic oil viscosity, m2/s
n Rotating speed, rpm
L Length of element for gearing windage and churning, mm
Ag Arrangement constant
F Total face width, mm
R f Roughness factor for gear teeth
M0 Load-independent frictional moment, Nm
M1 Bearing load-dependent torque, Nm
M2 Cylindrical roller bearing axial load-dependent moment, Nm
M3 Frictional moment of seals, Nm
TCL Clutch torque loss, Nm
rag Percentage value of the groove area to the friction material area
Tf a Torque loss due to oil film in continuous section, Nm
Tra Torque loss due to oil film in ruptured section, Nm
Tm Torque loss due to mist in ruptured section, Nm
rc Critical radius, m
ri Inner radius of the disk, m
ro Outer radius of the disk, m
N Number of friction surfaces
µ Fluid absolute viscosity, Pa·s

146



Agriculture 2023, 13, 1225

µmis Absolute viscosity of mist, Pa·s
∆ω Difference in clutch rotation speed, rad/s
h Clearance between plate and disc, m
Φ Critical radius square, m2

α Angle of the area of brake caliper, rad
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Abstract: In this study, the discrete element method was used to optimize the bucket size for the
metering device in a garlic planter for enhancing the productivity of garlic farming according to the
garlic size. Statistical information concerning the actual shape of garlic cloves was incorporated, and
the mechanical properties of garlic were determined using the bulk density, sliding test, and repose
angle test for enhancing the fidelity of the simulation model. The optimal bucket size achieving
the target plant rate of 97.5% was determined using the developed discrete element model for the
three garlic size groups. The linear search method was used for optimization, and batch simulation
was performed to validate the optimized results and confirm the performance index of the metering
device. A Gaussian distribution based on statistical information accounted for the various garlic
sizes in each group. Finally, a metering test verified the reliability of the optimization technique.
The differences between the simulation and test results were within 10% for all performance indices,
including missing plant rate, multi-plant rate, and planting rate, indicating the high reliability of
the analysis model. Subsequently, the larger garlic groups (Groups 2 and 3) exhibited metering
performance close to the target plant rate.

Keywords: garlic planter; metering device; size optimization; discrete element method

1. Introduction

The United Nations has identified zero hunger as one of the sustainable development
goals to be achieved by 2030. Consequently, global interest in enhancing agricultural
production rates has been growing [1]. However, in countries such as South Korea, the
aging population and decreasing rural population pose challenges to these goals. One
potential solution is the automation and mechanization of agriculture, which is particularly
effective for labor-intensive crops. Garlic, a typical such crop, is a case in point; garlic
planting is particularly strenuous and accounts for 15% of the total labor in garlic farming [2].
The mechanization of garlic planting could alleviate the manpower shortage, enhance the
planting rate per hour, and increase overall production.

Garlic planters can be classified based on their power source and divided into self-
propelled and tractor-attached types. They can also be categorized based on the posture
of the garlic cloves to be planted, including upright planting, in which the root of the
garlic cloves faces downwards, and lie-down planting, in which the garlic cloves are placed
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horizontally on the ground using free fall [3]. One planter component, the metering device,
transfers garlic cloves from the hopper to the planting unit, which then plants them in
the field based on the planting method. This is followed by soil covering and mulching.
The metering device is a crucial component of the garlic planter. It plays a significant role
in controlling the missing plant and multi-plant rates, key performance indicators of the
garlic planter [4]. The missing plant rate refers to the frequency at which garlic cloves fail
to be transferred to the planting unit, while the multi-plant rate indicates the frequency at
which two or more garlic cloves are transferred to the planting unit simultaneously. Both
performance indicators can cause significant losses for farmers and must be minimized. A
high missing plant rate can result in a reduction in total production and/or additional labor
required to replant in the missed area, while a high multi-plant rate leads to unnecessary
waste of garlic cloves and can result in interference of the growth between several garlic
cloves planted in a limited space, leading to reduced total production.

To reduce the rates of missing plants and multiple plants, an optimal design that
considers the performance index of the metering device is necessary. It is imperative to
anticipate the missing plant and multi-plant rates of the metering device during the devel-
opment stage and supplement the design accordingly based on the results to achieve the
optimal design of the metering device. Performance indicators of metering devices can be
predicted through experimental methods using test devices and simulation methods. While
performance prediction through experimentation offers the advantage of high accuracy
when performed under the same conditions as the actual operation, it requires a significant
amount of time and resources to build a test device, thereby limiting the production of
samples that cover a wide range of design variables. Conversely, simulation-based methods
offer high accuracy when using validated analysis models and, as there is no limit on the
design range, can predict the performance of the metering device across a wide range of
design parameters. Therefore, an analytical method that employs simulation is appropriate
for optimal design beyond simple performance comparison.

To analyze the performance of garlic planters, various studies have been conducted
utilizing both experimental and simulation methods. Kang et al. [5] conducted a yield
comparison experiment as a testing method to determine the effects of planting angle and
planting depth on garlic growth. The results confirmed that garlic yield was highest at
planting angles of 45◦ or 90◦ and planting depths of 2–4 cm. Additionally, to improve
the performance of the metering device, Kang et al. [3] experimentally determined the
missing plant rate based on the bucket size. The results indicated that the bucket size
of the metering device significantly affects the performance index. Zilpilwar et al. [6]
determined the optimal cup size and operating speed of a cup-feed-type metering device
through an experimental method similar to that in the aforementioned study. The authors
considered the planting rate, planting interval, and clove damage rate. Zhang et al. [7]
conducted one-factor and multifactor experiments to optimally design key components of
a spoon-clamping type planter and optimize working parameters. As mentioned above,
experimental studies offer high prediction accuracy using actual metering devices. How-
ever, these studies have limited applicability of predictive models depending on the sample
range and expense of test equipment. Additionally, due to the restricted selection range of
design variables, the scope for optimal design is limited.

In addressing the limitations of the experimental method, studies have been conducted
using simulations to predict the performance of garlic planters. Im et al. [8] classified garlic
samples into four groups based on size and developed a 3D computer-aided design (CAD)
model using statistical results on garlic clove shape. The optimal bucket size of the metering
device was then determined using the developed CAD model and multi-body dynamics
model according to the size of the garlic cloves. Although the fidelity of the model was
increased by incorporating the shape of actual garlic cloves in the analysis, validation of the
determined optimal bucket size and simulation model was not performed. Guo et al. [9]
analyzed the single seed rate, multiple seed rate, and missing seed rate of the metering
device according to the adjustment size and operation speed using the discrete element
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method (DEM). This resulted in a single-seed metering performance qualification rate of
over 80%. An actual field test was performed to validate the applicability of the optimal
design, and the performance of the metering device met the required standards. While the
authors derived the optimal design value using DEM, they did not consider the various
sizes of garlic in the analysis model nor incorporate the actual shape of garlic cloves.

To minimize the missing seed rate of a finger clip plate garlic seed-metering device,
Wang & Sun et al. [4] utilized the commercial software EDEM as a further investigation
that executed optimal design using the DEM. The study scrutinized the missing seed and
single seed rates based on the opening diameter of the device, operating speed, and the
population number of garlic cloves. Moreover, a regression model was constructed via a
Box–Behnken center combination test. However, the analysis model did not consider the
actual shape of the target garlic, which was the garlic grown in Pizhou, and cloves were
depicted as multi-spheres. The low accuracy of the resulting contact force calculation limits
the validity of the study, similar to Guo et al. [9].

As another machine for the mechanization of garlic farming, Yu et al. [10] optimized
the parameters for the root-cutting operation of the garlic harvester to minimize the root
clearance rate and bulb damage. To achieve this optimization, they developed a mathemat-
ical model for assessing the root clearance rate and bulb damage.

Research has been conducted to enhance planting performance not only in garlic
but also in other crops [11–17]. However, studies that utilized experimental approaches
have limitations in design variables or operating conditions and are applicable only within
specific sample ranges [3,5–7]. Previous studies that used simulation models executed
optimal designs without design variable constraints; however, in some cases, the analysis
model was not validated [8], and the actual shape of garlic cloves was not considered in
the analysis model, constraining its reliability [10,11].

In this investigation, we aimed to surpass the limitations of prior research by incor-
porating the actual shape of garlic cloves into the discrete element model to determine
the optimal bucket size of the metering device. We optimized by categorizing the garlic
cloves into three groups, considering their size distribution. Furthermore, we conducted
a metering simulation to validate the optimization results and validated the reliability of
the optimization technique by comparing the outcomes with the actual test results. To
incorporate the actual shape of garlic cloves, we adopted the statistical data proposed by
Im et al. [8] into the discrete element model. We performed angle of repose and sliding
tests to identify the mechanical parameters of the analysis model. Using the developed
discrete element model, we determined the optimal bucket size to meet the target planting
rate under the same operating conditions as the actual planter. We employed the sequential
search method as the optimization technique and found the optimal solution by gradu-
ally reducing the bucket size. We conducted a metering simulation to validate that the
determined bucket size satisfied the required performance index, we conducted a metering
simulation and validated the optimization technique through a metering test. As a result of
the metering simulation, the performance index of the required level was nearly achieved,
and the reliability of the optimization technique was confirmed as the difference between
the test result and simulation result in all performance indexes was within 10%.

Thus, in this study, we developed a discrete element model with high fidelity and
executed the optimal design of the garlic planter metering device using the developed
model. During actual metering operation, the optimization result of each group almost
satisfied the target plant rate, and the proposed methodology can be used to optimize
metering devices for other crops.

2. Materials and Methods

In this study, the DEM was employed to optimize the bucket size of the metering
device of the garlic planter. To accurately represent the actual shape of garlic cloves in the
analysis model, a 3D mesh model was created using the 3D CAD model for each of the
three garlic size groups, which was previously developed by Im et al. [8]. Subsequently, the
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discrete element model parameters were determined through bulk density measurement,
sliding test, and repose angle test. The optimal bucket size for each group was determined
using the developed discrete element model, and a metering simulation was conducted to
validate the optimal bucket size. Finally, an actual metering experiment was conducted to
validate the optimization technique.

2.1. Metering Device Working Principle

The finger-type bucket metering device utilized in this study comprises the compo-
nents illustrated in Figure 1. The finger-type bucket is affixed to the chain and derives
its power from the sprocket. The lower sprocket is connected to the support wheel of
the planter, and as the vehicle advances, it rotates in a clockwise direction owing to the
frictional force on the ground. The bucket moves in unison with the rotation of the sprocket,
collects the garlic cloves from the hopper in the carrying area, and transports them to the
planting area. Throughout this process, the bucket size is determined based on the bucket
guide setting, and according to the bucket size, any excess garlic cloves in the sorting area
fall back into the hopper. The garlic that passes through the sorting area without falling
rotates along the pitch diameter of the sprocket and undergoes a 180◦ phase shift as the
bucket moves. As the phase shifts, gravity causes the garlic to fall onto the back of the
finger-type bucket, which is one cycle ahead, and it is then planted through free fall while
the planter traverses the planting area.
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Figure 1. Configuration of metering device.

The bucket size varies based on the setting angle (α) of the bucket guide, as illustrated
in Figure 2a, and the bucket guide rotates around the same rotation center as the lower
sprocket, as shown in the figure. The position of the chain and sprocket does not change
in accordance with the bucket guide settings, and the buckets affixed to the chain always
follow the same trajectory. The bucket trajectory can be defined as the combination of
the outermost points traced while the bucket moves, as indicated by the dotted line in
Figure 2b. As the trajectory of the bucket is consistent, the bucket size (l) changes as the
relative position of the guide changes. The bucket size can be defined as the minimum
distance between the bucket trajectory and bucket guide, as shown in Figure 2b. When the
center of gravity of the placed garlic cloves surpasses the bucket trajectory by a specific
distance, the cloves fall under the influence of their weight.

152



Agriculture 2023, 13, 1199

Agriculture 2023, 13, x FOR PEER REVIEW 5 of 18 
 

 

of gravity of the placed garlic cloves surpasses the bucket trajectory by a specific distance, 
the cloves fall under the influence of their weight. 

 
Figure 2. Mechanism of bucket size control in metering device. (a) Rotatable bucket guide. (b) 
Bucket size. 

2.2. 3D Mesh Modeling 
In this investigation, as the target garlic, we used garlic from the cold Uiseong region, 

identical to the sample used by Im et al. [8], and produced a 3D mesh model of garlic 
cloves using the 3D CAD model proposed in that study. Figure 3 displays samples of the 
actual garlic cloves of each group alongside the corresponding 3D CAD and mesh models 
for contact force calculation. The commercial software ANSYS Rocky can accommodate 
the actual particle shape in the analysis model by importing the mesh file (in STL format) 
to define the nodes required for contact force calculation (ANSYS Rocky, [18]). Excessively 
refined nodes demand a significant amount of computation and the analysis time can in-
crease exponentially. Conversely, excessively coarse nodes can produce numerical errors 
during calculation. Therefore, selecting the appropriate number of nodes is critical. To 
ensure the accuracy and convergence of contact calculation, we utilized 3912 nodes for 
Group 1, 4730 nodes for Group 2, and 4497 nodes for Group 3 in the model, determined 
through trial-and-error procedures. 

Figure 2. Mechanism of bucket size control in metering device. (a) Rotatable bucket guide. (b) Bucket size.

2.2. 3D Mesh Modeling

In this investigation, as the target garlic, we used garlic from the cold Uiseong region,
identical to the sample used by Im et al. [8], and produced a 3D mesh model of garlic cloves
using the 3D CAD model proposed in that study. Figure 3 displays samples of the actual
garlic cloves of each group alongside the corresponding 3D CAD and mesh models for
contact force calculation. The commercial software ANSYS Rocky can accommodate the
actual particle shape in the analysis model by importing the mesh file (in STL format) to
define the nodes required for contact force calculation (ANSYS Rocky, [18]). Excessively
refined nodes demand a significant amount of computation and the analysis time can
increase exponentially. Conversely, excessively coarse nodes can produce numerical errors
during calculation. Therefore, selecting the appropriate number of nodes is critical. To
ensure the accuracy and convergence of contact calculation, we utilized 3912 nodes for
Group 1, 4730 nodes for Group 2, and 4497 nodes for Group 3 in the model, determined
through trial-and-error procedures.

The 3D CAD model of garlic cloves used in this study comprises the elongated model,
as presented in Figure 4a, and the average model, as shown in Figure 4b. To obtain statistical
information about the shape of garlic cloves, Im et al. [8] measured the height and length of
160 garlic samples and developed a 3D CAD model to represent the shape of each group
based on the statistical results. Similarly, we used an elongated model with an elongated
length (µL + 2σL) and average height (µH) was used to determine the optimal bucket
size, as was executed by Im et al. [8]. For the metering simulation, an average model with
an average length (µL) and average height (µH) of the groups was employed. During
metering work, mechanical vibration aligns the garlic cloves parallel to the finger-type
bucket, and the length of the garlic cloves determines the location of their center of gravity.
The length of the garlic clove model was set to µL + 2σL, and the minimum bucket size
allowing the clove to pass through the sorting area was determined to achieve the target
planting rate of 97.5%. Further details are excluded as they are beyond the scope of this
thesis. The average model presented in Figure 4b was utilized for the metering simulation
described in Section 2.6. To validate that the optimal bucket size indeed satisfies the plant
rate of 97.5%, we conducted a metering simulation. At this juncture, the average model
was scaled up and down according to the Gaussian distribution to test the optimal bucket
size for various garlic sizes.
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When constructing a discrete element model, it is necessary to define a mesh as a
calculation node for the garlic cloves and the mechanical device with which they come into
contact during planting. The garlic cloves come into contact with finger-type buckets and
bucket guides, as shown in Figures 5 and 6. For this component, 8166 computational nodes
were defined, as depicted in Figure 5b. Similarly, Figure 6a illustrates the 3D model of the
bucket guide with 37,268 computational nodes, as shown in Figure 6b. The bucket guide
consists of several plates, and contact with the garlic occurs in the anterior part, which
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is enlarged in Figure 6b. Therefore, a denser mesh was constructed in the contact area to
efficiently calculate contact forces.
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2.3. DEM Parameter Determination

It is essential to define discrete element parameters that precisely reflect the mechanical
properties of actual garlic cloves to ensure the high accuracy of the discrete element model.
These parameters include properties that reflect the mechanical characteristics of the particle
itself, such as bulk density, Young’s modulus, and Poisson’s ratio, as well as parameters
related to interactions with other mechanical devices, such as static friction coefficient and
restitution coefficient. The parameters for the interaction between garlic and steel were
determined to simulate the mechanical interaction with an actual steel device. We also
determined the parameters for the interaction between acrylic and garlic to calibrate the
repose angle. For visualization, we used an acrylic cylinder for the repose angle test and
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for the discrete element model for calibration. Table 1 summarizes the discrete element
parameters and methods used to determine these parameters.

Table 1. DEM parameter determination.

