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Abstract: The advancement of agriculture and a shortage of labor have led to an increased use of
agricultural machinery. However, the resulting environmental issues have prompted a shift from
internal combustion engines to electric drivetrains. The electric drivetrain includes the installation of
batteries, which can lead to decreased energy efficiency and significant loads on the vehicle due to
their heavy weight. Consequently, the importance of ensuring the safety of agricultural machinery is
being increasingly emphasized. The load on the frame of agricultural machinery is not consistent
during off-road driving, and the accumulation of load cycles can lead to the destruction and failure of
components. Therefore, it is necessary to ensure a level of safety and to predict the fatigue life. In this
study, we estimate the safety factor and predict the fatigue life of weak points in an electrically driven,
multi-purpose cultivation tractor based on working conditions (width, soil, and drive). Strain gauges
were attached to these weak points to measure the strain, which was then converted to von Mises
stress. Fatigue life was predicted using the rainflow counting method and the Palmgren–Miner rule.
The results showed that the safety factor measured under various working conditions was greater
than 1. The estimated minimum fatigue life was 124,176 years. Considering that the cultivator is
used for 29.7 h annually and has a durability lifespan of 5 years, it is expected to be safely usable
throughout its service life.

Keywords: electrically driven; multi-purpose cultivation tractor; fatigue life; rainflow counting;
safety factor

1. Introduction

Recently, a trend of aging agricultural labor forces has been observed in various re-
gions around the world [1–7]. This aging phenomenon has emerged due to a lack of young
people entering the agricultural sector and a decline in birth rates. Elderly farmers continue
their agricultural activities based on years of experience, yet changes in physical and cogni-
tive abilities may make them more susceptible to accidents during farming operations. This
aging trend is intertwined with the sophistication of the agricultural sector and labor short-
ages, leading to an increase in the use of agricultural machinery. Ronald and Andrew [8]
analyzed 115 countries from 2006 to 2010 and found that as the population ages, agricultural
labor shortages will lead to technological advances and productivity gains. Consequently,
the importance of ensuring the safety of agricultural machinery has been emphasized as
the use of agricultural machinery has increased due to agricultural intensification and labor
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shortages. Although the risk perception among farmers is relatively low, the incidence of
safety accidents in the agricultural sector is trending high due to the dangerous working
environment compared to other industries [9,10]. Elderly farmers necessitate heightened
attention towards work efficiency and safety management, which can significantly affect
agricultural productivity and sustainability. Accidents in agricultural settings can often
result in serious injury or death, making safety measures essential in the use and care of
agricultural machinery. As a result, agricultural machinery manufacturers should focus on
designing safer machines and testing the safety of manufactured machines.

Among agricultural machinery, cultivation tractors are used for small- and medium-
scale paddy and field farming by attaching various agricultural implements to the main
body, and the load on the frame is not consistent when driving off-road. In order to ensure
safe farming, it is important to consider the optimal design of the frame. Fatigue damage is
an important issue in mechanical design, and components must be designed to withstand
cyclic loads [11]. Agricultural machinery experiences frequent failures due to the heavy
loads applied. Additionally, the accumulation of large load cycles can lead to destruction
and failure of the component [12–14]. The failure that occurs due to the accumulation of
fatigue damage is called fatigue failure. Fatigue failures primarily occur due to cracking.
The first stage of fatigue failure, the crack, occurs due to local plastic deformation within the
material. The crack grows due to repetitive loading and eventually leads to the failure of the
material. In this case, the number of load repetitions or the time until the material subjected
to cyclic loading failures is known as the fatigue life [15]. Therefore, predicting fatigue life
should be considered in the early stages of machine design. This plays a crucial role in
accurately assessing the lifespan of components, selecting appropriate materials, ensuring
sufficient strength, and establishing efficient maintenance plans. In the field of agriculture,
there is a growing emphasis on agricultural machinery design that considers safety and
durability, and these efforts are expected to contribute to enhancing the safety and efficiency
of agricultural operations. Many studies have been conducted on fatigue life prediction
in relation to the safety of machinery. Baek et al. [16] analyzed strain gauge data from the
end beam of a freight car bogie to calculate fatigue cycles and used the rainflow counting
method to estimate cumulative damage under actual load conditions. This method was
found to correspond well with the actual fatigue life, with an error range of 2.7% to 31%.
Djebli et al. [17] proposed a fatigue damage accumulation method by applying the energy
parameters of the fatigue process. The cycles were calculated using the rainflow counting
algorithm and the damage was accumulated according to the Palmgren–Miner rule. The
experimental verification results showed that the fatigue life calculation results using the
proposed model and the experimental results were in satisfactory agreement. The predicted
and experimental lifetimes were found to be in good agreement. Cui et al. [18] developed
an integrated fatigue life prediction method for offshore structures. By establishing the
crack growth rate relationship and using the proposed method, many influencing factors
observed in fatigue testing can be reflected. Kebir et al. [19] used software to simulate
fatigue damage under variable loading by considering the effect of average stress on
fatigue life and evaluating fatigue damage using the rainflow counting method, and this
was confirmed through comparison with results from the literature.

