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Abstract

:

The goal of this research was to analyze the load and safety of the transplanting device of the 4-bar link type semi-automatic vegetable transplanter under different workload conditions. To measure the strain at the transplanting device, a load measurement system was developed using 15 strain gauges. Field tests were conducted at 4 levels of engine speeds (750, 1000, 1250, and 1500 rpm) and 10 levels of the planting distance (0.29–0.47 m). The static safety factor was defined as the ratio between the strength of the material and the maximum stress in the transplanting device. The calculated stress data were converted from the time domain to the frequency domain using the rain-flow counting methods and Goodman’s Equation. The sum of fatigue damage was acquired based on the Palmgren–Miner’s rule. It was observed that the stresses increased with increasing engine speed and planting distance. The results show the higher engine speed and the longer planting distance will decrease the static safety factor and fatigue life. The static safety factor value was more than 1.0 for all locations and all working conditions. The minimum fatigue life was 49,153.3 h at link A (S_14), under the working condition of engine speed 750 rpm and planting distance of 0.35 m.
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1. Introduction


A vegetable transplanter is a machine used for transferring vegetable seedlings from the nursery and transplanting them into the soil [1,2,3]. Vegetable transplanters are classified into full-automatic and semi-automatic according to the method of taking the seedlings out of the pot and putting them into the seedling cylinder. For a fully automatic transplanter, the seedlings are automatically taken out from the pot and put into the seedling cylinder so the work is easy and the work speed is fast. However, except for leafy vegetables with short plant lengths, formal work is difficult, and a dedicated pot tray must be used [4,5]. For a semi-automatic transplanter, the seedlings are picked by hand and put into the seedling cylinder. Although the work speed is slow, there are no restrictions on crops and pot trays, and the price is lower than the fully automatic transplanter [6]. Therefore, the semi-automatic vegetable transplanter is still being developed, especially for small-scale multi-variety cultivation [7].



In Korea, there are agricultural machinery companies that produce and sell the 4-bar link type semi-automatic vegetable transplanter. This type is widely used in Korea because of its simple structure and user-friendliness. Some research on a 4-bar link type semi-automatic vegetable transplanter has been conducted. Park et al. [8] investigated the operational characteristics of a 4-bar link type semi-automatic vegetable transplanter and analyzed the main functional components and power path of the transplanter. Jo et al. [9] improved the efficiency of the 4-bar link type semi-automatic vegetable transplanter by analyzing and modifying the linkage of the transplanting device.



In addition, to develop high-efficiency agricultural machinery, agricultural machine companies are also starting to consider the safety of agricultural machines because the users want machines that are safe to use without any failure during the service life [10,11]. The transplanting device is a part of vegetables transplanter to planting the seedling. For vegetable transplanter, the transplanting device is subjected to a large and repeated load because of the working mechanism when planting the seedling [8,9]. The load characteristics affect the life and durability of the transplanting device [12,13,14]. To ensure the safety of the transplanting device of a 4-bar link type semi-automatic vegetable can be carried out through load and safety analysis.



The load and safety analysis are carried out by measuring the strain or stress in the specific spot of a machine part. The sensor widely used to measure strain is the strain gauge [15,16,17]. There are two types of load and safety analysis approaches, namely static safety factor and dynamic safety analysis/fatigue life. The static safety factor is calculated using the maximum stress and yield strength of the material, while dynamic safety analysis the fatigue life was analyzed using a combination of the amount of fatigue damage obtained based on the Palmgren–Miner rule and the S-N curve [18,19,20,21,22,23,24,25]. The rain-flow counting method is needed to convert the stress data from the time domain to the frequency domain and Goodman’s Equation is used to calculate the equivalent completely reserved stress [26,27,28].



Several researchers have conducted load and safety analyses on transplanters. Kim et al. [29] analyzed loads of a transplanter PTO shaft during transplanting operations concerning planting distance. Kim et al. [30] constructed the PTO load spectrum from the measured load data using the rain-flow counting method and Smith–Watson–Topper (SWT) methods and analyzed the fatigue life of a small riding-type transplanter according to the planting distance and depth. Siddique et al. [31] analyzed the axle load of a rice transplanter when planting rice seedlings at different working load conditions to select a suitable gear stage and a constant planting depth for rice seedlings. Islam et al. [32] analyzed the stress of the picking device gear mechanism to select suitable materials and dimensions and to predict the fatigue life of the 2.6 kW automatic pepper transplanter. Although there have been some studies on load and safety in the transplanter, studies that analyzed the safety of the transplanter device of vegetable transplanter have not been conducted.



The objective of this study is to analyze the load and safety of the transplanting devices of a 4-bar link type semi-automatic vegetable transplanter according to the engine speed and planting distance. The safety in this study includes static safety and durability of the transplanting device of 4-bar link type vegetable transplanter. The specific objectives are: (1) to measure the strains on the selected spots of the transplanting device according to the engine speed and planting distance, (2) to calculate the static safety factor, and (3) to analyze the fatigue life of the transplanting device.




2. Materials and Methods


2.1. Vegetable Transplanter Used in This Study


The shape and main specifications of the 4-bar link type semi-automatic vegetable transplanter used in this study are shown in Figure 1 and Table 1. The main components of this transplanter are as follows: a gasoline engine as the power source of the machine, a driving transmission to transmit the engine power to the driving unit and the planting unit, transplanting transmission to transmit the power received from the driving transmission to the crank of the planting device, control section consists of levers and handles to control the machine’s operation, a seedling cylinder to put the seedling, a transplanting device for planting the seedling, and a molding wheel to cover the planted seedling with soil.



The transplanter operates as follows. The user determines the planting distance by adjusting the number of shift stages of the transplanting transmission and selects a speed suitable for engine operation. The engine speed and moving speed of the transplanter are proportional. Therefore, the planting distance tends to long as the number of shift stages increases from one to ten, and the planting distance also longer as moving speed of the transplanter faster in forwarding direction. The engine speed is controlled through the throttle lever, the forward/reverse and neutral, high, and low speeds of the machine are controlled through the shift lever and main clutch lever. The transplanter moves in the forward direction and the transplanting device move up and down in a certain trajectory, as shown in Figure 2. The seedlings are taken out from the seedling tray and placed in the seedling cylinder manually. The seedling cylinder delivers the seedlings to the planting hopper, then the planting hopper moves down and is opened at the lowest position by the link device and at the same time planting the seedlings into the ground. After that, the molding wheel at the rear of the machine pushes the soil to both sides of the seedling to complete the planting.