Category Property Value Unit Determination

Garlic
Bulk density 605.45 kg/m3 Directly measured

Young’s modulus 13.38 MPa Park et al. [19]
Poisson’s ratio 0.16 - Park et al. [19]

Garlic-garlic
Static friction coefficient 0.46 - Repose angle calibration

Tangential ratio 1 - Default
Restitution coefficient 0.50 - Park et al. [19]

Acryl-garlic
Static friction coefficient 0.4 - Sliding test

Tangential ratio 1 - Default
Restitution coefficient 0.65 - Yu et al. [20]

Steel-garlic
Static friction coefficient 0.31 - Sliding test

Tangential ratio 1 - Default
Restitution coefficient 0.65 - Yu et al. [20]

The bulk density of garlic was directly measured using an acrylic cylinder, as depicted
in Figure 7. In this study, the garlic cloves were used with their peels intact, resembling their
natural state for planting. However, this preservation of the peels led to a notable disparity
in true density. The presence of a gap between the garlic (white part) and the peel resulted in
an overestimation of the clove’s volume, consequently leading to imprecise measurements.
By determining the bulk density of a specific set of garlic cloves, it becomes feasible to
obtain a representative parameter more effortlessly. The values for Young’s modulus
and Poisson’s ratio proposed by Park et al. [19] were employed. The value suggested
by Yu et al. [20] for the restitution coefficient was used as an interaction parameter. The
static friction coefficients and friction angle between steel–garlic, and acryl–garlic were
determined via a sliding test, as shown in Figure 8. The garlic clove was placed on a plate
made of the material to be measured, which was then slowly tilted; the angle at which
the garlic clove began to move was considered the friction angle (φ) and the static friction
coefficient was defined as tan (φ). Guo et al. [9] applied the same method to determine the
static friction coefficient between garlic and steel plate. Finally, since fabricating a garlic
plate is infeasible, the garlic–garlic static friction coefficient was determined through repose
angle calibration.
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The repose angle calibration refers to the process of adjusting the garlic–garlic friction
coefficient of the model such that the same value as the repose angle obtained through the
actual test is obtained in the simulation result. For accurate calibration, fixed values should
be used for the rest of the parameters except for the friction coefficient [21]. In this study, as
shown in Table 1, calibration was performed after fixing the remaining values except for the
garlic–garlic static friction coefficient. For the repose angle test, a cylinder lifting test (CLT)
was performed, as shown in Figure 9 [22]. A total of eight repose angles were measured at
45◦ intervals in one test, and the reliability of the test results was improved by repeating the
test three times. The measurement of the repose angle involved using a digital protractor
attached to a steel plate. The steel plate was adjusted to be parallel to the pile of garlic
cloves, and the angle of the steel plate was measured. When using large-sized garlic, the
reproducibility of test results may not be secured owing to limited boundary conditions;
hence, Group 1, which has the smallest size, was used. In addition, the CLT method can
be affected by the lifting velocity according to the friction coefficient between the cylinder
and the garlic [23]. Therefore, the dynamic effect was removed by performing CLT at a
speed of 5 mm/s [22]. Consequently, an average of 30.53◦ and a standard deviation of 1.26◦

were obtained.
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Figure 10a shows the actual repose angle test, and Figure 10b illustrates the response
angle simulation for calibration purposes. An analysis was conducted by incrementally
increasing the garlic–garlic friction coefficient by 0.1 from 0.3 to match the repose angle
obtained from the test. Figure 11 shows the simulation results. Using data interpolation,
it was confirmed that when the friction coefficient was 0.46, the angle of repose of 30.53◦

matched the test results.
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2.4. DEM Contact Model
2.4.1. Normal Force Model: Hysteretic Linear Spring Model

The study employed the hysteretic linear spring model proposed by Walton and
Braun [23] to define contact in the normal direction of the discrete element model. This
model is characterized by a rapid computation speed of plastic energy dissipation and
is suitable as a model for compressible materials, such as garlic (ESSS Rocky [24]). The
formula used to calculate the contact force in the normal direction is as follows.

Ft
n =

{
min

(
Knlst

n, Ft−∆t
n + Knu∆sn

)
i f ∆sn ≥ 0

max
(

Ft−∆t
n + Knu∆sn, λKnlst

n
)

i f ∆sn < 0
, (1)

∆sn = st
n − st−∆t

n , (2)

where:
Ft

n is the normal elastic-plastic contact force at the current time t (N)
Ft−∆t

n is the normal elastic-plastic contact force at the previous time t − ∆t (N)
∆sn is the change in the contact normal overlap during the current time (mm)
Knl is the loading contact stiffness (N/mm)
Knu is the unloading contact stiffness (N/mm)
λ is a dimensionless small constant (its value in Rocky is 0.001) (-).

1
Knl

=

{ 1
Knl,p1

+ 1
Knl,p2

f or particle − particle contact
1

Knl,p
+ 1

Knl,p
f or particle − boundary contact

(3)

Knu =
Knl
ε2 (4)

Here:
Knl,p1 is the loading contact stiffness of particle one (N/mm)
Knl,p2 is the loading contact stiffness of particle two (N/mm)
ε is the coefficient of restitution (-)

Knl,p = EpL (5)
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Knl,b = EbL (6)

Here:
Ep is the particle material’s bulk Young’s modulus (Pa)
Eb is the boundary’s bulk Young’s modulus (Pa)
L is the particle size (mm)

2.4.2. Tangential Force Model: Linear Spring Coulomb Limit Model

Calculating the contact force in the tangential direction utilizes a linear spring Coulomb
limit model. This model is categorized as an elastic-frictional model; the tangential force
for purely elastic contact is computed using Equations (7) and (8), while the final tangential
force uses Equation (9). This step is necessary as the tangential contact force must not
surpass the Coulomb friction force.

Ft
τ,e = Ft−∆t

τ − Kτ∆sτ (7)

Here:
Ft

τ,e is the value of the tangential force at the current time (N)
Ft−∆t

τ is the value of the tangential force at the previous time (N)
∆sτ is the tangential relative displacement of the particles during the timestep (mm)
Kτ is the tangential stiffness, which is defined as:

Kτ = rKKnl , (8)

where:
rK is the tangential stiffness ratio (-).

Ft
τ = min

(∣∣Ft
τ,e
∣∣, µFt

n
) Ft

τ,e∣∣Ft
τ,e
∣∣ , (9)

where:
µ is the friction coefficient (-).

2.5. Bucket Size Optimization Using DEM

A simulation model was created to optimize the bucket size of the metering device
using the commercial software ANSYS Rocky for the DEM [18]. The bucket optimization
method proposed by Im et al. [8] was employed to determine the optimal bucket size for
each group. There exists a linear relationship between garlic size and optimal bucket size,
and the sequential search method was used to optimize the design parameter by linearly
decreasing the bucket size [8,25]. In the sorting process of the metering device, excess garlic
cloves, which are more than one clove, are preferable to fall into the hopper via the guide.
The rate at which the bucket was exhibited to be too small to contain a clove was defined
as the missing plant rate. The target metering device is required to achieve a plant rate
of 97.5% or more while simultaneously minimizing the multi-plant rate, as described in
Equation (13). Although a bucket size larger than necessary is advantageous for achieving
a plant rate of 97.5% or more, it may increase the multi-plant rate. Therefore, it is desirable
to determine the smallest bucket size that satisfies the target plant rate.

Q =

(
1 − N2

N

)
× 100, (10)

M =
N1

N
× 100, (11)

C =
N2

N
× 100, (12)
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where:
Q is plant rate (%)
M is multi-plant rate (%)
C is missing plant rate (%)
N is the total number of trials (-)
N1 is the number of metering trials with multiple cloves (-)
N2 is the number of metering trials with empty bucket (-)

minimize : M
subject to : Q ≥ 97.5

(13)

The elongated model depicted in Figure 4a was utilized to achieve the target plant rate.
The model was constructed by setting the length that determines the center of gravity of
garlic cloves as µL + 2σL. Assuming a normal distribution of garlic clove lengths, all cloves,
except for the top 2.5% of the group, are successfully planted if they pass safely through
the metering device [8]. Figure 12 illustrates the bucket size optimization simulation
and displays the initial posture of the garlic clove for simulation purposes. The most
unfavorable condition for the metering operation was selected as the initial location of
the garlic clove to attain the target plant rate. The mechanical vibration and geometrical
characteristics of the finger-type bucket ensure that garlic cloves are always positioned
parallel to the bucket; when the center of gravity faces outward, it is disadvantageous for
planting. Furthermore, due to the rolling phenomenon, when the round side of the garlic
clove faces the bottom, the center of gravity moves inside the bucket trajectory, which can
be beneficial for metering. Therefore, the flat side was arranged to face the bottom for the
most unfavorable condition.
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The dynamics model provided by ANSYS Rocky was utilized, and a rotational motion
of 30 rpm was set on the lower sprocket, consistent with the actual operating conditions to
establish the operation of the metering device. To carry out the sequential search method,
the garlic clove model was positioned in the initial location in the most unfavorable
orientation for planting, and multiple simulations were conducted while incrementally
increasing the metering device guide angle (α) depicted in Figure 2a by 0.1◦. The optimal
bucket size was determined as the size immediately prior to the garlic clove of each group
falling into the hopper via the guide. The design parameter interval was established to
ensure applicability to the actual system as 0.1◦, adjustable by the user.

2.6. Metering Simulation Using DEM

To validate the optimal bucket size of each group obtained through Section 2.5, a
metering simulation was conducted using the DEM. The bucket size of the metering
device was set to the optimum value obtained earlier, and the lower sprocket was rotated
at 30 rpm, identical to the actual operating condition. Figure 13 depicts the metering
simulation, demonstrating the sorting process that garlic cloves go through after being
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placed in the hopper. By incorporating the virtual sensor into the simulation model, as
shown in Figure 13, the number of garlic cloves in the bucket that passed through the sorting
area was analyzed in the time domain. The garlic clove model for metering simulation
was based on statistical information on the shape of garlic cloves and used the average
model illustrated in Figure 4b. Furthermore, for various sizes, garlic clove models were
scaled up or down based on a Gaussian distribution and randomly placed in the hopper to
perform metering simulations for various sizes. The software provides a scale distribution
method to consider different sizes when the mean and standard deviation information
is available [18]. The morphological statistical information of garlic cloves to define the
Gaussian distribution was based on the values provided by Im et al. [8].
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2.7. Metering Experiment

An actual metering experiment was conducted using a real metering device to validate
the reliability of the discrete element analysis model and optimization technique. Figure 14a
illustrates the actual garlic planter, while Figure 14b depicts the 1-row metering test machine.
A boundary plate was installed on a 7-row metering device to create a 1-row metering test,
establishing the same boundary conditions as the simulation model. Fifty garlic cloves were
selected from each group, and a metering test was conducted with the sprocket rotating at
30 rpm, using the optimal bucket size as in the metering simulation. The test verified the
plant rate (Q), multi-plant rate (M), and missing plant rate (C), and to ensure the reliability
of the test results, it was repeated five times. The average value of each result was compared
to the simulation result to validate the optimization methodology.
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3. Results and Discussions
3.1. Bucket Size Optimization & Metering Simulation

This study aimed to optimize the bucket size of the metering device by initially
positioning the garlic clove model under the most unfavorable conditions for metering.
The optimal solution was then determined by gradually reducing the bucket size using the
sequential search method. The design parameter interval was set at 0.1◦, which the user can
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adjust to ensure system applicability. The optimization process revealed that the optimal
bucket size increased with the size of the garlic clove, and it was found that Group 1 had
an optimal bucket size of 16.11 mm, Group 2 had 22.75 mm, and Group 3 had 23.64 mm.
Table 2 summarizes the results of the bucket size optimization. A batch simulation of the
metering operation was conducted to validate the accuracy of optimization results. Once
the optimal bucket size was obtained through the sequential search method, a metering
simulation at the optimal setting was conducted for garlic of various sizes in each group,
and the results are shown in Table 3. Some 40 metering operations were performed for
Group 1, 37 for Group 2, and 43 for Group 3 to enhance the reliability of the metering
performance results.

Table 2. Optimal bucket size for each group of garlic.

Group Optimum Bucket Size l (mm)

Group 1 16.11
Group 2 22.75
Group 3 23.64

Table 3. Results of metering simulation.

Group No. Trials Plant Rate (Q) Multi-Plant Rate (M) Missing Plant Rate (C)

Group 1 40 92.50% 10.00% 7.50%
Group 2 37 97.30% 2.70% 2.70%
Group 3 43 97.70% 2.30% 2.30%

Except for Group 1, all groups were able to nearly achieve the target plant rate of
97.5%. Moreover, the multi-plant rate demonstrated a low level of under 3%. Group 1,
being the smallest in size, exhibited the highest multi-plant rate at 10% and demonstrated
poor metering performance. It is believed that the overlapping planting of more than one
garlic clove occurred in the width direction of the finger-type bucket for Group 1, as shown
in Figure 15. Conversely, in the case of Groups 2 and 3, this phenomenon did not occur
because the thickness of the garlic clove was large, considering the bucket width. As such,
they were deemed the most suitable groups for applying the metering device.
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3.2. Experimental Result

To validate the bucket size optimization technique, an actual metering test was con-
ducted, as depicted in Figure 14, and the results are illustrated in Table 4. The test was
executed under conditions identical to the analysis model, including bucket size and rota-
tional speed, to validate the optimization process using simulation. The test was repeated
five times using 50 garlic cloves in each group to enhance the reliability of the test results.
Average plant rates of 90.44% for Group 1, 97.97% for Group 2, and 94.95% for Group 3
were confirmed. It was observed that all groups except Group 1 came close to the target
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plant rate of 97.5%. Additionally, it was confirmed that Group 1 had a multi-plant rate
of 1.47%, Group 2 had a rate of 2.85%, and Group 3 had a rate of 0.49%. These findings
demonstrate significantly improved metering performance compared to the test results of
Kang et al. [3].

Table 4. Results of the metering experiment.

Group Test No Plant Rate (Q) Multi-Plant Rate
(M)

Missing Plant
Rate (C)

Group 1

1 89.29% 0.00% 10.71%
2 89.09% 1.82% 10.91%
3 90.91% 0.00% 9.09%
4 89.29% 0.00% 10.71%
5 94.00% 6.00% 6.00%

Average 90.44% 1.47% 9.56%

Group 2

1 100.00% 2.04% 0.00%
2 97.92% 6.25% 2.08%
3 97.96% 4.08% 2.04%
4 95.92% 2.04% 4.08%
5 98.04% 0.00% 1.96%

Average 97.97% 2.85% 2.03%

Group 3

1 97.56% 2.44% 2.44%
2 97.62% 0.00% 2.38%
3 93.18% 0.00% 6.82%
4 93.18% 0.00% 6.82%
5 93.18% 0.00% 6.82%

Average 94.95% 0.49% 5.05%

Table 5 presents the simulation and test results for the plant rate, multi-plant rate, and
missing plant rate. It was confirmed that the plant rate for both results had a maximum
error of 2.8% for Group 3. The difference between the two results for the multi-plant rate
was 8.5% for Group 1, 0.2% for Group 2, and 1.8% for Group 3. Lastly, for the missing
plant rate, a relatively low level of error was confirmed, with a maximum error of 2.8% for
Group 3. For Group 1, due to the relatively narrow width of cloves, multiple garlic cloves
could be stacked in the bucket, as shown in Figure 15, and the metering performance was
affected by both the width of the bucket and the length of the garlic cloves. The bucket
size optimization technique applied in this study considered the length of garlic cloves
as the only independent variable and not the effect of bucket width. Consequently, both
simulation and test results displayed poor metering performance, and the reliability of the
optimal solution was not fully guaranteed for Group 1. As a result, there was a relatively
significant difference between the analysis and test results in Group 1 compared to those of
Groups 2 and 3. Upon comparing the analysis and test results, it was determined that the
analysis model predicted the metering performance of the actual metering device within
10% of all performance indicators, including plant rate, multi-plant rate, and missing
plant rate. Particularly for Groups 2 and 3, the high reliability of the analysis model was
confirmed, showing a difference in the metering performance of a maximum of 2.8% (plant
rate of Group 3).

Table 5. Comparison between simulation and experiment results.

Group Index Simulation Experiment Difference

Group 1
Plant rate (Q) 92.50% 90.44% 2.10%

Multi-plant rate (M) 10.00% 1.50% 8.50%
Missing plant rate (C) 7.50% 9.60% −2.10%

Group 2
Plant rate (Q) 97.30% 97.97% −0.70%

Multi-plant rate (M) 2.70% 2.90% −0.20%
Missing plant rate (C) 2.70% 2.00% 0.70%

Group 3
Plant rate (Q) 97.70% 94.95% 2.80%

Multi-plant rate (M) 2.30% 0.50% 1.80%
Missing plant rate (C) 2.30% 5.10% −2.80%
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4. Conclusions

In this investigation, the bucket size of the garlic planter metering device was opti-
mized by utilizing the DEM, considering the size of various garlic cloves. To enhance the
precision of the analysis model, the actual shape of the garlic cloves was incorporated
using a 3D mesh, and the mechanical properties of garlic were found through various tests,
such as the angle of repose test and sliding test. Subsequently, the optimal bucket size was
determined for the three garlic size groups using the sequential search method based on the
developed model. A metering simulation was carried out to validate the optimal value, and
finally, a physical test was conducted under the same conditions to ensure the reliability of
the optimization technique. The primary findings of the study are summarized as follows.

(1) Calibration was executed by conducting a repose angle test to establish the garlic-
garlic friction coefficient. It was ascertained that the simulation model and the test
produced the same repose angle when the garlic-garlic friction coefficient was 0.46.

(2) Bucket size optimization was carried out to achieve the target metering rate of 97.5%.
Subsequently, it was determined that Group 1 had an optimal bucket size of 16.11 mm,
Group 2 had that of 22.75 mm, and Group 3 had that of 23.64 mm.

(3) To validate the reliability of the determined optimal bucket size, a metering simulation
was conducted, which showed that the plant rate was 90.44% for Group 1, 97.97% for
Group 2, and 94.95% for Group 3. The results indicate that Groups 2 and 3 achieved a
seeding rate close to the target value of 97.5%.

