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Abstract: The insufficient accumulated temperature of the plow layer during spring tillage in Northeast China severely restricts 

soybean root growth and whole-plant development.  High regional soil viscosity further complicates tilling-sowing.  In order 

to seek a solution to these problems, field comparative tests were conducted to investigate the effects of shallow-loosening (SL) 

and reshaping ridge (RR) on soil temperature and soybean root growth.  Compared with conventional tillage (CT), SL and RR 

significantly increased the soil temperatures within 0-25 cm (p < 0.05) and 0-15 cm (p < 0.05), respectively.  In particular, 

higher soil temperature within 15-25 cm was established after SL than after RR (p < 0.05).  Additionally, SL promoted 

substantially more vigorous soybean development (seedling height) than RR (p < 0.05), which in turn led to a significant 

outperformance over CT (p < 0.05).  Further, bionics, reverse engineering, and curve fitting were combined to design a hare 

claw toe bionic shallow-loosening shovel and a pangolin scale bionic ridging shovel with anti-drag functions.  Field 

verification tests confirmed that these two bionic tillage devices outperformed the conventional tillage device in reducing 

tractive drag by 13%-19%.  Based on the results of these tests, a 2BGD-6(110) bionic wide-ridge soybean tilling-sowing 

machine was designed, which was capable of shallow-loosening, reshaping ridge and sowing.  The new machine significantly 

reduced the tractive drag, efficiently loosened the soil, increased soil temperature, and accelerated soybean root growth.  This 

study can provide a theoretical and practical reference for soybean production in Northeast China. 
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1  Introduction

 

Northeast China is the largest soybean-planting region of 

China, with constituting approximately 50% of its planting areas 

and yields.  However, compared with ripe, maize, and other 

high-yield crops, soybean-planting cultivation is limited by the low 

yield and economic benefits.  Moreover, the import of transgenic 

soybeans has caused a continuous decline in the soybean-planting 

areas in Northeast China.  Thus, efficient ways of safeguarding 

soybean production in China are sought, such as an improvement 

of per-unit-area soybean production and a reduction of production 

costs.   

Soybeans in Northeast China are usually planted in the 

maize-soybean crop rotation.  The presence of maize residues 

necessitates soil preparation before soybean-planting.  However, 

due to the short frost-free period in Northeast China, 

soybean-planting farmers have to “race against time”.  Thus, the 

use of a tilling-sowing machine during tilling, soil preparation, and 
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sowing would reduce the times and costs of operations, prolong 

soybean development time, and improve production efficiency[1].  

In recent years, extensive investigations have been conducted on 

the development of a tillage-sowing machine to be used in 

Northeast China.  For instance, the 2BJG-12 precision 

tilling-sowing machine, designed by Heilongjiang Bayi 

Agricultural University (Daqing, China), is capable of double-row 

precise spot-sowing in the ridge and layered fertilization.  

Additionally, the 2BZ-8 soybean precision tilling-sowing machine 

developed by Heilongjiang Institute of Agricultural and Sideline 

Products Processing Mechanization has the capability to apply 

separately seed and base fertilizers and provide zero-speed seed 

dropping, as well as to adapt to high-speed sowing.  In the 2BG-2 

rolling disc-typed tilling-sowing machine designed by Shenyang 

Agricultural University (Shenyang, China), the rolling disc-typed 

stubble cutters (soil-contact parts) and ridge-clearing parts can be 

driven without power and are characterized by low soil disturbance 

rates[2]. 

In the cool and cold region of Northeast China, the long 

wintertime soil freezing period and the severe springtime soil 

freezing jointly cause a deficiency of accumulated temperature in 

the plow layer, which severely inhibits soybean root growth and 

reduces soybean emergence rate and thereby soybean yield[3].  

Shan et al.[4] found that ridge till increased soil temperature, which 

could modestly relieve the unfavorable impacts.  Ma et al.[5] 

established that ridge till reduced light leakage and improved soil 

heat absorption and crop yields.  Furthermore, the studies of He et 

al.[6] revealed that the improved reshaping ridge ability was an 

important indicator of ridging efficiency.  Thus, the use of 

reshaping ridge before sowing could contribute to the formation of 

well-shaped ridges and the effective increase of ground temperatures.   