The part that plays an important role in transplanting work is the transplanting device. The shape of the transplanting device is shown in Figure 3a. The transplanting device consists of link and hopper. The link of the planting device consists of a total of 10 links and 13 rotary joints, including 6 binary links, 3 ternary links, and 1 ground. The shape of the transplanting hopper is an inverted cone, and it can be opened and closed by two springs connected to the planting device link at the bottom of both sides. A 4-bar link performs formal work by the continuous and repeated behavior of each link device. The drive shaft in the transplanting transmission transmitted the power to the link through the crank. The movement of the hinge point (A) as shown in Figure 3b. The size of crank is 112 mm, while the size of link A, link B, link C, link D, sub link E, and sub link F are 295 mm, 470 mm, 176 mm, 183 mm, 92 mm, and 340 mm, respectively. The transplanting device was made from steel alloy 1020, and the mechanical properties of steel alloy 1020 are presented in Table 2 [33].




2.2. Load Measurement System


The load measurement system was constructed with strain sensors to measure the working load of the transplanting device. The sensor used in this study is strain gauge and there are two types of strain gauges according to the measurement spots, i.e., uniaxial strain gauge and triaxial strain gauge. The picture of each type of strain gauge is shown in Figure 4. A uniaxial strain gauge is suitable to measure the strain in a spot where the one main loading direction is clear, while the triaxial strain gauge is composed of three strain gauges that are suitable for the spot where the main loading direction is unknown.



To record the load-time history, 15 strain gauges were attached to the selected spots on the transplanting device. We determined the location of the strain gauge installation by considering the loading path and the shape of each component. Thirteen uniaxial strain gauges (KFGS-5-350-C1-11 L10M3R, KYOWA) were used to measure the axial stress in the bottom side of the hopper (S_1 and S_2) and the link (S_5, S_6, S_7, S_8, S_9, S_10, S_11, S_12, S_13, S_14, and S_15). Two triaxial strain gauges or rosette (KFGS-1-350-D17-11 L5M3S, KYOWA) were attached to the upper side of the hopper (S_3 and S_4). Figure 5 shows the detailed location of the attached strain gauge.



As a sensor, the strain gauge measures strain in the transplanting device, then the signal of the sensors was transmitted to the data acquisition device (DAQ) through the telemetry system and the data was saved in the laptop. The instrument setup for the measurement system is shown in Figure 6.




2.3. Work Conditions


The load acting on the transplanting device depends on many factors, such as engine speed, soil conditions, planting distance, and planting depth. This research only considered the effect of engine speed and planting distance on transplanting device load. The soil condition factor is neglected because the soil used for transplanting vegetable seedlings has usually been plowed and harrowed so that it becomes very soft. The transplanting depth was also ignored because the variation of transplanting depth for vegetables is not too large, and the planting depth in this research was fixed to 70 mm. The field test site was located in Sinbuk-eup, Chuncheon, Gangwon Province in Korea, 37°56′24.0″ N and 127°46′59.1″ E with an altitude of 111.00 m.a.s.l. Figure 7 shows the experimental site has sandy soil type (sand 95%, silt 4%, clay 1%), and the water content was 20.1%, with the width and height of the ridge being 0.6 m and 0.3 m, respectively.



There are 4 variations of the selected engine speed, namely 750, 1000, 1250, and 1500 rpm. The preliminary experiment shows if the engine speed was less than 750 rpm and above 1500 rpm, even when the throttle lever was fixed, the engine speed was irregularly changed, and it was not possible to maintain a constant rotation speed. Therefore, in this research, it is determined that the engine speed variation is from 750 rpm to 1500 rpm with an interval of 250 rpm. For planting distance variations, this machine has 10 shift stages of the transplanting transmission to determine the planting distance. The levels of planting distance are from level 1 (0.29 m) to level 10 (0.47 m) with an interval of 0.02 m. The field test was repeated 3 times for every working condition to improve the reliability of the data.




2.4. Analysis of Measured Data


Based on the type of strain gauge, there are two kinds of measured strain data. First, strain data from the uniaxial strain gauge. This measured axial strain data was converted into axial stress using Equation (1). The second is strain data from the triaxial strain gauge. Three directional strains can be measured by a triaxial strain gauge. From the strain of each direction, we can derive the representative stress values such as maximum and minimum principal stresses, Von-Mises stress, and maximum shear stress using Equations (2)–(5).


  σ = E × ε  



(1)






   σ 1  =  E  2  (  1 −  v 2   )     [   (  1 + v  )   (   ε a  +  ε c   )  +  (  1 − v  )  ×   2  {     (   ε a  −  ε b   )   2  +    (   ε b  −  ε c   )   2   }     ]       



(2)






   σ 2  =  E  2  (  1 −  v 2   )     [   (  1 + v  )   (   ε a  +  ε c   )  −  (  1 − v  )  ×   2  {     (   ε a  −  ε b   )   2  +    (   ε b  −  ε c   )   2   }     ]   



(3)






   σ v  =    σ 1 2  −  σ 1   σ 2  +  σ 2 2     



(4)






   τ  m a x   =  E  2  (  1 + v  )    ×   2  {     (   ε a  −  ε b   )   2  +    (   ε b  −  ε c   )   2   }     



(5)




where, σ is the calculated axial stress, Pa; ε is the measured strain, mm mm−1; E is the modulus of elasticity, Pa;    σ v    is the Von-Mises stress, Pa;    σ 1    is the maximum principal stress, Pa;    σ 2    is the minimum principal stress, Pa; τmax is the maximum shear stress, Pa; v is the Poisson’s ratio; εa is the measured strain in the horizontal direction in triaxial gauge, mm mm−1; εb is the measured strain in 45° direction in triaxial gauge, mm mm−1; εc is the measured strain in the vertical direction in triaxial gauge, mm mm−1.



2.4.1. Static Safety Factor


The static safety factor is the ratio between the maximum stress in the part and the yield strength of the material. Based on static safety analysis, the design is categorized into 2, namely safe and unsafe. The design is statically safe if the strength of the material is greater than the maximum stress that works in that part, so the static safety factor is above 1.0. The design is unsafe if the static safety factor is less than 1.0, because the strength of the material is smaller than the maximum stress in the part. The unsafe design means that the part may fail or not function properly.



There are 3 types of stress as shown in Figure 8, so we calculated the static safety factor based on the maximum stress value from each type of stress. The maximum stress value is obtained from the highest peak because the time series stress data has so many peaks. The static safety factor based on the axial stress is calculated using Equation (6), while static safety factors based on the Von-Mises stress and maximum shear stress can be derived using Equations (7) and (8), respectively. The static safety of the design in this study was determined by the smallest value of the static safety factor for all 15 measurement spots and all variations of working conditions


  S F =    S y     σ  m a x      



(6)






  S F =    S y       (   σ v   )    m a x        



(7)






  S F =    S  s y        (   τ  m a x    )    m a x      



(8)




where, SF is the static safety factor; Sy is the yield strength, Pa; Ssy is the yield strength in shear, Pa;    σ  m a x     is the maximum of the axial stress, Pa; (   σ v   )max is the maximum of the Von-Mises stress, Pa; (τmax)max is the maximum shear stress.