(4) To validate the reliability of the optimization methodology, an actual metering test was
conducted under identical conditions. Upon comparing the metering performance, it
was confirmed that all metering performances exhibited differences of less than 10%.
Notably, in Groups 2 and 3, the difference in metering performance was within 2.8%,
thus confirming the reliability of the optimization technique.

(5) Regarding Group 1, as depicted in Figure 15, the garlic clove widths were relatively
narrow, leading to an overlap phenomenon. Consequently, the metering perfor-
mance prediction exhibits low accuracy, and the metering performance is inferior to
Groups 2 and 3.

The DEM was employed to confirm the optimal bucket size for each garlic group, and
during actual metering work, the optimal bucket size resulted in nearly satisfactory target
plant rates. Moreover, the proposed methodology enables the optimal design of various
agricultural implements with similar mechanisms. Notably, this study solely considered
the length of the finger-type bucket in the bucket optimization process, while the width was
not taken into account. As a result, while Groups 2 and 3 met the target plant rate, Group 1
did not. Future studies will enhance the optimization completeness by incorporating the
width as well as the bucket size.
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5 Department of Thermodynamics, Fluid Mechanics and Aviation Propulsion Systems, Lublin University of

Technology, Nadbystrzycka 38 D, 20-618 Lublin, Poland
* Correspondence: katarzyna.szwedziak@upwr.edu.pl (K.S.); gniewko.niedbala@up.poznan.pl (G.N.)

Abstract: The purpose of the study is to increase the efficiency of using the tractor hitch weight in
traction mode by reducing the uneven distribution of vertical reactions between the wheels. This
work is grounded on a methodology that involves summarizing and analyzing established scientific
findings related to the theory of tractors operating in traction mode. The analytical method and
comparative analysis were employed to establish a scientific problem, define research objectives, and
achieve the goal. The key principles of probability theory were applied in developing the empirical
models of the tractor. The main provisions of the methodology for evaluating the traction properties
of the tractor with the instability of the coupling weight were formulated. The method of evaluating
the vertical reactions on the wheels of the tractor is substantiated, which is based on the measurement
of the vertical reaction on one of the four wheels. It was proven that tractors with a center of mass
offset to the front or rear axles have the greatest probability of equal distribution of vertical reactions
between the wheels of one axle, and tractors with a center of mass in the middle between the axles
have the lowest probability. It is theoretically substantiated and experimentally confirmed that when
the tractor performs plowing work with uneven distribution of loads on the sides, its operation with
maximum traction efficiency is ensured by blocking the front and rear axle drivers.

Keywords: tractor; traction properties; coupling weight; center of mass; vertical reactions; driving
bridges; blocking

1. Introduction

The classic approach to the tractor as an object of design and management [1] consists
of imagining it as a traction machine that has one connection with the external environment
(running gear). Such an idea leads to the setting of tasks for optimizing the properties of
the tractor, including traction force and efficiency, movement resistance, load on the axles,
etc. These tractor parameters are regulated during their tests in NTTL laboratories [2] in
the United States of America and Germany [3].

When the tractor is working in traction mode, its connection with the soil is carried
out through two channels (running gear, working implement), which lead to the insta-
bility of the traction force of the tractor and the resistance of the aggregated agricultural
machine [4–6]. At the same time, the reactions between the wheels of the front and rear
axles are assumed to be uniform, although due to different rolling resistance of the wheels,
for example, when the tractor performs certain tasks, the reactions between the wheels
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are unevenly distributed [7–9]. The movement of the tractor during the execution of the
technological process leads to longitudinal, lateral, and vertical oscillations of sprung and
unsprung masses and tractor wheels. Longitudinal and lateral oscillations of the tractor lead
to an increase in the dynamic tension of the soil due to skidding, which reduces its traction
force, and vertical oscillations are the main cause of dynamic soil compaction [10,11]. At
the same time, an uneven distribution of vertical reactions between the wheels of the tractor
is noted, which affects the efficiency of using the coupling weight in traction mode [12,13].
The essential feature of the tractor’s movement in the traction mode was not adequately
covered in the technical literature when evaluating its support and traction properties.

The solution to the problem of the influence of a mobile machine’s center of mass is
considered in a number of foreign publications [14], which note the perspective of research
in the direction of machine operation in traction mode. It is proposed to determine the
energy parameters of the machine by differentiating its mass.

Practice presents science with the need to solve the problem of developing a method-
ology for assessing the uneven distribution of vertical reactions between the tractor wheels
in traction mode.

The efficiency of using the towing weight of the tractor in traction mode is increased
by reducing the uneven distribution of vertical reactions between the wheels.

The following tasks were set in this work:

• Justify the dependence of the tractor’s traction properties on the use of the coupling
weight of the driving axles.

• Estimate the distribution of vertical reactions between the wheels of one driving axle
of a tractor.

• Justify the zone of the most likely reduction in the use of the towing weight of the
four-wheel drive tractor.

2. Materials, Method and Results

This work is based on a methodology that summarizes and examines existing scientific
findings on the theory of tractors in traction mode. The analytical method and comparative
analysis were utilized to formulate the scientific problem, establish research objectives, and
achieve the goal. The fundamental principles of probability theory were incorporated in
developing the empirical tractor models.

Let us assume that the tractor, being on a flat horizontal surface, moves at a constant
speed with the power take-off shaft turned off (Figure 1). Traction efficiency of the tractor
can be expressed [1] by the following equation:

ηт =
Nт
Ne

=
Pкрυд
Mдnд

716.2
270

= 2.65
Pкрυд
Mдnд

, (1)

where Nт—traction power of the tractor, kW; Ne—effective engine power, kW; Pкр—traction
force on the hook, kN; υд—actual driving speed, km/h.; Mд—engine torque, kN•m;
nд—engine crankshaft rotation frequency (engine speed), r/min.

Let us imagine that the traction forces on the hook and the actual speed of movement,
which are included in Equation (1) of the traction efficiency of the tractor, are functions of
the dimensionless coefficients ϕ1,2 of the use of the coupling weight of the driving axles in
the following equation:

ϕ1,2 =
Pк1,2

Y1,2
, (2)

where Pк1,2—tangential traction force of the driving axle, kN; Y1,2—soil reaction, numer-
ically equal to the towed weight of the tractor, which is distributed to the drive axle
(Y1,2 = G1,2), kN. Here, and further, the index “1” refers to the front, and the index “2”
refers to the rear axles.
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Figure 1. Diagram of the forces acting on the tractor.

To obtain the dependency Pкр = f (ϕ1, ϕ2) we express Pкр = Pкр1 + Pкр2 − Pf 1 − Pf 2;
Pк1,2 = G1,2 ϕ1,2; Pf 1,2 = G1,2 f1,2, where Pf 1,2—force of resistance to rolling of driving axles;
f1,2—coefficient of resistance to rolling of driving axles.

Taking into account the redistribution of the coupling weight depending on the traction
force, we obtain the following equation:

Pкр =
G[A1(ϕ1 − f1) + A2(ϕ2 − f2)]

A3 + h(ϕ1 − ϕ2)
, (3)

where A1 = a − f2r2; A2 = L − a − f1r1; A3 = L − h(ϕ1 − f2) + f1r1 − f2r2; G—the
weight of the tractor, kN; L—longitudinal base of the tractor, m; h—trailer point height, m;
r1r2—rolling radii of the wheels, m.

Traction-supporting properties of the tractor depend mainly on its operating weight
Ge, the conversion of which into traction force Pкр is estimated by the coefficient of use of
the towing weight ϕкр = Pкр/Ge. When moving a wheeled tractor on a flat agricultural
background, with the coefficients of traction of the driving wheels with the soil ϕзч, rolling
resistance f , and the share of weight falling on the driving wheels λк, the support and
traction properties of a tractor with one driving axle are estimated according to the depen-
dence ϕкр = ϕзчλк − f , and for all-wheel drive tractors—ϕкр = ϕзч − f . An analysis ϕкр
of tractors with one drive axle and four-wheel drive tractors shows that the greater the
coefficient of traction in comparison with the coefficient of rolling resistance, the greater
the tractor’s margin of traction force.

In operating conditions, the traction force of the tractor varies from zero to the maxi-
mum value Pкр = Pкрmax, which is determined by the traction properties at Ge = const.

Therefore, the coefficient ϕкр changes from zero to ϕкрmax. The nominal traction force
corresponds to a certain value ϕкрн. This statement was confirmed when the John Deere
8335 R tractor was moving in traction mode (Figure 2) [7,9,10,12].
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Technical characteristics of the tractor John Deere 8335 R:
Nominal power of the engine, Ne, kW—246;
Nominal specific fuel consumption, ge, g/kWh—224;
Engine torque reserve, %—41.4;
Traction power, Ne, kW—212;
Operating mass, me, kg—13,820;
Axle load, front/rear, kg—5528/8292;
Energy saturation, E = Ne/me—1.81;
Conditional traction efficiency, ηт = Nт/Ne—0.86.
Comparing the values of the loads acting on the front yn and rear yз wheels of the

tractor show that they do not remain constant. If the traction resistance line is parallel to
the road surface, then the loads yn and yз change due to the redistribution of the tractor’s
weight between the front and rear wheels. Reducing the load on the front wheels causes
the same increase in the load on the rear wheels, and vice versa. The amount yn + yз is
equal to the weight of the tractor Gт. Instability in yn and yз leads to an uneven distribution
of vertical reactions between the wheels of the tractor, and a decrease in the efficiency
of using its hitch weight in traction mode. At the same time, even when the center of
mass of the tractor is located strictly in the longitudinal plane of symmetry, inequality of
vertical reactions on the left and right wheels of the same axle is possible. This is due to the
static uncertainty of the four-wheeled tractor as a spatial structure that has four supports
(connections) and, accordingly, four vertical reactions of the connection. A well-founded
methodology for solving this problem is based on the interrelationship of dimensionless
(specific) forces on the wheels of the tractor as follows:

γzi = Rz1/G; γz2 = b/L− γzi; γz3 = 0.5− γzi; γz4 =
a
L
− 0.5 + γzi, (4)

where Rz1—vertical reaction on the front wheel; G—total weight of the tractor; a, b,
L—distances from the projection of the center of mass on the horizontal plane to the
front and rear axles, the longitudinal wheel base of the tractor.

By specifying and measuring the vertical reaction on one of the four tractor wheels, the
vertical reactions on the last three wheels can be accurately determined. Developed at the
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Kharkiv branch of L. Pogorilyy UkrNDIPVT, the method for determining vertical reactions
of tractor wheels involves determining two components: the position of the tractor frame
in space and the vertical reaction to any of the four tractor wheels. In this case, the frame
of the tractor is taken as a completely solid body and the vertical reaction is determined
experimentally; the other three vertical reactions with the known weight of the tractor are
determined analytically. For further modeling in this article, it was assumed that the tractor
is installed on a perfectly flat surface, that is, the angles of inclination of the frame are equal
to zero. In real operation, the position of the frame can be determined using acceleration
sensors [15] and calculated analytically or using a digital gyroscope. At the stage of tractor
design, it is advisable to imagine the vertical reaction on one of the wheels as a random
variable, the distribution of which is subject to a normal law. Let us assume that such an
independent random variable will be γz2, the changes of which are theoretically possible
within the limits of [0, b/L]. With a decrease in γzi there is a decrease in γz4, which cannot
take negative values, because this leads to a violation of the system equilibrium.

Thus, when γzi = 0 the following must be performed:

γz4min =
a

L− 0.5
≥ 0 or b/L ≤ 0.5. (5)

Therefore, when b/L ≤ 0, the value γzi can vary within the following limits:

b
L
− 0.5 ≤ γzi ≤ 0.5. (6)

With the normal distribution law of vertical reactions on the wheels of the tractor,
the density of the distribution of the specific load on one front wheel is estimated by the
following equation:

f (γzi) =





2394
b/L µσexp

[
− 1

2

(
6

b/L γzi − 3
)2
]

at b
L ≤ 0.5;

2394
1−b/L µσexp

[
− 1

2

(
6

1−b/L γzi − 3b/L
1−b/L

)2
]

at b
L > 0.5





(7)

where µσ—the selected scale of the root means square deviation, i.e., the value is conven-
tionally taken as a unit during the analysis.

Figure 3 shows graphs of Function (7) at different positions of the tractor’s center of
mass (parameter b/L), taking into account the possible range of changes of γzi.

Analysis of the calculation results shows that tractors with an offset to the front or
rear axle of the center of mass have the greatest probability of equal distribution of vertical
reactions between the wheels of one axle. Tractors with a center of mass located in the
middle between the axles have the lowest probability of equal distribution of vertical
reactions at b/L = 0.5, and the largest—at b/L = 0.9 and b/L = 0.1.

If at b/L = 0.1, this probability is 0.4, then at b/L = 0.5, it is equal to 0.1.
When the tractor is working in the traction mode, the uneven distribution of vertical

reactions leads to the deterioration of its traction–speed characteristics, since the total
tangential traction force is determined by the wheel, which is in worse grip conditions. If
we consider the specific vertical reactions on the wheels (the ratio of the corresponding
reaction on the j-th wheel to the total weight of the tractor), taking into account their
possible changes within the rms deviation, then the dependencies for their calculation are
written in the following form:

γz1 = mγ1 + σγ1; γz2 = mγ2 − σγ2; γz3 = mγ3 − σγ3; γz4 = mγ4 + σγ4, (8)

where mγ1, mγ2, mγ3, mγ4—mathematical expectation of specific vertical reactions on
the corresponding wheels (1, 2—front wheels; 3, 4—rear wheels; 1, 3—left side wheels;
2,4—starboard wheels); σγ1, σγ2, σγ3, σγ4—root mean square deviations of the specific
vertical reactions on the specified wheels.
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It is obvious that

mγ1 = mγ1 =
1
2

b
L

; mγ3 = mγ4 =
1
2

(
1− b

L

)
. (9)

At b/L ≤ 0.5 we have

σγ = σγ1 = σγ2 = σγ3 = σγ4 =
1b
6L

. (10)

At b/L > 0.5 we have

σγ = σγ1 = σγ2 = σγ3 = σγ4 =
1
6

(
1− b

L

)
. (11)

The acceleration that occurs when the tractor accelerates in the absence of wheel
slippage is determined by the wheel that is in worse grip conditions, that is, having a lower
vertical load, as follows:

a = gϕϕкр, (12)

where g—free fall acceleration, g = 9.81 m/s2; ϕ—coefficient of adhesion of the wheels
to the road; ϕкр—the coefficient of use of the coupling weight in traction mode for a
four-wheel drive tractor.

ϕкр = 2(γz2 + γz3) = 2
(
mγ2 + mγ3 − 2σγ

)
=

{
1− 2b

3L at b
L ≤ 0.5

1
3 − 2b

3L at b
L > 0.5

(13)

Figure 4 presents a graph illustrating the dependence of ϕкр on the parameter b/L.
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Figure 4. The zone of the most probable values of the reduction in the coefficient of use of the drawbar
weight of a two-axle four-wheel drive tractor in traction mode (shaded).

Analysis of the graph in Figure 4 shows that the greatest decrease in the coupling
weight coefficient of a two-axle four-wheel drive tractor in traction mode occurs when
b
L > 0.5. This decrease can reach 33%.

In case of asymmetric application of the traction force on the tractor hook, for example,
the resistance force of the plow, which is characterized by the distance α from the tractor
axis to the point of application Pnл and different rolling resistance of the wheels Pfi, the
traction force required to overcome Pfi will be different for each wheel Pкi (Figure 5).
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To ensure uniform straight-line movement of the tractor, it is necessary to fulfill the
condition Pкi = Pf i + Pn

кi, where Pn
кi—the traction force required to overcome the drag force

of the plow.
For this case, the tangent of the traction force of the wheels is written in the

following form:

Pк1 = Pnл
(b/2−a)

b + Pк3 + ∑
(

Pf 1,3 + Pn
к1,3

)

Pк2 = Pnл
(b/2−a)

b + Pк4 + ∑
(

Pf 2,4 + Pn
к2,4

)

Pк3 = Pnл
(b/2−a)

b + Pк1 + ∑
(

Pf 1,3 + Pn
к1,3

)

Pк3 = Pnл
(b/2−a)

b + Pк2 + ∑
(

Pf 2,4 + Pn
к2,4

)





(14)

The analysis of this system of equations shows that at Pf1,3 6= Pf2,4 caused by different
wheel rolling conditions when the tractor plows (Pf2 > Pf4, Pf1 > Pf3, Pf2 > Pf1, Pf4 > Pf3) has
Pк2 > Pк4, Pк1 > Pк3, Pк2 > Pк1, Pк4 > Pк3.

In the Kharkiv branch of L. Pogorilyy UkrNDIPVT, in order to evaluate the dependence
of the traction force of the tractor on the coupling weight with an uneven distribution of
reactions between the axles, experimental studies of the HTZ-17021 tractor when aggregated

172



Agriculture 2023, 13, 977

with a PLN-5.35 plow were carried out. The results of these experimental studies are shown
in Table 1.

Table 1. Torques (Mкр ) on the sun gears of the wheel gearboxes of the HTZ-17021 tractor with the
PLN-5-35 plow (plowing winter wheat stubble to a depth of 25–27 cm).

y, m a, m
Mкp, Nm

Mкp1 Mкp2 Mкp3 Mкp4

0.150 0.36 947 2222 875 2150
y—the distance from the edge of the furrow to the outer edge of the wheel; a—asymmetry of traction load
application; Mкp1, Mкp2, Mкp3, Mкp4—torques on the sun gears of the wheel gearboxes of the front left and right
wheels, and the rear left and right wheels, respectively.

