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ABSTRACT 

Precision soil fertilization is an important aspect of smart precision agriculture development, and the fertilization 

prescription map is a prerequisite for precision fertilization. Taking grapevine soil information as an example, 

this study explores the impact of different sampling densities on the accuracy of soil nutrient distribution. 

Experimental trials were conducted using sampling densities of 1m x 1m, 3m x 3m, 6m x 6m, 9m x 9m, and 

12m x 12m, with the optimal sampling density determined to be 6m x 6m. Nutrient distribution maps were 

created using Bigemap and ArcGIS software, and based on nutrient balance calculations using ArcGIS 

software, fertilization prescription maps were developed. Furthermore, precise fertilization schemes for 

nitrogen, phosphorus, and potassium fertilizers were formulated based on the prescription maps. This study 

provides methodological and data support for research on precision soil fertilization. 

 

摘要 

土壤精准施肥是智慧精准农业发展的重要方面，施肥处方图是精准施肥的前提。本文以葡萄园土壤信息为例，

探索了不同采样密度对土壤养分分布准确度的影响，以 1m x 1m, 3m x 3m, 6m x 6m, 9m x 9m, and 12m x 12m,

为例进行了试验，确定了最佳采样密度为 6m x 6m，使用 Bigemap 和 ArcGIS 软件绘制了养分分布图，根据养

分平衡法运用 ArcGIS 软件得出相应的施肥处方图，并基于处方图给出了氮、磷、钾三种肥料的精准施肥方案，

为土壤精准施肥研究提供了方法支持和数据支持。 

 
INTRODUCTION 

Precision agriculture represents the future trend in agricultural production, with precise soil fertilization 

being a crucial component of smart farming. China has made significant strides in the development of precise 

fertilization prescription charts (An et al., 2017), fertilization control algorithms (Liu et al., 2021; Zhang et al., 

2021), as well as fertilization systems and mechanisms (Bai et al., 2021; Jin et al., 2018; Li et al., 2016; Shi et 

al., 2017; Yuan et al., 2014). Moreover, international research efforts have also contributed to advancements 

in precise fertilization (Chung et al., 2018; Kabir et al., 2018; Marius et al., 2021; Saleem et al., 2013; Reyes et al., 

2015; Yang., 2001). The acquisition of fertilization prescription charts is fundamental to precision fertilization. 

Currently, research in various aspects of precision fertilization, including the accuracy of prescription 

charts, efficiency of acquisition, acquisition costs, and the reliability of precision fertilization plans, falls short of 

meeting the demands of smart precision agriculture development. Xu et al., (2011), used Web Services, 

metadata, spatial interpolation and AJAX technologies, combined with VS2005, ArcGIS 9.3 and SQL Server 

2005 and other software, in their paper. NET platform built "WebGIS based wheat precision fertilization 

decision system", realized the production of wheat prescription map. Yuan et al., (2013), studied the soil 

sampling strategy and the generation method of nutrient distribution map. One soil sample was selected every 

10 ridges, and one soil sample was taken from each ridge at an interval of 10 m. The national standard method 

and rapid measurement method were used to detect the nutrient content. However, the traditional methods of 

soil sample collection and laboratory testing are not only time-consuming and laborious, but also costly. This 

can be difficult to achieve for large areas of farmland, limiting the popularity of precision fertilization techniques. 
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Fig. 1 – System frame diagram 

 

 The system frame diagram of this paper is shown in the Fig 1. To address the issue of low efficiency 

in soil information collection for precision fertilization prescription maps, this study employs an STM32 

microcontroller, soil sensors, and Real-Time Kinematic (RTK) technology mounted on a chassis to collect soil 

information and create fertilization prescription maps. The study investigates the impact of different sampling 

densities on the accuracy of soil nutrient distribution and determines the optimal sampling density. The 

prescription map files are transmitted wirelessly to the fertilizer motor control system to achieve variable rate 

fertilization by controlling the motor speed. This research provides a cost-effective data acquisition method 

and a more accurate precision fertilization scheme for soil precision fertilization, thereby advancing the 

development of precision agriculture. 

 

MATERIALS AND METHODS 

Soil information collection system 

 There are various methods for detecting soil information (Yang et al., 2010; Zhai et al., 2022), and in 

this study, an indirect measurement approach based on soil electrical conductivity was chosen due to its rapid 

response, cost-effectiveness, and durability. It has been selected a sensor that measures soil nutrient values 

through electrical conductivity to establish a soil information collection system. 

 It was opted for the high-precision, rapidly responsive JXBS-3001-TR soil comprehensive sensor in 

our soil information collection system. This sensor exhibits high accuracy, fast response times, stable output, 

and is minimally influenced by soil salinity, making it suitable for various soil types. The sensor operates within 

a voltage range of 12-24V and can withstand temperatures from -40°C to 80°C, thereby complying with our 

experimental environmental requirements. 

 The soil information collection system comprises an STM32f429IGT6 development board and the soil 

comprehensive sensor. It incorporates the SP3485 level-shifting chip and a power module, with sensor 

readings displayed via a 4.3-inch RGB LCD touch screen module. The hardware configuration features a 485 

bus interface, with the sensor functioning as a slave device and its device address set to 0x01. The hardware 

connection of the system is illustrated in Fig 2. 

 

 
Fig. 2 – Hardware connection chart 
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 In the process of communication between the sensor and the development board, it is essential to 

predefine various parameters of the communication protocol, such as the baud rate, data bits, parity bits, and 

stop bits. To ensure the reliability and security of communication, error detection and validation measures, 

such as parity checks and CRC checks, need to be implemented. These measures effectively mitigate the 

occurrence of errors and data inaccuracies that may arise during communication. The soil sensor and STM32 

development board employ the Modbus RTU communication protocol. The communication data frame formats 

are outlined in Tables 1 and 2. 

Table 1 

Query frame 

Address code Function code Start Address Data Length Check bit low Check bit high 

1byte 1byte 2byte 2byte 1byte 1byte 

 
Table 2  

Response frame 

Address code Function code Valid byte Data area 1 Data area 2 Data area N Check code 

1byte 1byte 1byte 2byte 2byte 2byte 2byte 

 

When utilizing this protocol for data transmission, it is imperative to initialize the system and configure 

the 485 interfaces for transmission mode. Subsequently, the host sends a query frame to the slave sensor. 

Upon receiving the query frame, the slave responds with an acknowledgment frame. At this point, the host's 

receive buffer is cleared, and it switches to receive mode to receive data from the slave. 

During the data reception process, the system undergoes a series of checks. Initially, it verifies whether 

it has received a response from the slave. If a response is received, the system proceeds to confirm whether 

the received slave address matches 0x01. If the slave address is correct, the system calculates the CRC 

checksum and compares it with the checksum in the acknowledgment frame. If they match, the system 

converts the hexadecimal data to decimal and outputs it. In case of a mismatch, the system returns to the 

initialization phase to resend the query frame. 

In this study, programming was performed using the Keil uVision5 software platform, and the entire 

program flow is depicted in Fig. 3. 

 
Fig. 3 – Program flow chart 

 

Soil information collection test 

To investigate the uniformity of soil nutrient distribution and the impact of sampling density on 

prescription charts, a rectangular plot measuring 132 meters by 144 meters was selected within the 

Qianmuyuan Garden Grape Base, located in Huantai County, Zibo City, Shandong Province, China 

(N37.07420°, E117.91777°).  
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This site is situated in a temperate monsoon climate region, characterized by yellow-brown soil. The 

experimental site within the Qianmuyuan Grape Base is of substantial scale and representational significance. 

The cultivation pattern in the Qianmuyuan Garden Grape Base follows a ridge-planting approach, 

where grapevines are planted in a single row on each ridge, with row spacing set at 3 meters. 