2.4.2. Dynamic Safety (Fatigue Life)


Design failure does not only occur if the maximum stress value in a certain area is greater than the yield strength of the material but can also be caused by fatigue failure. The fatigue failure can occur in parts subjected to cyclic loads. The transplanting device receives the cyclic loads when the transplanter is working, so a dynamic safety analysis is also needed. The fatigue life of the transplanting device was calculated using a procedure as shown in Figure 9.



The stress data were calculated from measured strain data. The calculated stress data were converted from the time domain to the frequency domain using the rain-flow counting method. The result of the rain-flow counting is the loading cycles for each mean stress and stress amplitude. The equivalent completely reversed stress was derived from mean stress and stress amplitude using Goodman’s equation (Equation (9)).


   σ  e q   =    S u   σ a     S u  −  σ m     



(9)




where,    σ  e q     is the equivalent completely reversed stress, Pa;    S u    is the ultimate strength, Pa;    σ a    is the stress amplitude, Pa;    σ m    is the mean stress, Pa.



The damage sum was calculated by applying Palmgren–Miner’s rule of Equation (10) [13,21]. Total damage is derived from the sum of partial damage caused by all the loads acting on the part. Partial damage is the ratio between the actual applied loading cycles from the rain-flow counting result and the respective life cycles from the S-N curve for each equivalent completely reversed stress. When stress is less than the endurance limit, partial damage is 0, so fatigue failure does not occur regardless of the cycle. The fatigue life is calculated using the damage sum and the working time that caused the damage, as shown in Equation (11). The working time for each work condition in this research was 30 s.


  D =  ∑  i = 1  k     n i     N i       



(10)






   L f  =  1 D  × t  



(11)




where, D is the cumulative damage sum;    n i    is the actual applied cycles for equivalent completely reversed stress i, cycles;    N i    is the life cycles for equivalent completely reversed stress i, cycles;    L f    is the fatigue life, s; t is the working time which generates cumulative damage sum, s.



To obtain the S-N curve, the fatigue strengths for 103 cycles and 106 cycles were calculated by Equations (12) and (13), respectively, and then the S-N line was drawn, applying a linear relationship [18,21,33]. Based on the material properties of the transplanting device shown in Table 2, the calculated strengths for 103 and 106 cycles are 285 MPa and 83.51 MPa, respectively, and the S-N curve of the transplanting device is shown Figure 10.


   S f  = 0.75    S u   C T   



(12)






   S n  =  S n    ′   C L   C G   C S   C T   C R   



(13)




where,    S n    is the fatigue strength of 106 cycles for the standard material, Pa;    S n    ′    is the fatigue strength of 106 cycles for the actual component, Pa;    S f    is the fatigue strength of 103 cycles for the actual component, Pa;    C S    is the surface factor;    C G    is the gradient factor;    C L    is the load factor;    C T    is the temperature factor;    C R    is the reliability factor.






3. Results and Discussion


3.1. The Stress Data


The calculated stress data were expressed in the time domain. Figure 8 shows the shape of stress data according to planting distance. The axial stress measured from the uniaxial strain gauge is shown in Figure 8a, while Figure 8b,c show Von-Mises stress and maximum shear stress measured from the triaxial strain gauge, respectively. The repetitive movement of the transplanting device during transplanting work makes the shapes of the stress data similar, which are a regular fluctuation pattern and has many peaks. The peak stress occurs when the transplanting hopper hits the ground. The period and magnitude of peak stress differed depending on the working conditions. The shorter planting distance has more peak stress than the longer planting distance.




3.2. Static Safety


Table A1 shows the static safety factor for each location of the strain gauge under each working condition. The minimum static safety factor was 1.88 at the location of S_12, which is the link A, under the working condition of engine speed of 1250 rpm and a planting distance of 0.29 m. The location of S_12 has a lower static safety factor than other locations because link A is directly connected to the crank of the transplanting transmission and receives a high reaction force. Besides S_12, several locations have small static safety factor, such as S_5, S_6, S_7, S_14, and S_15. Nevertheless, the result shows that all locations have the static safety factor value of more than 1.0 for all working conditions. It means that the design of the transplanting device is statically safe.



Figure 11 shows the average static safety factor of the transplanting device for all planting distances according to the engine speed. The static safety factor shows a tendency to increase with the engine speed. The static safety factor was calculated using the strength of the material divided by the maximum stress in the transplanting device. The strength of the material is constant, so the maximum stress is inversely proportional to the static safety factor. It means that the increased engine speed makes the stress on the transplanting device decrease so the static safety factor increases. Figure 12 shows the average static safety factor of the transplanting device for all engine speeds according to the planting distance. Although there are some locations of a strain gauge that shows the fluctuation of the static safety factor value, it shows a tendency to increase with the planting distance. The shorter the planting distance, the stress will increase, and high peak stress will make the static safety factor smaller.



The maximum stress value in all locations of the strain gauge is lower than the strength of material, so the static safety factor value is more than 1. This result indicates that the crack will not occur because of high stress, but it can be caused by cycle loading. Therefore, the dynamic safety of fatigue life analysis must be conducted.




3.3. Dynamic Safety (Fatigue Life)


Table A2 shows the results of the fatigue life for each location of the strain gauge under each working condition. The minimum fatigue life was 49,153.3 h at the location of S_14 under the working condition of engine speed 750 rpm and planting distance of 0.35 m. The short fatigue life is caused by the high damage sum. Figure 13 shows the rain-flow counting result (Figure 13a) and damage sum (Figure 13b) for the S_14 strain gauge. From the rain-flow counting result histogram, it can be seen that only a few cycles of stress have a large range and mean, while the small stress and mean stress have so many cycles. However, most of the damage was caused by the stress, which has a large stress range and mean stress.



Figure 14 shows the average fatigue life of the transplanting device for all planting distances according to the engine speed. The fatigue life shows a tendency to increase with the engine speed. Increasing engine speed will make the stress on the transplanting device decrease and the fatigue life increase. Figure 15 shows the average fatigue life of the transplanting device for all engine speeds according to the planting distance. Although the results showed a little variation, in general, fatigue life tended to increase as the planting distance. The longer the planting distance, the fatigue life is increased because of the stress and frequency of movement cycles that can make damage decrease.