The analysis of this table shows that the front right wheel is the most loaded during
plowing of the HTZ tractor, and the rear left wheel is the least loaded. Behind the sides
of the tractor, the front wheels are 3–5% more loaded than the rear wheels. Let us take it
for simplification that Pn

к1 = Pn
к3 and Pn

к2 = Pn
к4. In this case, the load on the wheels of the

right Pn
п and left Pn

л sides of the tractor, which is necessary to overcome the resistance of
the plow, from the system of Equation (14), is written in the following form:

Pn
п = Pпл

(
1
2 + a

b

)
,

Pn
л = Pпл

(
1
2 − a

b

)


 (15)

The asymmetrical connection of the plow, characterized by parameter a, leads to a
greater load on the right side of the tractor compared to the left side. For a tractor of the
HTZ type in plowing operations with a PLN-5-35 plow, this excess is 50–60%. In this case,
to ensure stable rectilinear movement of the plow unit, it is necessary to fulfill the condition
M2 ≈ 1.5M1, ω1 ≈ 1.5ω2.

For example, Figure 6 shows the universal characteristics of the traction efficiency of
the HTZ-170 tractor when plowing winter wheat stubble with a PLN-5-35 plow to a depth
of 25–27 cm (operating weight of the tractor 8.0 t, engine power 121.1 kW, speed 2.37 m/s).
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The universal characteristics show the traction range of the tractor in the form of a
series of straight lines, Pкp = const, on which the graph of the function is plotted ϕп =
f(ϕз) at ηт max. This is the optimal combination of coefficients of the use of the driving
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axles’ coupling weight, which leads to the operation of the tractor with maximum traction
efficiency.

The analysis of the universal characteristics shows that ηт max = 0.71 of the KhTZ-17021
tractor during plowing will be in the case of blocked front and rear drive axles. All ηт points
are located on the abscissa axis (because ϕп = 0). At the same time, ηт on the universal
characteristics will be below ηт max.

According to this characteristic, it is possible to estimate ηT when unlocking the
differentials and simultaneously turning on the front and rear axles.

3. Discussion

The results of this research are mainly aimed at solving the scientific problem of
increasing the efficiency of using the tractor hitch weight in traction mode by reducing
the uneven distribution of vertical reactions between the wheels. New dependencies
of the traction properties of the tractor on the use of its drawbar weight and a method
of estimating the vertical reactions on the tractor’s wheels from its drawbar weight are
proposed. It was proven that the greatest efficiency of using the hitch weight of an all-wheel
drive tractor in traction mode is achieved when its center of mass is located between the
driving axles. At the same time, during plowing operations, the most energy-intensive
technological process ensures its operation with maximum traction efficiency when the
front and rear axle drivers are blocked.

Domestic and foreign scientists pay attention to the fact that the efficiency of tractors
significantly depends on the position of its center of mass and the distribution of vertical
reactions between the wheels. Domestic regulatory documents and methods of testing
tractors according to the OECD Code 2 procedure in NTTL laboratories [2] in the United
States of America and in Germany [3] do not provide for evaluating the efficiency of the
tested tractors from the position of the center of its masses during the execution of the tech-
nological process. This is mainly a consequence of the lack of methods and instrumentation
for evaluating the traction properties of the tractor during its unsteady movement.

The solution to this problem is possible using the method of partial accelerations [10],
which is implemented at the standard L. Pogorilyy UkrNDIPVT, and the measuring and
registration complex developed at the Kharkiv branch of L. Pogorilyy UkrNDIPVT, who
has no analogues in the world. The presence of a solid underlying layer in the form
of permafrost and the heavy precipitation typical of this period drastically reduce the
load-bearing capacity of soils [16–20]. The increase in the tractor’s weight under these
conditions results in breaking of the upper layer of the soil down to permafrost, degradation
of traction, and coupling properties and slippage, which, in turn, causes the increase in
the man-made (technogenic) impact, and bad flotation even with small hook loads [21–24].
Numerous scientists worldwide have investigated this problem and proposed various
solutions. One such study [2] examines the relationship between the load-carrying capacity
and the speed of transport aggregate movement. The optimal ratio of these two factors
helps to reduce the vertical load on the soil. The sustainable dead weight loading is also an
efficient way to reduce the impact of the ground drive system on the soil when the tractor
is in motion [25–28]. However, the dead weight loading increases metal consumption, fuel
consumption, and the cost of the tractor. After analyzing both the foreign and domestic
scientific literature, it was found that the established techniques used to enhance the traction
and coupling properties of wheeled tractors [29,30] are not efficient when one needs to
reduce the man-made (technogenic) impact of the ground drive system on the soil and
simultaneously achieve sufficient traction properties of the machine-tractor units (MTA)
or tractor-transport units (TTA). Therefore, the aim of this research is to determine new
methods of improving the traction and coupling properties and reducing the anthropogenic
(technogenic) impact on the arable soil of the drive system of a moving wheeled tractor,
which are important components of increasing the productivity and efficiency of labor
and mechanized work, as well as the rational use of natural resources and long-term
conservation of soil horizons [11,31]. In their research, the authors of [16] determined that
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the optimal way to achieve this goal is to rationally distribute the weight of the coupling to
the tractor propellers. For non-wheel drive modifications, the weight is redistributed from
the non-driving front wheels to the driving rear wheels, with the front wheels pre-loaded
to provide longitudinal stability if necessary.

4. Conclusions

Based on the results of this research, the methodology for evaluating the impact of
the position of the tractor’s center of mass on its traction properties is substantiated. The
results of this research made it possible to form the main theoretical and scientific-practical
conclusions:

1. The formulated methodology for evaluating the traction properties of a tractor with
instability of the vertical reactions on its wheels. It was proven that when the tractor’s
center of mass is located in the longitudinal plane of symmetry, an uneven distribution
of vertical reactions on the wheels of one axle of the tractor is possible.

2. The method of evaluating the vertical reactions on the wheels of the tractor, which
is based on the measurement of the vertical reaction on one of the four wheels, is
substantiated.

3. It was proven that tractors with the center of mass shifted to the front or rear axle
have the greatest probability of equal distribution of the vertical reactions between
the wheels of one axle, and tractors with the center of mass in the middle, between
the axles, have the lowest probability.

4. It is theoretically substantiated and experimentally confirmed that when the tractor
performs plowing work with an uneven distribution of the load on the sides, it is
ensured that it works with maximum traction efficiency with the front and rear axles
locked.

5. The issue of evaluating the influence of the tractor’s center of mass on its traction
properties when aggregated with mounted, trailed, and combined agricultural ma-
chines remains open. It is necessary to carry out theoretical and experimental research
in this direction.
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Abstract: The consumed power and safety of cam and four-bar-link semi-automatic vegetable
transplanters were analyzed and compared according to the engine speed and planting distances.
A measurement system was constructed to obtain the torque, rotational speed, and strain at the
corresponding locations of both transplanters. Field tests were conducted at three engine speeds
and three planting distances for each type of transplanter. The torque and rotational speed data
of the input shaft of the transplanting devices were used to calculate the power consumed during
transplanting. The strain data were converted into stress values to calculate the static safety factor
and fatigue life. The results show that the torque and consumed power of the cam transplanter
were greater than those of the four-bar-link transplanter under similar operational conditions, owing
to its rigid and heavier design. The consumed power increased as the engine speed increased for
both types. The static safety factor and fatigue life exhibited different values depending on the
measurement location with a sufficient safety margin. Although more skill is required in planting
distance control owing to its manual adjustment, the four-bar-link type is more economical under
similar operating conditions because of its smaller power requirement.

Keywords: cam type; consumed power; torque; vegetable transplanter; four-bar-link type

1. Introduction

A vegetable transplanter is an agricultural machine used to transplant vegetable
seedlings from a nursery to a field [1,2]. There are two types of vegetable transplanters
based on the seedling supply method: semi-automatic and fully automatic. For semi-
automatic vegetable transplanters, the operator manually places the seedlings into the
seedling cylinder. For fully automatic ones, the seedlings are automatically placed in the
seedling cylinder using additional mechanical systems [3–5]. Fully automatic vegetable
transplanters have high operational speeds with continuous operation, which saves labor.
However, their working mechanism is more complicated and has special requirements,
such as seedlings of a specific size and the use of special pot trays [6,7]. Although semi-
automatic vegetable transplanters have limited speed, there are no restrictions on seedling
size or pot tray type, and the working mechanism is more straightforward [8]. Both types
are equally important, depending on the type of vegetable cultivation [9].

Vegetable transplanters are also classified based on the working mechanism of the
transplanting device, which is an important component for planting seedlings in soil.
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Four types of transplanting devices have been developed: wheel, rotary, four-bar-link, and
cam types [10]. The most widely used are the cam and four-bar-link transplanters because
of their relatively simple structures and ease of use [11]. The four-bar-link transplanting
device uses four-bar-link mechanisms for planting seedlings, whereas the cam transplanter
is characterized by a cam that opens and closes the hopper through contact with the
bearing [10].

Several studies on both types of transplanting devices have been conducted, including
analyses of working mechanisms and operational characteristics [12–14], modification of
the transplanting device to improve performance through simulations [2,9], and safety
analyses [11,15]. In contrast, research on the consumed power for both semi-automatic
transplanting devices has yet to be conducted.

Research on the consumed power and load characteristics of agricultural machin-
ery, such as tractors [16–22], potato harvesters [23], plows and rotavators [24–27], and
other types of transplanters (including two-row riding fully automatic vegetable trans-
planters [28–30] and electric semi-automatic vegetable transplanters [31,32]), has been
performed. Several studies on the consumed power and load characteristics of two-row
riding fully automatic vegetable transplanters have been conducted, including one by
Kim et al. [28], who measured the PTO (Power Take-Off) torque during field operation
based on the planting distance. Kim et al. [29] analyzed the PTO shaft load with respect
to the planting distance through load spectra and damage-level calculations. Then, Kim
et al. [30] studied the PTO load spectrum under various working conditions, not only
with various planting distances but also with different planting depths. Another type of
vegetable transplanter studied for its power requirements is the electric semi-automatic
vegetable transplanter. This machine is a modification of the conventional transplanting
machine in which the power source, which was initially a conventional internal combustion
engine, is changed into an electric motor. Lee et al. [31] measured the current to calculate
and analyze the consumed power according to the planting distance and travel speed.
Lim et al. [32] studied the power requirements of this machine based on the torque and
rotational speed of the transplanting axle. Despite all the studies on the power consumed
by various types of vegetable transplanters, none have been carried out for conventional
semi-automatic cam- and four-bar-link transplanters. Therefore, comparative studies on
the consumed power and safety of the two transplanting devices are needed for effective
transplanting operations.

The purpose of this study was to analyze and compare the consumed power and safety
of cam and four-bar-link semi-automatic vegetable transplanters according to engine speed
and planting distance. The specific objectives were (1) to measure the torque, rotational
speed, and strains on the corresponding spots of both transplanters, (2) to calculate the
consumed power, static safety factor, and fatigue life from the measured data, and (3) to
compare the torque and consumed power, static safety factor, and fatigue life for the
two transplanters under similar operating conditions.

2. Materials and Methods
2.1. Test Equipment

Two types of vegetable transplanters were used in this study: cam and four-bar-link
semi-automatic transplanters, which are mainly used on small farms. Figure 1 and Table 1
show the shapes and main specifications, respectively, of the cam semiautomatic vegetable
transplanter. The shape and main specifications of the four-bar-link semi-automatic veg-
etable transplanter are shown in Figure 2 and Table 2, respectively. Both types of vegetable
transplanters consist of engines, transmissions, control sections, wheels, seeding cylinders,
transplanting devices, and molding wheels.
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Table 1. Main specifications of the cam semi-automatic vegetable transplanter.

Items Specification

Model KP-100KR

Manufacturer, nation KUBOTA, Japan
Length/width/height mm 2150/1360/1130

Weight kg 280
Engine Rated power (kW) 2.6

Rated speed (rpm) 1550
Wheel adjustment (inner/outer) mm 750–1000/1100–1500

Planting distance mm 350–900
Maximum working speed m/s 0.57

Working efficiency h/10a 1.5–2.5
Price KRW 13,000,000
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Table 2. Main specifications of the four-bar-link semi-automatic vegetable transplanter.

Items Specification

Model KTP-30

Length/width/height mm 2125/1180/1510
Weight kg 199
Engine Rated power (kW) 3.4

Rated speed (rpm) 1800
Wheel adjustment (inner/outer) mm 360–750/1170–1550

Planting distance mm 300–500
Maximum working speed m/s 0.4

Working efficiency h/10a 1.5–2.0
Price KRW 4,900,000

The main difference between the two types is the design and working mechanism of
the transplanting device. Figure 3 shows the transplanting device of cam and four-bar-link
types. The four-bar-link type of transplanting device consists of several linkages and a
transplanting hopper. In the cam type, the transplanting device consists of a frame, cam,
bearing, crank, transplanting hopper, and some linkages. Additional differences exist
in the transmission part and plant-spacing control device. The cam type has only one
transmission to transmit the power from the engine to the wheel and transplanting device,
while the four-bar-link type has (a) a driving transmission to transmit the engine power to
the wheel and the planting unit and (b) a transplanting transmission to transmit the power
received from the driving transmission to the crank of the four-bar-link mechanism of the
transplanting device. The planting distance in the cam type is determined from the set
value of the digital plant-spacing control device. The cam transplanter has a distance sensor
that can measure the traveling distance of the transplanter. If the travel distance reaches the
set planting distance in the digital plant-spacing control device, the transplanting device
input shaft operates at a constant rotational speed so that it remains constant for various
planting distances. In contrast, in the four-bar-link transplanter, the planting distance is
determined by adjusting the number of shift stages of the transplanting transmission using
a manual lever, which requires empirical skill to adjust the planting distance precisely. At
a constant working speed, if the rotational speed of the input shaft of the transplanting
device increases, the transplantation distance decreases.
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In general, the working mechanism of a semi-automatic vegetable transplanter is as
follows. The operator starts the engine and sets the desired planting distance digitally in
the control section (for the cam type) or manually using the lever (for the four-bar-link
type). The transplanter moves forward, and the transplanting device moves up and down.
The operator places the seedlings manually in the seedling cylinder. The seedling cylinder
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is opened when the transplanting hopper of the transplanting device is in the top position
to place the seedling into the hopper. Then, the transplanting device moves down, and the
hopper is opened when it is in the bottom position to plant the seedling in the soil. The
transplanting device moves up again, while the molding wheel covers both sides of the
planted seedling with soil.

2.2. Work Conditions

Field tests were conducted by considering the primary operational conditions for
vegetable transplanting. Semi-automatic vegetable transplanters usually work on ridges
with soft tilled soil; therefore, the effect of soil strength can be ignored. The variables of the
working conditions in this study were engine speed and planting distance. For the cam
vegetable transplanter, the engine speeds were set to 1100, 1250, and 1550 rpm, and the
planting distances were 0.35, 0.40, and 0.45 m; for the four-bar-link vegetable transplanter,
the engine speeds were 1000, 1250, and 1500 rpm, and the planting distances were 0.35, 0.41,
and 0.45 m. There are few differences in the engine speed and planting distance conditions
between the cam and the four-bar-link types because fine adjustment is difficult. However,
the difference is small and can be ignored when comparing the overall trend or tendency of
consumed power and safety. The planting depth was set at 70 mm. The test was repeated
three times for each working condition, and the data were analyzed using the average
value. The experimental field was located in Sinbuk-eup, Chuncheon, Gangwon Province,
in South Korea (37◦56′24.0′′ North and 127◦46′59.1′′ East with an altitude of 111.00 m.a.s.l.).
The field consisted of ridges with a width and height of 0.6 and 0.3 m, respectively.

2.3. Measurement and Analysis

The torque and rotational speed of the input shaft of the transplanting device were
derived to investigate the power consumed by the transplanting work of each type of
vegetable transplanter. In addition, the operational stress of the transplanting device was
measured for the safety analysis. The measurement system consisted of a torque sensor,
an RPM sensor, strain sensors, a data acquisition device (DAQ), and a laptop. Figure 4
shows the instrument setup for the measurement system of the cam vegetable transplanter,
whereas the measurement system of the four-bar-link type is shown in Figure 5. The signal
from the sensors was transmitted to the DAQ through a telemetry system, and the data were
stored on a laptop. The sampling frequency was set to 100 Hz after preliminary testing.
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Figures 6 and 7, respectively, show the locations of the torque sensor and rpm sensor
for the cam and four-bar-link types. A torque sensor was installed at the input shaft of
the transplanting device, and the rpm sensor was attached to the transmission input shaft.
The rotational speed of the input shaft of the transplanting device was derived from the
rotational speed of the transmission input shaft and the reduction gear ratio between the
two shafts (Figure 8). The power consumed by the transplanting work was then calculated
using Equation (1) [23].

P =
2π × T × N

60, 000
(1)

where P is the power consumed by the transplanting work (kW), T is the torque at the
transplanting device input shaft (Nm), and N is the rotational speed of the transplanting
device input shaft (rpm).
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The strain sensors comprised 15 strain gauges attached to the main loading paths
of the transplanting device to measure the stress during transplanting. Two types of
strain gauges were used: a uniaxial strain gauge (KFGS-5-350-C1-11 L10M3R, KYOWA)
to measure one-directional strain in the main loading direction, such as at linkages, and a
triaxial strain gauge or rosette (KFGS-1-350-D17-11 L5M3S, KYOWA) to measure the strain
in three directions in the main loading direction, such as at the surface of the transplanting
hopper. The detailed attachment locations of the strain gauges are shown in Figure 9 and
Table 3.

