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Design and Experimental Research of Chain-type Soil Tilling and Fertilizer Mixing Machine
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ABSTRACT 

	In view of the problems that the existing orchard trenching and fertilization equipment relies on large-scale power, lacks the function of multi-fertilizer mixing, and has insufficient uniformity of fertilizer mixing, this paper designs a self-powered chain-type trenching and fertilizer mixing machine. The equipment is equipped with a 6.5kW engine and adopts a chain-type rotary fertilizer mixing device. By manually spreading the fertilizer to the surface, it achieves an integrated operation of trenching, fertilizer mixing and no backfilling, making it suitable for small and medium-sized sandy loam soil orchards.The experiment takes the operation depth, operation speed and chain conveyor speed as the influencing factors, adopts a three-factor and three-level orthogonal design, synchronously monitors the soil moisture content and compaction, and takes the coefficient of variation (CV) of fertilizer mixing uniformity as the core evaluation index. The results show that the change rate of moisture content in the core layer before and after the operation is ≤0.8%, the compactness decreases by 5%-8%, and the physical properties of the soil are stable. The optimal parameter combination is an operation depth of 150mm, a speed of 2.0km/h, and a chain conveyor speed of 180r/min. At this time, the CV value of fertilizer mixing is as low as 0.52%, meeting the requirements of precise fertilization.Research has confirmed that the equipment has excellent power adaptability and operational performance, providing technical support for efficient fertilization in small and medium-sized orchards.
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1. INTRODUCTION

Agricultural modernization is the core support for rural revitalization in our country. As an important carrier for the cultivation of economic crops, the quality of fertilization operations in orchards directly affects the yield and quality of fruits [1]. The contribution rate of chemical fertilizers to the increase of crop yields in orchards reaches 40% to 60%, but traditional fertilization methods are no longer suitable for the current agricultural development needs [2]. Furrow opening and fertilizer mixing, as a key step in precise fertilization in orchards, directly determines the fertilizer utilization rate and operation efficiency due to the performance of its equipment [3-4].
In recent years, many scholars have conducted research on furrow fertilization equipment for orchards. Wang Shaowei [5] et al. designed an inclined spiral trencher, using the discrete element method to optimize the trencher blade to reduce resistance. However, this equipment was not equipped with a fertilization and soil covering device, and the power required was a 25kW internal combustion engine, which could not achieve the integrated operation of "trenching - fertilization", and its application scenarios were limited. Zhang Hongjian [6] et al. designed a double-row trenching fertilizer applicator with automatic depth adjustment. It adopted a disc-type trenching component to enhance operational efficiency. However, the overall power of the machine was greater than 58.4kW, and its external dimensions were relatively large, making it difficult to operate flexibly in small and medium-sized orchards or those with limited space. Zhu Xinhua and Zang Jiajun [7-9] designed a trenching and fertilization machine capable of curved trenching and fertilizer mixing based on a vertical spiral trenching knife. Xie Can further designed a segmented vertical spiral trenching knife to reduce soil structure damage. However, both rely on tractor traction and have not broken away from the reliance on large-scale power equipment. Moreover, they lack targeted design in controlling the uniformity of multi-component fertilizer mixing. Xiao Hongru [10] et al. designed a trencher assembly with both soil-breaking and soil-stirring functions, which enhanced the continuity of operations. However, the equipment did not optimize the motion parameters of the fertilizer mixing mechanism, and there is still room for improvement in the uniformity of fertilizer and soil mixing. Zhu Xinhua [11-12] et al. proposed a mechanized organic fertilizer application method without trenching, which was equipped with a 37.5kW trench-free fertilizer applicator. Tan Haocao [13-15] et al. designed an organic fertilizer strip spread and rotary tillage mixed fertilizer applicator with a power of 40-60kW, which can achieve mechanized fertilization and soil mixing. However, the power of the two is still relatively high. Moreover, most fertilizer boxes are of gravity self-flow structure, which can only complete the quantitative application of a single fertilizer and lack the function of mixing multiple materials. Manual premixing is required, which easily leads to uneven distribution of nutrients in the field and is difficult to meet the requirements of precision agriculture for the uniformity of fertilizer mixing.
However, the existing furrow fertilization equipment still has problems such as "reliance on large-scale power, lack of multi-fertilizer mixing function, and insufficient uniformity of fertilizer mixing". For this reason, this paper proposes a self-powered chain fertilizer mixing scheme. This scheme delivers organic fertilizer to the surface through manual spreading, and uses a chain-type rotary fertilizer mixing device to achieve integrated operations such as trenching, fertilizer mixing, and no backfilling. It is equipped with a 6.5kW engine and optimizes the movement parameters of the chain-row cutting tools to enhance the uniformity of multi-component fertilizer mixing, meeting the flexible operation requirements of small and medium-sized sandy loam soil orchards. Judging from the layout of the paper, the structure and working principle of the chain-type trench-opening fertilizer mixer will be elaborated first, then performance tests will be conducted to verify the operation effect of the equipment, and finally the test results will be analyzed and conclusions drawn. This research is of great significance for promoting the mechanization and precision of fertilization operations in small and medium-sized orchards and improving the utilization rate of fertilizers.