Table 3 shows the ANOVA result of fatigue life at location S_14, which is the minimum fatigue life spot, according to engine speed and planting distance. The fatigue life at location S_14 showed a significant difference according to engine speed at 5% of the significance level, while according to planting distance, the fatigue life at location S_14 did not show a significant difference at the same significance level. The interaction between engine speed and planting distance also did not show a significant effect on fatigue life.



The results show that increasing engine speed make the static safety factor and fatigue life of the transplanting device also increase. This result is different with the result from other research about safety analysis in other machines. Lee and Nam [21] conducted research about safety analysis in the tractor and the results showed that the fatigue life decreases as the engine speed increases. This is due to the difference in the transmission system in each machine. For the planting distance, the tendency is the same with other research [34].



From a literature review, the average annual usage time of vegetable transplanters in Korea is 25.5 h [29,35]. Considering the average annual usage time, the minimum fatigue life of the transplanting device was estimated to 1928 years at link D. This result is much greater when compared to the expected lifespan of the transplanting machine which is usually 10 years. Therefore, it can be concluded that the transplanting device of the 4-bar link semi-automatic vegetable transplanter can be used reliably for its expected lifetime.





4. Conclusions


A strain-based load measurement system was used to experimentally evaluate the static and dynamic safety of the transplanting device of a 4-bar link type semi-automatic vegetable transplanter. There are 13 uniaxial strain gauges and 2 triaxial strain gauges attached to the important spots to measure the strain working on the transplanting device. The field test was conducted under 4 levels of engine speeds (750, 1000, 1250, 1500 rpm) and 10 levels of planting distances (from 0.29 m to 0.47 m with an interval 0.02 m). The measured strain data was converted into stress values to analyze static safety factors and fatigue life of the transplanting device.



The main result of this research are as follows:




	
The static safety factor was more than 1.0 for all locations and working conditions. The minimum static safety factor was 1.88 at the location of S_12 under the operating condition of an engine speed of 1250 rpm and a planting distance of 0.29 m.



	
The minimum fatigue life was 49,153.3 h at the location of S_14 under the operating condition of an engine speed of 750 rpm and a planting distance of 0.35 m. Considering 25.5 h of annual usage time of vegetable transplanter, the minimum fatigue life of the transplanting device was 1928 years.



	
The stress on the transplanting device tends to decrease when the engine speed and planning distance increases. Therefore, the static safety factor and the fatigue life are increased with the engine speed and planting distance.



	
It can be concluded that the transplanting device understudy was designed to be safe statically and dynamically in the working environments. The link was directly connected to the crank of the transplanting transmission received the largest load and has the highest stress, so that part requires robust design.








In future research, we plan to do simulation tests to evaluate the static safety factor and fatigue life of the transplanting device of a 4-bar link type semi-automatic vegetable transplanter to save time and effort and make more reliable data.
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Table A1. Static safety factor in every spot of strain gauge under each working condition.






Table A1. Static safety factor in every spot of strain gauge under each working condition.





	
Engine Speed (rpm)

	
Planting Distance (m)

	
Static Safety Factor




	
S_1

	
S_2

	
S_3 (σv)

	
S_3 (τmax)

	
S_4 (σv)

	
S_4 (τmax)

