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Abstract. The article presents the results of experimental studies of the process of digging seedlings, which 

confirm the interaction of the working bodies with the soil slice and the reinforced root system of seedlings. The 

authors confirmed that the root system of seedlings grown on vegetative rootstocks is much more compact and has 

a fibrous structure, and therefore, their excavation requires less effort compared to seedlings grown on seed 

rootstocks. Plants are mainly planted in the first field of the fruit nursery with rows between 0.7 and 1 m that the 

maximum depth of excavation of biennial seedlings on clonal rootstocks is 0.30-0.35 m, and the width of the 

excavation soil is about 0.50 m. The results of the study showed that the energy intensity of machine technological 

operations was 30.8 GJ, which is more per 1 ha of land per year (permissible load of 15 GJ per 1 ha). The 

construction scheme and kinematic parameters of the working body of the machine are substantiated, which should 

consist of two elements: passive digging bracket and active shaker. The working part of the bracket should be 

formed by a cylinder with the radius about 0.34 m and have a width of 0.18-0.24 m, and its spatial location should 

provide the angle of attack about 10 degrees. The ripper must be active, namely oscillating, and the amplitude of 

its oscillations must increase from the minimum at the inlet of the roll to the maximum at its output. The range of 

changes in the amplitude and frequency of oscillations should be in the range of 0.01-0.03 m and 5.5-6.2 s-1, 

respectively. 
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Introduction 

The peculiarity of the process of digging seedlings is the interaction of working bodies with the soil 

slice reinforced with the root system of seedlings [1]. This interaction is based on the theory of wedge 

cutting, which requires consideration of conditions, factors, patterns of interaction that determine the 

process of minimal effort to cut a piece of soil with the root system of seedlings and their separation 

from each other [2]. Due to the changing trend the mass planting of high-yielding gardens in recent years 

with the use of vegetative [3], including dwarf [4], rootstocks has increased the volume of their 

cultivation in nurseries [5]. It is known that the root system of seedlings grown on vegetative rootstocks 

is much more compact [6], has a fibrous structure, and therefore, their excavation requires less effort 

compared to seedlings grown on seed rootstocks [7]. Given that the excavation of seedlings is a rather 

energy-intensive technological operation [8], there is an objective need to develop a specialized machine 

that could perform it more efficiently and at lower cost of both energy and human resources [9]. 

The set of technical means for the implementation of the system of basic tillage significantly 

determines the energy efficiency of a particular technology of growing cereals [10], its environmental 

and economic orientation [11]. One of the solutions in soil-saving agriculture is the introduction of 

parquet-type working bodies for deep loosening of the soil [12]. The original design of the paw of the 

tillage unit with the parquet-type working bodies has seven cutting surfaces [13]. However, [14] 

achieving the technological effect leaves room for finding ways to minimize energy costs. 

After analyzing the existing designs of machines [15], tools and devices that are currently used for 

digging seedlings, presented in various sources [16], we can draw the following conclusions [17]. 

Obsolete and least perfect machines as a working body have a passive working body outside the tractor 

track in the form of a n-shaped bracket on which at the back at some angle to the horizon a ridge is fixed 

for loosening and partial separation of soil [18]. The choice of the research direction was made in the 

further improvement of the working body of the machine as the design of the digging bracket and the 

mechanism of actuation of the shaking mechanism [19]. 

Based on the functional analysis of digging plows, it was found that the function of loosening the 

soil chunk with the root system of seedlings is the most important in minimizing the effort to pull dug 

up seedlings from the soil [20]. It was also established that in the process of loosening the soil should 

be separated from the root system of seedlings with the possibility of moving it to the bottom of the 
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furrow [21]. The ripper must be active, and the effective loosening and separation of the soil from the 

root system of the seedling is significantly influenced by the mode of oscillations with the separation of 

the soil slice from the surface of the ripper, the angle of the ripper surface to the horizon [7], the distance 

between the shape of the ripper surface should allow the movement of the soil slice with the seedling 

with the lowest energy consumption for movement [16]. 

The purpose of these studies is to determine the technological efficiency and optimal operating 

parameters of the machine for digging seedlings in the nursery grown on vegetative rootstocks. 

Materials and methods 

The construction scheme and kinematic parameters of the working body of the machine, which 

should consist of two elements: passive excavation bracket and active shaker, are substantiated. The 

working part of the bracket should be formed by a cylinder with a radius of about 0.34 and have a width 

of 0.18-0.24 m, and its spatial location should provide an angle of attack of about 10°. Ripper is an active 

oscillator with the amplitude of its oscillations, which increases from the minimum at the inlet of the 

roll to the maximum at its output. The range of changes in the amplitude and frequency of oscillations 

should be in the range of 0.01-0.03 m and 5.5-6.2 s-1, respectively. The prototype of the machine is made 

in a hinged version (Fig. 1). 