Tucker[7] found that the soil macropores in the plow layer were  
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usually the major channels for plant root interpenetration and 

water/air motion.  Laudicina et al.[8] found shallow-loosening 

improved the physical-mechanical properties of the plow layer and 

enhanced soil macroporosity.  Therefore, shallow-loosening can 

promote the air flow capacity and create a favorable environment 

for soybean growth.  Based on the findings of previous studies, 

herein, we describe the studies and design of a soybean 

tillage-sowing machine with shallow-loosening and reshaping ridge 

functions.  It was found to improve the pore structures of the plow 

layer, promote the exchange between the soil and the external air, 

and accelerate soil temperature accumulation, thereby increasing 

soybean emergence rates. 

Nevertheless, the use of the tilling-sowing machine was limited 

by large drag and high energy consumption which ascribed to the 

contact between the working parts and soil.  Thus, reducing the 

friction of soil-contacting parts efficiently effectively improved the 

operating efficiency.  In his investigation Ren proposed that 

bionic structures could reduce drag[9].  In addition, Ma et al.[10] 

found that the bionic technique reduced dramatically the drag and 

was easily designed.  Thus, in this study, the bionic anti-drag 

design was used to optimally develop the geometrical structures of 

the key soil-contacting parts and thereby to efficiently reduce the 

working drag.  Specifically, a bionic anti-drag shallow-loosening 

shovel was designed by analyzing the anti-drag structure 

mechanism of soils excavation by hare claw toes.  The surface 

structural parameters of pangolin scales were measured and used to 

design the surfaces of a bionic ridging shovel.   

Through an innovation integrating the tilling-sowing technique 

and the bionic anti-drag technique, we designed a bionic wide-ridge 

soybean tilling-sowing machine.  This newly invented 

tilling-sowing machine could simultaneously perform 

shallow-loosening, furrowing, fertilization, sowing, reshaping ridge, 

soil covering, and pressing.  Tests of the machine were performed 

in field conditions in Boli County, Heilongjiang.  The effects of 

tilling-sowing on the soil physical properties and soybean growth 

were investigated.  Furthermore, the anti-drag effects of the bionic 

hare claw toe and the bionic pangolin scale soil-contacting parts 

were elucidated.  These tests provide valuable information on 

soybean high-production techniques utilized in Northeast China. 

2  Materials and methods 

2.1  Design of the complete machine 

Currently, the wide-ridge soybean-planting mode (ridge width 

= 1100 mm, ridge height = 250 mm) is commonly used in 

Northeast China.  Based on this mode, we designed 2BGD-6(110) 

bionic wide-ridge soybean tilling-sowing machine.  This machine 

consisted of a main frame, a power-driven system, 4 groups of 

fertilization systems, 12 groups of sowing units, and 7 groups of 

tilling preparation units.  The operation breadth was 6600 mm, 

and the number of rows was 24 (6 ridges).  As can be seen in 

Figure 1b, each group of sowing units was equipped with one set of 

double-disc furrowing devices, one set of vertical double-cavity 

seed-metering devices, one set of seeding absence alarm devices, 

one three-disc extruding soil-covering device, and one real-time 

pressure detection wheel.  The distance between two sowing units 

was 450 mm.  As can be seen in Figure 1c, each group of tilling 

preparation units was equipped with one soil-breaking roller, one 

bionic anti-drag shallow-loosening shovel, and one bionic ridging 

shovel (with pangolin scale surface structure).  The distance 

between units was 1100 mm.  All units could be installed 

according to the specific operational requirements, as described 

below.  For instance, when all tilling preparation units were 

demounted, this machine was turned into a soybean precision 

sowing machine; when all sowing fertilizing units were demounted, 

it was turned into a field tilling preparation machine.  The 

complete 2BGD-6(110) bionic wide-ridge soybean tilling-sowing 

machine is illustrated in Figure 1; its operational parameters are 

listed in Table 1. 

