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Abstract. To measure soil compactness distribution on seedbed, a new test 
device of soil outline and compactness distribution on seedbed based on sensors 
was designed. The paper elaborated working principle and structure of the 
device and its working parameters were determined. Calibration experiments 
obtained linear equation between L and I for distance sensor and linear equation 
between m and I and linear equation between F and I for each pressure sensor. 
Field experiment showed that designed device could test soil outline and soil 
compactness at the same time. 
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1 Introduction 
 

Soil compactness, especially on the seedbed, is one of the most important factors to 
affect soil and crop performance, such as crop emergency, soil and moisture resistance, 
and improvement of enzyme activity in soil. In addition, soil compactness can adjust 
soil nutrition, moisture, temperature, air and the physical, biology and chemical 
process, and then affect the capacity of crop nutrition absorption and growth of root, 
leaf and other organs [1~3]. Suitable soil compactness makes soil layers compactness, 
and keeps seed in touch with soil, which promotes germinating and root system 
growing; at the same time, compactness soil reduces soil porosity, water in deeper soil 
layers evaporation and erosion, which improves soil moisture conservation. Thus, 
suitable soil packing after seeding is usually made for soft soil to increase soil 
compactness, which satisfies the requirement of crop growth [4~6]. However, 
excessive soil compactness on seedbed will result in soil porosity too low, and reduce 
soil permeability, saturated hydraulic conductivity, and then reduce water and 
nutrition absorption for crop [7~9]; besides, excessive soil compactness leads to area 
reduction between minerals and water, and root growth resistance increases as soil 
compactness increasing, and affects crop yield. For cross-section of seedbed, the 
differences of soil compactness distribution are an important factor to impact water 
adsorption of seed and root growth [10]. The largest soil compactness occurs in the 
middle, which makes soil layers compactness, and keeps seed in touch with soil [11]. 
It is beneficial to water absorption and root growth, and water evaporation and erosion 
reduction [12]. Soil compactness in the sides is lower than that in the middle, which 
ensures soil moisture permeability, breathability and use efficiency of water and 
fertilizer. Soil compactness distribution is significantly affected by soil outline, so 
research of soil compactness distribution combination with soil outline is significative. 
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At present, soil compactness test device used for measuring soil compactness 
distribution is rare, especially together with soil outline measuring. Therefore, a new 
test device of soil outline and compactness distribution in the filed based on sensors is 
designed, and its performance was tested. 

2 Structure and Working Principle 
 

2.1 Structure 
Structure of test device of soil outline and compactness distribution in the filed based 
on sensors is shown in Fig. 1a. The device is mainly composed of frame, test 
component of soil outline, test component of soil compactness distribution, control 
box and storage battery. Test component of soil outline and test component of soil 
compactness distribution are the key components. The dimension of the device is 
shown in Table 1. 

 
 

Table 1. Dimension of test device 
 

Length 118cm 

Width 83cm 

Height 70cm 

 

Test component of soil compactness distribution is mainly composed of motor 1, 
coupler 1, screw pair 1 with screw 1, slider 1 and guide rail 1, 25 test units with 
pressure sensor and test pin, angle iron; test units was fixed on slider 1 (Fig.1b). 

Test component of soil outline is mainly composed of motor 2, coupler 2, screw 
pair 2 with screw 2 and slider 2, guide rail 2 and distance sensor; distance sensor is 
fixed on slider 2 (Fig 1c). 