Bigemap GIS Office software was used to locate the test site through the map query function, as shown 

in Fig. 4. 

 
Fig. 4 – The test site 

 

To examine the uniformity of soil nutrient distribution and assess the influence of sampling density on 

prescription charts, sampling points were selected at various intervals, specifically 1 meter, 3 meters, 6 meters, 

9 meters, and 12 meters apart. This equates to a grid pattern of 1m x 1m, 3m x 3m, 6m x 6m, 9m x 9m, and 

12m x 12m, respectively, with samples collected at the geometric center of each grid. Each sampling method 

consisted of 100 samples, resulting in a total of 500 sampling points. 

The soil information collection method employed in this study involves selecting sampling points at 

positions approximately 0.6m away from the grapevine roots, at a depth of 0.2m. Location information is 

obtained through GNSS-RTK real-time positioning, which offers centimeter-level accuracy. To simultaneously 

capture both the position information and nutrient content at the sampling points, a sensor is installed on the 

chassis of a remote-controlled vehicle. 

At the front of the vehicle, a drilling device is mounted, affixed to a rod using 3D-printed fixtures. The 

up-and-down motion of the electric actuator, controlling the drilling operation, is managed by manipulating the 

high and low levels of an STM32 microcontroller. The steel needle of the sensor measures 0.07m in length, 

allowing for the collection of soil information at a depth of 0.2m. By controlling the electric actuator, the drilling 

device creates a hole with a depth of 0.13 meters to reach the required depth. Additionally, GNSS-RTK is used 

to connect the computer and serial port assistant software, enabling real-time acquisition of the sampling 

point's location information. 

 
Fig. 5 – Soil collection test 
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The Christiansen uniformity coefficient is an indicator used to measure the uniformity of nutrient 

distribution in soil. It effectively reflects the deviation of nutrient distribution across the field from the mean 

value. This coefficient is calculated by assessing the differences between nutrient content at each sampling 

point and the mean value, followed by a standardization process. A higher numerical value indicates a more 

uniform distribution of soil nutrients, whereas a lower value suggests non-uniformity. The formula for calculating 

the Christiansen uniformity coefficient is as follows: 

 1

1

100 1

n

ii

uc n

ii

w w
C

w

=

=

 −
 =  −
 
 




  (1) 

where: 

 
ucC  is Christiansen uniformity coefficient; n  is the number of soil sampling sites; iw  is nutrient content 

at the i  soil sampling site; w  is the average nutrient content of the soil sampling site. 

The soil nutrient data at various sampling densities were extracted, and the Christiansen Uniformity 

Coefficient for different sampling densities was computed using Equation (4), yielding the results as presented 

in Table 4. 

Table 4  
Christiansen uniformity coefficient at different sampling densities 

 

From the data presented in Table 4, it is evident that, as the sampling density decreases below 6m x 

6m, the soil's readily available nitrogen content remains stable within the range of 85% to 91% when compared 

to denser sampling densities. Similarly, the readily available phosphorus content stabilizes within the range of 

85% to 90%, while the readily available potassium content stabilizes within the range of 87% to 92%. These 

findings indicate a relatively close uniformity in nutrient distribution among different sampling densities. 

 

 
Fig. 6 – Variation map of nutrient distribution uniformity 

 

Moreover, as illustrated in Fig 6, it can be observed that starting from the 12m x 12m sampling density, 

with an increase in sampling density, the uniformity of nutrient distribution gradually improves. At a sampling 

density of 6m x 6m, all three nutrient profiles exhibit a turning point, beyond which the slope of the curves 

noticeably decreases, indicating a reduction in the rate of uniformity change. Therefore, a sampling density of 

6m x 6m can be employed for experimentation. 

Sampling density Christiansen uniformity coefficient 

（m×m） Rapidly available 
nitrogen 

Rapidly available 
phosphorus 

Rapidly available 
potassium 

12×12 76.11% 77.58% 78.07% 

9×9 82.89% 81.71% 83.18% 

6×6 86.80% 85.96% 87.77% 

3×3 88.32% 87.13% 88.59% 

1×1 90.03% 89.03% 90.38% 
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Subsequently, with a sampling density of 6m x 6m, a total of 378 sampling points were re-sampled, 

and the distribution of these sampling points is depicted in the following Fig. 7. 

 
Fig. 7 – Distribution of sampling points 

 

The experimental data obtained with a grid sampling density of 6m x 6m are presented in Table 5. 

From the data in Table 5, it can be observed that the coefficient of variation for readily available nitrogen, 

phosphorus, and potassium distribution in the experimental area is approximately 20%, indicating a relatively 

low level of variation and relatively uniform distribution. The kurtosis values are 5.4425, 5.4027, and 5.1216, 

all of which exceed the kurtosis of 3 for a normal distribution. This suggests that, compared to a normal 

distribution, the probability density distribution curves for these three elements have sharper peaks and are 

steeper. The skewness for all three elements is greater than zero, indicating a leftward skewness in data 

distribution compared to a normal distribution. This implies the presence of significant outliers, with a long tail 

trailing on the right side in the histogram, which corresponds to areas in the experimental field with higher 

levels of readily available nitrogen, phosphorus, and potassium content. 

Table 5  
Christiansen uniformity coefficient at sampling density 6m × 6m 

 

 A grid sampling density of 6m x 6m strikes a favorable balance between data precision and the labor 

costs associated with sampling. In comparison to higher-density sampling, it reduces the workload involved in 

data collection and processing, while simultaneously offering improved data precision relative to lower-density 

sampling. 

 

Establishment of soil nutrient distribution map 

Since the collected soil nutrient data and coordinate points are discrete, obtaining continuous demand 

values for readily available nitrogen, phosphorus, and potassium within the field requires the conversion of 

point data into spatial data through interpolation methods. 

 The Ordinary Kriging method, suitable for flatland areas, is employed to transform the discrete point-

based data into spatial data (Li et al., 2012). The calculation formula for this method is as follows: 

 ( ) ( )0
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where:  

 ( )0Z S


 is estimated value of point(x0,y0); i  is the unknown weight of the measured value at position 

i ; 
0S  is predicted position; N  is number of measured values.  

The fundamental concept underlying this approach involves treating the neighboring known points of 

the points to be interpolated as a random field. By seeking the optimal spatial autocorrelation function model 

to depict the spatial variability of this random field, the model is then used for interpolation at the unknown 

points. 

Item Minimum 

value 

[mg/kg] 

Maximum 

value  

[mg/kg] 

Md-

value  

[mg/kg] 

Mean 

value 

[mg/kg] 

Standard 

deviation 

[mg/kg] 

Coefficient 

of variation 

[%] 

Kurtosis Skewness 

N 6 31 17 16.643 3.4782 20.8989 5.4425 0.73429 

P 13 41 23 23.751 5.4953 23.1371 5.4027 1.2861 

K 29 101 54.5 56.841 13.883 24.4243 5.1216 1.2943 
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Based on the soil nutrient content data collected at a sampling density of 6m x 6m and utilizing the 

Ordinary Kriging interpolation method, the resulting soil nutrient distribution map is presented below, 

showcasing a gradual increase in nutrient content from 1 to 10. 

 
a). Nitrogen                          b). Phosphorus                          c). Potassium 

Fig. 8 – The nutrient distribution map 
 

The construction and experimental methods of the fertilization system 

In order to test whether the adjustable fertilizer application range of the device and the control system 

can meet the requirements of fertilizer application, and to verify the accuracy and stability of variable 

fertilization, laboratory experiments were carried out. 