 
a. Side view of complete machine b. Structure of sowing unit c. Structure of soil tillage and preparation unit 

 
d. Top view of complete machine 
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e. Front view of complete machine 

1. Ground wheel  2. Fertilizer opener  3. Main frame  4. Blower  5. Fertilization mechanism  6. Row marker  7. Retainer plate  8. Parallelogram linkage profiling 

mechanism  9. Double-disc furrowing devices  10. Seed box  11. Vertical double-cavity seed-metering devices  12. Three-disc extruding soil-covering device     

13. Press wheel  14. Pressing force collection module  15. Bionic anti-drag shallow-loosening shovel  16. V-shaped soil-breaking roller  17. Bionic ridging shovel 

Figure 1  Structure of the complete machine 
 

Table 1  Parameters of the 2BGD-6(110) bionic wide-ridge soybean tilling-sowing machine 

No. Category Parameter No. Category Parameter 

1 Power/kW 132.4-154.4 9 Seed damage rate 0.2% 

2 Ridging number 6 10 Qualification rate of sowing depth 91.67% 

3 Ridging spacing/cm 110 11 Working speed /km·h
-1

 5-8 

4 Seeding rows 24 12 Fertilizing amount /kg·hm
-2

 100-500 

5 Depth of soil Preparation/cm 20 13 Precision of fertilization ≥94% 

6 Qualification rate of seed spacing 94% 14 Power consumption /kW ≤85％ matched power 

7 Miss-seeding rate 3% 
15 Scope of application 

4 rows sowing on the ridge, 

+soil preparation 8 Re-seeding rate 3% 
 

The driving system of the complete machine was designed in a 

bilateral independent multistage mechanical chain-driven mode.  

The ground wheels serve as the power source of the complete 

machine; the seed-metering devices and the fertilizer devices are 

driven by the chain-driving system.  The power is transferred by 

the ground wheels to the transmission shaft I, which transfers 

power to the transmission shaft II and the fertilization shaft.  

One-stage transmission was set between shaft II and the sowing 

unit four-bar linkage, namely, the transmission shaft III, which 

drove the seed-metering shafts to arrange seeds.  The schematic 

diagram of the driving system is illustrated in Figure 2. 

 
1. Transmission shaft I  2. Left ground wheel shaft  3. Chain-driven device  4. Transmission shaft II  5. Transmission shaft III  6. Seed-metering shaft     

7. Chain wheel of seed-metering device  8. Seed-metering device  9. Tensioning wheel of ground wheel  10. Right ground wheel shaft  11. Bracket of main 

frame  12. Bracket of fertilizer box  13. Tensioning wheel of transmission shaft I  14. Tensioning wheel of transmission shaft II 

Figure 2  Transmission system of the complete machine 
 

2.2  Working mechanism  

When the bionic wide-ridge soybean tilling-sowing machine 

worked, each group of sowing units operated in one ridge, planting 

four rows of soybeans in each ridge.  Each double-disk furrow 

opener simultaneously opened two furrows at a space of 220 mm, 

and each double-cavity pneumatic metering device was capable of 

double-row intersected sowing[11,12].  Sowing is presented in 

Figure 3.  The row distance on the same ridge was 220 mm, and 

the between-seed distance was 90 mm.  Compared with the 

conventional wide-ridge double-row planting mode, this machine 

improved both the sowing density and the sowing distance and 

reduced the sowing difficulty.  After soybean seeds fell into the 

seed furrows, the three-disc extruding soil-covering device (Figure 

4a) simultaneously covered the two furrows with soil.  The 
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extruding-typed closing and soil covering mode did not alter the 

structure of the bilaterally distributed soil on the furrows at the 

plow layer.  Afterwards, pressing was initiated.  In the real-time 

pressure detection wheel (Figure 4b), a pressing force collection 

module was installed inside the wheel walls, which transformed the 

compression signals into voltage signals, and recorded the real-time 

pressing forces and soil compactibility, which ensured the high 

quality of the pressing operations.  Each group of sowing units 

was set with a seeding absence alarm device (Figure 4c), which 

monitored the real-time seed-metering conditions; seed-metering 

amount and speed, sowing area and missing index, thereby 

ensuring sowing consistency. 
 