	
S_5

	
S_6

	
S_7

	
S_8

	
S_9

	
S_10

	
S_11

	
S_12

	
S_13

	
S_14

	
S_15






	
750

	
0.29

	
45.46

	
39.23

	
16.00

	
16.18

	
12.60

	
11.07

	
4.17

	
4.41

	
4.96

	
13.13

	
8.34

	
10.20

	
14.58

	
6.50

	
12.22

	
4.11

	
5.37




	
0.31

	
55.67

	
47.99

	
19.53

	
19.91

	
15.32

	
14.95

	
5.43

	
5.71

	
6.44

	
16.75

	
9.42

	
9.72

	
23.77

	
8.38

	
17.32

	
5.79

	
5.31




	
0.33

	
74.29

	
55.78

	
19.68

	
19.60

	
16.32

	
15.40

	
6.00

	
6.23

	
6.96

	
17.51

	
6.99

	
9.62

	
18.87

	
8.56

	
17.86

	
5.67

	
5.41




	
0.35

	
34.21

	
30.38

	
11.01

	
11.41

	
9.20

	
10.64

	
2.95

	
3.15

	
3.57

	
9.79

	
5.96

	
7.58

	
9.10

	
4.36

	
9.68

	
2.58

	
4.93




	
0.37

	
50.26

	
33.70

	
12.75

	
13.16

	
9.26

	
10.40

	
3.50

	
3.74

	
4.35

	
12.93

	
6.64

	
8.73

	
11.91

	
5.58

	
11.85

	
3.53

	
4.94




	
0.39

	
64.55

	
51.09

	
14.51

	
15.02

	
11.00

	
13.72

	
3.58

	
3.85

	
4.49

	
14.20

	
8.35

	
10.06

	
13.66

	
6.52

	
13.16

	
3.69

	
4.93




	
0.41

	
70.34

	
55.58

	
13.66

	
14.14

	
12.06

	
11.13

	
4.34

	
4.49

	
4.94

	
12.99

	
7.93

	
8.51

	
18.77

	
6.88

	
14.17

	
4.29

	
4.97




	
0.43

	
40.35

	
24.23

	
10.21

	
10.91

	
6.42

	
7.10

	
2.88

	
3.22

	
3.64

	
8.58

	
5.32

	
6.39

	
9.61

	
4.91

	
10.40

	
3.27

	
4.92




	
0.45

	
47.85

	
42.66

	
11.21

	
11.80

	
8.86

	
10.62

	
3.78

	
3.98

	
4.45

	
10.26

	
6.62

	
7.62

	
17.82

	
6.53

	
13.07

	
4.15

	
5.14




	
0.47

	
73.07

	
52.40

	
12.08

	
12.53

	
9.57

	
10.63

	
3.84

	
4.03

	
4.48

	
12.39

	
7.83

	
8.16

	
17.77

	
6.28

	
14.43

	
4.52

	
4.90




	
1000

	
0.29

	
62.05

	
49.06

	
11.35

	
12.02

	
8.35

	
8.44

	
3.43

	
3.68

	
4.33

	
11.17

	
5.58

	
6.14

	
12.61

	
7.14

	
11.16

	
4.47

	
5.46




	
0.31

	
55.48

	
43.06

	
19.66

	
19.67

	
13.99

	
14.60

	
4.55

	
4.88

	
5.60

	
17.81

	
8.08

	
9.36

	
19.08

	
8.22

	
13.50

	
5.48

	
5.32




	
0.33

	
65.74

	
60.01

	
20.01

	
20.21

	
9.75

	
8.98

	
5.31

	
5.72

	
6.85

	
18.44

	
8.45

	
9.16

	
23.07

	
10.22

	
16.06

	
7.76

	
5.25




	
0.35

	
72.83

	
61.42

	
15.52

	
15.99

	
8.12

	
7.39

	
5.03

	
5.33

	
6.09

	
15.66

	
8.61

	
8.49

	
19.12

	
8.81

	
18.67

	
6.55

	
5.23




	
0.37

	
56.12

	
68.93

	
11.95

	
12.43

	
6.12

	
5.61

	
4.53

	
4.85

	
5.53

	
12.41

	
7.60

	
6.89

	
16.71

	
7.62

	
15.75

	
4.92

	
5.17




	
0.39

	
55.28

	
61.91

	
11.59

	
11.98

	
7.16

	
6.56

	
4.48

	
4.72

	
5.30

	
13.11

	
8.29

	
7.19

	
18.45

	
7.75

	
15.77

	
4.59

	
5.14




	
0.41

	
62.83

	
60.70

	
13.65

	
14.01

	
8.28

	
7.37

	
4.41

	
4.67

	
5.26

	
10.83

	
7.54

	
8.17

	
16.97

	
6.79

	
13.98

	
4.29

	
4.95




	
0.43

	
63.53

	
56.05

	
10.13

	
10.62

	
6.93

	
6.45

	
3.54

	
3.82

	
4.49

	
9.20

	
6.80

	
6.48

	
15.78

	
6.37

	
12.44

	
3.91

	
4.85




	
0.45

	
55.60

	
46.29

	
18.25

	
18.82

	
17.23

	
27.88

	
6.73

	
6.95

	
7.67

	
18.54

	
13.70

	
10.29

	
28.01

	
6.28

	
21.95

	
6.54

	
5.11




	
0.47

	
45.41

	
39.05

	
17.09

	
18.70

	
19.20

	
21.42

	
7.01

	
7.08

	
7.57

	
19.21

	
13.80

	
10.24

	
28.11

	
2.07

	
20.67

	
6.32

	
5.50




	
1250

	
0.29

	
34.39

	
33.23

	
15.97

	
16.87

	
16.65

	
20.83

	
5.53

	
5.89

	
6.76

	
18.64

	
8.66

	
7.87

	
18.95

	
1.88

	
16.84

	
7.38

	
5.35




	
0.31

	
58.13

	
57.35

	
15.33

	
15.85

	
13.06

	
13.41

	
5.81

	
6.15

	
6.92

	
18.72

	
10.94

	
8.67

	
12.55

	
6.73

	
17.40

	
5.67

	
5.31




	
0.33

	
46.91

	
54.78

	
17.99

	
18.47

	
16.83

	
16.21

	
6.28

	
6.54

	
7.28

	
19.09

	
10.98

	
8.91

	
12.64

	
6.22

	
17.75

	
5.69

	
5.22




	
0.35

	
62.32

	
60.46

	
10.38

	
11.07

	
9.58

	
8.56

	
4.43

	
4.67

	
5.15

	
15.82

	
8.41

	
6.40

	
15.19

	
5.53

	
12.32

	
4.47

	
5.05




	
0.37

	
58.69

	
80.42

	
15.51

	
16.30

	
15.22

	
13.66

	
5.99

	
6.26

	
6.90

	
17.79

	
11.85

	
8.80

	
19.32

	
6.25

	
16.80

	
6.28

	
5.12




	
0.39

	
50.70

	
82.18

	
11.55

	
12.36

	
10.92

	
9.72

	
5.50

	
5.67

	
6.18

	
16.49

	
9.82

	
6.93

	
17.23

	
5.41

	
16.42

	
4.33

	
4.96




	
0.41

	
67.85

	
88.82

	
14.82

	
15.64

	
14.30

	
12.79

	
5.67

	
5.83

	
6.33

	
16.78

	
10.27

	
8.20

	
22.91

	
5.56

	
17.58

	
5.02

	
5.02




	
0.43

	
75.32

	
77.35

	
25.43

	
26.29

	
25.48

	
24.39

	
7.96

	
8.49

	
9.91

	
18.24

	
13.64

	
13.45

	
19.67

	
5.73

	
32.11

	
8.73

	
4.96




	
0.45

	
89.57

	
70.81

	
16.44

	
17.25

	
15.55

	
14.19

	
6.48

	
6.68

	
7.35

	
17.41

	
12.06

	
9.49

	
22.61

	
5.88

	
20.43

	
5.24

	
5.04




	
0.47

	
92.23

	
79.36

	
11.79

	
12.49

	
11.32

	
10.09

	
5.31

	
5.36

	
5.67

	
16.81

	
10.37

	
7.32

	
20.77

	
5.40

	
16.07

	
4.02

	
4.87




	
1500

	
0.29

	
42.67

	
63.51

	
16.55

	
17.32

	
14.79

	
13.64

	
7.33

	
7.58

	
8.40

	
19.68

	
10.23

	
8.09

	
8.67

	
6.01

	
20.32

	
5.23

	
5.19




	
0.31

	
67.96

	
64.63

	
12.64

	
13.21

	
11.91

	
11.16

	
5.46

	
5.68

	
6.37

	
16.92

	
8.93

	
7.08

	
9.38

	
5.28

	
15.24

	
4.74

	
5.33




	
0.33

	
68.14

	
66.41

	
31.49

	
32.93

	
28.77

	
29.55

	
14.46

	
14.61

	
15.83

	
27.11

	
15.74

	
11.08

	
16.32

	
6.29

	
39.57

	
8.00

	
5.07




	
0.35

	
68.91

	
82.72

	
18.62

	
19.71

	
16.21

	
14.76

	
7.78

	
8.26

	
9.50

	
20.46

	
11.75

	
8.97

	
11.88

	
6.03

	
22.58

	
6.36

	
5.19




	
0.37

	
90.80

	
75.13

	
20.76

	
21.66

	
19.71

	
18.24

	
7.79

	
8.30

	
9.60

	
20.62

	
13.67

	
10.80

	
10.42

	
5.73

	
27.02

	
5.48

	
5.19




	
0.39

	
82.92

	
74.57

	
16.81

	
17.43

	
14.04

	
13.85

	
5.40

	
5.77

	
6.54

	
15.74

	
10.48

	
8.87

	
13.68

	
5.53

	
15.96

	
5.14

	
5.03




	
0.41

	
75.16

	
69.72

	
10.46

	
11.00

	
9.89

	
8.80

	
4.63

	
4.76

	
5.17

	
12.94

	
8.37

	
6.42

	
13.94

	
4.89

	
12.72

	
4.05

	
4.95




	
0.43

	
89.74

	
86.89

	
16.61

	
17.11

	
17.65

	
15.93

	
6.34

	
6.70

	
7.26

	
16.13

	
10.75

	
8.79

	
13.49

	
5.27

	
18.23

	
5.32

	
4.94




	
0.45

	
94.20

	
85.58

	
21.66

	
22.28

	
20.95

	
19.58

	
7.61

	
8.13

	
9.12

	
19.21

	
10.45

	
11.38

	
22.18

	
6.00

	
26.31

	
6.68

	
5.02




	
0.47

	
96.74

	
68.33

	
15.87

	
16.30

	
13.84

	
12.81

	
5.93

	
6.01

	
6.43

	
15.87

	
9.62

	
10.06

	
18.40

	
5.44

	
16.74

	
4.03

	
4.95











[image: Table] 





Table A2. Fatigue life in every spot of strain gauge under each working condition.