 
Fig. 9 – Variable fertilization laboratory test 

1. Stm32 development board; 2. 48V vehicle power supply; 3. Wireless transmission module; 4.stm32 development board; 
5. 48V to 12V step-down module; 6. Fertilizer motor; 7. Plastic basin;  8. Electronic scale; 9. Wireless transmission module; 

 10. Computer; 11. Fertilizer; 12. Fertilizer box 
 

The indoor simulated variable fertilization experiment is shown in Fig 9. The discharge amounts of 

urea, superphosphate and potassium nitrate were calibrated at 8, 16, 24, 32, 40, 48, 56, 64 and 72 r/min with 

the fertilizer dispenser. The relationship between fertilizer discharge and rotational speed of three kinds of 

fertilizers was studied. 

 

RESULTS 

Application of soil fertilization prescription map in variable fertilization 

The primary methods for determining fertilization quantities include the Nutrient Balance Method, the 

Nutrient Surplus/Deficiency Index Method, and the Fertilizer Response Function Method, each of which has 

its own advantages and disadvantages. The Nutrient Balance Method estimates soil fertilizer supply by 

measuring soil nutrient content and basic yield. Among these three methods, this approach is better suited for 

this experiment, where fertilizer quantities are determined through soil nutrient testing. The formula for 

calculation is as follows: 

 s

f f
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where: UN is rate of fertilizer application; VN  is nutrient uptake per unit yield of crop; S  is target yield. (The 3-

year average yield of local crops is increased by 10% to 15%); 0.16 is the conversion coefficient represents 

the nutrient coefficient that the soil available nutrients can be converted into the arable layer of each mu of 

land; ωS is soil available nutrient test value; μN is correction coefficient of available nutrient; ωf is nutrient 

content in fertilizer; ηM  is fertilizer utilization rate. 

Through consultation with local experts in grape cultivation, it has been determined that for every 

100kg of grape fruit production, the absorption of pure nutrients is as follows: 0.6 kg of nitrogen (N), 0.3 kg of 

phosphorus (P2O5), and 0.72 kg of potassium (K2O). Urea contains 46% nitrogen (N), calcium superphosphate 

contains 16% phosphorus (P2O5), and potassium chloride contains 60% potassium (K2O). 

The soil available nutrient correction factors are set as follows: in the unfertilized area, the nutrient 

quantity absorbed by crops per hectare is multiplied by 100%.  
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Generally, the soil available nutrient correction factors fall within the range of 0.3 to 0.7 for available 

nitrogen, 0.4 to 0.5 for available phosphorus, and 0.5 to 0.85 for available potassium. The arithmetic mean 

between the maximum and minimum values is taken. Nutrient utilization efficiency is typically in the range of 

20% to 40% for nitrogen, 15% to 25% for phosphorus, and 40% to 60% for potassium. Again, the arithmetic 

mean between the maximum and minimum values is used, resulting in nitrogen fertilizer utilization of 30%, 

phosphorus fertilizer utilization of 20%, and potassium fertilizer utilization of 50%. 

The calculated fertilizer quantities are divided into five equal levels, corresponding to five different 

application rates. Three types of fertilizers (urea, calcium superphosphate, and potassium chloride) are applied 

using a fertilizer distributor at different rotational speeds to calibrate the application rates. 

 The spacing between ridges in the experimental area is approximately 3 meters, and the distance 

between grape trees is approximately 1.5 meters. Consequently, a grid of 1.5m x 3m is superimposed on the 

nutrient distribution map, where each grid represents a fertilization unit. Using the lower-left corner of the study 

area as the origin, a Y-axis is drawn to the upper-left corner to determine the grid's row width and row height, 

thereby creating the grid. Subsequently, the obtained grid and the points within each grid are clipped to fit 

within the study area, as depicted in Fig 10. 

  
Fig. 10 – Clipped grid 

 

 
Fig. 11 – Fertilization prescription chart of nitrogen 

 

 
Fig. 12 – Fertilization prescription chart of phosphate 

 

Fig. 13 – Fertilization prescription chart of potassium 
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As shown in Fig. 11 to Fig. 13, fertilization level 1 corresponds to the regions within the nutrient 

distribution map with lower nutrient content, resulting in the maximum required fertilizer application, and so 

forth, with fertilization level 5 requiring the least amount of fertilizer. 

Soil nutrient levels directly affect crop yield (Li et al., 2022), so the variation of nutrients in different 

regions is the starting point and basis for variable fertilization. The exported prescription chart in CSV format 

is wirelessly transmitted from the computer to the onboard microcontroller via a wireless communication 

module. Upon receiving the prescription chart information, the microcontroller calculates the desired fertilizer 

quantities for urea, calcium superphosphate, and potassium chloride at its current location. Subsequently, this 

information is transmitted to the fertilizer distribution shaft control motor, allowing for the adjustment of the distribution 

shaft's rotational speed. This process enables variable-rate fertilization operations, as illustrated in Fig. 14. 

 
Fig. 14 – Flow chart of variable fertilizer control system 

 

Laboratory test of fertilization system 

During calibration, a plastic basin is placed under the fertilizer box, and the fertilizer is weighed by an 

electronic scale. Each fertilizer was tested for 10 times at each speed. The unitary linear regression analysis 

was carried out on fertilizer discharge and rotational speed, and the unitary linear regression model between 

fertilizer discharge and rotational speed was obtained: 

 fM an+b=  (4) 

where: M is the fertilizer discharge per minute of the fertilizer dispenser, n is the rotation speed of the fertilizer 

wheel, and a,b is the coefficient and constant of the unitary linear regression model. The a,b values 

corresponding to the three fertilizers are different. 

Table 6  
Regression results and significance test 

 

As can be seen from Table 6, the determination coefficient R2 of the linear regression model 

established by the fertilizer discharge amount of three fertilizers and the rotation speed of the fertilizer 

discharge wheel is no less than 0.98, and the P value is less than 0.0001. Therefore, the linear regression 

equations established between the fertilizer discharge amount of three fertilizers and the rotation speed of the 

fertilizer discharge wheel are particularly significant and have a high degree of fit, showing a linear relationship 

with a confidence of 99.99%.  

 a b R2 P-value 

urea 29.644 357.95 0.9827 2.84×10-6 

superphosphate 65.328 382.65 0.9915 6.71×10-7 

potassium 34.004 -26.375 0.9893 1.04×10-6 
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Fig. 15 – Relationship between fertilizer discharge and speed change 

 

The amount of fertilizer applied by each fertilizer is calculated through the prescription diagram, and 

the corresponding rotation speed of the fertilizer wheel can be obtained by bringing it into the regression 

equation. Then variable fertilization can be carried out by adjusting the PWM duty ratio to reach the required 

rotation speed. 

In summary, the use of prescription diagrams to calculate fertilizer application rates, coupled with 

adjusting the rotation speed of the fertilizer wheel through regression equations, has enabled variable-rate 

fertilization. This method, achieved through PWM duty ratio adjustments, provides a precise means of 

achieving the required rotation speeds. These findings are crucial for advancing precision agriculture practices. 

However, further research is needed to compare these results with those from other countries or regions to 

gain a comprehensive understanding of variable-rate fertilization systems worldwide. 

 

CONCLUSIONS 

 This study proposed an effective variable fertilization method by integrating soil sensor technology and 

geographic information systems, providing technical support and theoretical guidance for agricultural 

production. 

 An indoor fertilization experiment was conducted, and a linear regression equation was established 

between the discharge of three types of fertilizers and the rotation speed of the fertilizer wheel to further guide 

variable fertilization. The results of this study are of great significance for improving the efficiency of fertilization 

in vineyards, reducing fertilization costs, and promoting the development of precision agriculture. 
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ABSTRACT 

Mini-tiller is an indispensable agricultural machinery in hilly and mountainous areas of China. Rotary blade is 

an important working part of mini-tiller, which directly affects the operation quality and power consumption of 

mini-tiller. In order to reduce the cutting resistance and power consumption of the rotary blade of mini-tiller, the 

cutting process of the rotary blade was analyzed by numerical simulation, and the tangential bending radius 

(R), bending angle (β) and edge thickness (c) of the rotary blade were selected as factors to optimize it. After 

comparing the cutting resistance and cutting power consumption of the rotary blade before and after 

optimization, the results show that the cutting force of the optimized rotary blade is smaller than that of the 

rotary blade before optimization. The cutting power consumption of the optimized rotary blade is 2.4% lower 

than that of the unoptimized rotary blade, which achieves the purpose of drag reduction and consumption 

reduction. 