  
a. Front view of sowing pattern b. Top view of sowing pattern 

 

Figure 3  Sowing pattern diagrammatic sketch 
 

   

a. Three-disc extruding soil-covering device b. Real-time pressure detection wheel c. Seeding absence alarm device 

   

d. Bionic anti-drag shallow-loosening shovel e. V-shaped soil-breaking roller f. Bionic anti-drag shallow-loosening shovel 

Figure 4  Structures of the critical parts 
 

When the bionic wide-ridge soybean tilling-sowing machine 

worked, the soil-breaking rollers of the tilling preparation units 

operated in ridges, whereas all other parts worked in furrows.  

Firstly, the bionic anti-drag shallow-loosening shovel (Figure 4d) 

was used to loosen and break soils; the bionic design of its handle 

enhanced the penetrating capacity of the shovel and reduced the 

working drag.  The shallow-loosening altered the soil structures of 

the ground plow layer, and the resulting soil blocks were further 

broken by the V-shaped soil-breaking roller (Figure 4e), which 

made the seedbed soil fine and flat, and limited the working depth 

of the preparation machine.  After sowing, the ridging shovel 

(Figure 4f) was used to trim the initial ridges and improve the ridge 

shapes.  The shovel surfaces were further covered by pangolin 

scale bionic structures, which effectively reduced the friction 

during the ridging process. 

2.3  The key component design  

2.3.1  Design of bionic space curve shallow-loosening shovel 

handle 

Hares have excellent soil-excavating ability and their 

underground burrows are exceedingly structurally complex.  

When a hare excavates, its hind legs support the body, while front 

the claws cut and throw the soil; thus, the front toe structure and 

shape are at their optimal states, which minimizes the drag of soil 

cutting[13].  Thus, in this study, based on the front claw structure, 

the bionic handle of the shallow-loosening shovel was designed by 

using the idea of bionic principle.  The five front toes are 

structurally similar in general (Figure 5a) and mainly break soils 

during soil excavation.  Thus, a reverse scanner was used to 
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extract the contour line of the first claw toe (Figure 5b).  Then a 

polynomial fitting method was used to reversely extract the contour 

parameters and obtain a smooth curve.  The fitting results of 

outside contour (Y1) and inside contour (Y2) are presented in Figure 

5c.  The fitting equations are as follows: 

Y1 = –3.15+4.13x1–1.07x2
 + 0.15x3– 0.01x4

 + 3.32×10-4x5    (1) 

Y2 = –29.21+19.40x1–4.90x2
 + 0.64x3– 0.04x4

 + 0.001x5     (2) 
 

 
a. Shape of the hare front claw toes 

 
b. Structure of the first claw toe 

 
c. Fitted toe curve 

Figure 5  Structure of the hare claw toe 
 

The major soil-breaking part of the bionic shallow-loosening 

shovel is the handle blade, which plows and cuts soils, resulting in 

large drag.  This soil-breaking mode is exceedingly similar to the 

process that hares front claw toes excavate soil.  Thus, the contour 

curve of the front toes was applied to design a bionic 

shallow-loosening shovel handle, which reduced the drag and 

energy consumption during the shallow-loosening. 