The measured strain data were converted into stress data for the safety analysis.
Two types of safety analysis were conducted: static safety and dynamic safety (or fatigue
life). For the static safety analysis, the static safety factor was calculated using the yield
strength of the transplanting device material and the maximum stress that occurred during
operation—see Equation (2). As for the maximum stresses, the maximum normal stress
was used for uniaxial strain gauges, while the maximum von Mises stress was used for
triaxial strain gauges. If the static safety factor is greater than 1.0, the design is considered
statically safe. If the static safety factor is less than 1.0, this implies that the design is unsafe
or that the part may fail.

SF =
Sy

σmax
(2)

where SF is the static safety factor, Sy is the yield strength of the transplanting device
material (Pa), and σmax is the maximum operational stress (Pa).
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Table 3. Detailed description of strain measurement location.

Strain Gauge Number
Locations

Cam Type Four-Bar-Link Type

S_1 front lower side of transplanting hopper front lower side of transplanting hopper
S_2 back lower side of transplanting hopper back lower side of transplanting hopper
S_3 front upper side of transplanting hopper front upper side of transplanting hopper
S_4 back upper side of transplanting hopper back upper side of transplanting hopper
S_5 left side of left upper link left side of sublink F
S_6 middle side of left upper link middle side of sublink F
S_7 right side of left upper link right side of sublink F
S_8 middle side of left bottom link left side of link B
S_9 right side of left bottom link right side of link B
S_10 right side of right upper link right side of link B
S_11 middle side of right upper link left side of link A
S_12 left side of right upper link right side of link A
S_13 right side of right bottom link right side of sublink F
S_14 middle side of right bottom link middle side of link D
S_15 left side of right bottom link middle side of link C

Fatigue life analysis is also required because the transplanting device is subjected to
repeated cyclic loads when the vegetable transplanter is working. Figure 10 shows the
fatigue life analysis procedure.
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The measured stress was converted into equivalent, completely reversed stresses
and their corresponding loading cycles by applying the rain-flow counting method and
Goodman’s equation [33,34]. The rain-flow counting method is used to obtain the loading
cycles for each mean stress and stress amplitude from time-series stress data. Then mean
stress and amplitude were used to derive the equivalent completely reversed stress using
Goodman’s equation—see Equation (3). The actual applied loading cycle (ni) can be
derived from the rain-flow counting. The life cycles (Ni) were determined from the S–N
curve using the equivalent completely reversed stresses [35]. The ratio between the actual
applied loading cycles and the life cycles is called “partial damage”. The damage sum
was calculated by summing the partial damages from all stresses that occurred during the
operation using the Palmgren–Miner rule—see Equation (4) [36]. Fatigue failure occurs
when the damage sum reaches 1.0 [37]. The damage sum and working time were used to
calculate the fatigue life of the transplanting device, as shown in Equation (5). The 25.5 h
of average annual usage time of vegetable transplanters was considered to determine the
fatigue life in years [11].
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σeq =
Suσa

Su − σm
(3)

D = ∑
i

ni
Ni

(4)

L f =
1
D
× t (5)

where σeq is the equivalent completely reversed stress (Pa), Su is the ultimate strength (Pa),
σa is the stress amplitude (Pa), σm is the mean stress (Pa), D is the cumulative damage sum,
ni is the number of applied loading cycles for the equivalent completely reversed stress i
(cycles), Ni is the life cycles for the equivalent completely reversed stress i (cycles), Lf is the
fatigue life (s), and t is the working time that generates the cumulative damage sum (s).

3. Results
3.1. Torque and Consumed Power

Figure 11 shows the time series torque data on the transplanting device input shaft
according to the three engine speed conditions at a planting distance of 0.35 m, while
Figure 12 shows the torque data according to the three planting distances at an engine
speed of 1250 rpm. The shape and magnitude of the operational torque between the cam
and the four-bar-link types are different because they have different designs and movement
mechanisms. However, both have similarities in a regular fluctuation pattern because of
the repeated up and down motions of the transplanting device.
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Table 4 lists the average torque, rotational speed, and consumed power of the trans-
planting device input shaft of the two vegetable transplanters under different working
conditions. Figure 13 shows a comparison of the average torque on the input shaft of the
transplanting device. The cam type had a greater torque than the four-bar-link type under
similar operating conditions. For the same type, the average torque showed no significant
differences according to the engine speed and planting distance because the transplanting
work was conducted under uniformly soft soil conditions.
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Figure 13. Comparison of torque on the transplanting device input shaft between cam and four-bar-
link types according to working conditions: (a) engine speed and (b) planting distance.

Table 4. Torque, rotational speed, and consumed power of the transplanting device input shaft under
different working conditions.

Type of Vegetable
Transplanter

Engine
Speed
(rpm)

Planting
Distance

(m)

Torque of
Transplanting Device

Input Shaft (Nm)

Rotational Speed of
Transplanting Device

Input Shaft (rpm)

Consumed Power of the
Transplanting Device

Input Shaft (kW)

Cam

1100

0.35 497.55 66.3 3.45

0.4 499.94 67.15 3.4

0.45 500.15 63.44 3.32

1250

0.35 496.1 73.64 3.83

0.4 497.94 73.61 3.84

0.45 498.61 73.56 3.84

1550

0.35 494.83 89.94 4.66

0.4 494.98 90.04 4.67

0.45 495.51 90.23 4.68

Four-bar-link type

1000

0.35 251.66 41.24 1.09

0.41 251.72 36.29 0.96

0.45 251.36 31.83 0.84

1250

0.35 253.2 50.78 1.35

0.41 252.19 44.4 1.17

0.45 251.41 42.38 1.12

1500

0.35 252.01 63.02 1.66

0.41 252.14 51.92 1.37

0.45 251.37 48.01 1.26

Figure 14 shows a comparison of the consumed power of the transplanting device in-
puts for the two types. The consumed power based on engine speed is shown in Figure 14a,
obtained from the average consumed power for three variations in planting distance. The
consumed power according to the planting distance shown in Figure 14b is obtained from
the average consumed power for three variations in engine speed. The consumed power of
the cam type is almost three times greater than that of the four-bar-link type. The higher
torque and consumed power of the cam type result from the rigid and heavier design of
the transplanting device when compared to the four-bar-link type. The total weight of the
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cam type, including the transplanting device, is more than 1.4 times greater than that of the
four-bar-link type, as shown in Tables 1 and 2.
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Figure 14. Comparison of consumed powers on transplanting device input shafts between cam and
four-bar-link types according to working conditions: (a) engine speed and (b) planting distance.

The consumed power for both types showed a tendency to increase when the engine
speed increased and planting distance decreased. The engine speed is directly proportional
to the rotational speed of the input shaft of the transplanting device. The higher the engine
speed, the higher the rotational speed of the transplanting device input shaft; thus, the
consumed power also increases—see Figure 14a.

When the machine operates at the same engine speed, the difference in planting
distance causes the period of one transplanting cycle to be different. The shorter the
planting distance, the faster the period, and the higher the frequency. The mechanism
for determining the planting distance of the cam transplanter uses a digital plant-spacing
controller, which makes the rotational speed of the transplanting device input shaft constant
for various planting distances. The torque of the shaft is similar according to the planting
distance (Figure 13b). Therefore, the consumed power for cam transplanters based on
planting distance showed no significant differences. However, the four-bar-link type
determines the planting distance by adjusting the stages of the transplanting transmission,
which makes the rotational speed of the input shaft of the transplanting device different for
each planting distance. When the planting distance increases, the rotational speed decreases
but the torque remains constant (Figure 13b); thus, the consumed power decreases—see
Figure 14b.

3.2. Static Safety Factor

The static safety factors for each strain measurement spot in the transplanting devices
are listed in Table 5. The results show that the static safety factor is greater than 1.0 for all
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locations and working conditions. This indicates that both types of vegetable transplanters
are designed to be safe for static loads. The minimum static safety factor for the cam type
was 3.35 at location S_4 at an engine speed of 1550 rpm and a planting distance of 0.35 m.
For the four-bar-link type, it was 4.05 at location S_14 under an engine speed of 1500 rpm
and a planting distance of 0.41 m. Location S_4 of the cam type, on the upper side of
the hopper, has the minimum static safety factor because it receives a high reaction force
when the hopper hits the soil and is subjected to a significant peak load. Location S_14
(link D) of the four-bar-link type is on the linkage connected to the body-fixing frame;
therefore, it receives high reaction forces when the transplanting device is operated. In
the four-bar-link type, the linkages are relatively thin and flexible compared with the cam
type. Therefore, the location of the minimum static safety factor is one of the linkages of
the four-bar-link type.

Figure 15 shows the tendency of static safety factor for both types. The four-bar-link
type has a smaller static safety factor for many parts than the cam type. This is because of
the thin and flexible linkage structure of the four-bar-link type.
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Table 5. Static safety factor on every spot of strain gauge in cam and four-bar-link types of vegetable
transplanters under each working condition.

Type of
Vegetable

Transplanter

Engine
Speed
(rpm)

Planting
Distance

(m)
S_1 S_2 S_3 S_4 S_5 S_6 S_7 S_8 S_9 S_10 S_11 S_12 S_13 S_14 S_15

Cam Type

1100

0.35 39.21 73.85 4.41 4.18 23.25 20.07 28.3 22.29 20.84 20 19.51 28.29 28.22 20.43 38.96

0.4 49.14 67.18 3.79 3.78 22.53 19.55 30.24 17.79 34.83 18.69 23.14 34.89 30.58 26.24 43.23

0.45 47.99 59.81 3.84 3.37 23.81 19.7 26.58 18.54 41.35 23.74 25.88 26.44 34.74 18.96 40.26

1250

0.35 45.94 68.86 3.83 4.89 17.69 17.24 26.08 17.47 15.79 21.02 14.07 18.46 27 30.45 47.71

0.4 45.77 55.69 3.91 3.73 23.83 22.77 34.03 17.78 31.16 9.85 18.13 14.36 32.78 24.12 50.16

0.45 41.75 66.64 4.08 3.6 21.15 21.03 31.62 20.12 45.41 12.16 16.56 18.85 31.09 18.31 40.62

1550

0.35 36.31 60.12 3.7 3.35 16.62 16.87 28.26 15.66 27.09 18.04 14.86 20.33 26.79 21.51 36.53

0.4 41.21 47.58 3.59 3.61 19.89 17.6 27.99 13.51 32.8 11.74 13.78 14.37 27.87 22.74 39.35

0.45 38.12 76.39 3.52 4.28 17.56 18.44 30.02 13.32 28.9 11.74 11.36 14.82 32.75 25.83 40.83

Four-Bar-Link
Type

1000

0.35 61.42 72.83 8.12 15.52 5.03 5.33 6.09 15.66 8.61 8.49 19.12 8.81 18.67 6.55 5.23

0.41 60.7 62.83 8.28 13.65 4.41 4.67 5.26 10.83 7.54 8.17 16.97 6.79 13.98 4.29 4.95

0.45 46.29 55.6 17.23 18.25 6.73 6.95 7.67 18.54 13.7 10.29 28.01 6.28 21.95 6.54 5.11

1250

0.35 60.46 62.32 9.58 10.38 4.43 4.67 5.15 15.82 8.41 6.4 15.19 5.53 12.32 4.47 5.05

0.41 88.82 67.85 14.3 14.82 5.67 5.83 6.33 16.78 10.27 8.2 22.91 5.56 17.58 5.02 5.02

0.45 70.81 89.57 15.55 16.44 6.48 6.68 7.35 17.41 12.06 9.49 22.61 5.88 20.43 5.24 5.04

1500

0.35 82.72 68.91 16.21 18.62 7.78 8.26 9.5 20.46 11.75 8.97 11.88 6.03 22.58 6.36 5.19

0.41 69.72 75.16 9.89 10.46 4.63 4.76 5.17 12.94 8.37 6.42 13.94 4.89 12.72 4.05 4.95

0.45 85.58 94.2 20.95 21.66 7.61 8.13 9.12 19.21 10.45 11.38 22.18 6 26.31 6.68 5.02

3.3. Fatigue Life

Table 6 lists the fatigue life data for every strain measurement point on the transplant-
ing devices. The minimum fatigue life for the cam type was 95,603 years at location S_3 at
an engine speed of 1550 rpm and a planting distance of 0.35 m. However, the minimum
fatigue life for the four-bar-link type was 196,000 years at location S_14 under an engine
speed of 1500 rpm and a planting distance of 0.41 m. Location S_3 on the cam type is on
the upper side of the hopper and receives a large load when hitting the ground, so that
these parts have the minimum fatigue life. However, the maximum stress value on S_3
is slightly lower than that at location S_4; therefore, there are differences in locations that
have the minimum static safety factor and minimum fatigue life on the cam type. For
the four-bar-link type, the minimum static safety factor and fatigue life occur at the same
location (S_14).

Figure 16 shows the fatigue life tendency for both types. The cam type has more parts
with a longer fatigue life than the four-bar-link type. However, for the transplanting device,
the four-bar-link type exhibited a longer fatigue life. This is because the many linkages
in the four-bar-link transplanting device can distribute the cyclic transplanting load more
efficiently from the hopper to the linkages.
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Figure 16. Comparison of fatigue life between cam and four-bar-link types on every strain gauge
location on the transplanting device according to working conditions: (a) engine speed and (b) plant-
ing distance.

4. Conclusions

The torque, rotational speed, and strain were measured for cam and four-bar-link
semi-automatic transplanting devices. The field test was conducted under various working
conditions. The cam type has three engine speeds (1100, 1250, and 1550 rpm) and three
planting distances (0.35, 0.40, and 0.45 m). The four-bar-link type has three engine speeds
(1000, 1250, and 1500 rpm) and three planting distances (0.35, 0.41, and 0.45 m). The
measured data were used to calculate and analyze the consumed power, static safety factor,
and fatigue life of both types of transplanting devices.

The main results of this research are as follows:

1. Under similar operating conditions, the cam type had a greater torque and consumed
more power than the four-bar-link type owing to its rigid and heavier design. The
range of the consumed power on the transplanting device input shaft of the cam
type was 3.32–4.68 kW, while it was 0.84–1.66 kW for the four-bar-link type. The
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consumed power on the transplanting device input shaft increased when the engine
speed increased and the planting distance decreased for both types.

2. The static safety factor was greater than 1.0 for both types at all measurement locations
and under all working conditions. The minimum static safety factor for the cam type
was 3.35 on the upper side of the transplanting hopper (S_4) at an engine speed of
1550 rpm and a planting distance of 0.35 m. For the four-bar-link type, the minimum
static safety factor was 4.05 at one of the linkages (link D) at an engine speed of
1500 rpm and a planting distance of 0.41 m.

3. The minimum fatigue life for the cam type was 95,603 years at the upper side of the
transplanting hopper (S_3) at an engine speed of 1550 rpm and a planting distance of
0.35 m. The minimum fatigue life for the four-bar-link type was 196,000 years at the
same location with the minimum static safety factor (link D) at an engine speed of
1500 rpm and a planting distance of 0.41 m.

4. The rated work efficiencies of the cam and four-bar-link vegetable transplanters are
similar. The cam type had a digital plant-spacing control device so that workers could
work comfortably. However, considering the power consumption and price of the
machine, the four-bar-link vegetable transplanter is highly economical.
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Abstract: Many factors contribute to soil compaction. One of these factors is the pressure applied
by tires and tillage tools. The aim of this study was to study soil compaction under two sizes of
tractor tire, considering the effect of tire pressure and traffic on different depths of soil. Additionally,
to predict soil density under the tire, an adaptive neuro-fuzzy inference system (ANFIS) was used.
An ITM70 tractor equipped with a lister was used. Standard cylindrical cores were used and soil
samples were taken at four depths of the soil inside the tire tracks. Tests were conducted based on
a randomized complete-block design with three replications. We tested two types of narrow and
normal tire using three inflation pressures, at traffic levels of 1, 3 and 5 passes and four depths of
10, 20, 30 and 40 cm. A grid partition structure and four types of membership function, namely
triangular, trapezoid, Gaussian and General bell were used to model soil compaction. Analysis of
variance showed that tire size was significant on soil density change, and also, the binary effect of
tire size on depth and traffic were significant at 1%. The main effects of tire pressure, traffic and
depth were significant on soil compaction at 1% level of significance for both tire types. The inputs of
the ANFIS model included tire type, depth of soil, number of tire passes and tire inflation pressure.
To evaluate the performance of the model, the relative error (ε) and the coefficient of explanation
(R2) were used, which were 1.05 and 0.9949, respectively. It was found that the narrow tire was
more effective on soil compaction such that the narrow tire significantly increased soil density in the
surface and subsurface layers.

Keywords: inflation pressure; bulk density; ANFIS; tire

1. Introduction

Soil is a resource with a potentially rapid degradation rate and a very slow regeneration
and formation process [1]. Thus, sustainable soil use is the only solution to global problems
such as food security, energy and water demands, climate change and biodiversity [2]. In
order to increase productivity in the agricultural sector, farms should be a large size, in
which productivity can be increased by the use of more efficient machines [3]. For many
years, the agricultural sector has tended to increase the size and weight of the tractor, which
increases the risk of severe soil compaction [4].