 

摘要 

微耕机是我国丘陵山区不可或缺的农业机械，旋耕弯刀是其重要的工作部件，直接影响其作业质量与功耗。为

降低微耕机旋耕弯刀的切削阻力和功耗，本文通过数值模拟的方法对旋耕弯刀切土过程进行了分析，并选取旋

耕弯刀的正切部弯折半径（R），弯折角（β），刃口厚度（c）作为因子对其进行了优化，优化前后旋耕弯刀

的切削阻力和切土功耗的对比结果表明优化后的旋耕弯刀切削力小于优化前旋耕弯刀的切削力，旋耕弯刀切土

功耗较优化前的旋耕弯刀切土功耗降低了 2.4%，达到了减阻降耗的目的。 

 

 

INTRODUCTION 

 Mini-tiller is an indispensable agricultural machinery in hilly and mountainous areas of China, which is 

mainly used for tillage and soil preparation in paddy fields and dry fields (Niu et al.,2017). During the operation 

of the mini-tiller, the power is transmitted to the rotary blade through the conveying device. The rotary blade 

cuts the soil and completes the operations of cutting soil, crushing soil, and throwing soil (Sun et al., 2022). At 

the same time, the rotary blade is subjected to the reaction force of the soil and pushes the mini-tiller forward 

(Li et al., 2016). Therefore, the cutting resistance of rotary tiller bend is not only related to the working quality 

of mini-tiller, but also the main influencing factor of mini-tiller power consumption. How to reduce the cutting 

resistance of rotary blade in the operation process of mini-tiller is the key link to improve the operation 

performance of mini-tiller and reduce the power consumption of mini-tiller. 

 At present, the research on rotary blade mainly focuses on the soil cutting process of rotary blade. 

Mootaz Abo-Elnor et al. simulated the interaction between rotary blades and soil using numerical simulation 

(Mootaz et al., 2004). Jafar Habibi Asl selected three types of rotary blades, C-shaped, L-shaped and RC-

shaped, for a comparative experiment on cutting power consumption by establishing a mathematical model of 

power consumption, revealing that the cutting power consumption of RC-type rotary blade was lower than that 

of the other two types (Jafar., 2009).  

 
1 Wusong Xiao, M.S. Stud. Eng.; Po Niu, Assoc. Prof. Ph.D. Eng.; Pan Wang, Senior engineer. M.S. Eng.;  

  Yingjie Xie, Senior engineer. M.S. Eng.; Fei Xia, Senior engineer. M.S. Eng. 
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 Alavi and Hojati numerically simulated the process of rotary blades cutting soil using the finite element 

method, and the results showed that increasing the forward speed of the machinery would reduce soil stress, 

while increasing the rotary speed of rotary blades and soil moisture content would increase soil stress (Alavi 

et al., 2012). To optimize the geometry of rotary blades, Matin M.A. et al. studied the torque, power 

consumption, and energy characteristics of three types of blades (conventional, half-width and straight) at four 

rotary speeds (125, 250, 375 and 500 rpm). Through testing, the average and maximum power of all blades 

increased with the increase in rotary speed. At a rotary speed of 500 r/min, the power consumption of straight 

blade was 25% lower than that of conventional blade (Matin M.A., 2015); Subrata Kumar Mandal et al. 

optimized the energy consumption of L-shaped rotary blade by establishing a mathematical model (Subrata et 

al., 2016). Li Shoutai and Li Yunwu used SPH method to simulate the soil cutting process of rotary blade (Li 

et al.,2018; Li et al., 2019); Zhu Liuxian and Sun Yong et al. used the finite element method to analyze the soil 

cutting process of rotary blade roller (Zhu., 2020); Nelson Richard Makange et al. studied the mechanical 

properties between rotary blades and soil at different rotary speeds and tillage depths using the discrete 

element method (DEM) (Nelson et al., 2020). Yeon-Soo Kim et al. predicted and analyzed the cutting force of 

rotary blades with tillage depth as a function, and analyzed the impact of different tillage depths on soil 

properties based on DEM, providing a theoretical basis for the design of agricultural machinery (Yeon-Soo et 

al., 2021). Zhu et al. conducted an optimization analysis using DEM on the performance of rotary blades for 

cutting soil and crushing stubble (Zhu et al., 2022). However, most studies have focused on the interaction 

between the soil and the rotary blade, while there has been relatively little research on the optimization of the 

structure and cutting power consumption of the rotary blade. The structure and geometric parameters of rotary 

blade directly affect the power consumption of soil cutting. A reasonable structure of rotary blade can reduce 

the cutting resistance and reduce the cutting power consumption (Du et al., 2020). Therefore, this paper selects 

the rotary blade of the mini-tiller as the research object, and analyzes the soil cutting process of the rotary 

blade by numerical simulation. The tangent bending radius (R), bending angle (β) and blade thickness (c) of 

the rotary blade are selected as the test factors to optimize the rotary blade. Through the analysis of the 

numerical simulation results before and after, the optimal combination of the lowest power consumption of the 

rotary blade in the soil cutting process is obtained. This provides a theoretical basis and reference for the 

optimization of rotary blade and the performance improvement of mini-tiller. 

 
MATERIALS AND METHODS 

The main structure and parameter name of rotary blade 

 The structure of rotary blade is mainly composed of side cutting edge, positive cutting edge, handle 

and installation hole. The structure is shown in Fig.1. (Md.A.Matin et al., 2021). 

 
Fig. 1 – Rotary blade construction 

R-rotation radius, R0-initial radius of side-cutting edge, R1-terminal radius of side-cutting edge, Rn-radius of any point of side-cutting 

edge, α - angle between end radius of side-cutting edge and bending line, θmax-wrap angle of side-cutting edge, β-bending angle,  

r - bending radius, h-working width 

Motion analysis of rotary blade 

 In the operation process of the mini-tiller, on the one hand, the rotary blade rotates around the cutter 

shaft, and on the other hand, it moves forward with the machine. Therefore, the absolute motion of the rotary 

blade is the vector sum of its rotary motion and forward motion, and the motion trajectory is a trochoid (Fang 

et al., 2020). 
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 Taking the knife roller rotation center as the coordinate origin, the forward direction of the rotary tiller 

is the positive direction of the x-axis, and the y-axis is positive downward. The coordinate system shown in 

Fig. 2 is established (Zhang et al., 2022). 

 
Fig. 2 – Trajectory diagram of rotary blade 

 

 If the forward speed of the micro tillage machine is vm, the angular velocity of the rotary blade is ω. 

The motion equation is as follow (Abdullah Al Musabbir et al., 2022): 

cos mx R t v t= +                                                                        (1) 

siny R t=                                                                                (2) 

R - rotary radius of blade roller [mm]; 

 ω - rotational angular velocity of rotary blade [rad/s]; 

vm - forward speed of Mini-tiller [m/s]; 

t - time [s]. 