 
1. Storage battery  2. Armrest  3. Control box  4. Test component of soil outline 

5. Wheel  6. Test component of soil compactness distribution  7. Frame 
(a) Test device of soil outline and compactness distribution in the field 
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1. Motor1  2. Coupler 1  3. Screw 1  4. Slider 1  5. Pressure sensor  6. Test pin   

7. angle iron  8. Guide rail 1 
(b) Test component of soil compactness distribution 

 
1. Motor 2  2. Coupler 2  3. Screw 2  4. Slider 2  5. Distance sensor  6. Guide rail 2 

 (c) Test component of soil outline 

Fig. 1. Test device of soil outline and compactness distribution in the field 

2.2 Working principle 

Test component of soil compactness distribution is fixed in front of frame by angle 
iron, and moves up and down by screw pair 1. Test component of soil outline is fixed 
on slider 1, and moves up and down together with slider 1; at the same time, distance 
sensor moves in horizontal to fro by screw pair 2. Control box and storage battery are 
installed on the frame behind test component of soil compactness distribution, and 
support power and instructions for the device. Armrest and wheel are separately 
installed on the frame to move the device to designed position. 

2.2.1 Working principle of test component for soil outline 

During test, test component for soil outline is perpendicular to furrow by opener and 
positioned on the furrow (Fig. 2). Adjust distance sensor to the rim of furrow cross 
section, and get the distance (L1) between test point to distance sensor, and then move 
distance sensor a fixed distance along screw, and test the distance (L2) between 
second point and distance sensor and then move distance sensor the fixed distance. 
Repeat above steps until getting the distance (Ln) between the point on another rim 
and distance sensor. Take the minimum distance from the tested distance as criterion 
(L). And the ground for this point is called reference level. Separately get the 
difference value between tested distance (L1, L2, … Ln) and L, and then draw the 
outline of seedbed based on criterion (L). 

1 2 3 4 5 6 

1 2 3 4 5 6 

7 8 
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Fig. 2. Test device of soil outline and compactness distribution in the field 

2.2.2 Working principle of test component for soil compactness distribution 

Soil compactness distribution is tested by static inserting method. After soil outline 
test finished, the distance (H) between test pin and reference level is calculated and 
test component for soil compactness distribution is moved down   to make the pin 
touch the soil. Insert test pin into the soil in a constant and slow speed by motor 1. In 
the process, each pressure sensor gets one pressure force and gets the soil 
compactness by the following formula: 

/P F S=                                                                (1) 

Where P is soil compactness; F is pressure force; S is the area of the bottom of the 
pin. 

The device can complete 25 soil compactness once, and get the soil compactness 
distribution on seedbed. 

 
Fig. 3. The initial position of the test pin 

 

3 Design of key components 
 

3.1 Test component for soil outline 
 

3.1.1 Parameter of distance sensor 
Outline test of object surface includes contact and non-contact test according to test 
methods. To soil, contact test is apt to damage soil outline, and result in inaccuracy. 
Therefore, non-contact distance sensor is used to test soil outline. 

At present, distance sensor includes ultrasonic, infrared and laser sensors, etc. 
Ultrasonic sensor tests distance by ultrasonic emission. Test precision is cm degree, 

1 

2 

3 
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but ultrasonic is apt to disturb by barrier. Infrared sensors tests distance by infrared 
signals. According to the signal intensity, the distance is calculated out; however, 
infrared sensor is easy to disturbed by light [13-14]. Laser sensor gets distance by 
time differences between laser sending and receiving [15-16]. Test precision is up to 
mm degree, and is not disturbed by light and barrier. Therefore, laser sensor is used to 
detect distance in the research. 

FT50 RLA-220-S1L8 sensor made in Germany is selected (Fig. 4). The sensor has 
a rapid response, and strong ability to avoid light disturbance, it is suitable for all 
surface detecting [17]. Table 1 shows the key parameters of the sensor. 

Table.2. Parameters of range sensor 
Power voltage 24VDC 

Test range 80mm～300mm 
Resolution 0.08～0.3mm 

Response time <0.5ms 
Output current 4～20mA 

Linearity < 0.25% 
Working power 18-30V DC 

Linkage type M12 8 pins 
Spot size 2mm×4mm 

Dimension 50×50×17mm 

 

 
Fig. 4. Range sensor 

3.1.2 Parameters of screw pair 2 
Screw pair 2 is composed of guide rail 2, screw 2, slider 2 and motor 2 etc. It is used 
to drive distance sensor moving in a designed speed along the horizontal direction on 
guide rail 2. The distance between two tested points is fixed when interval between 
two tests is fixed, thus distance for different test points from soil surface to distance 
sensor is got. 

