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Design and experiments 
with a single spiral fixed depth 
ditching and fertilizing machine
Caixue Zhan 1, Wenqin Ding 1, Yu Han 1, Qinghai Jiang 1, Ying Zhao 1, Liang Zhao 2 & 
Zhiyu Song 1*

Aiming at the problems of low fertilization efficiency, mainly the process operation and inconsistent 
fertilization depth of domestic tea garden fertilizer machines, a single-spiral fixed depth ditching and 
fertilizing machine is appropriately designed. This machine is capable of performing the integrated 
operation of ditching, fertilization, and covering soil at the same time through the operation mode 
of single-spiral ditching and fertilization. The theoretical analysis and design of the structure of 
the main components are properly carried out. The fertilization depth can be adjusted through the 
established depth control system. The performance test reveals that the single-spiral ditching and 
fertilizing machine exhibits a maximum stability coefficient of 96.17% and a minimum of 94.29% in 
terms of trenching depth and a maximum of 94.23% and a minimum of 93.58% in terms of fertilization 
uniformity, meeting the production requirements of tea plantations.

Fertilizer application is one of the crucial aspects of crop production, the quality of fertilizer application directly 
influences the growth of crops, and reasonable fertilizer application is commonly regarded as one of the important 
measures to ensure high quality and high yield of  crops1–4. The main method of ditching and fertilizing in China 
is to build a trench with a rotary tiller, then utilize a fertilizer spreader or spread the fertilizer manually, and 
finally do soil tillage by  hand5–7. This fertilization approach tends to have relatively low fertilizer use efficiency 
and residual fertilizer left on the surface, which could easily pollute the  environment8,9. A suitable fertilization 
situation is able to improve the fertilizer utilization  ratio10,11. A fertilization position that is too far from the roots 
could easily lead to poor crop absorption and a low fertilizer ratio, and a fertilization position that is too close 
to the roots could easily result in root burning fertilizer problems. Research by agronomists has revealed that 
a reasonable fertilization position ensures maximum absorption of fertilizer by crop roots, improves fertilizer 
utilization ratio and is crucial for lessening the fertilizer  rate11–14.

Foreign developed countries have the early start of research on fertilizing machines, and the development of 
their ditching machines has led to the rapid development of ditching and fertilizing devices, experiencing several 
stages of share plows, rotary ditchers, and chain  ditchers15–17. The start of ditching and fertilizing machines was 
relatively late in the country, with rotary furrow fertilizing machines being mainly  used18. Xiao et al.19 developed 
a double spiral ditch and fertilizer machine for gardens, which is used in conjunction with a tractor to apply 
fertilizer evenly and can meet the agronomic needs of garden fertilization. Gaomi Yifeng Machinery Co., Ltd. 
produced a self-contained multi-purpose fertilization device, which passes through a screw fertilizer distributor 
to adjust the amount of fertilizer planting and a crawler chassis with good passing performance. Shen Congju 
et al.20 developed a self-propelled gas deep loosening fertilization device for gardens, which solved the technical 
problems of fertilizer punching and dosing in hard ground, and a theoretical basis and technical support for the 
development of a gas explosion deep loosening fertilizing machine for  orchard21.

From the results of research works inside and outside the country, it is clear that domestic fertility machines 
are mainly one-process operations and lack automatic depth adjustment devices. Foreign ditching and fertilizing 
machines are more advanced, but they are expensive and do not meet the operational needs of our country. In 
the present paper, a spiral fixed-depth ditching and fertilizing machine is designed, which could appropriately 
perform the integrated operation of ditching, fertilization, and covering soil, and can automatically adjust the 
fertilization depth to achieve constant depth fertilization, in order to enhance the operational efficiency and 
fertilization effect of the ditching and fertilizing machine. This article is divided into four parts, where the first 
part gives an introduction to the current state of research on fertilizing machines. The second part is aimed to 

OPEN

1Ministry of Agriculture and Rural Affairs, Nanjing Institute of Agricultural Mechanization, Nanjing 210014, 
China. 2College of Mechatronics Engineering, Nanjing Forestry University, Nanjing 210037, China. *email: 
songzhiyu@caas.cn

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-34464-6&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |         (2023) 13:7798  | https://doi.org/10.1038/s41598-023-34464-6

www.nature.com/scientificreports/

design the mechanical structure and control system of the fertilizing machine. The third part deals with the ditch 
test, fertilization test, and field test. The fourth part summarizes the whole article and the main obtained results.