Table A2. Fatigue life in every spot of strain gauge under each working condition.





	
Engine Speed (rpm)

	
Planting Distance (m)

	
Fatigue Life (Hours)




	
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






	
750

	
0.29

	
1.54 × 1012

	
1.70 × 1012

	
5.85 × 109

	
9.96 × 108

	
9.36 × 105

	
1.43 × 106

	
3.18 × 106

	
9.32 × 107

	
3.99 × 106

	
1.09 × 107

	
6.72 × 108

	
1.41 × 107

	
2.95 × 108

	
6.89 × 105

	
1.58 × 106




	
0.31

	
5.61 × 1013

	
2.53 × 1013

	
3.86 × 1010

	
7.25 × 108

	
1.04 × 107

	
1.63 × 107

	
3.37 × 107

	
8.45 × 108

	
3.21 × 107

	
4.07 × 107

	
3.00 × 109

	
5.52 × 107

	
5.98 × 109

	
1.29 × 107

	
1.47 × 106




	
0.33

	
1.67 × 1014

	
1.31 × 1013

	
2.6 × 1010

	
7.36 × 108

	
7.99 × 106

	
1.14 × 107

	
2.17 × 107

	
4.77 × 108

	
1.32 × 107

	
3.39 × 107

	
2.08 × 109

	
4.18 × 107

	
3.82 × 109

	
4.01 × 106

	
1.68 × 106




	
0.35

	
1.39 × 1011

	
8.58 × 1010

	
4.99 × 108

	
2.62 × 108

	
1.50 × 105

	
2.38 × 105

	
5.70 × 105

	
1.18 × 107

	
7.69 × 105

	
2.53 × 106

	
2.11 × 107

	
1.71 × 106

	
5.96 × 107

	
4.92 × 104

	
1.14 × 106




	
0.37

	
2.23 × 1012

	
4.11 × 1011

	
3.32 × 109

	
4.49 × 108

	
8.03 × 105

	
1.31 × 106

	
3.31 × 106

	
7.06 × 107

	
4.06 × 106

	
1.08 × 107

	
2.40 × 108

	
9.75 × 106

	
4.67 × 108

	
4.90 × 105

	
1.37 × 106




	
0.39

	
2.66 × 1013

	
2.89 × 1012

	
8.90 × 109

	
1.08 × 108

	
1.57 × 106

	
2.30 × 106

	
4.93 × 106

	
1.03 × 108

	
6.65 × 106

	
1.36 × 107

	
1.01 × 109

	
2.14 × 107

	
1.10 × 109

	
1.03 × 106

	
1.37 × 106




	
0.41

	
9.96 × 1013

	
3.32 × 1012

	
7.48 × 109

	
4.28 × 108

	
1.40 × 106

	
2.02 × 106

	
4.25 × 106

	
1.02 × 108

	
8.56 × 106

	
1.61 × 107

	
9.42 × 108

	
2.09 × 107

	
9.23 × 108

	
1.13 × 106

	
1.39 × 106




	
0.43

	
2.53 × 1012

	
3.35 × 1010

	
6.79 × 108

	
1.30 × 108

	
1.16 × 105

	
1.92 × 105

	
4.65 × 105

	
7.31 × 106

	
5.88 × 105

	
2.13 × 106

	
2.97 × 107

	
2.70 × 106

	
4.32 × 107

	
1.71 × 105

	
1.11 × 106




	
0.45

	
2.63 × 1014

	
1.69 × 1012

	
3.16 × 109

	
3.87 × 108

	
9.29 × 105

	
1.30 × 106

	
2.59 × 106

	
5.07 × 107

	
5.66 × 106

	
1.28 × 107

	
1.49 × 109

	
1.17 × 107

	
5.69 × 108

	
1.61 × 105

	
1.43 × 106




	
0.47

	
2.62 × 1013

	
5.66 × 1012

	
2.22 × 109

	
4.87 × 108

	
7.47 × 105

	
1.01 × 106

	
1.93 × 106

	
4.21 × 107

	
4.60 × 106

	
1.23 × 107

	
8.29 × 108

	
8.90 × 106

	
4.17 × 108

	
1.13 × 106

	
1.39 × 106




	
1000

	
0.29

	
5.23 × 1012

	
2.45 × 1012

	
1.19 × 109

	
2.54 × 108

	
2.10 × 105

	
3.46 × 105

	
9.53 × 105

	
3.37 × 107

	
7.97 × 105

	
2.82 × 106

	
9.35 × 107

	
5.81 × 106

	
1.22 × 108

	
2.06 × 105

	
1.42 × 106




	
0.31

	
1.03 × 1013

	
2.01 × 1012

	
1.59 × 1010

	
3.16 × 108

	
1.52 × 106

	
2.41 × 106

	
6.01 × 106

	
2.56 × 108

	
7.50 × 106

	
1.64 × 107

	
1.28 × 109

	
3.66 × 107

	
7.27 × 108

	
1.87 × 106

	
1.35 × 106




	
0.33

	
1.85 × 1014

	
6.70 × 1013

	
5.84 × 1010

	
1.71 × 108

	
1.75 × 107

	
3.07 × 107

	
7.22 × 107

	
1.01 × 109

	
4.04 × 107

	
5.56 × 107

	
2.65 × 109

	
1.06 × 108

	
1.50 × 1010

	
2.87 × 107

	
1.30 × 106




	
0.35

	
1.26 × 1014

	
3.60 × 1013

	
8.71 × 1010

	
1.87 × 108

	
1.06 × 107

	
1.88 × 107

	
4.50 × 107

	
9.08 × 108

	
4.02 × 107

	
4.09 × 107

	
2.33 × 109

	
7.61 × 107

	
1.28 × 1010

	
1.30 × 107

	
1.25 × 106




	
0.37

	
2.30 × 1013

	
9.89 × 1012

	
1.21 × 1010

	
1.06 × 108

	
1.37 × 106

	
2.20 × 106

	
5.23 × 106

	
1.69 × 108

	
5.38 × 106

	
1.33 × 107

	
9.77 × 108

	
2.54 × 107

	
9.81 × 108

	
1.18 × 106

	
1.20 × 106




	
0.39

	
1.25 × 1013

	
2.66 × 1013

	
3.86 × 1010

	
2.44 × 108

	
1.91 × 106

	
2.93 × 106

	
6.69 × 106

	
1.33 × 108

	
8.17 × 106

	
1.70 × 107

	
1.16 × 109

	
2.88 × 107

	
1.41 × 109

	
1.18 × 106

	
1.09 × 106




	
0.41

	
1.46 × 1013

	
4.19 × 1012

	
1.42 × 1010

	
1.06 × 108

	
1.34 × 106

	
1.85 × 106

	
3.71 × 106

	
1.18 × 108

	
5.49 × 106

	
9.73 × 106

	
8.22 × 108

	
1.42 × 107

	
7.74 × 108

	
6.22 × 105

	
9.89 × 105




	
0.43

	
3.26 × 1013

	
3.29 × 1012

	
3.14 × 109

	
9.35 × 108

	
5.24 × 105

	
7.64 × 105

	
1.67 × 106

	
3.02 × 107

	
2.52 × 106

	
6.03 × 106

	
5.14 × 108

	
9.60 × 106

	
2.87 × 108

	
3.58 × 105

	
9.35 × 105




	
0.45

	
5.23 × 1015

	
1.28 × 1015

	
2.1 × 1012

	
1.53 × 1012

	
5.06 × 108

	
6.79 × 108

	
9.02 × 108

	
9.68 × 106

	
1.45 × 109

	