 

 From the formulas (1) and (2), it can be seen that the x coordinate and y coordinate corresponding to 

the end point of the rotary tiller bender in the rectangular coordinate system change with time, and the time 

there is the independent variable (Matin MA et al., 2014). Therefore, the speed of the tool on the x axis and 

the speed on the y axis can be obtained only by deriving the formulas (1) and (2) respectively: 

sin = = −x m

dx
v v R t

dt
                                                             (3) 

cosy

dy
v R t

dt
 = =                                                                    (4) 

vx-velocity component in x-axis direction 

vy-velocity component in y-axis direction 

 

 According to the formula (3) and formula (4), the absolute speed of the rotary blade at work can be 

obtained: 

2 2 2 2 2 sinx y m mv v v v R v t  = + = + −                                                (5) 

v - absolute speed of rotary blade in the working process [m/s] 

 

Linear velocity formula of the end point of the rotary blade is: 

pv R=                                                                               (6) 

vp - linear velocity of the end point of the rotary blade 

 

Rotary tillage speed ratio λ is 

p

m m

v R

v v


 = =                                                                             (7) 

sin (1 sin )x m mv v R t v t   = − = −                                                    (8) 

 When the rotary blade cuts the soil backwards, it is necessary to make 𝑣𝑥 < 0. From the formulas (7) 

and (8), it can be seen that 𝜆 > 1. Therefore, the circular line speed of the end point of the rotary blade is 

greater than the forward speed of the rotary tiller. The cutting trajectory of the rotary blade is shown in Fig. 2. 
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Finite element model of rotary blade 

 The rotary blade model established in UG 10.0 is saved in *CATPart or *IGES format and imported 

into ANSYS/Ls-dyna. The unit type of rotary blade is set to “Thin shell 163”, and the unit is defined as a constant 

(Tagar et al., 2015). The material of the tool is set to be a rigid body type material, the density is defined as 

7800 kg/m3, the Young's modulus is defined as 207 GPa, and the Poisson's ratio is defined as 0.35 (Ma et al., 

2022). The unit size of the grid is set to 1 mm, and the free grid is divided and checked and optimized. The 

number of units is 25274, and the number of unit nodes is 25254. The finite element model of the rotary blade 

is shown in Fig. 3 (Li et al., 2019). The finite element model of the rotary blade is saved in the form of k files. 

 
Fig. 3 – Finite element model of rotary blade 

 

Establishment of finite element model of soil 

 By consulting the literature, the common cultivated soil in hilly and mountainous areas was selected 

as the basis for soil parameter setting, as shown in table 1 (Manuwa, 2009; A.A. Tagar et al., 2014). The finite 

element model of the rotary blade is imported into Ls-Prepost, and the SPH soil model is established according 

to the global coordinate system of the rotary blade (Zeng et al., 2021; Lu et al., 2014). The soil material is 

MAT147 material model (Bahrami et al., 2020), the length of the soil is 400 mm, the width is 300 mm, and the 

height is 200 mm. The soil model is shown in Fig. 4 (Zhang et al., 2019). 

 

 
Fig. 4 – SPH Model of Soil 

Table 1  

Soil parameters 

Parameter 

name 

Soil 

density 

Bulk 

modulus 

Specific gravity of 

soil particle 

Water 

content 

Shear 

modulus 

Internal friction 

angle 

[kg/m3] [Pa]  [%] [Pa] [radian] 

Value 

selection 
2350 3.5e+7 2.68 21 2.0e+7 0.436 

 

Setting of boundary conditions 

 According to the actual situation of soil cutting by rotary blade, the degree of freedom of movement of 

the bottom and both sides of the soil model in the x, y and z directions is constrained. The rotary blade rotates 

around the cutter shaft and moves forward with the unit.  
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Therefore, the degree of freedom of rotation and movement of the rotary blade in the y-axis direction, 

the degree of freedom of rotation in the x-axis direction and the degree of freedom of movement in the z-axis 

direction are constrained. AUTOMATIC_NODES_TO_SUFACE is used to set the contact between the rotary 

blade and the soil to ensure that the surface unit of the soil can be automatically defined by the program even 

in the case of cutting failure (Li et al., 2018).  

The forward speed of the rotary blade is set to 0.25 m/s, the rotation angular velocity is set to 0.022 

rad/s, the calculation time step is set to 0.1 ms, and the forced termination time is set to 300 ms (Viktor et al., 

2018). 

 

Parameter optimization of rotary blade 

 Through the numerical simulation analysis process analysis and related data, the tangent bending 

radius (R), bending angle (β), and edge thickness (C) were selected as the test factors for optimizing the rotary 

blade. 

 

Quadratic regression orthogonal design 

  (1) Determine the number of tests 

 Number of combined design trials 

02cN m p m= + +                                                                       (9) 

 In the formula, 𝑚𝑐 is the number of comprehensive test points with two levels of each factor; 𝑝 is the 

number of test factors; 𝑚0 is the number of repeated tests with zero level for each factor. 

 Three factors were selected in this experiment, that is, 𝑝 = 3, 𝑚𝑐 = 8, and three groups were 

arranged at the zero level, that is, 𝑚0 = 3, so the total number of tests can be obtained as 𝑁 = 17. According 

to the 𝑟2 value table, 𝑟2 = 1.831, that is, the asterisk arm 𝑟 = 1.353. 

  (2) Coding of factor level 

 The range of bending radius (R) is 30 mm -50 mm and the range of bending angle (β) is 90-120⁰. The 

value range of edge thickness (C) is 0.5 mm-1.5 mm. 

 

 The coding formula of horizontal factor is: 

1 2

0

2 0 2 1

0

2

2

j j

j

j j j j

j j

j

z z
z

z z z z
j

r r

z z
x

j

+
=


− −

 = =


−
=



                                                      (10) 

 In the formula, 𝑧2𝑗  and 𝑧1𝑗  are the upper and lower limits of factor 𝑧𝑗  respectively, and Δ𝑗 is the 

change interval of factor 𝑧𝑗. According to formula (10), the three factors are coded, and the coding of the factor 

levels is shown in Table 2. 

Table 2  

Coding table of factor levels 

𝒙𝒋 𝐳𝐣 
𝑅 𝛽 𝐶 

[mm] [⁰] [mm] 

r 𝐳𝟐𝐣 50 120 1.5 

1 𝐳𝟎𝐣 + 𝚫𝐣 47.39 116.09 1.37 

0 𝐳𝟎𝐣 40 105 1 

-1 𝐳𝟎𝐣 − 𝚫𝐣 32.61 93.91 0.63 

-r 𝐳𝟏𝐣 30 90 0.5 

𝚫𝐣 𝐳𝟐𝐣 − 𝐳𝟎𝐣 𝐫⁄  7.39 11.09 0.37 

Coding formula 𝐳𝐣 − 𝐳𝟎𝐣 𝚫𝐣⁄  𝑥1 = 𝑅 − 40 7.39⁄  𝑥2 = 𝛽 − 105 11.09⁄  𝑥2 = 𝐶 − 1 0.37⁄  
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 (3) Preparation of test plan 

 The quadratic orthogonal combination test plan and the corresponding rotary blade cutting simulation 

power are shown in Table 3. 

 

Table 3 

Analysis table of test plan 

Test number 𝐱𝟎 𝐱𝟏 𝐱𝟐 𝐱𝟑 𝐩 [kW] 

1 1 1 1 1 0.4980 

2 1 1 1 -1 0.6053 

3 1 1 -1 1 0.6112 

4 1 1 -1 -1 0.6367 

5 1 -1 1 1 0.4986 

6 1 -1 1 -1 0.5642 

7 1 -1 -1 1 0.5150 

8 1 -1 -1 -1 0.5213 

9 1 1.353 0 0 0.5782 

10 1 -1.353 0 0 0.5712 

11 1 0 1.353 0 0.5412 

12 1 0 -1.353 0 0.6435 

13 1 0 0 1.353 0.5086 

14 1 0 0 -1.353 0.5420 

15 1 0 0 0 0.5980 

16 1 0 0 0 0.6160 

17 1 0 0 0 0.6200 

 

 (4) The test scheme analysis table is imported into excel, and the interaction terms and centralization 

of factors x1, x2 and x3 are compiled. The coefficients, variances and analysis results of the regression equation 

are calculated as shown in Table 4. 