In the structure of the shallow-loosening shovel (Figure 6), 

segment AB is the connecting part between the shovel handle and 

the main frame, BC is the soil-breaking blade of the 

shallow-loosening shovel, and CD is where the shovel sharp is 

installed.  In particular, segment BC was designed according to 

the front toe curve.  After the curve modification, the two ends of 

the segment BC were smoothly connected to segments AB and CD, 

respectively.  The section of the blade was designed as a wedge at 

an included angle of 60°.  The depth of shallow-loosening was 

usually 100-200 mm.  To make the shallow-loosening depth 

consistent with the vertical infiltration of soil moisture, we set an 

operating depth L of 200 mm; the handle was 58 mm wide and  

30 mm thick.  The segment AB was 500 mm long.  The shovel 

handle was made of 65Mn steel, and the soil-breaking blade BC 

was thermally treated to a hardness of 52HRC[14].  The final 

product of the shovel handle is shown in Figure 6b. 

 
a. shallow loosening shovel model 

 

 
b. Final product 

Figure 6  Structure of the bionic shallow-loosening shovel 
 

2.3.2  Design of the coupling bionic anti-drag surface 

When the bionic wide-ridge soybean tilling-sowing machine 

worked, the ridging shovel head plowed and cut soils with certain 

inclination angles at a depth of 150 mm.  Hence, an anti-drag 

design was applied in ridging shovel to reduce the working drag 

and power consumption of the complete machine. 

We found that the pangolin scales were structurally 

wave-shaped and the scale layers overlapped (Figure 7a).  When 

the wave-shaped structure contacted the soil, the water films easily 

became discontinuous even for moisture-sufficient viscous soils, 

which narrowed the real contact areas on the surfaces and 

decreased the soil conglutination force.  Thus, when the surface 

structures of the shovel head were designed, the pangolin scale was 

adopted as a surface morphology to drag reduction[15]. 

The contours of the pangolin scale were extracted via reverse 

engineering scanning (Figure 7b), and smooth contour was 

obtained by the method of approximate treat (Figure 7c).  The 

contour curves of the pangolin scales consisted of an upper curve 

L1 and a lower curve L2, and the 2D mathematical model of scale 

can be expressed as: 

L1: y = ax2
 + b                    (3) 

L2: y = cx2
 + d                    (4) 

where, a > 0, b > 0, b is the height of L1; c > 0, d > 0, d is the height 

of L2, the formulas call for b/a = d/c, the two parabolas that 

intersect at point A and point B on x-axis, /b a  is a half of 

bottom width of scales, by adjusting the a, b, c, and d to 

simultaneously adjust the height of L1, L2 and width of scale, 

resulting in a more realistic 2D model.  



January, 2019                    Jia H L, et al.  Design and test of bionic wide-ridge soybean tilling-sowing machine                 Vol. 12 No.1   47 

 
a. Distribution mode of scales

[16]
            b. Pangolin scale unit          

 
c. 2D mathematical model 

Figure 7  Structure of the pangolin scale 
 

According to the volumes of the ridging shovel head, we set  

a = 0.053, b = 37.5 mm, c = 0.0177, d = 12.5 mm, scale thickness = 

2 mm; scales were mutually covered by 50% of areas[17].  Given 

the complicated surface structures of shovels and to ensure the 

precision and hardness of surface processing, we selected the sand 

casting method with QT450-10 ductile cast iron as the material and 

rare earth Mg alloy as the nodularizer, and performed smelting in 

an electromagnetic induction stove.  The casts were washed with 

water and cleaned by sand blasting.  The coupling bionic anti-drag 

surface of the ridging shovel head is illustrated in Figure 8. 

 
Figure 8  Surface of the bionic ridding shovel 

3  Tests and methods 

3.1  Test conditions  

Tests were conducted from May 15 to November 10, 2016, in a 

test base of Boli County, Heilongjiang Province, China (34.07N 

70.13E).  Field test is schematically presented in Figure 9.  This 

wide-ridge densely-planted soybean base was farmed using the 

ridge tillage approach.  After fall harvest in 2016, this base was 

deep plowing, tilled, and ridged.  The soil properties before spring 

sowing in 2017 are listed in Table 2. 
 