2.26 × 108

	
1.29 × 1010

	
3.95 × 107

	
1.23 × 1011

	
2.18 × 108

	
1.13 × 106




	
0.47

	
1.60 × 1016

	
1.34 × 1015

	
7.11 × 1011

	
1.1 × 1013

	
1.66 × 109

	
2.03 × 109

	
1.70 × 109

	
4.82 × 109

	
2.84 × 109

	
4.05 × 108

	
1.03 × 1010

	
2.72 × 107

	
1.21E+10

	
9.32E+07

	
1.15 × 106




	
1250

	
0.29

	
1.20 × 1014

	
3.43 × 1014

	
2.87 × 1011

	
7.16 × 1010

	
6.70 × 108

	
1.11 × 109

	
1.31 × 109

	
1.40 × 1010

	
1.17 × 108

	
2.41 × 107

	
2.45 × 108

	
4.10 × 107

	
3.07 × 1010

	
6.82 × 106

	
8.49 × 105




	
0.31

	
2.79 × 1013

	
7.37 × 1013

	
8.71 × 109

	
5.84 × 109

	
6.20 × 106

	
9.45 × 106

	
1.75 × 107

	
1.01 × 109

	
2.18 × 107

	
1.40 × 107

	
2.82 × 108

	
6.32 × 106

	
2.14 × 109

	
1.68 × 106

	
8.71 × 105




	
0.33

	
2.32 × 1013

	
2.12 × 1012

	
1.59 × 1010

	
2.91 × 1010

	
1.19 × 107

	
1.78 × 107

	
3.24 × 107

	
2.27 × 109

	
3.16 × 107

	
1.93 × 107

	
4.52 × 108

	
4.19 × 106

	
3.88 × 109

	
3.30 × 106

	
8.28 × 105




	
0.35

	
3.53 × 1012

	
5.87 × 1012

	
3.91 × 109

	
4.73 × 109

	
7.79 × 105

	
1.14 × 106

	
2.27 × 106

	
2.38 × 108

	
5.49 × 106

	
7.02 × 106

	
2.49 × 108

	
1.35 × 106

	
2.46 × 108

	
3.05 × 105

	
7.83 × 105




	
0.37

	
2.13 × 1014

	
1.01 × 1014

	
5.46 × 1010

	
1.25 × 1011

	
1.02 × 107

	
1.58 × 107

	
3.06 × 107

	
1.30 × 109

	
3.88 × 107

	
3.20 × 107

	
1.21 × 109

	
4.71 × 106

	
3.86 × 109

	
2.32 × 106

	
1.02 × 106




	
0.39

	
5.61 × 1013

	
3.53 × 1013

	
2.37 × 1010

	
3.97 × 1010

	
4.05 × 106

	
6.12 × 106

	
1.22 × 107

	
5.43 × 108

	
1.72 × 107

	
1.78 × 107

	
8.16 × 108

	
2.74 × 106

	
2.58 × 109

	
8.46 × 105

	
9.12 × 105




	
0.41

	
5.17 × 1014

	
3.15 × 1013

	
1.83 × 1010

	
2.98 × 1010

	
4.51 × 106

	
6.36 × 106

	
1.12 × 107

	
4.57 × 108

	
1.79 × 107

	
2.14 × 107

	
1.03 × 109

	
2.22 × 106

	
2.10 × 109

	
6.48 × 105

	
9.36 × 105




	
0.43

	
3.70 × 1015

	
5.56 × 1014

	
2.03 × 1011

	
8.1 × 1011

	
7.64 × 107

	
1.20 × 108

	
2.53 × 108

	
2.50 × 109

	
4.08 × 108

	
2.26 × 108

	
4.45 × 109

	
6.19 × 106

	
1.03 × 1011

	
1.88 × 107

	
9.65 × 105




	
0.45

	
3.68 × 1015

	
9.41 × 1012

	
5.06 × 1010

	
1.77 × 1011

	
1.80 × 107

	
2.46 × 107

	
4.58 × 107

	
1.44 × 109

	
9.26 × 107

	
8.75 × 107

	
2.24 × 109

	
3.67 × 106

	
1.02 × 1010

	
2.54 × 106

	
9.29 × 105




	
0.47

	
5.55 × 1014

	
1.87 × 1013

	
8.27 × 109

	
1.88 × 1010

	
3.43 × 106

	
4.34 × 106

	
6.91 × 106

	
4.50 × 108

	
1.90 × 107

	
2.03 × 107

	
6.66 × 108

	
1.81 × 106

	
1.78 × 109

	
3.67 × 105

	
7.78 × 105




	
1500

	
0.29

	
7.38 × 1012

	
1.55 × 1013

	
1.9 × 1010

	
2.31 × 1010

	
2.89 × 107

	
4.01 × 107

	
7.12 × 107

	
1.50 × 109

	
1.64 × 107

	
7.97 × 106

	
8.65 × 106

	
1.01 × 106

	
4.14 × 109

	
2.10 × 105

	
6.01 × 105




	
0.31

	
2.40 × 1013

	
1.07 × 1013

	
5.99 × 109

	
5.74 × 109

	
2.45 × 106

	
3.45 × 106

	
6.74 × 106

	
3.83 × 108

	
7.43 × 106

	
6.05 × 106

	
1.93 × 107

	
5.39 × 106

	
7.13 × 108

	
2.01 × 105

	
6.42 × 105




	
0.33

	
1.02 × 1016

	
2.25 × 1015

	
2.21 × 1012

	
6.58 × 1012

	
4.26 × 109

	
1.04 × 1010

	
1.01 × 1010

	
1.39 × 1010

	
3.01 × 108

	
3.86 × 107

	
1.68 × 108

	
3.27 × 106

	
3.12 × 1011

	
2.82 × 106

	
6.66 × 105




	
0.35

	
3.99 × 1012

	
3.97 × 1013

	
7.59 × 1010

	
4.73 × 1010

	
1.25 × 108

	
2.05 × 108

	
3.36 × 108

	
3.41 × 109

	
1.05 × 108

	
2.22 × 107

	
2.04 × 108

	
2.26 × 106

	
3.22 × 1010

	
1.74 × 106

	
7.17 × 105




	
0.37

	
1.19 × 1014

	
1.28 × 1014

	
1.07 × 1011

	
1.73 × 1011

	
3.89 × 107

	
6.50 × 107

	
1.34 × 108

	
3.34 × 109

	
8.75 × 107

	
3.56 × 107

	
6.02 × 108

	
2.88 × 106

	
2.62 × 1010

	
3.78 × 106

	
8.32 × 105




	
0.39

	
1.17 × 1013

	
1.54 × 1013

	
1.86 × 1010

	
5.87 × 1010

	
4.10 × 106

	
6.49 × 106

	
1.50 × 107

	
5.34 × 108

	
1.78 × 107

	
1.52 × 107

	
4.36 × 108

	
1.43 × 106

	
2.14 × 109

	
5.79 × 105

	
7.33 × 105




	
0.41

	
3.69 × 1012

	
4.46 × 1012

	
3.37 × 109

	
8.99 × 109

	
1.07 × 106

	
1.48 × 106

	
2.76 × 106

	
1.25 × 108

	
4.51 × 106

	
6.58 × 106

	
1.84 × 108

	
1.01 × 106

	
2.62 × 108

	
1.96 × 105

	
6.85 × 105




	
0.43

	
6.29 × 1013

	
1.20 × 1014

	
4.05 × 1010

	
1.5 × 1011

	
1.54 × 107

	
2.40 × 107

	
4.90 × 107

	
1.23 × 107

	
5.79 × 107

	
4.66 × 107

	
8.97 × 108

	
1.88 × 106

	
6.46 × 109

	
1.73 × 106

	
8.13 × 105




	
0.45

	
1.93 × 1015

	
4.98 × 1013

	