Table 4 

Analysis results 

Variation source 𝐁𝐣 𝐚𝐣 𝐛𝐣 𝐒𝐒𝐣 𝑭𝒋 𝛂𝐣 

x0 9.687 17 0.567    

x1 0.263 11.661 0.0225 5.912e-3 9.271 0.01～0.05 

x2 -0.270 11.661 -0.0231 6.266e-3 9.826 0.01～0.05 

x3 -0.263 11.661 -0.0226 5.963e-3 9.351 0.01～0.05 

x1x2 -0.170 8 -0.0212 3.617e-3 5.672 0.01～0.05 

x1x3 -0.060 8 -0.0075 4.490e-4 0.704 >0.25 

x2x3 -0.155 8 -0.0193 2.999e-3 4.703 0.25 

𝐱𝟏
′  -0.071 6.703 -0.0106 7.540e-4 1.182 >0.25 

𝐱𝟐
′  -0.006 6.703 -0.0009 6.260e-6 9.82e-3 >0.25 

𝐱𝟑
′  -0.251 6.703 -0.0375 9.471e-3 14.852 0.01 

 

 It can be seen from Table 5 that the values of α13, α1
′  and α2

′  are greater than 0.25, indicating that the 

significance level of regression coefficients of x1x3, x1
′  and x2

′  are not significant, and should be removed from 

the regression equation.  
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The values of α1,α2,α3 and α12 are all between 0.01 and 0.05, the value of α23 is less than 0.25, and 

the value of α3
′  is less than 0.01, indicating that the significance level of regression coefficients of x1, x2, x3, 

x1x2, x2x3, x3
′  is significant, and the significance level of regression coefficients of x3

′  is very significant, which 

should be retained in the regression equation.  

 

Therefore, the regression equation is: 
2

1 2 3 1 2 2 3 3P 0.5927 0.0225 0.0231 0.0226 0.0212 0.0193 0.0375x x x x x x x x= + − − − − −                     (11) 

 

 (5) Calculation of sum of squares and F test 

 The total deviation sum of squares and the degree of freedom are: 
2 2

17 17
2 2

1 1 1 1

1 1
0.0399

17

N N

total i i i i

i i i i

ss p P p p
N= = = =

   
= − = − =   

   
                                      (12) 

1 16totaldf N= − =                                                                    (13) 

 The regression equation consists of six variables. Regression sum of square and regression degree 

of freedom are: 
6

1

0.034228regression j

i

ss ss
=

= =                                                      (14) 

6regressiondf =                                                                        (15) 

 The sum of error squares and the degree of freedom of error are: 
3

0

1

( 0.6058) 1.7 4e i

i

ss p E
=

= − = −                                                (16) 

1 2edf m= − =                                                                (17) 

 Residual sum of square and degree of freedom are: 

5.673 3residual total regressionss ss ss E= − = −                                            (18) 

10residual total regressiondf df df= − =                                                        (19) 

 Lack of fit sum of squares and degrees of freedom are 

5.503 3Lf residual ess ss ss E= − = −                                                    (20) 

8Lf residual edf df df= − =                                                                       (21) 

 Regression equation test: 

0.0110.056 (6,10) 5.385
regression regression

regression

residual residual

ss df
F F

ss df
= =  =                                   (22) 

 Lack of fit test: 

0.18.0926 (8,2) 9.3667
Lf Lf

Lf

e e

ss df
F F

ss df
= =  =                                                     (23) 

 After regression equation test and lack of fit test, the significance level of regression equation (11) is 

α = 0.01, that is, the regression of regression equation is particularly significant. 
 

Parameter optimization of rotary blade 

The objective function (11) is established with the goal of minimizing the power consumption of rotary 

blade. The constraint condition is: 

1

2

3

[ 1.353,1.353]

[ 1.353,1.353]

[ 1.353,1.353]

x

x

x

 −


 −
  −

                                                                     (24) 

 

 According to the optimized objective function and constraint conditions, the optimal solution of the 

minimum value of the objective function is 𝑥1=0.96, 𝑥2 = −0.48, 𝑥3 = 0.0468, that is, R=47.09 mm, 𝛽 =

99.8。 , c = 1.017mm. The theoretical power consumption of soil cutting is 0.4921 kW. According to the 

optimized parameters of the rotary blade, the rotary blade model is optimized, and the soil cutting dynamics 

simulation of the optimized rotary blade is carried out. 
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RESULTS 

 In the process of cutting soil, the side cutting edge of the rotary blade which is close to the soil first cuts 

the soil along the longitudinal direction to realize the function of cutting soil. Under the extrusion of the rotary 

blade, the soil begins to undergo plastic deformation. As the rotary blade rotates around the cutter shaft, the 

tillage depth of the rotary blade gradually deepens, and the tangent edge and the tangent part begin to contact 

the soil. The rotary blade cuts the soil horizontally. The contact area between the rotary blade and the soil 

continues to increase, and the shear and extrusion of the soil continue to increase. The soil unit is invalidated 

and deleted and broken along the blade surface. Under the combined action of the side cutting edge, the side 

cutting edge, the side cutting part, the tangent part and the back of the rotary blade, the soil is squeezed and 

deformed and finally broken and flipped, so as to achieve the effect of breaking soil, breaking soil, throwing 

soil and weeding by the rotary blade. The simulation results of the rotary blade cutting soil at a certain time are 

shown in Fig.5. 

 
Fig. 5 – Simulation results of rotary blade cutting soil at a certain moment 

 

 The time history curve of the cutting force of the rotary blade before and after optimization is shown in 

Figs. 6(a) and 6(b). According to the time history curve of the cutting force, in a rotation cycle, the rotary blade 

begins to cut the soil, and the soil is squeezed by the rotary blade. The elastic deformation occurs, and the 

cutting force increases with the increase of the tillage depth of the rotary blade. When the tillage depth of the 

rotary blade is the largest, the cutting resistance reaches the maximum value of 1.04 kN. The rotary blade 

continues to do rotary motion, and the cutting force decreases with the decrease of tillage depth. When the 

soil is cut, the cutting force becomes 0 kN when the rotary blade leaves the soil, which is consistent with the 

force of the rotary blade in the actual operation. By comparing the time history curves of the cutting force of 

the rotary blade before and after optimization, it can be seen that the cutting force of the optimized rotary blade 

is smaller than that of the rotary blade before optimization, indicating that the optimization of the rotary blade 

has played a role in reducing the cutting force of the rotary blade. 

  

Fig.6(a) – Time history curve of cutting force 

                           before optimization 

Fig. 6(b) – Time history curve of cutting force 

                       after optimization 
 

 In the LS-PrePost (post-processing software), the time-history curves of the total energy of the rotary 

blade before and after optimization are shown in figs. 7(a) and 7(b). It can be seen that when the rotary blade 

starts to cut the soil, the cutting energy increases. With the rotation of the rotary blade, the tillage depth 

continues to deepen, the area of contact between the rotary blade and the soil continues to increase, and the 

energy consumed by the soil is also increasing.  
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The total energy reaches the maximum value of 295J after the rotary blade completed one cutting of 

the soil, and tends to be stable, which is consistent with the actual working conditions. The soil cutting energy 

data of the rotary blade before and after optimization are imported into Excel respectively. The soil cutting 

power consumption of the rotary blade before optimization is 0.507 kW, and the soil cutting power consumption 

of the optimized rotary blade is 0.495 kW. Through comparative calculation, the soil cutting power consumption 

of the optimized rotary blade is 2.4% lower than that before optimization, which achieves the purpose of 

optimization. 