Materials and methods
Complete machine structure and working principle. Complete machine structure. In order to im-
prove the fertilization efficiency, along with the agricultural needs of tea planting, a single-spiral fixed depth 
ditching and fertilizing machine is appropriately designed, where the corresponding whole structure is schemat-
ically illustrated in Fig. 1. It essentially consists of a tractor, transmission mechanism, fertilizer box frame, screw 
fertilizer distributor, fertilizer box, fertilizer delivery pipe, fixed depth ground wheel, grass scraper, ditching and 
fertilizing mechanism, spiral blade, etc. The main technical parameters are also presented in Table 1.

Working principle. The depth of the ditching is predetermined according to the agronomic requirements of 
fertilization before working the ditching and fertilizing machine operates. During ditching and fertilization, the 
tractor pulls the ditching and fertilizing device forward, the ditching and fertilizing machine cuts into the soil, 
the fertilizer is discharged through the screw fertilizer distributor and transported to the ditching and fertilizing 
mechanism through the fertilizer delivery pipe, and finally falls into the furrow cut by the ditching and fertilizing 
mechanism. At the same time, the soil falls back to complete the covering soil, realizing the integrated action of 
ditching, fertilizing, and covering the soil.

Structure of the screw fertilizer distributor. The fertilizer apparatus adopts the screw fertilizer dis-
tributor, which essentially consists of a fertilizer box, fertilizer outlet, fertilizer inlet, rotating shaft, and fertilizer 
spiral blade, as demonstrated in Fig. 2.

Diameter of the screw fertilizer distributor. The diameter of the screw fertilizer distributor is one of the crucial 
factors of screw fertilizer distributors, which directly affects the amount of fertilizer planted by the screw ferti-
lizer distributor and the uniform variation coefficient of fertilizer  distribution22. Since the amount and speed of 
fertilizer planting are not taken into account, the formula for evaluating single-ring sowing-fertilizer takes the 
following form:
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Figure 1.  Schematic representation of the fertilizer construction, whose main parts are itemized as follows: 1. 
Tractor, 2. Transmission mechanism, 3. Fertilizer box frame, 4. Screw fertilizer distributor, 5. Fertilizer box, 6. 
Fertilizer delivery pipe, 7. Fixed depth ground wheel, 8. Grass scraper, 9. Ditching and fertilizing mechanism, 
and 10. Spiral blade.

Table 1.  Main technical parameters of the machine.

Item Description/Value

Structure type Self-propelled (crawler)

Overall dimensions (length × width × height) (mm) 2780 ×  800 ×  1600

Engine type Diesel engine

Maximum fertilization depth (mm) 450

Maximum ditching width (mm) 250

Fertilizer box volume  (m3) 0.3

Operating speed (km/h) 0.4–1.8
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where D represents the outer diameter of the screw fertilizer distributor (mm), d denotes the inner diameter of 
the screw fertilizer distributor (mm), s is the pitch of the screw fertilizer distributor (mm), b signifies the aver-
age thickness of the screw tooth of the screw fertilizer distributor (mm), h represents the depth of the screw 
tooth of the screw fertilizer distributor (mm), L is the average length of the screw tooth of the screw fertilizer 
distributor (mm), ρ denotes the fertilizer volume weight (g/mm3), and φ stands for the filling coefficient of the 
screw fertilizer distributor.