7.71 × 1010

	
4.11 × 1011

	
5.58 × 107

	
8.98 × 107

	
1.86 × 108

	
2.54 × 109

	
6.18 × 107

	
1.09 × 108

	
1.75 × 109

	
4.13 × 106

	
2.33 × 1010

	
5.88 × 106

	
8.97 × 105




	
0.47

	
4.91 × 1014

	
7.56 × 1012

	
7.84 × 109

	
5.04 × 1010

	
6.97 × 106

	
9.24 × 106

	
1.50 × 107

	
6.65 × 108

	
7.62 × 106

	
2.18 × 107

	
4.94 × 108

	
1.77 × 106

	
1.64 × 109

	
3.75 × 105

	
8.14 × 105
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Figure 1. The shape of the 4-bar link type semi-automatic vegetable transplanter. 
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Figure 2. The trajectory of the hopper end of the transplanting device: (a) at stationary condition, (b) at mobile condition. 
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Figure 3. (a) The shape of transplanting device, (b) 4-bar mechanism of transplanting device of the 4-bar link type semi-automatic vegetable transplanter. 
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Figure 4. The type of strain gauge used in this study: (a) uniaxial strain gauge, (b) triaxial strain gauge. 
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Figure 5. Location of attached strain gauge on transplanting device. 
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Figure 6. The load measurement system on the 4-bar link type semi-automatic vegetable transplanter. 
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Figure 7. A view of the experimental site. 
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Figure 8. The shape of time series stress data at 750 rpm of engine speed: (a) axial stress at S_8, (b) Von-Mises stress at S_3, (c) maximum shear stress at S_3. 
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Figure 9. The procedure of fatigue life calculation for the transplanting device. 
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Figure 10. An S-N curve for the transplanting device material. 
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Figure 11. The average static safety factor of the transplanting device according to the engine speed. 
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Figure 12. The average static safety factor of the transplanting device according to the planting distance. 
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Figure 13. (a) Rain-flow counting result and (b) Damage sum histogram of strain gauge S_14 when engine speed is 750 rpm and planting distance is 0.35 m. 
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Figure 14. The average fatigue life of the transplanting device is according to the engine speed. 
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Figure 15. The average fatigue life of the transplanting device according to the planting distance. 
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Table 1. Specifications of the 4-bar link type semi-automatic vegetable transplanter.
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Items

	
Specifications






	
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




	
Plant spacing

	
mm

	
300–500




	
Rated working speed

	
m/s

	
0.2–0.4




	
Working efficiency

	
h/m2

	
0.08
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Table 2. Mechanical properties and modifying factors of Steel alloy 1020.
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	Item
	Steel Alloy 1020





	Density, ρ (kg/m3)
	7.85 × 103



	Modulus of elasticity, E (GPa)
	207



	Poisson’s Ratio, ν
	0.3



	Yield strength, Sy (MPa)
	210



	Yield strength in shear, Ssy (MPa)
	105



	Ultimate strength, Sut (MPa)
	380



	Fatigue strength of 106 cycles, Sn (MPa)
	190



	Load factor (CL)
	1.0



	Gradient factor (CG)
	0.7



	Surface factor (CS)
	0.7



	Temperature factor (CT)
	1.0



	Reliability factor (CR)
	0.897
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Table 3. The ANOVA result of fatigue life at location S_14 according to engine speed and planting distance.
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	Source of Variation
	SS
	df
	MS
	F
	F Crit
	p-Value





	Sample (engine speed)
	2.49 × 1016
	3
	8.31 × 1015
	3.17
	2.72
	0.03



	Columns (planting distance)
	3.35 × 1016
	9
	3.72 × 1015
	1.42
	1.99
	0.19



	Interaction
	1.01 × 1017
	27
	3.75 × 1015
	1.43
	1.63
	0.11



	Within
	2.1 × 1017
	80
	2.63 × 1015
	
	
	



	Total
	3.7 × 1017
	119
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