Key parameters of screw pair 2 include speed of slider 2 (horizontal speed of 
distance sensor), moving precision and effective movement etc. 

(1) Speed and moving precision 
The width of furrow by openers is usually less than 100mm. To ensure the accuracy 

of soil outline, distance of adjacent tested points should be as small as possible. 
Therefore, speed of screw pair 2 used in the study can be adjusted among 1~66mm/s. 
Considered than interval between adjacent tested points for soil compactness is 8mm 
(see 2.2), speed of screw pair 2 is selected as proxy of 8mm (1mm, 2mm, 4mm and 
8mm). The moving precision is 0.1mm. 

(2) Effective movement 
To ensure soil outline of entire furrow could be obtained, the effective movement 

of slider 2 must be greater than 100mm; effective movement of slider 2 in the study 
selects 240mm. 

(3) Selection of motor 2 
Motor 2 is used to drive screw 2 rotating and slider 2 moving on the guide rail 2. 

According to the requirements, 42 series two-phase stepping motor is used, and load 
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range ≤15kg. 
3.2 Test component for soil compactness distribution 

Test component for soil compactness distribution is composed of screw pair 1 and 25 
units for testing soil compactness. 

3.2.1 Test width 

To ensure soil compactness of entire furrow could be obtained, test width must be 
greater than 100mm; test width in the study selects 200mm with 25 test units and 
interval between adjacent units 8mm. 

3.2.2 Parameters of screw pair 1 

Screw pair 1 is composed of guide rail 1, screw 1, slider 1 and motor 1 etc. It is used 
to drive test units moving in a designed speed along the vertical direction on guide rail 
1 and insert test pins into soil to a designed depth. 

Key parameters of screw pair 1 include speed of slider 1 (speed of test units), 
moving precision and effective movement etc. 

(1) Speed and moving precision 

In this study, speed of screw pair 1 used can be adjusted among 1~66mm/s. The 
moving precision is 0.1mm. 

(2) Effective movement 

Seeding depth is usually 30~50mm, and fertilizing depth 80~100mm, therefore 
furrow depth by openers less than 100mm. To ensure soil compactness for entire 
furrow tested, effective movement is designed as 160mm. 

(3) Selection of motor 1 

Motor 1 is used to drive screw 1 rotating and slider 1 moving on the guide rail 1 
and test pins inserting into soil. Considered that load increasing as soil depth 
increasing, 57 series two-phase stepping motor is used, and load range ≤40kg. 

3.2.3 Pressure sensor 

One test unit is composed of one pressure and one test pin.  

Pressure sensor is used to obtain the force of test pin inserting soil. Mini pressure 
sensor EVT-10G-5kg (Fig. 5) is used in this study due to limited space. The 
parameters of the sensor are shown in Table 3. 

Table.3. Parameters of each pressure sensor 
Power voltage 24VDC 

Test range 0~5kg 
Precision 50g 

Working temperature -20～60℃ 
Safe over range 150%F.S 

Zero output ±1% F.S 
Output current 4～20mA 

 
Fig. 5. Pressure sensor 

3.2.4 Test pin 
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Test pin is installed at the bottom of pressure sensor. According to Criterion by 
ASABE, the taper angle is designed 30°, the max diameter is 2.5mm, and the base 
area is 4.9×10-6m2[18-19]. 

 
Fig. 6. Dimension of test pin 

3.3 Control box 

Control box is composed of PLC controller, stepper motor drivers, and A/D converter. 
The function includes controlling motors working and receiving data. 

 
 

4 Field experiment and result analysis 
 

4.1 Material and methods 
 

To verify the accuracy and practicability of the device, calibration of sensors and field 
experiment was conducted near Beijing, China, in an area with a temperate continental climate 
and four distinct seasons. 