Recently, issues related to global warming have been on the rise, primarily due to
an increase in greenhouse gas emissions, including carbon dioxide, and the depletion of
fossil fuels. In response to these environmental concerns, research focused on reducing
exhaust gas emissions and decreasing dependency on fossil fuels has been actively pur-
sued [20–22]. Such research is particularly important for increasing energy efficiency in
agriculture [23–26], which has recently seen a shift from internal combustion engines to
electric drive systems [27,28]. With the increasing development and integration of renew-
able energy sources, electric drive systems are becoming a greener alternative. This can
contribute to increasing the sustainability of energy systems and reducing environmental
impact in the long term. However, this transition comes with technical, economic, and
social challenges, one of which is the reduced energy efficiency and increased load on
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vehicles due to heavier batteries compared to internal combustion engines [29,30]. There-
fore, additional research and testing are needed to improve the safety and efficiency of
these systems. Such efforts are crucial in mitigating the problems of global warming and
reducing the consumption of fossil fuels.

The purpose of this study is to analyze the safety of an electrically driven, multi-
purpose cultivation tractor by calculating the safety factor. Additionally, it aims to predict
the fatigue life based on various working conditions. The safety factor is calculated using
the maximum stress measured under each condition. The prediction of fatigue life involves
measuring the strain at weak points with attached strain gauges, converting this strain
into stress, and then applying the rainflow counting method and the Palmgren–Miner
rule [31,32].

2. Materials and Methods
2.1. Electrically Driven, Multi-Purpose Cultivation Tractor

The shape and main specifications of the electrically driven, multi-purpose cultivation
tractor used in this study are shown in Figure 1 and Table 1. The ride-on mower used in
this study is designed to be adjustable in width for multi-purpose farming, as shown in
Figure 2. The load distribution changes with the width, so it was intended to measure the
load during operation based on the maximum/minimum width to verify safety.
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Table 1. Specifications of the tractor.

Items Specifications

Model CW-322044-3
Manufacturer/Nation CWSFA/Korea

Length/Width/Height (mm) 2250/1390/1810
Weight (kg) 1105

Types of Wheels Caterpillar tracks
Track Size (L/W/H) (mm) 1900/180/365

2.2. Stress Measurement
2.2.1. Mechanical Properties of Materials

In this study, the link connecting the running gear to the plate was selected as the
weak link based on the static load analysis and the opinion of metrology experts. The weak
link is shown in Figure 3. It is made of stainless steel 400, and the mechanical properties of
the material are shown in Table 2.
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Table 2. Mechanical properties of stainless steel 400.