One of the causes of soil compaction in mechanized agriculture is the passage of
agricultural implements and tools. Soil compaction as a form of reducing the pore space
between soil particles can significantly reduce soil production capacity [5]. According to
data from seven countries in Europe and North America, a 14% drop in crop yield was
reported in the first year after machine traffic [6]. Soil compaction is a form of physical
degradation of soil that causes compacted soil particles to be closer to each other and the
disappearance of voids in the soil, reducing porosity and soil permeability. This manifests as
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an increase in soil bulk density [7]. One method of assessing soil compaction is to measure
its bulk density. When soil compaction occurs, the bulk density of the soil increases as the
mass remains constant and the volume decreases. Density reduction decreases hydraulic
conductivity and thus causes surface runoff and soil erosion by water. This induces forced
currents in the soil pores, thus facilitating the transport of absorbable colloidal nutrients
and pesticides to deeper horizons and groundwater, thereby reducing root growth and
causing a loss of nitrogen and production of greenhouse gases through nitrogenization by
anaerobic processes. As a result, soil compaction is one of the main causes of environmental
and agricultural problems, and as a result causes significant economic damage to society
and agriculture [8].

Increasing the load on the wheels of agricultural machinery is the most important
cause of soil compaction created in deeper soil layers. The topsoil of arable lands is loosened
every year by plowing operations, however, the subsoil often remains intact, which means
that whenever the maximum load capacity is exceeded, additional soil compaction will
occur deep in the soil. In addition, these effects are lasting, and the results of natural
and artificial soil loosening are disappointing [9]. Excessive movement of agricultural
machinery on the field and plowing at a constant depth gradually causes soil compaction,
and this compaction restricts plant root growth and reduces crop yield [10]. To remove this
hard layer created in the subsoil, which limits the longitudinal growth of roots and proper
soil drainage, deep plowing is required, which greatly increases the required energy [11].
Another solution is to use energy-efficient combined (active-passive or passive-passive)
tillage implements in place of conventional ones to reduce soil compaction, labor, and fuel
cost as well as to save time in preparing the seedbed [12]. Another aspect affecting the
protection of soil structure from compaction is the evolution of tires [13]. In this article we
compare the effects of five tractor tires introduced between the 1970s and 2017 on soil stress
and soil structure. Soil physical properties before and after one pass of each of the five tires
were measured on undisturbed soil. The results of stress measurements showed the lowest
mean normal stress at all depths with newer tires, both below the center of the tire and at
the edge, even though the effect decreased with increasing depth. The results indicate that
tire design can play an important role in reducing soil stress for a given wheel load. Tire
design might then also help to reduce the compaction risk for larger wheel loads and other
soil conditions which were tested in the study.

Maintaining proper ratios between solid, liquid and gas phases is of particular impor-
tance, because increasing the solid phase (i.e., reducing the liquid and gas phases) increases
the mechanical strength of the soil and consequently reduces the growth and development
of plant roots inside the soil. Reducing the development of root growth causes less water
and nitrogen to be available to the plant. When the machine enters the field, the solid phase
of the soil increases by a certain volume and the gas phase decreases. Soil density is one
of the indicators of the destruction of the physical structure of the soil, which is defined
as an increase in soil bulk density (solid phase mass to total volume), or a decrease in
porosity [14]. Wheel load, tire type, and inflation pressure can increase soil bulk density
and play an important role in soil compaction [15]. Almost all tires significantly increase
soil compaction along the wheel track, while only some increase soil compaction near
the track [15]. As the distance from the wheel path increases, a general decrease in soil
density occurs, especially in the subsoil. Many researchers have reported that working with
low-pressure tires can significantly reduce soil compaction and increase crop yield [16,17],
while high tire pressure increases soil compaction [18]. Tire pressure control is an impor-
tant factor in the control of and in soil compaction. A new tire pressure control system
in forest machines was developed using a PressurePro solution. It was found that the
installation of an automatic tire pressure control system leads to compaction reduction by
20%. Additionally, reduced tire pressure and its automatic control contribute to a minimal
reduction in humus content and soil compaction over time [19]. Another researchers have
investigated the effect of different tire inflation pressures of 100 and 200 kPa on selected
physical soil properties by conducting field tests. The undisturbed samples were collected
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both in and between the tracks at depths of 0 to 0.5 m. The results indicated that fewer
negative changes were found in the variant with a lower inflation pressure for all of the soil
properties. Change in soil physical properties caused by the passage of the tractor were
statistically significant for both tire pressures only at depths ranging from 0 to 0.1 m [20].
The effect of three types of wide, low-inflation pressure tires with similar dimensions on
mean normal stress on the soil profile was also investigated. The results revealed a very
limited effect of tire construction on mean normal stress. No differences were measured
beneath the center, and differences at +0.3 m were found only at 0.2 m depth for the tires at
the rear axle. The effect of low tire inflation pressure was limited to the upper parts of the
soil profile for beneath the center of the tire, which was significant at depths of 0.2 m and
0.4 m. It was found that in order to reduce soil stress, tire design should allow for a large
contact area and low inflation pressure [21].

Machine traffic plays an important role in soil compaction. Experiments have been
carried out to study the effect of multiple passes of tillage operation on soil compaction
beneath the tillage depth with three different tillage systems. The authors observed that
active tillage machinery generally caused more compaction compared to passive tillage
machinery for the same number of passes. However, active machinery required fewer ve-
hicular passes [22]. In plowed soils, the first pass can dramatically increase soil compaction
and cause soil degradation, while in firm soil and deep areas soil compaction occurs over
time and with large numbers of tire passes [23]. Research has also shown that if the traffic
exceeds 10 times, the benefits of using light tractors are lost and soil compaction is greatly
increased. These studies have suggested that heavy tractors with less traffic should be used
as much as possible because high traffic leads to compaction in the subsoil [24,25].

One method of assessing soil compaction is to measure its bulk density. When soil
compaction occurs, the bulk density of the soil increases as the mass remains constant
and the volume decreases. In this method, after determining soil bulk density at different
depths and, based on the soil texture, measured data are compared with the standard
values to determine the level of soil compaction. For example, soil compaction is considered
significant for loamy clay soil when bulk density reaches more than 1.5 g/cm3, and for
sandy and loamy soil more than 1.6 g/cm3 [26].

In recent years, the artificial intelligence approach has shown that it has great power to
model and predict complex systems, thus it can be an alternative method to physical models
that do not respond well to a large number of input variables [26]. Because agricultural
systems such as soil are so complex, most researchers have focused on artificial intelligence
to model different components of agricultural systems. The fuzzy neural adaptive inference
system (ANFIS) is a multi-layered adaptive network consisting of the main elements and
functions of fuzzy logic systems developed by Jang [27]. Each of the fuzzy systems and
artificial neural networks (ANNs) has advantages and disadvantages. The fuzzy system is
able to use human language and can use human experiences and experts while it is not able
to learn [28]. In other words, the fuzzy system cannot be trained using observational data
and it should be noted that this method does not provide good results in unpredictable
conditions [29]. However, neural networks are self-learning using data sets. At the same
time, neural networks are implicit and unable to use human language. They require a
wide range of tested input and output data for successful modeling [30]. Although ANN
is a powerful technique for modeling various problems in the real world, it has its own
weaknesses. If the input data is vague or the uncertainty is relatively high, a fuzzy system
such as ANFIS may be a better option [31].

In order to evaluate the potential of ANFIS in predicting the energy efficiency indica-
tors of the drive wheel, experiments were performed in the soil reservoir. Input parameters
included tire load, wheel speed and slip, each at three different levels. ANFIS was used
with a combined method of descending gradient and least squares to find the optimum
learning parameters using different membership functions (MFS). The results of this study
showed high accuracy (MSE = 0.0166 and R2 = 0.98) in prediction [31]. A fuzzy logic model
was developed to describe soil fragmentation for seedbed preparation in a combination
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of primary and secondary tillage tools from subsoil, moldboard plow and disc. In this
research, an intelligent model based on the Mardani fuzzy modeling principles approach
was developed to predict soil fragmentation during tillage operations. Model inputs were:
soil moisture, tractor speed and sampling depth. The fuzzy model consisted of 50 rules in
which the three parameters of mean root mean square error (RMSE), relative error (e), and
coefficient of determination (R2) were used to evaluate fuzzy models. These parameters
were calculated to be 0.17%, 3.95% and 0.99%, respectively. According to the results of
this study, the fuzzy model can be used as a method to predict soil fragmentation during
tillage operations [32]. In the study, the ANFIS model was used to predict soil compaction
under tractor wheels. Model inputs included four factors: manure rate, number of passes,
moisture and depth. The network structure was selected from the network segmentation
type. The number of membership functions for each input was considered to be three and
the membership functions of bell, triangle, trapezoid and Gaussian were tested for best
performance. The results of this study showed that the ANFIS model has a higher accuracy
in predicting soil density than the regression model [33].

The main objectives of this research are as follows:

1. Investigating the density created in different depths of the soil due to the passage of
tractor wheels of different size;

2. Investigating the effect of inflation pressure changes of drive wheel and machine
traffic on the soil density created at different depths;

3. Modelling the effect of tire size, tire pressure, and machine traffic on soil den-
sity at different depths using statistical and adaptive neuro-fuzzy inference system
(ANFIS) methods

2. Materials and Methods

Field experiments were performed to measure the bulk density of the soil under two
common and narrow radial tires. The first type of tire was a standard 8 layer tire with a size
of 14–38. Three inflation pressures of 80, 120 and 160 kPa were used to evaluate the effect
of tire pressure on soil compaction. The second type of tire was a 10 layer radial narrow
tire with a size of 9.5–48. Inflation pressures of 240, 275 and 310 kPa were investigated. For
each of these tire pressures, three traffics of 1, 3 and 5 were tested. In all tests, soil samples
were obtained from four depths of 10, 20, 30 and 40 cm. The farm had been plowed already,
and an ITM70 tractor equipped with a bedder-ridger on a three-point hitch was used for
conducting tests. In this case, the weight measured on the rear axle was 2740 kg, and on the
front axle 770 kg. In all experiments, the tractor speed was constant, equal to 3 km/h. The
process of adjusting the desired speed was done in such a way that the tractor was moved
to a distance of 30 m on the field to achieve a speed of 3 km/h with two gears and at engine
speed of 1400 and 1600 rpm. the desired speed was obtained using a calibration diagram.

A hydrometric test (ASTM D-422) was used to determine the soil texture by deter-
mining the relative amount of sand, silt and clay. It was found that there were 43.92, 32.06
and 24.02% sand, soil and clay, respectively. According to the soil texture triangle, the soil
texture was loamy. A standard proctor test was used to determine the soil critical moisture.
According to Figure 1, a moisture level of 25% is the critical moisture content, and the
highest value of compaction occurs at this humidity.

To measure the bulk density after the tire passes, standard cylinders were placed in
groups of 3 at different depths of 10, 20, 30 and 40 cm measured from the center of the
cylinders to the soil surface and in line with tire path direction in the center line of the tire
track (Figure 2). In order that the cylinders were placed exactly at the desired height and in
one direction inside the profile, a string was drawn from the middle of the profile and from
the beginning to the end. Figure 3 shows how the cylinders were exerted inside the soil
vertically in the direction of the string. Each group of cylinders was about 40 cm apart so
that there were no problems when removing the cylinders. It should be noted that the soil
surface appears loose in Figure 3; this is because the soil had been dug to place the cylinder
at a predetermined depth.
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Figure 1. Determining the critical soil moisture using the proctor test.

Figure 2. Passing the tractor with two types of tires on the field.

Figure 3. Placement of the cylinders inside the soil profile.
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To implement the fuzzy neural adaptive model, MATLAB 2014a software toolbox
under Windows was used. According to the performed experiments, soil density was
defined as system output, while tire type, tire inflation pressure, traffic and soil depth were
independent inlet parameters (Figure 4). The data is usually divided into three categories:
training data, validation data, and test data. The training data were used in the training
process to calculate the gradient and optimize the parameters. One of the points that
should be considered during the training is aiming to prevent the network from becoming
specialized and the occurrence of over-fitting phenomena. For this purpose, a series of
data was considered for validation during the training of the network. These data are
actually part of the training data. In this way, in the regular intervals of the optimization
process, the data obtained from the network were checked using the validation data. In
this case, network training continued until the optimization error related to the evaluation
data began to increase, and as soon as this error increased to a certain value or a certain
number of repetition, network training was stopped. Finally, the test data was used to test
the performance of the network after training. The test data was not used during network
training, but it was used to compare the error rate. Accordingly, in this research, 70% of the
data were considered for training, 15% for evaluation, and 15% for testing the network.

Figure 4. Structure topology of the neural-fuzzy adaptive fuzzy inference system (ANFIS).

A network separation structure was considered to create the network. Four commonly
used membership functions, namely triangular, trapezoidal, Gaussian, and bell, were
considered as membership functions to represent the inputs (Figure 5), and four different
models were constructed using these membership functions.

The number of membership functions for each variable was considered proportional to
the levels tested for that variable. Table 1 shows the membership functions for each variable.

The output membership function in this network is linear. A hybrid optimization
method was used for network training. The number of rules created by the network was
54. Given that the number of rules created was very high, only a few of them are presented
in Table 2.
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Figure 5. Membership functions used to represent inputs (a) Triangular, (b) Trapezoidal, (c) Gaussian,
(d) Bell-shaped.
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Table 1. Membership functions of input variables.

Input Variable Membership Function

Tire Type Narrow Wide

Traffic max ave min

Tire pressure high normal low

Depth subsoil mid soil topsoil

Table 2. Some rules created in the ANFIS model.

Input Parameters Output Variable

Rules Tire Type(T) Traffic (P) Tire Inflation
(IP)

Soil Depth
(D) Special Mass

1 Wide Min Low Topsoil BD = 0.09035T + 0.06862P +
0.09035IP + 0.09035D + 0.09035

8 Wide Min High Middle soil BD = 0.01578T + 0.06565P +
0.07889IP + 0.03156D + 0.01578

16 Wide Ave High Topsoil BD = −0.00517T + 0.04506P −
0.02585IP −0.00517D − 0.00517

24 Wide Max Normal Subsoil BD = 0.00329T + 0.0256P +
0.009871IP + 0.009871D + 0.00329

32 Narrow Min Normal Middle soil BD = 0.05436T + 0.07231P +
0.08154IP + 0.05436D + 0.02718

40 Narrow Ave Normal Topsoil BD = −0.02717T+ 0.04873P −
0.04075IP − 0.01358D − 0.01358

48 Narrow Max Low Subsoil BD = 0.009582T + 0.02666P +
0.004791IP + 0.01437D + 0.004791

56 Narrow Max High Subsoil BD = 0.004228T + 0.02739P +
0.01057IP + 0.006341D + 0.002114

Finally, the performance of the models was evaluated based on the statistical criteria
presented in Equations (1) and (2).

MAPE =
100%

N ∑n
i=1

Ymeasured − Ypredicted

Ymeasured
, (1)

R2 = 1 −
∑N

i=1

(
Ymeasured − Ypredicted

)2

∑N
i=1

(
Y measured − Ypredicted

)2 , (2)

where:

MAPE: the absolute mean percentage of system error
R2: is the coefficient of determination
N: the number of samples
Ypredicted: the predicted values
Ymeasured: the measured values
Ymeasured: the average of measured values.

3. Results and Discussion

Table 3 shows the analysis of variance of soil bulk density for two types of ordinary
and narrow tire. Data were analyzed in a 4 × 3 × 4 factorial design based on a randomized
complete block design. The data coefficient of variation (CV) was 0.44%. Average initial
soil bulk density was 1.017 g/cm3, and based on data of initial bulk density it was uniform
in all plots. In comparison with initial bulk density, statistical analysis showed that the
main effects of tire type, traffic and depth on soil density change were significant at the
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level of 1% probability. The interactions of depth with traffic, depth with tire type, and
traffic with tire type on soil bulk density were found to be significant at the 1% probability
level. However, the combined interaction of depth, tire type and traffic on soil bulk density
was not found to be significant at the 1% probability level.

Table 3. Analysis of variance of soil bulk density change due to tire type, traffic and depth.

Source of Variation Df Sum of Squares Mean Squares F

Soil depth 3 0.054 0.018 715.6 **

Traffic 2 0.015 0.008 302.1 **

Tire type 1 0.113 0.113 4490 **

Depth × pass 6 0.001 0.00016 5.5 **

Depth × tire type 3 0.002 0.00067 25.6 **

Pass × tire type 2 0.001 0.0005 13.5 **

Depth × pass × tire type 6 0 0 1.6 ns

Error 46 0.001 0 -

**: Highly significant, ns: Not significant.

3.1. The Binary Effect of Tire Type and Depth on Soil Bulk Density

The binary effect of tire type and depth on soil bulk density was evaluated using a
Duncan test at 1% probability level, and is presented in Figure 6. According to the results,
the maximum value of bulk density was 1.217 g/cm3 for narrow tire at a depth of 10 cm,
and the lowest value was 1.061 g/cm3 which occurred for common tires at a depth of 40 cm.
For both tires, a significant decrease in the soil bulk density was seen with increasing depth,
but the intensity of these changes in the narrow tire and especially in shallow depths was
greater than for the common tire. The bulk density of soil for the narrow tire, even at a
depth of 40 cm, was greater than the bulk density of soil for a normal tire at a depth of
10 cm. The effect of tire size on stress applied to different soil layers was examined [34].
Their results showed that a narrow tire created much more stress in different layers of soil
than a common tire, and as a result, it compacted the soil more. Stress for a narrow tire at a
depth of 50 cm was higher than the stress of a common tire at depth of 30 cm.