 
Figure 9  Field test scheme 

Table 2  Soil properties within a depth range 0-100 mm in test field 

No. Properties Values 

1 Cone index/MPa 0.913 

2 Volume density/g·cm
-3

 1.237 

3 Soil moisture 21.2% 

4 pH 7.08 

5 Organic matter 3.78% 

6 Total nitrogen 0.13% 

7 Available K (K2O)/mg·kg
-1

 173.2 

8 Available P (P2O5)/mg·kg
-1

 16.5 
 

   The main instruments used here were three Case 2104 tractors 

(power = 210 HP, maximum advancing speed = 40 km/h), five 

2BGD-6(110) wide-ridge soybean tillage-sowing machines, an 

SC-900 soil compaction meter, an MS-350 moisture meter, a ring 

knife assembly (volume = 100 cm3), a WQG-16 soil thermometer 

and an electronic balance. 

3.2  Test methods  

The tests consisted of two parts: study on the effects of 

shallow-loosening (SL) and reshaping ridge (RR) on soil 

temperature and soybean development, with machine modes in 

Table 3, conventional tillage (CT) sowing machine was used as the 

reference; investigation on the influence of the bionic structure 

design on the anti-drag performance of tillage sowing, with 

machine modes in Table 4.  Before trials, the field was randomly 

divided into five equal blocks (A1-A5).  Each block had 24 ridges 

(each 300 mm high, 1100 mm wide and 200 m long).  The modes 

S1, S2, and S3 operated in plots A1, A2, and A3, respectively.  

The modes S4 and S5 were used in plots A4 and A5, respectively. 
 

Table 3  Machine modes for shallow loosening and reshaping 

ridge 

Mode SL parts RR parts Machine type 

S1 No No Conventional tillage sowing machine 

S2 Yes No Shallow-loosening and sowing machine 

S3 No Yes Reshaping ridge and sowing machine 
 

Table 4  Machine modes for anti-drag performance 

Mode SL parts RR parts Machine type 

S4 Bionic Bionic 
Wide-ridge soybean bionic tilling-sowing 

machine 

S5 Non-bionic Non-bionic Wide-ridge soybean tilling-sowing machine 
 

On May 15, 2016, five machines operated simultaneously at 

the corresponding plots (with sowing pattern as shown in Figure 3).  

The soybean cultivar Heihe 52 was used in the tests.  The 

fertilizers consisted of urea, diammonium phosphate, and muriate 

of potash (N:P:K = 1:2:0.5). 

3.3  Measurement of test indices 

Soil temperatures were measured as follows.  After the 

different treatments soil measurements were conducted using a soil 

thermometer.  After sowing on May 20, 2016 and the emergence 

of all seedlings, soil temperatures at depths 0 cm, 5 cm, 10 cm,   

15 cm, and 20 cm were measured from June 15 to July 15, 2016.  

The measurements were performed within 6:00-18:00 every day at 

an interval of one hour.  The mean daily temperature was used in 

our study[18]. 

Average seedling height: The consistency of the seedling 

heights is an important factor that influences crop yield and 

accurately reflects the effects of crop development conditions[19].  

The seedling heights were measured at an interval of five days 

since day 7 after sowing when all seedlings showed up.  Seedling 
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heights were measured at an interval of five days.  Each time, 10 

successive seedlings in 10 areas of each plot (A1, A2, and A3) 

were measured.  Calculations were carried out of the average 

value, standard deviation and p-test. 

Tractive drag: The anti-drag effects of the bionic 

shallow-loosening shovel and the surface of bionic ridging shovel 

on the complete machine were studied.  Specifically, the tractive 

drags of structures S4 and S5 were compared.  The tractor and the 

machine frame were connected through a force transducer.  The 

data were recorded by an agricultural dynamics parameter 

telemeter at a frequency of 1 s-1.  The working speeds of the 

tractor were 5.3 km/h, 6.5 km/h, and 7.8 km/h.  The depth of 

shallow-loosening was fixed at 20 cm[20]. 