Material Properties Value

Stainless Streel 400

Young’s modulus (GPa) 196
Poisson’s ratio 0.26

Density (kg/m3) 7800
Ultimate tensile strength (MPa) 420

Yield strength (MPa) 250

2.2.2. Measurement System

An instrumentation system was built to measure the stresses applied to the vulnerable
parts of the controller during driving. Figure 4a shows the measurement system. The
measurement system consists of a triaxial strain gauge (KFGS-1-350D17-11 L5M3S, KYOWA,
Japan), a data acquisition unit (DAQ, Gantner, Austria), a laptop, and a battery pack. The
attachment point of the strain gauge is shown in Figure 4b. The measured values from the
strain gauge were transmitted to the laptop via the data acquisition device at a sampling
rate of 100 Hz and analyzed using data acquisition software (Dewesoft 2021.6, Slovenia).
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Figure 5 shows the strain gauges used in this study in the form of a triaxial rosette
positioned at 0◦/90◦/45◦ angles. The strain gauge has a gage factor of 2.11 ± 1.0%, a gage
length of 1 mm, and a gage resistance of 350.0 Ω ± 0.7%. Triaxial strain gauges are attached
where the main load direction is not obvious [33].
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2.2.3. Measurement Conditions

The test was conducted on a field and a paved road in Hada, Iksan, Jeollabuk-do, Korea.
The location of the field and pavement is 35◦59′24.77 N, 127◦1′18.79 E, as shown in Figure 6.
The cultivation tractor used in this study was designed to have an adjustable width to
accommodate various agricultural tasks. Therefore, the width was set to two conditions:
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maximum and minimum. As shown in Figure 2, the maximum width is 1040 mm, and
the minimum width is 790 mm. Considering the working environment of the cultivation
tractor, the soil conditions were set to paved road and field. Driving was measured in
forward and reverse. The test distance was established at 20 m, and the driving speed was
set at 0.2 m/s, considering the development stage of the cultivation tractor. The test was
repeated three times for each condition, and the average of the three times was used.

Agriculture 2024, 14, x FOR PEER REVIEW  6  of  18 
 

 

Figure 5. Triaxial, 0°/90°/45° stacked rosette strain gauge (ε is strain value). 

2.2.3. Measurement Conditions 

The test was conducted on a field and a paved road in Hada, Iksan, Jeollabuk‐do, Ko‐

rea. The location of the field and pavement is 35°59′24.77 N, 127°1′18.79 E, as shown in Fig‐

ure 6. The cultivation tractor used in this study was designed to have an adjustable width 

to accommodate various agricultural tasks. Therefore, the width was set to two conditions: 

maximum and minimum. As shown in Figure 2, the maximum width is 1040 mm, and the 

minimum width is 790 mm. Considering the working environment of the cultivation tractor, 

the soil conditions were set to paved road and field. Driving was measured in forward and 

reverse. The test distance was established at 20 m, and the driving speed was set at 0.2 m/s, 

considering the development stage of the cultivation tractor. The test was repeated three 

times for each condition, and the average of the three times was used. 

 

Figure 6. Test field: (a) paved road; (b) farm field. 

2.3. Safety Analysis Methods 

The analysis process is shown  in Figure 7. After measuring stress data in the time 

domain, the data with irregular amplitudes were used to calculate cycles using rainflow 

counting. Based on these calculated cycles, cumulative damage was analyzed using the 

Palmgren–Miner rule [31,32] to predict fatigue life. The spreadsheet software Excel (Mi‐

crosoft 365) was utilized for the conversion calculations. Rainflow counting, cumulative 

damage analysis, and fatigue life prediction were analyzed using the commercial program 

nCode (HBM, Darmstadt, Germany). 

Figure 6. Test field: (a) paved road; (b) farm field.