Figure 6. The main effect of tire type and depth on soil bulk density (different English alphabets
shows significant difference between treatments).

3.2. The Binary Effect of Tire Type and Traffic on Soil Bulk Density

The results of comparing the mean interaction of tire type and depth on soil bulk
density using a Duncan test at 1% probability level are presented in Figure 7. In both tires,
the soil bulk density increased with increasing traffic. According to the results, the highest
mean value of soil density was found for the narrow tire after five passes with a value of
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1.185 g/cm3 and the lowest for a normal tire after one pass with a value of 1.112 g/cm3. It
is noteworthy that the bulk density of soil for a narrow tire, even at one pass, is more than
the bulk density of soil for a normal tire in five passes.

Figure 7. The main effect of tire type and traffic on soil bulk density (different English alphabets
shows significant difference between treatments).

3.3. Results of Modeling Soil Bulk Density Using ANFIS

Four different models were developed to predict soil bulk density. Table 4 presents
the structural parameters of the models along with their statistical criteria to evaluate their
performance. According to the results presented in Table 4, it is clear that all models have
a high ability (R2 ≥ 0.99 and ε (%) ≤ 2) to predict. The best model for predicting soil
bulk density is a model that uses the bell membership function (Gbellmf) (R2 = 0.9949 and
ε (%) = 1.05).

Table 4. Specifications and evaluation results of adaptive fuzzy-neural inference system
models (ANFIS).

Network
Structure

Membership Function Type Number of Membership
Functions Optimization

Method

Test Result

Input Output Input Epochs Coefficient of
Determination (R2)

Relative Error
(e)

Grid Partition Triangular Linear 2-3-3-3 20 hybrid 0.992 1.5
Grid Partition Trapezoidal Linear 2-3-3-3 20 hybrid 0.99 1.75
Grid Partition Gaussian Linear 2-3-3-3 20 hybrid 0.982 2.2
Grid Partition Bell-shaped Linear 2-3-3-3 20 hybrid 0.995 1.05

Table 5 presents the statistical characteristics of the stepwise regression model for pre-
dicting soil bulk density. The ANFIS models have poorer performance than the regression
model due to a low coefficient determination of 0.96. However, regression models have
valuable advantages, such a the fact that ANFIS models do not provide any information
about the internal structure of the model and the relationships between independent and
dependent variables, while the regression model directly deals with the impact of each
factor and tries to provide a model in which the importance and impact of each factor is
clear. According to Table 5 and the standard coefficients mentioned therein, type of tire,
soil depth, inflation pressure, and finally the number of passes have the greatest impact on
the bulk density.
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Table 5. Statistical characteristics of stepwise regression model for predicting soil bulk density.

Model
Unstandardized Coefficients Standardized

Coefficients t Sig

Beta Std. Error B

Constant 0.98 0.006 154.528 <0.0001
Tire type 0.08 0.003 0.705 30.916 <0.0001

Depth −0.002 0.001 −0.458 −20.091 <0.0001
Inflation pressure 0.031 0.002 0.444 19.452 <0.0001

Traffic 0.008 0.001 0.245 10.748 <0.0001

Figure 8 shows the relationship between measured and predicted values using ANFIS
models under different operating conditions. In addition, the deviation between the
measured values and the predicted values was calculated and plotted by ANFIS and
multiple regression models. Figure 9 shows that the deviation distance of the predicted
values of the ANFIS model (−0.011 to 0.0085) was much less than the deviation distance of
the predicted values of the multiple regression model (−0.021 to 0.033).

Figure 8. Relationship between measured and predicted values of soil bulk density.

Figure 9. Deviation distance of predicted values of ANFIS and regression models from
measured values.

Figure 10 shows the three-dimensional variation of soil bulk density with the interaction
of tire type and soil depth. It indicates that with increasing depth, the bulk density of the
soil decreased, indicating that the compaction created by the tire traffic of the tractor in the
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topsoil was higher than in the sub layers. It was found that at all depths the density change
by the passage of common tire was less than the density created by the narrow tire. Such a
low pressure at the soil surface and soil behavior was investigated using a flat tire [3].

Figure 10. Binary effect of tire type and soil depth on the soil bulk density.

Figure 11 shows the binary effect of tire pressure and tire traffic on the soil bulk density.
As the tire pressure decreases, the bulk density of the soil decreased. As the pressure
decreased, the contact area between the tire and the soil increased, which reduces the
pressure on the soil, resulting in decreased soil compaction and this was reported by other
researchers [35–37]. With increasing traffic, the bulk density of the soil increased [33,38,39].

Figure 11. Binary effect tire inflation pressure and traffic on the soil bulk density.

Figure 12 illustrates with a surface plot of the interaction of tire type and traffic on
the bulk density of the soil. With increasing traffic, when using a narrow tire, the soil bulk
density increased sharply, but using a common tire was less effective on soil bulk density
increment. This indicates that narrow tires are very destructive on soil structure.
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Figure 12. Tire type and traffic effect on the soil bulk density.

Figure 13 shows the interactive effect of tire type and tire inflation pressure on soil
compaction. The soil bulk density changed strongly with increasing pressure when using a
narrow tire, but less changes occurred when using a wide tire with increasing pressure.

Figure 13. Three-dimensional surface curve of the main effect of tire type pressure and tire pressure
on the soil bulk density of the soil.

4. Conclusions

1. The results showed that using a narrow tire increased the soil bulk density in different
layers of soil much more in comparison with a common tire. A narrow tire compacted
the soil more and increased the soil density, even at a depth of 50 cm, more than
a common tire at a depth of 30 cm. Additionally, the soil bulk density of soil for
a narrow tire at a depth of 40 cm was greater than that of a normal tire at a depth
of 10 cm.

2. In both tires, the soil bulk density of the soil increased with increasing tire wheeling.
According to the results, the highest mean value of soil density for narrow tire was
after five passes, with a value of 1.185 g/cm3. The lowest value was for a common
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tire after one pass, with a value of 1.112 g/cm3. It is noteworthy that the bulk density
of soil for a narrow tire after one pass was more than the bulk density of soil for a
common tire after five passes.

3. Using a narrow tire with tire wheeling increased the soil bulk density very sharply,
but when using a wide tire, with increasing passes, fewer changes in the bulk density
of the soil occurred. This indicates that using narrow tires should be considered to be
very destructive on the soil structure. Additionally, with increasing tire pressure, and
when using a narrow tire, the soil bulk density changed much more than when the
common tire’s pressure changed.
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Abstract: In this study, a pot autofeeding device for a biodegradable pot tray was developed. The
tensile strength and bending strength were measured to identify the physical properties of the
biodegradable pot tray. As a result of the measurement, the tensile strength and bending strength
of the biodegradable pot tray were 0.06 and 0.17 times smaller than those of the plastic pot tray.
Therefore, a new type of pot tray extraction mechanism was designed, considering the physical
properties, dimensions, and geometry of the biodegradable pot tray, and it was applied to the pot
autofeeding device. The developed pot autofeeding device consists of a pot slot, pot-separating
blades, pot holders, air cylinders, and a conveyor device. It can supply 240 pot trays per hour to the
seeding process without deformation or damage to the biodegradable pot tray.

Keywords: autofeeding device; biodegradable; pot tray; separating blade; tensile strength

1. Introduction

As of 2019, 412,457 kilotons of paper and 183,031 kilotons of pulp were produced
worldwide [1]. During the production of paper and pulp, various wastes are inevitably
generated, including foreign matter, wastewater, and additives [2]. Paper sludge refers
to the solid waste generated from the wastewater treatment process [3]. The amount of
paper sludge generated accounts for approximately 50% of the total waste generated from
the papermaking process [4]. Previously, paper sludge was treated using such methods as
ocean dumping, landfill, and incineration. However, ocean dumping has been prohibited
since 2014 owing to the London Convention and the Marine Pollution Prevention Act [5,6].

Under the influence of these policies, studies have been conducted to recycle paper
sludge as a substitute for cement or to develop ecofriendly treatment measures [7–10]. In
the agricultural sector, studies have been conducted to manufacture biodegradable pot
trays that can replace the existing plastic pot trays using paper sludge [11,12]. When the
hot pepper seedlings grown in the existing plastic pot trays and biodegradable pot trays
were compared, there were no differences in plant length, leaf length, and the number of
leaves, confirming the applicability of biodegradable pot trays [13,14]. Recently, studies
have been conducted to improve the tensile and bursting strengths of biodegradable
pot trays by mixing paper sludge with waste newspaper, wet strength agents, and water
repellents [15,16]. Biodegradable pot trays can replace plastic pot trays, which are discarded
through such methods as incineration after use, and they also have an advantage of being
ecofriendly because they decompose in soil naturally [17]. In the case of transplanting using
plastic pot trays, seedlings are removed from the pot trays and transplanted to the field.
This extraction process may have a negative effect on the growth of crops because it can
damage the roots of the seedlings [18]. In contrast, biodegradable pot trays can preserve
the roots of seedlings because they are transplanted to the field together with the seedlings
without an extraction process, and thus they are favorable for the growth of seedlings [16].
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Owing to these benefits, biodegradable pot trays have been used for growing the seedlings
of crops, such as tomatoes, cucumbers, lettuce, and hot peppers [19]. In this regard, there is
a growing need for studies on the application of biodegradable pot trays to agricultural
machines [18]. As a research case for applying biodegradable pot trays to agricultural
machinery, a transplanter that can apply chain paper pots was developed [20,21]. Nambu
and Tanimura (1992) developed the Ferris-type transplanting mechanism for biodegradable
pot trays connected in a single line with applying the planting fingers to the transplanting
device of the vegetable transplanter. The planting fingers gripped a cell of the biodegradable
pot tray, then it rotated similarly to a Ferris wheel, and released the cells into the ground [20].
As a result of the performance evaluation, the work efficiency of the transplanter with the
Ferris-type transplanting mechanism was 100 cells per minute [21]. Kumar and Raheman
(2011) developed a transplanter that can transplant a biodegradable pot tray with multiple
rows and columns. A supplied biodegradable pot tray was cut into multiple cells by
circular blades with left–right movement. Then, each cell was dropped into the ground
by the seedling drop tube [22]. Recently, a study has been conducted to shorten the time
required for the cutting and extraction of biodegradable pot trays to less than one second
for high-speed machine transplanting with circular blades [23].

On the other hand, there has been no prior study on the development of a pot-seeding
machine capable of seeding in biodegradable pot trays. Pot-seeding machines significantly
affect the increase in the mechanization rate of seeding and transplanting because they
have high work efficiency and require less manpower, and pot trays that complete seeding
using them are compatible with transplanters [24,25]. Therefore, studies on pot-seeding
machines that can perform seeding in biodegradable pot trays are required.

A pot-seeding machine commonly used in agriculture consists of a pot autofeeding
device, soil feeder, compressing device, seeding device, and covering soil feeder [26].
Among them, the pot autofeeding device is the important device which separates multi-
stacked pot trays one by one and supplies them to the seeding process [27]. The mechanical
operation of the pot autofeeding device continuously causes a load on pot trays during
the pot tray extraction process. Biodegradable pot trays can be easily deformed and
destroyed under load because their tensile strength (approximately 0.69 N/mm2) is lower
than that of polypropylene, which is used as the main material of existing pot trays
(34 N/mm2) [16,17,28]. Biodegradable pot trays are also exposed to continuous contraction
and expansion in the manufacturing and storage processes because their materials are
vulnerable to deformation by moisture. It is difficult to apply manufactured biodegradable
pot trays to machinery because their uniformity and firmness are low [22]. To apply
biodegradable pot trays to pot-seeding machines, the machines need to be designed so that
biodegradable pot trays cannot be deformed or destroyed by minimizing the load caused
by the mechanical operation. To this end, the physical properties of biodegradable pot
trays must be considered in the design process of the pot autofeeding device.

This study is a preliminary study for the development of a pot-seeding machine that
can be applied to biodegradable pot trays, and a pot autofeeding device for a biodegradable
pot tray was developed. The tensile and bending strengths of the biodegradable pot tray
were measured and reflected in the design of the pot autofeeding device. It is expected
that the development of the pot autofeeding device will contribute to an improvement
in the mechanization rate of seeding and the development of pot-seeding machines for
biodegradable pot trays.

2. Materials and Methods
2.1. Biodegradable Pot Tray

Figure 1 shows the biodegradable pot tray. The biodegradable pot tray consists of
paper sludge, a strength resin that increases the strength of paper, and a size agent for water
resistance reinforcement. Their proportions are shown in Table 1 [16]. The total weight of
the biodegradable pot tray is 227.17 g. As shown in Figure 2, the biodegradable pot tray
has a characteristic of being bent by its own weight. The pot tray has a length of 440 mm, a
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width of 300 mm, and a height of 45 mm. Twelve cells are arranged in the lateral direction
and eight cells in the longitudinal direction. Thus, the pot tray has a total of 96 cells. The
shape of each cell is a truncated pyramid with square bases, and the lengths of upper base
and lower base were 28.5 mm and 20.5 mm, respectively. At the bottom of the pot tray,
there are empty spaces between the cells. The empty spaces are arranged at an interval of
36.5 mm.
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2.2. Characteristics of Current Pot Autofeeding Device

A pot-seeding machine commonly used in agriculture consists of a pot autofeeding
device, soil feeder, compressing device, seeding device, and covering soil feeder (Figure 3).
When multi-stacked pot trays are inserted into the autofeeding device, the pot trays are
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separated one by one by the pot tray extraction mechanism of the pot autofeeding device
and transported to the soil feeder. The soil feeder fills each cell of the pot tray with soil.
The compressing device then presses the soil filled in each cell into a conical shape to
create a space for seeding. Subsequently, seeding is performed on the pressed soil by
the seeding device. Finally, each cell of the pot tray is filled with covering soil by the
covering soil feeder. The pot autofeeding device applied to a pot-seeding machine is an
important device that significantly affects the improvement in the work efficiency of the
pot-seeding machine because it automatically separates the inserted pot trays one by one
and supplies them to the seeding process without requiring manpower. The commercial
pot autofeeding devices have different pot tray extraction mechanisms. For representative
pot tray extraction mechanisms, the hook-type, roller-type, and flat-type separators were
applied. Each extraction mechanism operates as follows.
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Figure 3. Picture of the mechanical pot tray seeding machine commonly used in agriculture.

A pot autofeeding device that extracts pot trays using the hook-type separator is
shown in Figure 4. For this pot tray extraction mechanism, when stacked pot trays are
placed in the pot autofeeding device, they are supported by pot holders. The hook-type
separator is mounted on a cylindrical rod with rotational motion. Therefore, whenever the
rod rotates, the hook-type separator also rotates. When the rotating hook-type separator
contacts the top edge of the pot tray, it pulls down the pot tray in the direction of gravity to
drop it. The separated pot tray is sent to the seeding process through the transport system.
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Figure 5 shows the operation of the pot tray extraction mechanism using the flat-
type separator. When stacked pot trays are placed in the pot autofeeding device, they
are supported by pot holders. The flat-type separator can be moved in the vertical and
horizontal directions because it is equipped with two air cylinders. The flat-type separator
moves in the horizontal direction to contact the hollow between the pot trays and then
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moves in the vertical downward direction to separate the pot tray at the bottom. The
separated pot tray is sent to the seeding process through the transport system.
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Figure 6 shows the pot autofeeding device that extracts pot trays through the roller-
type separator. For this pot tray extraction mechanism, when obliquely stacked pot trays
are inserted into the pot autofeeding device, the top edge of the pot tray located at the
bottom comes into contact with the roller-type separator. The roller-type separator then
rotates to separate the pot tray and sends it to the seeding process.
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2.3. Requirements for Pot Autofeeding Device

The following requirements must be considered for the design of a pot autofeeding
device applicable to biodegradable pot trays.

1. To minimize the manpower required in the pot tray separation process and improve
work efficiency, the pot autofeeding device must be designed so that multi-stacked
biodegradable pot trays can be automatically separated one by one and sent to the
seeding process.

2. The components of the pot autofeeding device must be designed considering the
strength, dimensions, and geometry of biodegradable pot trays.

3. The components of the pot autofeeding device must be designed to prevent the
bending of the biodegradable pot tray during the pot tray extraction process for the
smooth operation of the pot autofeeding device.

4. The pot autofeeding device must be designed so that biodegradable pot trays cannot
be deformed or destroyed by minimizing the load applied to the pot trays by the pot
tray extraction mechanism.

As shown in Figures 4–6, plastic pot tray extraction methods that applied the hook-
type, flat-type, and roller-type separators extract a pot tray by applying a load while the
separator is in contact with the edge of the pot tray through mechanical behavior. Plastic
pot trays are separated without deformation or destruction even if stress is concentrated on
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a small area, such as an edge. This is because the physical properties of the plastic material
are considered, and an appropriate load is transferred to the edge of the pot tray within a
range that does not exceed the tensile strength of the material.

However, biodegradable pot trays are unfavorable for application to machines because
their firmness is lower than that of plastic materials, and thus, they are easily deformed
and destroyed under a relatively small load [17,22,28].

Therefore, the applicability of the existing plastic pot tray extraction mechanisms
must be examined to select a mechanism for the pot autofeeding device applicable to
biodegradable pot trays. If the existing mechanisms are not applicable, a new-type pot tray
extraction mechanism that can prevent deformation or destruction to biodegradable pot
trays needs to be studied. For such a decision, the physical properties of biodegradable
and plastic pot trays must be analyzed and compared first.

Accordingly, it is necessary to select a pot extraction mechanism that suitable with
the biodegradable pot tray in order to develop a pot autofeeding device. In addition, the
performance evaluation should be performed to confirm deformation or damage of the
biodegradable pot tray using the developed pot autofeeding device.