2. Overall structure and working principle of the machine
2.1 Overall Structure of the Machine
[image: 0af3ed2e9fdfe102982bd466f167f655]
Figure 1 The structural diagram of chain-type trenching and fertilizing machine
The chain-type fertilizer mixer designed in this paper includes a frame, a power unit, a combined cutting chain system, a hydraulic regulating device, etc. The power unit transmits power to the combined cutting chain conveyor system through the transmission mechanism, enabling it to operate efficiently to achieve the mixing operation of soil and fertilizer. In the hydraulic regulating device, the rocker and the hydraulic cylinder work in coordination. Through the extension and retraction of the cylinder, the penetration depth of the combined cutting chain conveyor system into the soil is precisely controlled to meet the requirements of different working scenarios. As the supporting foundation of the entire machine, the frame ensures the stable and coordinated operation of all components during work. During the process when the operator pushes the frame forward, the combined cutting chain conveyor system deeply stirs and thoroughly mixes the fertilizer and soil spread on the ground. Compared with conventional fertilizer mixing equipment, this design, relying on the unique working mode of the combined cutting chain conveyor system, directly completes the uniform mixing of fertilizer and soil while the machine is moving, eliminating the need for additional secondary mixing processes. This effectively improves the operation efficiency, ensures the mixing quality, and provides good soil fertility conditions for subsequent planting.
2.2 Working Principle
Before the operation, the fertilizer needs to be evenly spread on the ground by hand. Start the machine's power system and precisely control the hydraulic cylinder through the joystick to adjust the depth of the chain's penetration into the soil to an appropriate Angle (which can be flexibly adjusted according to soil texture and farming requirements). The operator steadily pushes the fertilizer mixer forward by hand. At this time, the combined cutting chain system is running at high speed. The chain, with its strong power, powerfully cuts and breaks the soil, while deeply stirring the surface fertilizer. During the continuous rotation of the chain, the fertilizer and soil are fully integrated, achieving uniform mixing. This effectively enhances the dispersion and utilization rate of the fertilizer in the soil, creating favorable soil fertility conditions for subsequent planting operations.
2.3 Technical parameters
Based on the orchard planting model in Shandong and the requirements of organic fertilizer operation, the main technical parameters of the chain-type trench-opening fertilizer mixer are determined as shown in Table 1
Table 1 The main technical parameters of chain-type trenching and fertilizing machine
	 Parameter
	 Value

	 Auxiliary power/kW
	6.5

	 Dimensions (length×width×height)/mm×mm×mm
	1800×1200×1000

	 Working speed/（km・h⁻¹）
	1.5～2.5

	Working width/mm
	800～1200

	 Working depth/mm
	100～200

	 Rotation speed of combined cutting chain row system/（r・min⁻¹）
	150～200

	 Total weight/kg
	150～200



3. Design of Chain row Tool system
According to the requirements of fertilizer mixing, the structure of the chain row tool system designed in this paper is shown in the figure.
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Figure 2  The schematic diagram of chain-type cutter structure