  

Fig. 7(a) – Energy time history diagram  

                     before optimization 

Fig. 7(b) – Energy time history diagram  

                     after optimization 

CONCLUSIONS 

 (1) From the cutting force curve of the rotary blade before optimization, it can be seen that the cutting 

force increases with the increase of the tillage depth of the rotary blade. When the tillage depth of the rotary 

blade is the largest, the cutting resistance reaches the maximum value of 1.04 kN. The rotary blade continues 

to do rotary motion, and the cutting force decreases with the decrease of tillage depth. When the soil cutting 

is completed, the rotary blade leaves the soil and the cutting force becomes 0 kN, which is consistent with the 

force of the rotary blade in the actual operation. 

 (2) From the cutting power consumption curve of the rotary blade before optimization, it can be seen 

that the cutting power consumption of the rotary blade increases with the increase of the tillage depth of the 

rotary blade. When the cutting is completed, the rotary blade leaves the soil, and the cutting power 

consumption reaches the maximum value of 295 J and tends to be stable, which is consistent with the actual 

working conditions. 

 (3) Through the orthogonal test, the geometric parameters of the rotary blade were optimized. The 

cutting force rate of the optimized rotary blade was lower than that of the rotary blade before optimization, and 

the energy consumption of cutting soil was reduced by 2.4% compared with that before optimization. This 

provides a theoretical basis and reference for the improvement of the comprehensive performance of the 

micro-tiller and the optimization of the rotary tiller. 
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ABSTRACT 

This study aims to develop and evaluate a locally manufactured carbonization unit with a screw conveyor. 

Various carbonization temperatures (350, 400, and 450°C) and feeding rates (50, 75, and 100 kg/h) were 

examined to determine optimal conditions for producing biochar from rice husk (RH). The results revealed that 

increasing the pyrolysis temperature from 350 to 450°C decreased RH biochar yield, while increasing the 

feeding rate from 50 to 100 kg/h increased it. Ash content was 22.4% at 350°C for 100 kg/h, and the maximum 

value was 31.4% at 450°C and 50 kg/h. The BET surface area of the biochar increased from 105.71 to 312.32 

m2/g at 450°C, with slight non-significant changes at a 100 kg/h feed rate. RH biochar showed decreasing H 

and O values with higher temperatures and lower feed rates. RH biochar at 450°C and 50 kg/h showed 

increased macro porosity and surface area, rendering it suitable for agricultural application as a soil 

amendment. 

 

 الملخص 

،  350مختلفة )  تحلل حراريدرجات    تقييم الوحدة عند محلي الصنع. تم  حراري مستمر من النوع اللولبي    وحدة انحلالهذه الدراسة إلى تطوير وتقييم  تهدف 

من قشر الأرز. وأظهرت النتائج أن   الفحم الحيويكجم/ساعة( لتحديد الظروف المثالية لإنتاج  100و 75،  50درجة مئوية( ومعدلات تغذية ) 450و 400

معدل التغذية من   بزيادةقشر الأرز، بينما  الفحم الحيوي الناتج من    يةإنتاج  أدت الى انخفاضدرجة مئوية    450إلى    350زيادة درجة التحلل الحراري من  ب

  100  ومعدل تغذيةدرجة مئوية    350  درجة تحلل حراري٪ عند  22.4. بلغ محتوى الرماد  أدت الى زيادة إنتاجية الفحم الحيوي   كجم/ساعة  100إلى    50

إلى   105.71من    الناتج  الحيويللفحم   BET  مساحة سطح  كجم/ساعة. زادت قيمة  50درجة مئوية و   450٪ عند  31.4يمة القصوى  كجم/ساعة، وكانت الق

قشر الأرز   الفحم الحيوي الناتج منكجم/ساعة. أظهر    100عند معدل تغذية    معنويةغير  ودرجة مئوية، مع تغييرات طفيفة    450جم عند  /2م  312.32

درجة تحلل    قشر الأرز عند  الفحم الحيوي الناتج من. أظهر  المنخفضة تغذية  الومعدلات    المرتفعةحرارة  المع درجات    الهيدروجين والاكسجين انخفاضًا في قيم  

 .  للتربة كمحسنكجم/ساعة زيادة في المسامية الكلية ومساحة السطح، مما يجعله مناسبًا للتطبيق الزراعي  50معدل تغذية درجة مئوية و  450 حراري

 

INTRODUCTION 

Annually, large amounts of biomass by-products are produced as a result of human activities. Agriculture 

ranks as one of the most common human activities that produce large amounts of biomass, and the incorrect 

treatments for these by-products make it harmful to the environment and help to increase the destructive 

impacts of climate change. The climate change phenomenon is undeniably one of the utmost pressing 

concerns globally. Global warming is a consequence of the mounting levels of carbon dioxide and different 

greenhouse gases in the atmosphere. The climate crisis likely will require a large quantity of CO2 to be 

removed from the atmosphere. Biochar production for agricultural use has a good potential for solving the 

global warming problem. Its storage in soils has been suggested to decrease climate change by sequestering 

carbon inside the soil. It has a long period of stability, lasting hundreds to thousands of years (Sun et al., 2020; 

Ren et al., 2022).  

Biochar is a carbon-rich black solid, mainly generated from biomass through pyrolysis processes; 

pyrolysis allows producing biochar by heating in the lack of oxygen. Besides the biochar, the pyrolysis 

processes also give other products like bio-oils and synthesis gas or syngas that could be further used as 

renewable fuels (Sun et al., 2020). Moreover, biochar has attained extensive interest globally owing to its 

verified capacity to enhance soil health (Ren et al., 2023), soil fertility (Ding et al., 2016), and increased water-

holding capacity as an inexpensive sorbent (Qu et al., 2021). Due to these reasons, developing pyrolysis 

technologies for biochar production continues to be an urgent task on a global scale. The word pyrolysis has 

two Ancient Greek Words; the first is Pyro, which means fire, and the second is Lysis, which means separating 

(Ibrahim, 2020). Pyrolysis is the thermal degradation of biomass that occurs due to a lack of oxygen at 
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temperatures varying from 300 to 800°C. In a three-stage reaction, pyrolysis necessitates using kilns and 

furnaces to heat the biomass. At the first manufacturing stage, the biomass loses water and other wastes. The 

residue is then pyrolyzed again, and biochar is formed. Ultimately, the biochar decomposes to generate the 

carbon-rich charcoal employed in applications (Demirbas, 2004). The pyrolysis process can be categorized as 

slow, quick, rapid, and flush. Although there are no significant differences between these alternatives and their 

derivatives, slow pyrolysis is the proper method for producing the target biochar (Demirbas et al., 2006). 

Rice husk (RH) is one of the most used raw materials in producing biochar. Moreover, RH is a plentiful 

by-product in rice-producing countries. Around 822 million tons of rice husks are produced globally; however, 

they are underutilized because of the limited recycling options (Dunnigan et al., 2018). Rice plays a pivotal role 

in agricultural sector of Egypt. In 2019, over 503,000 hectares of rice were planted. This area produced about 

0.9 million tons of rice husk. This important rice by-product should be considered a sustainable national source 

instead of being left or burned, causing terrible environmental and health hazards. Conversion of RH to biochar 

has good potential and benefits for sustainable waste recycling, energy production, carbon sequestration, soil 

quality enhancement, and improved plant growth (Abrishamkesh et al., 2015).  

Biochar can be used as a soil conditioner, improving plant growth by providing and keeping nutrients 

and offering further services, including enhancing biological and physical properties of the soil (Lehmann and 

Rondon, 2006). Biochar has a higher porosity and surface area than other soil organic matter (SOM) types. It 

can enhance soil structure and water retention by improving soil aggregation and texture (McElligott et al., 

2011). Biochar also affects the soil bulk density, which might decrease by adding biochar, particularly at high 

application rates, because of its relatively lower bulk density than mineral particles (Lehmann and Joseph, 

2015). The organic carbon of the biochar improves soil aggregation and aggregate stability. Furthermore, 

changes in soil structure enhance soil water retention and infiltration, resulting in less runoff and erosion 

(Gwenzi et al., 2015). Some soil characteristics, on the other hand, may improve over time rather than 

immediately after treatment (Mukherjee and Lal, 2014). 