4  Results and discussion 

4.1  Soil temperatures 

The results of soil temperature variation are shown in Figure 

10.  The soil temperatures of the modes S1, S2, and S3 declined to 

some extents along with the increase of soil depth.  This was 

mainly because the vertical temperature gradient at shallow soil 

layers outnumbered that of air, and soil thermal capacity was 

approximately 1000 times that of air.  Thus, the greatest part of 

the heat was absorbed by the plow layer, whereas the heat flux was 

largely reduced at deep layers.  Thus, the soil temperature 

gradients over these three modes decreased with the increase of soil 

depth[21,22]. 

 
a. Temperature variation in S1  b. Temperature variation in S2 

 
c. Temperature variation in S3  d. Temperature variation at the depth of 5 cm 

    
e. Temperature variation at the depth of 15 cm  f. Temperature variation at the depth of 25 cm 
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g. Temperature variation in the depth of 35 cm 

Figure 10  Results of soil temperature 
 

At a soil depth of 5 cm, the soil temperatures over modes S2 

and S3 were not significantly different, but were significantly 

higher, by 0.7°C and 0.5°C respectively, than those over S1 (p < 

0.05).  At a soil depth of 15 cm, the soil temperatures over modes 

S2 and S3 were significantly different (p < 0.05) and were both 

significantly different the case of S1 (p < 0.05); the soil temperature 

of mode S2 was higher by 0.6°C and 1.3°C than those of modes S3 

and S1, respectively.  Moreover, at a soil depth of 25 cm, the soil 

temperatures of mode S2 were significantly different from those of 

S1 and S3 (p < 0.05), but the ones between S3 and S1 were not 

significantly different.  The soil temperature of S2 was higher by 

1.2°C and 1.3°C compared with those of S1 and S3.  No 

significant difference was found between any two modes at a depth 

of 35 cm.  

These results suggest that compared with CT, the SL and RR 

significantly elevated soil temperatures at depths 0-25 and 0-15 cm, 

respectively.  The SL loosened soil structure and improved soil 

porosity at the depth 0-20 cm.  Thus, increasing soil porosity at 

the depth 0-20 cm led to a rise in soil temperature and a modest 

transfer of heat to the deeper soil layer (25 cm).  Additionally, RR 

enlarged the illumination areas on soil surfaces, which further 

increased the temperatures of the surface and underlying soil layer 

(15 cm).  However, the increase of the soil depth reduced the 

temperature-raising effects of both operations. 

4.2  Seedling height 

The seedling heights after the use of modes S2 and S3 were 

both significantly greater than that after the utilization of S1 (p < 

0.01), and the seedling heights after S2 application were 

significantly larger than that after S3 use (p < 0.05) (Figure 11).  

On day 35, the seedling heights over S2 increased by 5.5 mm 

relative to S1, the seedling heights over S3 increased by 3.1 mm 

relative to S1, the seedling heights over S2 increased by 2.4 mm 

relative to S3.  On day 65, the seedling heights over S2 increased 

by 6.9 mm relative to S1, the seedling heights over S3 increased by 

3.7 mm relative to S1, the seedling heights over S2 increased by 

3.2 mm relative to S3.  On day 100, the seedling heights over S2 

increased by 7.7 mm relative to S1, the seedling heights over S3 

increased by 3.5 mm relative to S1, the seedling heights over S2 

increased by 4.2 mm relative to S3. 

The above-discussed results suggest that compared with CT, 

SL and RR can both facilitate soybean development by raising soil 

temperatures.  Moreover, SL could also loosen soils at the plow 

layer and thereby provides favorable conditions for soybean root 

growth, which improves the water and air circulation around the 

roots[23].  Thus, SL more significantly facilitates soybean 

development than RR. 

 
Figure 11  Results of Seedling height 

 

4.3  Tractive drag 

The results of tractive drag are depicted in Figure 12.  During 

the process of test, the tractive drag rose rapidly, reaching its peak 

value at the initial stage and then gradually stabilized.  This 

change indicated that when SL and RR parts contacted the soil, the 

soil-imposed load on these soil-contacting parts was exceedingly 

small, and the soils were elastically deformed.  Nevertheless, 

when the load was gradually increased and exceeded the soil 

elasticity limit, the soils entered the plastic deformation stage.  As 

the shallow-loosening shovel and the ridging shovel advanced 

slowly, the loads imposed on the soil further increased and soils 

started to yield but not destroyed.  At this moment, the soils 

started to harden, and the tractive drag was maximized (peaks 

shown on the Figure 12).  At this point, the cohesion binding 

bonds were destroyed, so the soils initially failed and became softer 

and weaker.  The drags faced by the shallow-loosening shovel and 

the ridging shovel was gradually reduced and stabilized; 

Under the same speeds, the peak tractive drag of S4 was 

significantly smaller and appeared more quickly than that of S5.  