By virtue of Eq. (1), it can be seen that the single-ring fertilizer sowing amount (q) depends on various fac-
tors, including D, d, S, ρ, and φ. The single-ring fertilizer sowing amount (q) changes by altering the values of D, 
d, and S. The relationship between the outer diameter of the screw fertilizer distributor and the fertilizer sowing 
amount in the entire fertilizer sowing operation is given by:

where Q represents the fertilizer sowing amount of screw fertilizer distributor (t/h), A is the material comprehen-
sive characteristic coefficient, K denotes the material comprehensive coefficient, c is the proportional coefficient of 
pitch to diameter, λ represents the mass of the material unit volume (t/m3), and ε denotes the transfer coefficient.

When the machine is in continuous operation, the fertilizer rate can be expressed by:

where Qs represents the fertilizer rate (t/h), g is the fertilizer rate to travel a distance (t), and s stands for the 
distance traveled (m).

According to the agronomic requirements for the fertilization of tea plantations, the amount of fertilization 
required for a tea plant is predicted to be 1.8 kg. Then one row of tea trees needs the amount of fertilizer for 0.9 
kg, and the plant spacing of tea trees is generally 1.5–1.8 m. By choosing an average speed of 1100 m/h for the 
travel speed of the fertilizer machine, the fertilizer rate (Qs) can be obtained as 0.6t/h and the fertilizer sowing 
amount (Q) is also predicted to be 0.6t/h on the basis of Eq. (6). Along with the parameters of the fertilizer mate-
rial, it can be determined that the filling coefficient of the fertilizer (φ) is 0.25, the comprehensive characteristic 
coefficient of the fertilizer (A) is 28, the unit mass of the material of the fertilizer is 1.2 T/m3, the proportional 
coefficient of the pitch to diameter is 0.9, and the conveying coefficient is 0.9, which are substituted into Eqs. (4) 
and (5). Further calculations reveal that the outer diameter of the screw fertilizer distributor would be 91 mm. 
Since such a factor should be designed as a standard series, its value can be also taken as 88 mm.

Pitch of the screw fertilizer distributor. The pitch of the screw fertilizer distributor determines the angle of 
ascent of the screw and the speed of fertilizer progress, which exhibits a crucial impact on the amount and 
uniformity of fertilizer from the screw fertilizer  distributor23, and the pitch of the screw fertilizer distributor is 
evaluated per the following relation:

where K1 signifies the proportional coefficient of the pitch and diameter, usually in the range of 0.8–1.0, which 
is mostly related to the flow ability of the fertilizer.

(2)L =
√

[π(D + d)/2]2 + S2

(3)h = (D - d)/2

(4)D = K

(

Q

φ�ε

)
2
5

(5)K =
(

1

47cA

)
2
5

(6)QS = vmg/s

(7)S = K1D

Figure 2.  Schematic representation of the screw fertilizer distributor, whose main constituents are as follows: 1. 
Fertilizer box, 2. Fertilizer outlet, 3. Fertilizer inlet, 4. Rotating shaft, and 5. Fertilizer spiral blade.
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According to the existing design experience, comprehensive analysis to take K1=0.8, so the pitch is 70.4 mm, 
rounded to 70 mm.

Rotational speed of the screw fertilizer distributor. In order to maximize the fertilization uniformity while meet-
ing the fertilizer requirements, the suitable rotational speed of the rotating shaft can ensure the stability of the 
fertilizer rate. It should be noticed that the rotational speed of the screw fertilizer distributor can be determined 
based on the fertilizer rate, the diameter of the screw fertilizer distributor, and the relevant material parameters 
of the fertilizer to determine the better rotational  speed24. When the rotational speed is too high, the fertilizer 
will stick to the inner wall of the screw fertilizer distributor under the action of centrifugal force; therefore, the 
centrifugal force of the fertilizer and gravity should satisfy the following requirements:

Considering the effect of various fertilizers,

where A represents the fertilizer comprehensive coefficient, K0 denotes the fertilizer comprehensive characteristic 
coefficient, nmax is the maximum speed of the screw fertilizer distributor (r/min), and n stands for the rotational 
speed of the crew fertilizer distributor (r/min). The fertilizer sowing amount of the crew fertilizer distributor 
can be calculated as:

According to Eqs. (14) and (16), the rotational speed of the crew fertilizer distributor should meet the fol-
lowing condition: n ≤ 200 (r/min).