(1) Calibration of distance sensor 
Before working, distance sensor was calibrated to compensate with zero drift. Hardboard and 

vernier caliper were used to calibrate sensors. Set the distance between hardboard and distance 
sensor L. The formula between L and output current I was as following: 

                                                 *L b k I= +                                          (2) 
Put hardboard in different distance with distance sensor measured by vernier caliper, and 

measure output current In, residual error of test point i between calibration data and response 
value on the fitting straight-line was the following formula: 

                                             ( * )i i iL k I b∆ = − +                                 (3) 
2 2

1 1
[ ( * )]

n n

i i i
i i

L k I b
= =

∆ = − +∑ ∑                                           (4) 

Derivation of k and b with least square method was shown in the following: 
2

1 1
2 [ ( * )]( ) 0

n n

i i i i
i i

L k I b I
k = =

∂
∆ = − + − =

∂ ∑ ∑                                    (5) 

2

1 1
2 [ ( * )]( 1) 0

n n

i i i
i i

L k I b
b = =

∂
∆ = − + − =

∂ ∑ ∑                                      (6) 

Formula of k and b were obtained from (5) and (6): 

= = =

= =

−
=

−

∑ ∑ ∑

∑ ∑
1 1 1

2 2

1 1

( )

n n n

i i i i
i i i

n n

i i
i i

n I L I L
k

n I I

                                               (7) 

= = = =

= =

−
=

−

∑ ∑ ∑ ∑

∑ ∑

2

1 1 1 1

2 2

1 1

( )

n n n n

i i i i i
i i i i

n n

i i
i i

I L I I L
b

n I I

                                         (8) 

Linear equation between L and I were obtained from formula (2), (7) and (8). 
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(2) Calibration of pressure sensors 
Before working, pressure sensors were calibrated to compensate with zero drift. Weights 

were used to calibrate sensors. The formula between mass m and output current I was as 
following: 

=m b k I+ ∗                                                               (9) 
Put weights with different mass on pressure sensor, and measure output current In, residual 

error of test point i between calibration data and response value on the fitting straight-line was 
the following formula: 

= （ ）
i i i
m k I b∆ − ∗ +                                                   (10) 

2 2

1 1

= [ ( )]
n n

i i i
i i

m k I b
= =

∆ − ∗ +∑ ∑                                          (11) 

Derivation of k and b with least square method was shown in the following: 

= =

∂
∆ − ∗ + − =

∂ ∑ ∑2

1 1

=2 [ ( )]( ) 0
n n

i i i i
i i

m k I b I
k

                            (12) 

= =

∂
∆ − ∗ + − =

∂ ∑ ∑2

1 1

=2 [ ( )]( 1) 0
n n

i i i
i i

m k I b
b

                              (13) 

Formula of k and b were obtained from (12) and (13): 

1 1 1

2 2

1 1

( )

n n n

i i i i
i i i

n n

i i
i i

n I m I m
k

n I I

= = =

= =

−
=

−

∑ ∑ ∑

∑ ∑

                                                      (14) 

2

1 1 1 1

2 2

1 1

( )

n n n n

i i i i i
i i i i

n n

i i
i i

I m I I m
b

n I I

= = = =

= =

−
=

−

∑ ∑ ∑ ∑

∑ ∑

                                                (15) 

Linear equation between m and I were obtained from formula (9), (14) and (15); and linear 
equation between F and I were obtained from F=m*g. 

(3) Field experiment 
Field experiment was conducted on soil after wheat seeding. Soil outline and soil 

compactness of seedbed were tested to verify the practicability of the device. 
 

4.2 Result analysis 
 

(1) Calibration of distance sensor 
The relation between L and I was shown in Fig.7. Linear equation between L and I 

can be expressed by the following: 
13.752* 25.025L I= +                                                         (16) 

2 1R =                                                                     (17) 
The result showed that relation between L and I had good linearity (R2=1), measure 

range of distance sensor was 40mm~300mm, and relative error was less than 0.25%. 