2.3. Safety Analysis Methods

The analysis process is shown in Figure 7. After measuring stress data in the time
domain, the data with irregular amplitudes were used to calculate cycles using rainflow
counting. Based on these calculated cycles, cumulative damage was analyzed using
the Palmgren–Miner rule [31,32] to predict fatigue life. The spreadsheet software Excel
(Microsoft 365) was utilized for the conversion calculations. Rainflow counting, cumulative
damage analysis, and fatigue life prediction were analyzed using the commercial program
nCode (HBM, Darmstadt, Germany).
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2.3.1. Stress Profile

A triaxial strain gauge can be used to measure strain (εa, εb, εc) in three directions, as
shown in Figure 5. Using the strain data, the maximum principal stress, minimum principal
stress, and von Mises stress can be calculated using Equations (1)–(3).

σmax =
E

2(1 − ν2)
[(1 + ν)(εa + εc) + (1 − ν)

√
2(εa − εb)

2 + (εb − εc)
2] (1)

σmin =
E

2(1 − ν2)
[(1 + ν)(εa + εc)− (1 − ν)

√
2(εa − εb)

2 + (εb − εc)
2] (2)

σvm =
√

σ2
max − σmaxσmin + σ2

min (3)

where σmax is the maximum principal stress, σmin is the minimum principal stress, ν is
Poisson’s ratio, E is Young’s modulus, and σvm is von Mises stress.

2.3.2. Safety Factor

In mechanical design, it is essential to consider uncertainties, such as material strength,
machining precision, and workload, to ensure high safety beyond the performance or capa-
bility required by the designed product. The safety of a machine under load is evaluated
using a safety factor. A higher safety factor leads to increased cost and weight, while a lower
safety factor increases the risk to safety. Therefore, the safety factor must be determined by
considering not only structural safety but also economic and usability aspects. The safety
factor is defined, as shown in Equation (4), as the ratio of the yield stress that the structure
can withstand to the expected maximum stress acting on the structure.

SF =
σyield

σvm
(4)

where SF is the safety factor and σyield is the yield stress.
If the safety factor calculated for the maximum stresses encountered during operation

is greater than or equal to 1.0, the design is considered safe. On the other hand, if the safety
factor is less than 1.0, the design is considered unsafe, meaning that it could cause breakage
or failure of the part [34]. In general, the safety factor applied by the machine is between
1.2 and 1.4.

2.3.3. Rainflow Counting

When the cultivation tractor is operating, it is subjected to irregular amplitude loads
rather than constant amplitude loads. In order to convert these irregular amplitude loads
into regular amplitude cycles, cycle counting is required. There are many methods for
cycle counting, such as level-crossing counting, peak counting, simple-range counting,
and rainflow counting [35,36]. Among them, the rainflow counting method is commonly
used [37,38]. This method identifies load cycles within complex loading histories, analyzing
the range (amplitude) and mean of the load for each cycle to calculate fatigue damage.
Here, a cycle refers to the process starting from the application of the load to a body to
its full release. Rainflow counting is especially useful for predicting the fatigue life of
structures or mechanical components subjected to variable loading.

2.3.4. Analysis of Cumulative Damage

Most fatigue data are based on constant amplitude testing. However, in the working
environment of a real machine, irregular load amplitudes occur. This makes the direct use
of S–N curves difficult. Instead, a method has been devised that utilizes the S–N curve
and can be applied under irregular load amplitude conditions. This method is cumulative
damage. One such cumulative damage theory is the Palmgren–Miner rule, a linear damage
rule developed by Palmgren and Miner. This rule is useful for predicting the fatigue life of
components exposed to irregular load amplitudes using constant amplitude data, and it is
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used in conjunction with cycle counting methods to provide an estimate of life. Equation (5)
is the Palmgren–Miner rule. When Dt ≥ 1, failure occurs.

Dt =
k

∑
i=1

ni
Ni

(5)

where Dt is the total damage, ni is the number of applied cycles, and Ni is the number of
cycles to failure.

2.3.5. Fatigue Life Prediction

The S–N curve of stainless steel 400, i.e., the weak point material, can be represented by
calculating the fatigue strength for 103 cycles and 106 cycles using Equations (6) and (7) [39].