Spiral ditching and fertilizing structure. The spiral ditching device of the single-spiral ditching and 
fertilizing machine uses single-spiral ditching, as demonstrated in Fig. 3. It is mainly composed of a transmission 
case,baffle plate,cutter,spiral blade,and tool bit. The way of single-spiral ditching has a simple and close-fitting 
structure,low consumption, and the edge part of the spiral blade incorporates into an increase of the soil cutting 
blade, which could effectively prevent the development of extra deformation.

Diameter of the spiral blade and tool bit. The single-spiral ditching and fertilizing machine is driven in tea 
fields, relying on the spiral blade for ditching operation, and together with the relevant agricultural needs, the 
ditch width is determined to be not less than 250 mm. The diameter of the spiral blade is:

where D1 represents the diameter of the spiral blade (mm), and D2 denotes the ditch width of the fertilizing 
machine (mm).

The diameter of the spiral blade is selected as 250 mm since the single-spiral and fertilization machine requires 
a maximum ditch depth of 450 mm. Further, the height of the spiral blade is set as 350 mm, and the height of the 
tool bit is adjusted to 100 mm because the spiral blade should accomplish the cutting and slanting operation to 
the soil. At the same time, it performs the straight line ditching operation, indicating the high necessity for high 
strength and hardness of the material; hence, CR12MOV with a thickness of 10 mm is chosen as the material.
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Establishment of the spiral curve equation of spiral blade. The spiral blade is the main parameter of the spiral 
ditching and fertilizing mechanism, and its structural parameters could directly influence the quality and power 
consumption of  ditching25,26. The single-spiral ditching and fertilizing machine employs a cylindrical variable 
spiral ditching mechanism, and the variable pitch spiral curve consists of numerous tangents (see Fig. 4).

Consider a point A on the generatrix along the z-axis, and regard that as a doing upward uniformly acceler-
ated motion. Therefore, its trajectory forms a parabola on the ZOX plane, whose spiral curve can be expressed 
by the following relation:

where r represents the radius of the ditching knife (mm), n denotes the number of spiral turns, γ signifies the 
spiral angle (°), n1 is the number of spiral turns at B, β represents the spiral angle at C (°), and h denotes the 
height of point F (mm).

The efficiency of the spiral ditching and fertilizing mechanism relies on the action of the spiral blade to 
complete the cutting and lifting operation on the soil. According to the agricultural needs of tea fertilization, the 
width of ditching is set in the range of 200–300 mm and the corresponding depth is considered to be 300–400 
mm. Taking into account the power consumption, as well as the depth and width of fertilization, the main 
parameters of the spiral ditching and fertilizing mechanism are designed by combining Eqs. (17) and (18), as 
presented in Table 2.

Control system design. Design of automatic adjustment device for fixed depth ditching mechanism. The 
single-screw ditching mechanism cuts to the bottom of the ditch and its automatic adjustment process has been 
illustrated in Fig. 5.

During the ditching operation, the depth of the ditch and fertilization (H) is obtained by setting the height 
of the fixed depth (H1) according to the growth of tea trees and the agronomic requirements of fertilization. The 

(17)







x = r cos (2πrn)
y = r sin (2πrn)
z = a(2πr)2n2 + (2πr tan β)n

(18)a =
h - 2πrn1tanβ

(2πrn1)
2

Figure 3.  Structure schematic diagram of the spiral ditching and fertilizing, whose main constituents are as 
follows: 1. Transmission case, 2. Baffle plate, 3. Cutter arbor, 4. Spiral blade, and 5. Tool bit.

Figure 4.  Schematic representation of the spiral curve.
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ditching cutter arbor rotates and cuts into the soil, as the fixed-depth ground wheel touches the ground. At this 
time, the depth sensor of the fixed depth ground wheel transmits the signal to the single-chip microcomputer in 
real-time, which is responsible for controlling the expansion and contraction of the hydraulic cylinder. To this 
end, the relay and solenoid valve are mainly employed to realize the real-time adjustment of the ditching and 
fertilizing depth and keep that constant (i.e., H=cte). The adjustment principle diagram is provided in Fig. 6.