 
Fig. 7. Relation between distance (L) and current (I) 

(2) Calibration of pressure sensors 
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Table 4 showed the linear equation between m and I and linear equation between F 
and I for each pressure sensor. Results showed that measure range of pressure sensor 
was 50g~5kg, relative error was less than 5%, and R2 was close to 1, and had good 
linearity. 

Table.4. Linear fitting equation of each pressure sensor 
Sensor NO. Linear equation between m and I Linear equation between F and I R2 
1 m=0.3126*I-1.2132 F=3.126*I-12.132 1 
2 m=0.3427*I-1.2892 F=3.427*I-12.892 0.99 
3 m=0.3135*I-1.2406 F=3.135*I-12.406 1 
4 m=0.3135*I-1.2841 F=3.135*I-12.841 1 
5 m=0.3126*I-1.2315 F=3.126*I-12.315 1 
6 m=0.3139*I-1.2564 F=3.139*I-12.564 1 
7 m=0.3133*I-1.2843 F=3.133*I-12.843 1 
8 m=0.3111*I-1.196 F=3.111*I-11.96 0.99 
9 m=0.3141*I-1.2687 F=3.141*I-12.687 1 
10 m=0.3129*I-1.2856 F=3.129*I-12.856 1 
11 m=0.3137*I-1.1927 F=3.137*I-11.927 1 
12 m=0.3143*I-1.2315 F=3.143*I-12.315 1 
13 m=0.3125*I-1.224 F=3.125*I-12.24 1 
14 m=0.3138*I-1.2612 F=3.138*I-12.612 1 
15 m=0.3136*I-1.2646 F=3.136*I-12.646 1 
16 m=0.3154*I-1.0771 F=3.154*I-10.771 1 
17 m=0.3113*I-1.1517 F=3.113*I-11.517 1 
18 m=0.3152*I-1.2477 F=3.152*I-12.477 1 
19 m=0.309*I-1.2277 F=3.09*I-12.277 1 
20 m=0.3149*I-1.2624 F=3.149*I-12.624 1 
21 m=0.3171*I-1.2629 F=3.171*I-12.629 1 
22 m=0.3142*I-1.3375 F=3.142*I-13.375 1 
23 m=0.3203*I-1.2764 F=3.203*I-12.764 1 
24 m=0.314*I-1.247 F=3.14*I-12.47 1 
25 m=0.3173*I-1.2376 F=3.173*I-12.376 1 

(3) Field experiment 
Devices were moved to field and soil outline and soil compactness distribution 

were measured. 
Test interval of soil outline was 8mm, test width was 200mm; test interval of soil 

compactness was 4mm, and test soil depth was 100mm. Test data were led into matlab 
and obtained the figures of soil outline and soil compactness distribution (Fig.8 and 
Fig.9). 

Results showed that the device could test soil compactness distribution as well as 
soil outline on seedbed. It would provide convenient measure tool for research on soil 
compactness distribution. 

        
Fig. 8. Soil outline of seedbed             Fig. 9. Distribution of soil compactness distribution 

  
 

5  Conclusions 
 
(1) In order to solve the problems that present test device of soil compaction had only 
one test pin and couldn’t test the soil compaction distribution on seedbed, test device 
of soil outline and compaction distribution in the filed based on sensors was designed 
to test soil outline and soil compaction distribution on the seeding bed. 

(2) Linear equation between L and I for distance sensor was obtained from 
calibration results of distance sensor; linear equation between m and I and linear 
equation between F and I for each pressure sensor were obtained through calibration 
results of pressure sensors. 
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(3) Field experiment showed that the device could test soil compactness distribution 
as well as soil outline on seedbed. It would provide convenient measure tool for 
research on soil compactness distribution. 
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