However, as the speed increased, the peak tractive drag of S4 

stepwise approached that of S5.  For instance, at the working 

speed of 5.3 km/h, the peak tractive drag of S4 was smaller by  

1.69 kN than that of S5, and the decreasing amplitude was 

approximately 19%.  At the working speed of 6.5 km/h, the peak 
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tractive drag of S4 was lower than that of S5, by 1.48 kN, with a 

decreasing amplitude of about 15%.  At the working speed of  

7.8 km/h, the peak tractive drag of S4 was smaller by 1.37 kN than 

that of S5, and the decreasing amplitude was approximately 13%.   

 

a. Tractive drag at speed of 5.3 km/h 

 

b. Tractive drag at speed of 6.5 km/h 

 

c. Tractive drag at speed of 7.8 km/h 

Figure 12  Results of the tractive drag 
 

To sum up, the peak tractive drag of S4 was smaller than that 

of S5 by 13%-19%.  These results suggest that the bionic 

structures based on hare claw toes and bionic anti-drag surface 

more quickly destroyed the cohesion binding bonds and accelerated 

soil failure, further decreasing the peak drag[24].  However, along 

with the increase of the working speed, the non-bionic tilling and 

soil preparation machine induced soil failure more quickly.  Thus, 

the difference between them was gradually narrowed down with 

the acceleration of the working speed. 

After the stabilization, the tractive drag of S4 was far smaller 

than that of S5 under at the same speeds.  The bionic structures 

had higher more pronounced anti-drag effects.  The continuity of 

the water films, which formed upon the contact areas between soils 

and shovel surfaces, reduced soil cohesion, followed by the 

decrease of conglutination of the soil onto shovel surfaces, 

resulting in the decline of friction between the soil and tilling 

preparation parts. 

5  Conclusions  

(1) Compared with conventional tillage (CT), the 

shallow-loosening (SL) significantly raised the soil temperatures 

within the depth range 0-25 cm by loosening the soils.  

Specifically, the soil temperature increased by 0.7°C, 1.3°C, and 

1.1°C at a soil depth of 5 cm, 15 cm, and 25 cm, respectively.  

The reshaping ridge (RR) effectively increased soil temperatures 

within the depth range 0-15 cm, which was attributed to the repair 

of the ridge shapes and the increase of the illumination areas on soil 

surfaces.  The soil temperature increased by 0.5°C and 0.6°C at 

the depths of 5 cm and 15 cm, respectively.  As the soil depth 

gradually increased, the temperature-rising effects of both parts 

were slowly weakened, especially at the depth of 35 cm.  Based 

on the rise of soil temperature, the SL and RR both efficiently 

facilitated soybean development (seedling height). 

(2) The 2BGD-6(110) bionic wide-ridge bean tillage-sowing 

machine simultaneously performed shallow-loosening, reshaping 

ridge, and sowing.  A significant reduction was achieved in the 

tractive drag as compared with the conventional tillage-sowing 

machine due to the use of bionic tilling preparation parts.  At the 

working speeds 5.3 km/h, 6.5 km/h, and 7.8 km/h, the reduction of 

the tractive drag was by 1.69 kN, 1.48 kN, and 1.37 kN, 

respectively, and the decreasing amplitude was within 13%-19%.  

These results suggest that the use of a hare claw toe bionic structure 

and bionic anti-drag surface could accelerate soil failure and 

thereby further decrease the peak drag.  However, along with the 

increase of the working speed, the conventional tillage-sowing 

machine also induced soil failure within a shorter time.  Therefore, 

the differences between the effects of the application of these 

machines were reduced with the acceleration of the working  

speed. 
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