 

  

Fig. 1. Structural diagram (a) and general view (b) of the machine for digging seedlings in the 

nursery grown on vegetative rootstocks: 1 – frame with a hitch; 2 – excavation bracket;  

3 – separator with reduction mechanism; 4 – support wheel 

The principle of operation of the machine. In the process of movement, the digging bracket cuts 

and lifts a piece of soil together with the plants, directing it to the separating lattice. The active lattice 

additionally loosens it, transforming it into a pseudo-liquid state, as a result the soil is sifted through the 

cracks of the lattice, exposing the roots of plants. The seedlings are then finally removed from the ground 

by hand, tied into bundles and loaded onto a vehicle. In the process of researching the influence of the 

angle of attack of the trenching bracket on the intensity of deepening and constancy of its movement in 

the soil, the required angle of attack of the trenching bracket was determined by changing the length of 

the tractor’s middle drawbar. At the same time, the angle of attack varied from 5 to 20 degrees in steps 

of 5 degrees. The intensity of deepening of the digging bracket into the ground was estimated by the 

length of the distance over which the unit was moved, with the hitch in a floating position, from the 

beginning to the end of the process of deepening the working body. The stability of the movement of 

the working body in the soil was assessed visually. 

a) 

 

 

 

 

 

 

 

 

b) 
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Investigating the influence of the unit speed on the quality of the technological operation, the 

variable parameter was changed in the range of 0.5-1.5 m·s-1 by switching gears from the first reduced 

to the second increased. The quality was assessed visually by the stability of the process and the degree 

of separation of plant roots from the soil. 

Two indicators were used to study the characteristics of change in completeness of soil separation 

from the frequency of lattice oscillations and soil supply to the working bodies of the machine: direct 

and indirect. The direct indicator – the coefficient of completeness of the separation of the i-th series ηi: 

 ( ) 1−−= kski mmm , (1) 

  = hrm kk

2 , (2) 

where mk – estimated value of soil mass, associated with the roots of the seedling in a volume 

limited by a conditional cylinder with a radius equal to the average radial departure of its 

roots and a height equal to the depth of excavation, kg; 

 rk – arithmetic mean of the radial departure of the roots, determined by measurement, m; 

h – arithmetic mean of the height of the roots, which is determined by measuring the depth 

of excavation, m; 

 ρ – specific volume of soil, ρ = 1400 kg·m-3; 

ms – mass of soil remaining on the roots of the seedling after its removal is determined by 

weighing, kg. 

The indirect indicator is the effort required to remove the seedling after passing the machine. It is 

determined using a dynamometer with a special device for capturing seedlings. The supply of soil to the 

working bodies was defined as: 

 ( )   −+= mkkk Vbrhrq 25.0 , (3) 

where qk – soil supply to working bodies, kg·s-1; 

 b – working width of capture of the machine, m; 

 Vm – working speed of the machine, m·s-1. 

The prototype of the machine was aggregated with a tractor PMZ-8082 class 14 kN. The working 

speed ranged Vm from 0.5 to 1.5 m·s-1, with soil supply qk 230, 340, and 450 kg·s-1, crank speed  np was 

7.5, 9.0 and 10.5 s-1. The research used the method of mathematical planning, a three-level plan of the 

second order for two factors: the supply of soil and the frequency of oscillations of the lattice. The effort 

to pull the seedlings was measured after digging them with a digging plow. To do this, a rope with a 

loop was attached to the seedling trunk above the root neck, which was attached to the dynamometer 

hook DPU-0.02-2 with a measurement accuracy of 0.1 N. The amount of force was measured by 

gradually moving the dynamometer along the seedling trunk with visual fixation of the maximum. The 

total number of seedlings to measure the pulling force was 30, i.e. 10 seedlings in three replicates. 

Results and discussion 

During the statistical processing of the obtained results, it was found that the optimal angle of attack 

of the trench bracket should be considered to be 12 ± 0.1 degrees. It is in this period of the spatial 

position of the bracket that the sufficient intensity of its deepening and acceptable constancy of 

movement in the soil are ensured. With the increase of the unit speed from 0.5 m·s-1 to 1.5 m·s-1, the 

quality of the technological operation deteriorated. The intensity of the quality change was insignificant 

in the range of 0.5-1.0 m·s-1. Further increase in the speed of movement led to a significant deterioration 

in the quality of soil separation, especially on clay, heavy soils. In addition, with increasing the operating 

speed from 0.5 m·s-1 to 1.5 m·s-1, increases the traction resistance of the working body from 12.3 kN to 

16.8 kN. To determine the effect of the amount of soil supply on the working parts of the machine and 

the frequency of oscillations of the lattice on the completeness of the separation of soil from the roots 

of seedlings, two series of experiments were conducted. 