2.4. Experimental Design
2.4.1. Tensile and Bending Strength

The tensile and bending strengths of biodegradable and plastic pot trays were mea-
sured. The tensile and bending strengths are important indicators of the physical properties
of pot trays [16]. They were measured using a universal testing machine (AGS-50kNX,
Scientific, Japan) (Figure 7 and Table 2). The measurements were obtained using three
specimens for each experiment. The specimens were extracted from the outer walls of
the pot trays (Figure 8). For tensile strength measurement, both ends of the specimen
were fixed with two jigs and the load at the time of fracture was measured by pulling the
specimen. As for the test conditions, the gauge length and tensile speed were 30 mm and
5 mm/min, respectively. The tensile strength was derived by dividing the measured load
by the cross-sectional area of the specimen before measurement. The tensile strength of a
pot tray can be determined through Equation (1) [29].

σt =
Wmax

A0
(1)

where σt: tensile strength, N/mm2; Wmax: maximum tensile load, N and A0: area of cross
section, mm2.
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Table 2. Specifications of the universal testing machine.

Items Specifications

Model/Company/Nation AGS-50kNX/Scientific/Japan
Max. Load Capacity (kN) 50

Crosshead Speed Accuracy 0.1
Speed Range (mm/min) 0.001 to 1600

Max. Return Speed (mm/min) 2200
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The bending strength was measured using the three-point bending method. While the
specimen remained parallel to the ground, its bottom was supported with two jigs. The
top of the specimen was pressed using a crosshead, and the generated load was measured.
The distance between the jigs was 30 mm, and the crosshead speed was set to 2.8 mm/min.
The bending strength of a pot tray can be determined through Equation (2) [30].

σb =
3PL

2BD2 (2)

where σb: bending strength, N/mm2; P: maximum bending load, N; L: length between jigs,
mm; B: width of the specimen, mm and D: depth of the specimen, mm.

2.4.2. Performance Evaluation

A pot extraction mechanism was selected for use with biodegradable pot trays, and a
performance evaluation was performed using the pot autofeeding device developed by
reflecting the selected pot extraction mechanism. The method of performance evaluation
is as follows. The developed autofeeding device was operated with inserting the stacked
biodegradable pot trays continuously. During the pot extraction process, it was confirmed
that the components of the pot extraction mechanism were working normally. In addition,
after the pot extraction process, the biodegradable pot trays supplied to the seeding process
were collected, and then damage and deformation of the biodegradable pot trays were
observed. The performance evaluation time was set to 1 h. The work efficiency of the
pot autofeeding device was derived by counting the number of extracted biodegradable
pot trays.
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3. Results and Discussion
3.1. Result of Experiment

The results of the tensile strength and bending strength tests conducted on the
biodegradable and plastic pot trays are as follows. The tensile strength was determined to
be 12.66 ± 0.87 N/mm2 for the plastic pot tray and 0.70 ± 0.03 N/mm2 for the biodegrad-
able pot tray (Table 3). The tensile strength of the biodegradable pot tray was 0.06 times
that of the plastic pot tray. The bending strength was measured to be 22.26 ± 0.28 N/mm2

for the plastic pot tray and 3.89 ± 0.54 N/mm2 for the biodegradable pot tray (Table 4). The
bending strength of the biodegradable pot tray was 0.17 times that of the plastic pot tray.
It is judged that this difference occurred due to the characteristics of the main ingredient
constituting the biodegradable pot tray and the plastic pot tray.

Table 3. Tensile strength of the biodegradable pot tray.

Items
Tensile Strength (N/mm2)

Plastic Pot Tray Biodegradable Pot Tray

1st Specimen 12.91 0.69
2nd Specimen 13.57 0.74
3rd Specimen 11.49 0.66

Average 12.66 0.70
Standard deviation 0.87 0.03

Table 4. Bending strength of the biodegradable pot tray.

Items
Bending Strength (N/mm2)

Plastic Pot Tray Biodegradable Pot Tray

1st Specimen 22.62 3.61
2nd Specimen 22.20 4.65
3rd Specimen 21.95 3.41

Average 22.26 3.89
Standard deviation 0.28 0.54

The results of the tensile and bending strength measurements show that the strength
of the biodegradable pot tray is significantly lower than that of the plastic pot tray. Ac-
cordingly, it is judged that the hook-type, roller-type, and flat-type separators, which were
developed for plastic pot trays, are not suitable for extracting biodegradable pot trays.
Therefore, a pot autofeeding device with a new-type mechanism that can minimize defor-
mation or damage to pot trays was developed considering the physical properties of the
biodegradable pot tray.

3.2. Development of Pot Autofeeding Device

A pot autofeeding device with a new-type mechanism that can prevent deformation
or destruction to the biodegradable pot tray in the pot tray extraction process was designed
and fabricated considering the physical properties, dimensions, and geometry of the
biodegradable pot tray.

3.2.1. Design of Main Components

The characteristics of each main component which constituting the pot autofeeding
device are as follows.

1. Pot slot: the pot slot is the position where the biodegradable pot tray is inserted in
the pot autofeeding device, and its geometry is shown in Figure 9. The length and width of
the pot slot were designed to be 440 mm and 300 mm, respectively, considering the size of
the biodegradable pot tray. The height of the pot slot is 240 mm, facilitating the input of
13 pot trays at a time.
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Figure 9. Shape of the pot slot.

2. Pot-separating blades: Figure 10 shows the geometry of the pot-separating blades.
The blades are inserted into the spaces between the cells of the biodegradable pot tray to
support or separate the pot tray. The biodegradable pot tray has a low bending strength,
and thus, deflection occurs owing to its own weight. To prevent this, the number of
pot-separating blades was maximized so that the entire pot tray could be supported.
Therefore, 11 pot-separating blades were arranged at intervals of 36.5 mm to form an
assembly. This interval is the same as the interval of the spaces located between the cells
of the biodegradable pot tray. Each assembly is distinguished as either upper or lower
pot-separating blades depending on its position. As the upper/lower pot-separating blades
are located at both sides of the pot autofeeding device, 44 pot-separating blades were
used in the pot autofeeding device. The thickness of the pot-separating blades was set to
4.5 mm, which was smaller than the width of the spaces located between the cells of the
biodegradable pot tray (8 mm). Among the components of the pot autofeeding device,
the pot-separating blades generate relatively large loads on the biodegradable pot tray
during their operation. Such loads can be dispersed and geometry deformation can be
minimized by designing the area in which the pot-separating blades are in contact with the
biodegradable pot tray to be larger. The area can be increased by maximizing the length
of the pot-separating blades. Considering that the width of the biodegradable pot tray is
300 mm, the length of the pot-separating blades was set to 150 mm. Therefore, the total
length of contact between a pair of pot-separating blades and the biodegradable pot tray is
300 mm.
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3. Pot holders: the pot holders support the inserted biodegradable pot tray, and their
geometry is shown in Figure 11. The pot holders are located on both sides of the pot
autofeeding device. Their width and height were set to 80 and 30 mm, respectively. Their
length was set to 440 mm, which is the same as the length of the biodegradable pot tray.
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4. Air cylinders: the air cylinders drive the pot-separating blades and pot holders, and
their geometry is shown in Figure 12. Three types of air cylinders were used in the pot
autofeeding device. Table 5 shows their specifications. The length of the pot-separating
blades was set to 150 mm in Figure 10. During the pot tray extraction process, the blades
need to insert 150 mm into the empty spaces of the biodegradable pot tray. Therefore, an
air cylinder- a© which has a stroke of 150 mm, was used for operating the pot-separating
blades. The body of air cylinder- a© is attached to the center of the frame outer wall, and
the end of the piston rod is fixed to the pot-separating blades. When compressed air is
supplied through position 1©, the piston rod moves into the air cylinder body and pulls
the pot-separating blades to the inside of the pot slot. Conversely, when compressed air is
supplied through position 2©, the piston rod protrudes and the pot-separating blades return
to the outside of the pot slot. The width of the pot holders was set to 80 mm in Figure 11.
The pot holders need to move 80 mm to support the biodegradable pot tray. Therefore, an
air cylinder- b© which has a stroke of 80 mm, was selected for operating the pot holders.
The operation mechanism of air cylinder- b© is the same as that of air cylinder- a©. The body
of air cylinder- b© is attached on the frame outer wall, and the end of the piston rod of the
air cylinder- b© is fixed to the pot holders. Therefore, when compressed air is supplied to
position 3©, the pot holders move to the outside of the pot slot. When compressed air is
supplied to position 4©, they return to the inside of the pot slot. An air cylinder- c© was
designed to operate the lower pot-separating blade in Figure 10. The body of air cylinder-
c© and the end of the piston rod are fixed to the upper and lower pot-separating blades,

respectively. At the beginning of the operation of the pot autofeeding device, compressed
air is supplied to position 6©, and the upper/lower pot-separating blades are in contact
with each other. However, when compressed air is supplied to position 5©, the lower
pot-separating blade moves downward and is separated from the upper pot-separating
blade. Air cylinder- c© has a stroke of 20 mm. Therefore, the lower pot-separating blade
moves 20 mm downward from the upper pot-separating blade. The proper pressure of all
air cylinders was set to 0.6 bars.
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Table 5. Specifications of the air cylinders used.

Items Specifications

Model/Company/Nation
ACS4-N LB20-S150
/KCC company/

South Korea

ACS4-N LB20-S80
/KCC company/

South Korea

ANGM 25-S20
/KCC company/

South Korea
Fluid type used Air Air Air

Pressure
(MPa)

Max. 1.0 1.0 1.0
Min. 0.05 0.05 0.12

Piston speed
(mm/s)

Max. 1000 1000 500
Min. 750 750 50

Stroke (mm) 150 80 20
Inner diameter of rod (mm) 20 20 20

5. Conveyor device: The conveyor device transports the extracted biodegradable pot
tray to the seeding process, and its geometry is shown in Figure 13. It has a length of
1800 mm and a height of 700 mm. Its width was set to 440 mm, which is the same as the
length of the biodegradable pot tray. The conveyor device transports the biodegradable pot
tray to the seeding process at a speed of 18.16 mm/s.
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Figure 13. Shape of the conveyor device.

3.2.2. Operating Procedure of Developed Pot Autofeeding Device

Figure 14 shows the overall geometry of the pot autofeeding device that was designed
considering the dimensions, geometry, and physical properties of the biodegradable pot
tray. The main components of the pot autofeeding device are a pot slot, pot-separating
blades, pot holders, air cylinders, and a conveyor device.
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Figure 14. Shape of the pot autofeeding device.

Figure 15 shows the operating procedure of the developed pot autofeeding device
for the biodegradable pot tray. The operator places the biodegradable pot trays stacked
in 13 layers into the pot slot. The lower part of the first biodegradable pot tray located
at the bottom is supported by the pot holders located inside the pot slot (Figure 15a,b).
Subsequently, air cylinder- a© operates to insert the upper/lower pot-separating blades into
the empty spaces between each cell of the second biodegradable pot tray (Figure 15c–e).
In this instance, the upper pot-separating blade supports the lower part of the second
biodegradable pot tray. Air cylinder- b© operates to move the pot holders to the outside of
the pot slot (Figure 15f). The first biodegradable pot tray does not drop vertically owing to
the friction with the second biodegradable pot tray. Subsequently, air cylinder- c© operates
to move the lower pot-separating blade with the down-up motion (Figure 15g). The first
biodegradable pot tray is separated from the second biodegradable pot tray as the lower
pot-separating blade comes into contact with the upper part of the first biodegradable pot
tray. The first biodegradable pot tray then drops onto the conveyor device to be transported
to the seeding process (Figure 15h). Subsequently, the pot holders again move to the inside
of the pot slot (Figure 15i), and the upper/lower pot-separating blades again move toward
the outside of the pot slot (Figure 15j). Through this pot tray extraction mechanism, the
biodegradable pot trays are sequentially extracted and transported to the seeding process
one by one.
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Figure 15. Operating procedure of the pot autofeeding device for the biodegradable pot tray: (a) an 
initial condition; (b) supplying the biodegradable pot tray into the pot slot; (c) the shape of the pot 
separating blades before inserting; (d) inserting of pot separating blades into the spaces of biode-
gradable pot tray; (e) the shape of pot separating blades after inserting; (f) the pot holders move to 
the outside of the plot slot; (g) the lower pot-separating blade moves downward for separating the 
bottom biodegradable pot tray; (h) separated biodegradable pot tray drops onto the conveyor belt 
to be transported to the seeding process; (i) the pot holders return to the inside of the pot slot; (j) the 
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3.3. Result of Performance Evaluation 
Figure 16 shows that conducting the performance evaluation of the pot autofeeding 

device. As a result of observing whether the pot autofeeding device operates normally 

Figure 15. Operating procedure of the pot autofeeding device for the biodegradable pot tray: (a) an
initial condition; (b) supplying the biodegradable pot tray into the pot slot; (c) the shape of the
pot separating blades before inserting; (d) inserting of pot separating blades into the spaces of
biodegradable pot tray; (e) the shape of pot separating blades after inserting; (f) the pot holders move
to the outside of the plot slot; (g) the lower pot-separating blade moves downward for separating the
bottom biodegradable pot tray; (h) separated biodegradable pot tray drops onto the conveyor belt to
be transported to the seeding process; (i) the pot holders return to the inside of the pot slot; (j) the
pot-separating blades return toward the outside of the pot slot.
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3.3. Result of Performance Evaluation

Figure 16 shows that conducting the performance evaluation of the pot autofeeding
device. As a result of observing whether the pot autofeeding device operates normally
under the condition that the biodegradable pot tray was inserted into the pot slot contin-
uously, it was confirmed that the pot autofeeding device can automatically separate the
stacked biodegradable pot trays one by one and send them to the seeding process without
malfunction occurred. In addition, the result of counting the number of the biodegrad-
able pot trays supplied for 1 h through the pot autofeeding device, it was observed that
240 biodegradable pot trays were supplied to the seeding process per hour.
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occurred in all biodegradable pot trays (Figure 17). This indicates that the new-type pot 
extraction mechanism is suitable for supplying the separating biodegradable pot trays. In 
particular, it was judged that the developed pot autofeeding device prevents the bending 
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Figure 16. The picture of conduction the performance evaluation.

As a result of a complete enumeration survey regarding to the 240 biodegradable pot
trays supplied to the seeding process, it was confirmed that no deformation or damage
occurred in all biodegradable pot trays (Figure 17). This indicates that the new-type pot
extraction mechanism is suitable for supplying the separating biodegradable pot trays. In
particular, it was judged that the developed pot autofeeding device prevents the bending
of the biodegradable pot tray due to its own weight in the pot extraction process by
applying the pot separating blades, and it also prevents the deformation or destruction of
the biodegradable pot tray by dispersing the load generated by the mechanical behavior of
the components.
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4. Conclusions

In this study, a pot autofeeding device for a biodegradable pot tray was developed
considering the physical properties, dimensions, and geometry of the pot tray.

The pot tray extraction mechanisms commercialized for plastic pot trays were inves-
tigated, and their applicability to biodegradable pot trays was examined. To this end,
specimens were secured from actual biodegradable and plastic pot trays, and their tensile
and bending strengths were measured using a universal testing machine. The tensile
and bending strengths of the biodegradable pot tray were derived as 0.70 ± 0.03 and
3.89 ± 0.54 N/mm2, respectively, whereas those of the plastic pot tray were 12.66 ± 0.87
and 22.26 ± 0.28 N/mm2, respectively. As a result of the measurement, the tensile strength
and bending strength of the biodegradable pot tray were 0.06 and 0.17 times smaller than
those of the plastic pot tray. It is judged that this difference occurred due to the material
property of the biodegradable pot tray and the plastic port tray.

As the strength of the biodegradable pot tray was lower than that of the plastic pot
tray, a new-type pot tray extraction mechanism was developed considering the physical
properties, dimensions, and geometry of the biodegradable pot tray.

The developed pot autofeeding device consists of a pot slot, pot-separating blades,
pot holders, air cylinders, and a conveyor device. The pot holders support the stacked
biodegradable pot trays inserted into the pot slot. The pot separating blades insert into
the stacked biodegradable pot trays and extract them one by one. Then, the separated
biodegradable pot tray is transferred to the seeding process by a conveyor device. A perfor-
mance evaluation was conducted to confirm that the components of the pot autofeeding
device operate normally during the operation procedure. In addition, the biodegradable
pot tray supplied to the seeding process was collected, and then damage and deformation
occurring in the biodegradable pot tray were observed. As a result of observing whether
the pot autofeeding device works normally, it was checked that the stacked biodegradable
pot trays were extracted one by one automatically without malfunction occurred. The
work efficiency of the pot autofeeding device was 240 pot trays per hour. As a result of
a complete enumeration survey regarding to the 240 biodegradable pot trays supplied
to the seeding process, it was confirmed that no deformation or damage occurred in all
biodegradable pot trays. This indicates that the new-type pot extraction mechanism is
suitable for supplying the separating biodegradable pot trays. Especially, it judged that the
developed pot autofeeding device prevents the bending of the biodegradable pot tray due
to its own weight in the pot extraction process by applying the pot separating blades, and
it also prevents the deformation or destruction of the biodegradable pot tray by dispersing
the load generated by the mechanical behavior of the components.
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It is expected that the development of the pot autofeeding device for the biodegradable
pot tray will reduce the manpower and labor load of seeding and improve the applicability
of biodegradable pot trays.
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