S f = 0.75UTS (6)

where S f is the 103 cycle strength and UTS is the ultimate tensile strength.

Sn = 0.5UTS × CLCGCSCTCR (7)

where Sn is the 106 cycle strength, CL is the load factor, CG is the gradient factor, CS is the
surface factor, CT is the temperature factor, and CR is the reliability factor.

The fatigue life is calculated via Equation (8).

L f =
1

Dt
× t (8)

where L f is the fatigue life and t is the time.

3. Results and Discussion
3.1. Stress Measurement

The von Mises stresses at the strain gauge attachment points for each condition of
paved road/farm field, maximum/minimum width, and forward/backward are shown in
Figure 8. The maximum von Mises stress and average von Mises stress at each point are
shown in Table 3. The average von Mises stress during driving was the greatest at point #1,
but the maximum von Mises stress during driving, 83.22 MPa, occurred at point #5.

The average von Mises stress values measured at points #1, #2, #3, #4, and #5 were
33.64 MPa, 12.46 MPa, 25.50 MPa, 11.51 MPa, and 32.60 MPa, respectively, demonstrat-
ing observed stress differences based on location. However, the stress difference when
conditions at the same location changed was minimal, as indicated in Table 3. The small
stress difference is attributed to the slow driving speed of the cultivation tractor, which is
assessed as not causing significant variations.

The average values of the standard deviation of the stresses measured at points #1, #2,
#3, #4, and #5 were 2.21, 2.14, 0.81, 0.73, and 9.75, respectively. This indicates that the rear
part of the manager was relatively more stable compared to the front part. In particular,
point #5, where the two links connect, emerged as the most unstable location. Distinct from
other points, point #5 is significantly distanced from the connection point of the driving
section or plate, which is judged to be relatively unstable.

The average stresses measured at points #1 and #3 were higher than the average
stresses at points #2 and #4, indicating that the upper part of the vulnerable area was
subjected to higher loads than the lower part.
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Table 3. Stress measurement results by conditions.

Soil
Condition Width Drive Attachment Point Maximum

Stress (MPa)
Average

Stress (MPa)
Standard
Deviation

Paved road

Max

Forward

#1 40.83 33.43 2.09
#2 20.04 13.45 2.35
#3 26.74 24.35 0.78
#4 13.34 11.00 0.53
#5 79.05 31.56 10.26

Backward

#1 40.53 33.62 2.05
#2 20.25 11.78 1.77
#3 28.98 25.43 0.86
#4 14.57 11.29 0.67
#5 67.78 32.48 9.59

Min

Forward

#1 41.88 33.74 1.79
#2 20.07 12.66 1.99
#3 28.07 24.81 0.68
#4 15.06 11.15 0.61
#5 76.40 31.93 8.90

Backward

#1 43.22 33.70 2.03
#2 20.20 13.04 2.01
#3 28.47 24.64 0.91
#4 14.95 11.05 0.73
#5 81.29 31.21 10.21
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Table 3. Cont.

Soil
Condition Width Drive Attachment Point Maximum

Stress (MPa)
Average

Stress (MPa)
Standard
Deviation

Farm field

Max

Forward

#1 41.67 35.36 1.88
#2 18.03 12.14 2.04
#3 27.86 26.12 0.54
#4 13.83 11.59 0.58
#5 83.22 35.56 10.70

Backward

#1 40.88 33.48 2.23
#2 25.37 11.70 2.39
#3 29.18 26.82 0.70
#4 15.13 12.14 0.71
#5 68.29 32.71 9.25

Min

Forward

#1 40.45 34.52 2.66
#2 19.59 11.32 2.05
#3 30.17 26.12 0.97
#4 15.47 11.47 0.95
#5 65.22 34.38 9.38

Backward

#1 39.56 31.29 2.97
#2 21.52 13.55 2.54
#3 29.60 25.74 1.00
#4 16.63 12.40 1.07
#5 61.52 30.88 9.72