The first series was performed in a nursery on medium loam with a moisture content of 15-17% 

and a hardness of 1.5-1.8 mPa. Based on the experimental data and in accordance with the methodology 

of experiments, we determined the dependence of the coefficient of completeness of soil separation 
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associated with the roots of seedlings, the soil supply and the frequency of oscillations of the lattice in 

the form of: 

 252442

1 10063.110804.710354.110854.1788.0 kppkp qnnqn +−++= −−−− . (4) 

Statistics of processing the experimental data of expression (4) – polynomial of the second degree, 

probability level P = 0.95, tα = 2.013, the regression coefficient is linearized + 0.788, coefficient of 

multiple determination D = 0.968, coefficient of multiple correlation 0.918, standard deviation of the 

estimate of 0.040, F Fisher’s criterion 82.616, the coefficient D is significant with a probability of 

0.9997. The dependence (4) is graphically represented in Fig. 2. It can be seen that changing the 

frequency of lattice oscillations from 7.5 s-1 to 10.5 s-1 does not lead to a significant increase in the 

completeness of soil separation. At qk = 200 kg·s-1 this change is from 0.9 to 0.92, and at  

qk = 400 kg·s-1 from 0.865 to 0.890. At the same time, there is a tendency η1 to decrease with increasing 

soil supply. Thus, at np = 9.0 s-1, the increase in soil supply from 200 kg·s-1 to 400 kg·s-1, i.e. twice, leads 

to a decrease in the coefficient η1 from 0.91 to 0.88. 

 

Fig. 2. Dependence of coefficient of completeness of soil separation on its supply and  

the frequency of oscillations of lattice: a – average loam; b – clay 

Analysis of the obtained function (4) was performed by constructing two-dimensional sections at 

fixed values η1 = 0.85; 0.875 and 0.90 (Fig. 2). The obtained isolines show the relationship between nР 

and qk , and also mean that the same value can be obtained at different values η1 of the combination of 

these factors. Thus, η1 = 0.875 will remain with increasing feed from 200 kg·s-1 to 400 kg·s-1, if it 

increases np from 6 s-1 to 9 s-1. Thus, on dry, average mechanical composition of the soil, the frequency 

of lattice oscillations does not significantly affect the completeness of the separation of the soil at a 

constant speed of the machine. 

The second series of experiments was performed on heavy clay soil at a humidity of 19-22% and a 

hardness of 1.7-2.3 mPa, which shows the properties of stickiness and plasticity. On clay soil, the 

dependence of the completeness of separation of the soil from its supply and the frequency of oscillations 

of the lattice is defined as: 

 
.10378.1

10507.110369.710878.510839.2591.0

26

52442

2

k

kppkp

q

qnnqn

−

−−−++=

−

−−−−
.  (5) 

Statistics of processing the experimental data of expression (5) – polynomial of the second degree, 

probability level P = 0.95, tα = 2.013, the regression coefficient is linearized + 0.591, coefficient of 

multiple determination D = 0.976, coefficient of multiple correlation 0.931, standard deviation of the 

estimate of 0.612, F Fisher’s criterion 49.279, the coefficient D is significant with a probability of 

0.9995. Graphic representation of this dependence (5) in Fig. 3 shows that with increasing soil supply 

to the working bodies and decreasing the frequency of oscillations of the lattice there is a decrease in 

the coefficient. If when feeding qk  = 230 kg·s-1 (at Vm = 0.88 m·s-1) and frequency np = 9.0 s-1 η1 = 0.82, 

then when increasing the feed to qk  = 450 kg·s-1 (at Vm = 1.71 m·s-1) η1 = 0.71. 

a) b) 
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Fig. 3. Isolines of two-dimensional sections at fixed values of completeness  

of soil separation: a – average loam; b – clay 

Changing the frequency np  (5) in the accepted range has a less significant effect on the completeness 

of soil separation. Thus, the increase in the frequency from 7.5 s-1 to 10.5 s-1 at qk  = 230 kg·s-1 leads to 

an increase in the value of the coefficient from 0.80 to 0.83, and an increase in n from 9.0 s-1 to 10.5 s-1 

gives a minimum increase in the value of the coefficient (0.82 to 0.83). Thus, the choice of oscillation 

frequency n in the range of 7.5-9.0 s-1 is the most acceptable, as further increase in frequency does not 

significantly increase the completeness of the separation, but leads to increased energy costs and reduced 

operational reliability of the machine. 

Conclusions 

1. The optimal speed of the machine for digging seedlings in the nursery grown on vegetative 

rootstocks is in the range of 0.5-1.0 m·s-1. Further increase in the speed of movement led to a 

significant deterioration in the quality of soil separation, especially on clay, heavy soils. In addition, 

with increasing operating speed from 0.5 m·s-1 to 1.5 m·s-1, increases the traction resistance of the 

working body from 12.3 kN to 16.8 kN. 

2. Changing the frequency np  in the accepted range has a less significant effect on the completeness 

of soil separation. Thus, the increase in the frequency from 7.5 s-1 to 10.5 s-1 at qk = 230 kg·s-1 leads 

to an increase in the value of the coefficient from 0.80 to 0.83, and an increase in n from 9 s-1 to  

10.5 s-1 gives a minimal increase in the value of the coefficient from 0.82 to 0.83. Thus, the choice 

of oscillation frequency n in the range of 7.0-9.0 s-1 is the most acceptable, because further increase 

in frequency does not significantly increase the completeness of the department, but leads to 

increased energy costs and reduced technological efficiency of the machine for digging seedlings 

on vegetative rootstocks. 
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