Hardware and software design of automatic adjustment system for fixed depth ditching mechanism. The fixed 
depth control system is the main control system of the spiral fixed depth ditching and fertilizing machine, which 
is mainly composed of a hardware system and a software system, which controls the depth of ditching and ferti-
lizing through real-time feedback of the fixed depth ground wheel, and its control system has been demonstrated 
in Fig. 7. The control system program is coded in C language. The main program calls several subroutines to 
perform control of the entire machine. The control system is based on STM32 L1 single-chip microcomputers 
as the core control element and is essentially composed of a power supply, voltage regulator module, and execu-
tion module. The power supply is from a 24V, 40AH lithium battery manufactured by Shenzhen Xinheng Power 
Technology Co., Ltd. It is used to provide an independent power supply for the entire control system and by 
utilizing the voltage regulator module, a stable power supply is provided for electronic components. The fixed 
depth ground wheel is mounted on the operating lever of the profile control valve (i.e., a Danfoss PMF profiling 
control valve with a maximum operating pressure of 28 bar), which is utilized to detect the heave of the fixed 
depth ground wheel in real-time and thus control the depth of ditching and fertilizing. The hydraulic motor is a 
BRM-50 from Foshan Hongpeng Hydraulic Co., Ltd. With a rotation speed of 750 rpm and a torque of 89 N.m, 
which is employed to control the rotation speed of the screw fertilizer distributor and thus the fertilizer rate.

Test conditions and method. The trial was conducted on March 19, 2022, in a standard tea plantation 
with a plant spacing of 300 mm and a row spacing of 1500 mm at Shenhang Forest, Tea and Fruit Seed Tech-

Table 2.  Main technical parameters of the spiral ditching and fertilizing mechanism.

Items Value

Spiral blade diameter (mm) 250

Spiral blade height (mm) 350

Tool bit height (mm) 100

Spiral blade thickness (mm) 10

Initial spiral angle (°) 35

Maximum rotation speed (rad/s) 5

Figure 5.  Schematic representation of the automatic depth adjustment.

Figure 6.  Schematic chart of the depth automatic adjustment.
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nology Co. The weather was clear, the temperature varied in the range of 3–15°, the wind speed was less than 3 
m/s, the relative humidity of air was measured as 65%, the test land was loam, the absolute moisture content was 
17.3%, and the testing ground was flat. The fertilizer chosen for the experiment was granular organic fertilizer 
produced by Hebei Dewaldo Fertilizer Co., Ltd. With a moisture content of about 1.5% and a diameter of about 
3.3 mm, the test method adopts the methods stipulated in the Technical Specification of Quality Evaluation 
for Fertilizing Machinery (NY/T 1003-2006) and the Measuring Methods for Agricultural Machinery Testing 
Conditions-General Rules (GB/T 5262-2008).

Results and discussion
Ditching test. For the ditching test, the single-spiral ditching and fertilizing machine was operated at a 
uniform speed of 1.5 m/s to make three operational strokes, each 80 m long, with 10 m before and after the two 
stroke’s sections remaining as its reserved area, and to test 5 points equally between 20 and 70 m. The average 
ditching depth and the stability coefficient of each stroke are separately evaluated, and the test results are given 
in Table 3.

The ditching test results indicate that the maximum difference in depth is 17 mm subjected to various strokes 
and the minimum value of the coefficient of stability of the ditching depth in the case of three strokes is 94.81%, 
which is in accordance with the evaluation index for the ditching machine operation.

Figure 7.  Framework diagram of the control system of a single-spiral ditching and fertilizing machine.

Table 3.  The results of the ditching test.