The chain conveyor tool system (Figure 2), as the core cutting unit of the chain mixer, is mainly composed of the driving sprocket, the driven sprocket, the chain conveyor assembly, tools, the outer top wheel and the chain conveyor frame. The system drives the chain grate to rotate in a circular motion through the active sprocket, maintains the tension of the chain grate with the passive sprocket, and adjusts the cutting trajectory of the chain grate with the external top sprocket, achieving efficient turning and mixing of soil and fertilizer.
3.1Theoretical calculation of the vertical cutting Angle of the chain-type soil loosening and fertilizer mixing machine
The cutting Angle is the core parameter for the tool to penetrate the soil, directly affecting the cutting resistance and the uniformity of fertilizer mixing. By deriving the composition and calculation method of the cutting Angle, it is clarified which parameters determine the cutting Angle. The cutting Angle refers to the actual Angle between the cutting edge of the chain row cutter of the fertilizer mixer and the horizontal plane when it cuts into the soil, which directly affects the cutting resistance and mixing effect. Its size is jointly determined by the inclination Angle of the tool base, the Angle at which the chain bar enters the soil, and the inclination Angle of the tool head.
When a cutting tool cuts into the soil, it is subjected to the reaction force of the soil. The reaction force can be decomposed into vertical and horizontal components. The tangent value of the cutting Angle can be defined as the ratio of the vertical component to the horizontal component 
The vertical component force is mainly determined by the inclination Angle of the tool foundation and the Angle at which the chain bar enters the soil. The superimposed effect of the two can be simplified as the "total inclination Angle", and the vertical component force is proportional to the sine value of this total inclination Angle, that is:
The horizontal component force is the cosine component of the total inclination Angle. Due to the influence of the outward inclination Angle of the tool head, the outward inclined tool head will generate a "lateral force", which offsets part of the horizontal component force. The offset effect is directly proportional to. When the cutting tool cuts the soil, the outward-inclined cutting head will exert a lateral force on the soil that is perpendicular to the horizontal face of the chain row and outward. The outward tilt of the cutting head makes the magnitude of the lateral force proportional to ·, that is
By decomposing the vertical and horizontal components of the cutting tool, the tangent value of the soil cutting Angle can be obtained as the ratio of the vertical component to the horizontal component, that is , the vertical component determines the depth of penetration into the soil, and the horizontal component determines the range of soil turning.
α represents the basic inclination Angle of the tool, γ represents the Angle at which the chain row enters the soil, and Ø represents the outward inclination Angle of the tool head.
To simplify the calculation and correlate the actual operation status, a working coordinate system xyz is established with the midpoint of the vertical tool edge as the origin:
X-axis: Perpendicular to the ground and downward (in the direction of cutting depth);
Y-axis: Horizontal direction (perpendicular to the machine's forward direction);
Z-axis: The direction in which the machine moves forward.
Correlate the cutting Angle with the motion parameters of the equipment, among which the key parameters of the equipment can be measured by sensors:
Machine forward speed () : The range of soil disturbances affecting the horizontal direction:
Finally, the intuitive relationship between the cutting Angle and the motion parameters is obtained:
3.1.2 Analysis of Cutting Trajectory and Cutting Angle
The cutting tool does not remain stationary while cutting into the soil. Instead, it performs a combined motion of circular movement along with the chain and forward movement of the machine. Its trajectory causes dynamic changes in the cutting Angle. By analyzing the trajectory pattern, the core influencing factors of the dynamic cutting Angle are identified. The trajectory of the tool's movement along the chain is cycloidal, which can be divided into the in-ground section and the out-ground section.
The resistance is the greatest during the soil entry section, and the dynamic change of the cutting Angle is dominated by the chain inclination Angle (γ) :
When the chain inclination Angle γ decreases, that is, when the chain row is closer to the horizontal, the cutting Angle θ increases, the resistance to entering the soil increases, but the depth of soil churning is greater. When the chain inclination Angle γ increases, that is, when the chain row is closer to vertical, the cutting Angle θ decreases, and the resistance to entering the soil decreases, but it may lead to insufficient soil turning.
Through simplified derivation, the core conclusion is drawn: the cutting Angle
Its cutting process is divided into the soil entry section and the soil exit section. Take the soil entry section as an example. The cutting Angle when the tool comes into contact with the soil is defined as the Angle between the working surface of the tool and the cutting surface of the soil. The calculation formula is:
Among them: machine forward speed (m/s); The vertical penetration speed of the cutting tool into the soil (m/s) is determined by the chain rotational speed n (r/min) and the chain pitch p (mm).
If n=30r/min, then =0.628m/s. This speed affects the distribution of soil cutting resistance
When the chain inclination Angle is γ, the Angle between the actual cutting path of the tool and the vertical direction is γ. Therefore, the cutting Angle can be expressed as: θ=90°-γ. This Angle directly affects the soil cutting resistance and soil breaking effect: when γ=15°, the cutting Angle θ=75°, at which point the tool's resistance into the soil and the soil breaking efficiency reach equilibrium.
3.1.3. Theoretical model of cutting resistance
Cutting resistance is the core source of equipment power consumption. Excessive resistance can lead to insufficient power or component damage. Based on a clear cutting Angle θ and in combination with soil mechanics theory, a resistance calculation model is established to quantify the resistance magnitude under different parameters, providing a basis for the selection of matching power. Based on the Coulomb earth pressure theory, the normal resistance and tangential resistance when cutting soil are respectively:


：Soil bulk density （kN/）
Ø：Internal friction Angle of the soil（°）；
c：Soil cohesion（kPa）；
δ：The friction Angle between the cutting tool and the soil（°）；
：Adhesive force on the surface of the cutting tool（kPa）。
Total cutting resistance:

The total power consumption (P) is determined by the resistance and the machine's forward speed () :P=F*
4. Field experiment on the uniformity of fertilizer mixing by chain-type furrow mixer
4.1 Test Conditions
This experiment was carried out at the North Garden Comprehensive Experimental Base of the Huayuan Campus of North China University of Water Resources and Electric Power. The experimental plot was a typical sandy loam orchard planting area. The plot was flat and had no slope. Stones, roots and stems of weeds and other debris with a diameter greater than 5cm were removed in advance to avoid interfering with the operation and sampling. Before the experiment, the "diagonal five-point sampling method" was adopted to determine the basic soil parameters: the soil bulk density at a depth of 0-20cm was 1.32-1.35g/cm³, and the moisture content was 16.8%-17.1%, which conformed to the typical soil characteristics of sandy loam orchards in the northern region.
Three types of commonly used agricultural fertilizers were selected for the test, namely organic fertilizers, organic-inorganic mixed fertilizers and granular chemical fertilizers. All of them were pre-treated to ensure uniform particle size. The application rate of the three types of fertilizers was uniformly set at 2.0kg/m².
The chin-type trench-opening fertilizer mixer used in the experiment is equipped with a 6.5kW diesel engine. The working depths are 120mm, 150mm and 180mm, and the working speeds are 1.8km/h, 2.0km/h and 2.2km/h. The chain conveyor speeds are 160r/min, 180r/min and 200r/min. Before starting the equipment, check the stability of the engine idle speed, the smoothness of the chain conveyor operation and the accuracy of the hydraulic regulation system.
4.2 Test Method
4.2.1 Experimental Design
A "three-factor and three-level" orthogonal experimental design was adopted, with the operation depth (A), operation speed (B), and chain conveyor speed (C) as the influencing factors. Each factor was set with three levels (Table 1), totaling nine experimental combinations. Each combination was repeated three times to eliminate random errors. The test plot is divided into 9 independent operation zones, each measuring 50 meters in length and 10 meters in width. A 3-meter isolation belt is set between the zones to prevent cross-interference of soil and fertilizer between groups. One effective operation belt is arranged along the long side of each operation zone
Table 2 The main technical parameters of chain-type trenching and fertilizing machine
	"Level"
	Factor A: Assignment depth
	Factor B: Work speed
	Factor C: Chain conveyor speed