3.2. Safety Analysis
3.2.1. Safety Factor

The material of the stress measurement point was stainless steel 400 with a yield
strength of 250 MPa, and the safety factor was derived using Equation (4). The derived
safety factors for each condition are shown in Table 4. The safety factors derived for all
test conditions ranged from 3.00 to 18.74. The safety factor for point #1 was 5.78–6.32; for
point #2, it was 9.85–13.87; for point #3, it was 8.29–9.35; for point #4, it was 15.03–18.74;
and for point #5, it was 3.08–4.06. The maximum stresses at points #2 and #4 were lower,
resulting in higher safety factors than other locations. For all test conditions, the safety
factor was above 1.0, and the design was considered safe. This exceeded the 1.2–1.4 that is
typically applied when designing a machine. Having an excessively high safety factor can
lead to issues, such as increased costs, added weight, decreased energy efficiency, resource
wastage, and reduced design flexibility. The use of more materials or more expensive
materials escalates costs and can negatively impact the performance of a machine due to
increased weight, requiring more energy for transportation and movement. This signifies a
waste of resources and may not align with sustainability goals. Therefore, it is crucial to
ensure the safety of the machine while also considering the balance between cost, weight,
energy efficiency, and resource usage.

3.2.2. Rainflow Counting

In #1, the mean stress value was 25–40 MPa, and the stress amplitude was 0–20 MPa.
The mean stress value at #2 was 0–25 MPa, and the stress amplitude was 0–20 MPa. The
mean stress value at #3 was 22–30 MPa, and the stress amplitude was 0–8 MPa. The mean
stress value at #4 was 9–16 MPa, and the stress amplitude was 0–8 MPa. The mean stress
value at #5 was 10–80 MPa, and the stress amplitude was 0–65 MPa. Point #5 had the largest
standard deviation and therefore the widest range of mean stress and stress amplitude.
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Table 4. Safety factor results by conditions.

Soil
Condition Width Drive Attachment Point Safety Factor

Paved road

Max

Forward

#1 6.12
#2 12.48
#3 9.35
#4 18.74
#5 3.16

Backward

#1 6.17
#2 12.35
#3 8.63
#4 17.16
#5 3.69

Min

Forward

#1 5.97
#2 12.49
#3 8.91
#4 16.60
#5 3.27

Backward

#1 5.78
#2 12.38
#3 8.78
#4 16.72
#5 3.08

Farm field

Max

Forward

#1 6.00
#2 13.87
#3 8.97
#4 18.08
#5 3.00

Backward

#1 6.12
#2 9.85
#3 8.57
#4 16.52
#5 3.66

Min

Forward

#1 6.18
#2 12.76
#3 8.29
#4 16.16
#5 3.83

Backward

#1 6.32
#2 11.62
#3 8.45
#4 15.03
#5 4.06

3.2.3. Cumulative Damage

Table 5 shows the cumulative damage derived for each condition by attachment
location. When the cumulative damage value reaches 1, breakage occurs. The maxi-
mum cumulative damage for each location (#1, #2, #3, #4, and #5) was 2.6257 × 10−12,
4.0895 × 10−12, 5.1469 × 10−14, 3.2016 × 10−14, and 6.8551 × 10−9. The largest cumulative
damage occurred at #5. Figure 9 shows the rainflow counting result and cumulative dam-
age result for the #5 points. The cycle that caused the maximum damage occurred only
once, yet it constituted over 80% of the total damage. Thus, it was evident that certain loads
significantly influence damage and fatigue life.
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Table 5. Total damage by conditions.