Parameters Test stroke 1 Test stroke 2 Test stroke 3

Set ditching depth (mm) 250 300 350

Maximum ditching depth (mm) 259 311 358

Minimum ditching depth (mm) 243 294 249

Average ditching depth (mm) 250.3 299.3 299.5

Ditching depth stability coefficient (%) 94.81 95.33 96.3
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Fertilization test. In the test tea garden, the single-spiral ditching and fertilizing machine performed under 
6 strokes of fertilizing operation. For this purpose, the length of each operational stroke and the length of the 
protected area before and after was set equal to that of the ditching test, from a stroke of 10 m to a stroke of 40 
m. In this interval, based on considering each 10 cm as a test interval, each stroke was divided into 30 test inter-
vals, resulting in a total of 180 measurements. During the test, the single-spiral ditching and fertilizing machine 
moved at a uniform speed, and in the preparation stage, the spiral ditching and fertilizing mechanism raised and 
traveled through the test area at a constant speed. The fertilization in each area was then collected separately, and 
its weight was assessed by an electronic scale. After the completion of the individual travel operation, its fertiliza-
tion uniformity was calculated in turn, and its appropriate test results are provided in Table 4.

Th Fertilization test results reveal that the fertilization uniformity for each individual stroke is higher than 
93.15%, which meets the operational requirements of the evaluation index for the fertilizing machine.

Field test. Test site: The test was conducted in April 2022 at the tea garden of Pingshan Tea Factory in Liuhe 
District, Nanjing, China, and the field trial has been illustrated in Fig. 8.

Test conditions: Sunny weather, temperature 4–22 °C, breeze, plant spacing of 290 mm and row spacing of 
1600 mm in the tea garden, flat land in the test tea garden, the soil is sandy loam, and soil moisture content of 
13.2%.

Test materials: Granular organic fertilizer produced by Hebei Dewaldo Fertilizer Company.
Repeated tests were performed with three strokes and the test results are presented in Table 5. The experimen-

tally observed data revealed that the coefficient of the ditching depth of the single-spiral ditching and fertilizing 
machine was at a maximum of 96.17% and a minimum of 94.29%. The maximum level of fertilization uniformity 
was reported as 94.23% and the minimum was obtained as 93.58%. These results meet the operational require-
ments of the evaluation index for the fertilizing machine.

Conclusions

(1) In the current investigation, a single-spiral fixed depth ditching and fertilizing machine is designed, which 
can perform the integrated operation of ditching, fertilization, and covering soil, and can automatically 
adjust the fertilization depth to achieve a constant fertilizing depth. Through the theoretical analysis, the 

Table 4.  The results of the ditching test.

Parameters Test stroke 1 Test stroke 2 Test stroke 3 Test stroke 4 Test stroke 5 Test stroke 6

Fertilization uniformity (%) 94.21 95.66 93.15 96.35 95.12 93.33

Figure 8.  Field test of the single-spiral ditching and fertilizing machine.

Table 5.  The results of the field test.

Parameters Test stroke 1 Test stroke 2 Test stroke 3

Ditching depth stability coefficient (%) 96.17 94.29 94.56

Fertilization uniformity (%) 93.65 94.23 93.58
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screw fertilizer distributor, the spiral ditching and fertilizing mechanism, and the corresponding control 
system are designed, and the ditching depth is automatically adjusted by the fixed depth control system, 
so that the operation efficiency and fertilization effect of the ditching and fertilizing machine were appro-
priately improved.

(2) The fertilizing machine designed in this paper can effectively solve the problem that the fertilization posi-
tion of the traditional fertilizing machine is unreasonable, which readily makes the fertilizer use efficiency 
relatively low, and the residual fertilizer on the surface can easily pollute the environment. The fixed depth 
fertilization can be realized through the constant depth control system, so as to ensure the reasonable 
position of fertilization, which enhances the utilization rate of fertilizer. The fertilizing machine designed 
is able to effectively solve the problem of unreasonable fertilization position, improves the utilization rate 
of fertilizer, and exhibits significant impacts to reduce the fertilizer rate.

(3) The field test results revealed that the coefficient of stability of the ditch depth of the single-spiral ditching 
and fertilizing machine was at the maximum of 96.17% and at the minimum of 94.29%. The maximum 
fertilization uniformity value was also reported to be 23.94% and 93.58% at the minimum, meeting the 
requirements of tea plantation production.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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