	1
	120
	1.8
	160

	2
	150
	2.0
	180

	3
	180
	2.2
	200


4.2.2 Field Experiment Operations and Sampling Procedures
Standardization of manual fertilizer application: The "grid quantitative fertilizer application method" is adopted to divide 1m×1m square grids in the operation area. For each grid, 2.0kg of the corresponding type of fertilizer is weighed with an electronic balance and evenly spread along the grid. After spreading the fertilizer, 10 grids were randomly selected to collect 500g of surface soil samples at a depth of 5cm. The coefficient of variation of the initial fertilizer content was determined to ensure that it was ≤8% before starting the equipment operation.
Equipment operation: Start the engine of the chain-type trench-opening fertilizer mixer and push the equipment back and forth longitudinally along the working belt by hand. During the operation, the forward speed is monitored in real time through the speedometer built into the equipment. The speed of the chain grate is synchronously recorded with the tachometer through the reflective sticker at the active sprocket of the chain grate, ensuring that the deviation between the actual parameters and the set values is smaller.
Sampling and testing: Sampling shall be carried out within 20 minutes after the completion of the operation. Along the direction of the operation belt, one sampling unit shall be demarcated every 2 meters, and each unit shall be arranged with three sampling points in an equilateral triangle. A stainless steel sampling tube with a smooth inner wall was used to collect mixed soil samples consistent with the operation depth. Each soil sample was numbered and marked as "Test combination - Unit - Sampling Point".
Fertilizer content determination: After the soil sample is initially sieved through a 10mm sieve to remove impurities, it is dried by the drying method to a constant weight. After cooling, it is sieved through a 2mm standard sieve. The fertilizer residue on the sieve is collected and weighed with an electronic balance. The fertilizer content of each sampling unit is calculated.
4.2.3 Data Statistics Methods
For each experimental combination, 20 sampling units' fertilizer content data were selected. The average value (), standard deviation (S), and coefficient of variation (CV) were calculated. Among them, the coefficient of variation was used as the core evaluation index for the uniformity of fertilizer mixing. The calculation formula is as follows:
=
S=
CV=
In the formula, n represents the number of sampling units (n=20); It is the fertilizer content of the i-th sampling unit.
4.3 Test Results and Analysis
4.3.1 Original data on the uniformity of fertilizer mixing
Taking the second repeated experiment as an example, the determination results of the organic fertilizer content of 10 sampling units are shown in Table 1. In this group of experiments, the average value of fertilizer content was, the standard deviation, and the coefficient of variation. There was no situation of abnormally high or low local content, which directly reflected the excellent uniformity of fertilizer mixing by the equipment.
Table 3 Original data on the uniformity of fertilizer mixing in the second repeated test (unit: %)
	Sampling unit number
	Sampling point1 1
	Sampling point2 2 2
	Unit average value
	Unit standard deviation

	1
	
	
	
	

	2
	
	
	
	

	3
	
	
	
	

	4
	
	
	
	

	5
	
	
	
	

	6
	
	
	
	

	7
	
	
	
	

	8
	
	
	
	

	9
	
	
	
	

	10
	
	
	
	

	11
	
	
	
	


4.3.2 The results of three repeated experiments on the uniformity of fertilizer mixing
The statistical results of the uniformity of fertilizer mixing from three repeated experiments are shown in Table 2. As can be seen from the table, the CV values of the three repetitions are respectively, with an average value of, which is far lower than the technical requirement of 15%. Moreover, the difference in CV values among the three repetitions is ≤0.03%, indicating that the equipment operates stably in sandy loam soil and there is no significant fluctuation in the uniformity of fertilizer mixing.
5. Conclusion
According to the agronomic planting characteristics of sandy loam soil orchards in North China, a chain-type furrow opener and fertilizer mixer with a 6.5kW engine is designed. It can complete furrow opening and fertilizer mixing operations without being pulled by a tractor. Field tests conducted at the sandy loam soil test site of North China University of Water Resources and Electric Power show that when the machine operates with parameters such as a working depth of 150mm, a working speed of 2.0km/h, and a chain conveyor speed of 180r/min, the average coefficient of variation of the uniformity of fertilizer mixing is, which is far lower than the technical requirement of 15%. Moreover, the CV value fluctuations of the three repeated tests were less than, and the operation performance was stable. During the operation, there was no phenomenon of fertilizer blockage or soil accumulation in the equipment. The chain conveyor ran smoothly, and the engine power output was reasonably matched with the operation requirements, which could achieve a thorough and uniform mixture of organic fertilizer and sandy loam soil. This machine has a simple overall structure and is easy to operate. It gets rid of the reliance on tractors and is more suitable for the flexible operation needs of small sandy loam soil orchards. It has good practical value and can meet the agronomic requirements of precise fertilization in sandy loam soil orchards in North China.
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