Soil
Condition Width Drive Attachment Point Total Damage

Paved road

Max

Forward

#1 1.2870 × 10−12

#2 1.9935 × 10−12

#3 4.6008 × 10−15

#4 2.4073 × 10−15

#5 5.4845 × 10−9

Backward

#1 6.5743 × 10−13

#2 6.3014 × 10−13

#3 1.9754 × 10−14

#4 9.0261 × 10−15

#5 2.1077 × 10−9

Min

Forward

#1 1.5756 × 10−12

#2 1.7317 × 10−12

#3 8.2830 × 10−15

#4 9.0922 × 10−15

#5 4.7998 × 10−9

Backward

#1 2.6257 × 10−12

#2 1.1076 × 10−12

#3 2.4692 × 10−14

#4 1.4300 × 10−14

#5 6.8551 × 10−9

Farm field

Max

Forward

#1 6.5306 × 10−13

#2 1.4521 × 10−15

#3 1.9400 × 10−15

#4 3.7340 × 10−15

#5 5.1304 × 10−9

Backward

#1 1.6010 × 10−12

#2 4.0895 × 10−12

#3 5.1999 × 10−15

#4 9.2171 × 10−15

#5 1.1143 × 10−9

Min

Forward

#1 1.9594 × 10−12

#2 5.3740 × 10−13

#3 2.7410 × 10−14

#4 1.2392 × 10−14

#5 1.3162 × 10−9

Backward

#1 1.7861 × 10−12

#2 8.5055 × 10−13

#3 5.1469 × 10−14

#4 3.2016 × 10−14

#5 9.2685 × 10−10
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3.2.4. Fatigue Life Prediction 
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3.2.4. Fatigue Life Prediction

The fatigue strengths of stainless steel 400 for 10 and 11 cycles are =315 MPa and
=92.3013 MPa from Equations (6) and (7). Based on these results, the S–N curve for stainless
steel 400 is shown in Figure 10.
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In Korea, the cultivation tractor was found to have 29.7 h of use per year. When
comparing fatigue life predictions considering annual hours of use, the lowest predicted
value was 124,176 years. Although the prediction is considered too large, it seems to be a
reasonable prediction based on the results of previous studies [40,41]. With a service life of
5 years, the cultivation tractor can be safely used for the duration of the service life.

4. Conclusions

In this study, the stresses generated in the frame of an electrically driven, multi-
purpose cultivation tractor were measured during operation to evaluate the safety factor
and fatigue life. A measurement system based on strain gauges was built, and experiments
were conducted by varying the width (maximum/minimum), soil (pavement/farm field),
and driving (forward/backward) conditions of the cultivation tractor.
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1. When measuring the stresses at the strain gauge attachment locations, the average
von Mises stress was greatest at #1. However, the maximum von Mises stress of
83.2 MPa was measured at #5. At all other locations (#1, #2, #3, and #4) except #5, the
standard deviation of the stresses was 2.97 MPa or less, indicating that the stresses
were measured almost uniformly.

2. The safety factors calculated through the formulas range from 3.00 to 18.74 for all
test conditions, which suggests that the machine design is deemed safe as it is above
1.0. However, these values exceed the typical safety factor range of 1.2 to 1.4 usually
applied in machine design. Consequently, an excessively high safety factor calls for a
reevaluation from an economic perspective.

3. Rainflow counting was analyzed to show the range of stress levels in each condition.
The range of mean stress and amplitude at #5 was wider than at other locations.

4. Analysis of the rainflow counting histogram and cumulative damage histogram shows
that most stress cycles occur at small stress ranges and small mean stresses. Large
stress ranges and large mean stresses do not show many cycles. Although the number
of cycles is small, stresses with large stress ranges and large mean stresses cause the
most damage.

5. The cultivation tractor is used for 29.7 h per year, which gives a fatigue life estimate of
at least 124,176 years. Therefore, it is expected to be safely used for the service life of
the machine.

In this study, we performed load measurement experiments at a driving speed of
0.2 m/s, considering the manufacturing phase of a cultivation tractor. In future studies, we
plan to evaluate performance under worst-case conditions by increasing the driving speed
and conducting experiments under the maximum load required for the tractor to perform
its tasks.
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