Biochar-producing systems are categorized as gasifiers or pyrolizers and, depending on the technology 

utilized, create three distinct products: biochar, syngas, and bio-oil (Scholz et al., 2014). Currently, waste and 

biomass management by the thermo-pyrolysis process to produce high-value products requires the 

improvement of more selective, controlled, multi-product, and integrated pyrolysis units. Pyrolysis furnaces 

should be designed and manufactured with a perfect model in mind; Even if a usual formula has produced 

relevant results in other contexts, it should be applied carefully. El-Sheikha and Hegazy (2020) designed and 

assessed a biochar pyrolysis kiln to produce biochar from two agricultural residues (i.e., rice straw and date 

palm fronds). Their results revealed the possibility of utilizing agricultural residues to produce biochar. In the 

same trend, a double-chamber down draft (DcDD) pyrolizer was constructed and tested using rice husk to 

produce biochar. Its results indicated that the DcDD reactor is an appropriate choice for turning waste biomass 

into biochar that improves the soil characteristics in agricultural settings (Alahakoon et al., 2022). 

Therefore, this study aims to use rice husk as a biomass feedstock to produce superior-quality biochar 

using a continuous screw-type pyrolysis furnace that features easy operation and maintenance. 

 

MATERIALS AND METHODS 

Description of biochar-producing system 

The biochar-producing system consists of the following main units (i.e., feeding unit, carbonization unit 

with horizontal screw conveyor, biochar outlet unit, filtration and condensing units, and the control unit), as 

shown in Fig.1.  

 
Fig. 1 – 3D view of the continuous screw model of the biochar system 

 1 – Feeding unit; 2 – Horizontal screw conveyor; 3 – Carbonization unit chassis; 4 – Cyclone;  

5 – Condenser unit; 6 – Biochar outlet unit 
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The feeding unit 

The feeding unit comprises a raw material feeding hopper and an inclined raw feeding screw. A square-

shaped raw material hopper made of an iron sheet with a thickness of 3 mm, dimensions of 80 × 80 × 65 cm, 

and a slope angle of 60° on all sides was used to feed the system with rice husk. The feeding hopper is fixed 

within four supporting legs with a length of 173 cm. The inclined feeding screw has a 12.5° inclination angle, 

a 450 cm length, a 15.2 cm diameter, and a 10.1 cm screw pitch, enclosed in a tubular housing with a 16.0 cm 

diameter. A 1.5 kW three-phase electric motor powered the inclined feeding screw with a reduction gearbox to 

elevate the RH from the feeding hopper to the screw conveyor in the carbonization unit. A 0.55 kW three-

phase motor feeds RH to the carbonization unit. 

Horizontal screw conveyor and carbonization unit 

The horizontal screw conveyor conveys the rice husk (raw material) into the carbonization unit. A 

horizontal screw with a two-ways carbonization cylinder was chosen to reduce the total length of the 

carbonization unit. The horizontal screw with a two-way (forward and backward) carbonization cylinder has the 

same diameter and pitch of 15.2 cm. The length of the forward screw is 520 cm, whereas the backward screw 

measures 475 cm in length, and each screw is powered by a three-phase electric motor with a power of 2.2 

kW. The two-way screws are placed in a tubular housing with a diameter of 16 cm. The carbonization unit 

consists of a heating stove and carbonization cylinders. The heating stove is the outer body of the carbonization 

chamber and consists of a double-layer cylinder. A thermal insulator was placed between the double cylinder 

for energy-saving purposes. The carbonization chamber is the essential part of the carbonization unit, where 

the thermo-pyrolysis process occurs, and the other parts are linked to this part. The inner cylinder (pyrolysis 

chamber) is made of steel with a thickness of 10 mm and an internal diameter of 15.24 cm. It is also airtight to 

withstand temperatures above 800°C and achieve low oxygen levels during pyrolysis. The carbonization tank 

length is 535 cm, and the diameter is 75 cm. Two K-type thermocouples were located along the horizontal axis 

of the outer cylinder. The thermocouples with an accuracy of ±2.5°C and a temperature range of 0–1600°C 

with a probe diameter of 13 mm and length of 35 cm were used to measure the internal chamber temperature. 

The carbonization unit was heated through a flame hole placed at the beginning of the unit with an internal 

diameter of 15 cm. During operation, the exhaust gases exit through a smokestack on the top of the 

carbonization tank.  

Carbonization unit chassis 

The carbonization unit chassis is made of square hollow steel sections shaped (10 × 10 cm) with a 

thickness of 3 mm and overall dimensions of 400 × 97.5 × 135 cm (L × W × H), respectively. It was used to 

carry the carbonization unit and the screw conveyor. In addition, the chassis has six subsidizing legs in a 

square hollow section (10 × 10 cm) with a thickness of 3 mm to attain the required operating height. 

The filtration and condensing units  

Developed biochar system generated steam, fumes, and dust. It has a cyclone, condenser, dry 

scrubber, and steel connecting tubes. The ignition sources in this system are feedstock or syngas. The fume 

treatment unit processes the smoke, where it is separated into distinct elements; coal tar is discharged from 

the cyclone, while bio-oil emerges from the dry scrubber. A condensing unit comprises a condenser (heat 

exchanger) and a suction fan. The condenser, which had a water cooler, was used to cool the gas and generate 

liquid distillate compounds (bio-oil) through condensation. A 13.2 V DC motor-driven suction fan was employed 

to draw the generated syngas and additional vapors from the syngas tank, pushing them through the firing 

system to decrease fuel consumption. The condenser of the filtration unit concentrates the vapor to produce 

the bio-oil, and the other gas mix is directed to the filter groups to produce syngas, which is stored in the 

syngas tank and used in the firing system to reduce fuel consumption. For the last stage, a dry scrubber 

comprises a cylinder of 50 cm in diameter and 1.5 m in height. It was used to separate the steam from the 

condenser to produce syngas to reuse for ignition, provide the energy needed to heat the reactor and obtain 

bio-oil. 

The biochar outlet unit  

This unit comprises a horizontal screw with a length of 450 cm; it has the same diameter and pitch of 

15.2 cm and is operated by a three-phase motor with a power of 1.1 kW. The horizontal screw of biochar is 

placed in a tubular housing with a diameter of 16.0 cm, and at the end of this screw, a biochar outlet is 

assembled. 
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The control unit 

The control unit has switches to turn on and off the motors, an inverter (model: ATV71HU22N4Z 

Schneider Electric, Taiwan) to control and change the speeds of the feeding motors, an indicator linked to the 

temperature sensors to display the temperature inside the reactor, and a voltmeter indicator to display the 

voltage and amperage while the motors are running. 

Raw materials 

Rice husk was utilized as a raw material to yield biochar using the developed screw continues model 

reactor. The rice husk was obtained from local medium-scale mills in Kafr El-Sheikh, Egypt. Before being used 

in the trials, the obtained rice husks were air-dried and stored. The proximate and elemental RH analyses were 

determined using the Perkin Elmer Thermo gravimetric analyzer and EA 1112 elemental analyzer, and the 

results are recorded in Table 1. 

Table 1 

Elemental and proximate analysis of rice husk (raw material) 

Elemental analysis Value 

Carbon (wt%) 40.89 ± 4.25 

Hydrogen (wt%) 3.56 ± 0.48 

Nitrogen (wt%) 4.73 ± 0.26 

Oxygen (wt%) 53.72 ± 6.30 

Proximate analysis Value 

Bulk density (kg/cm3) 120 ± 11.65 

Moisture (%) 11.9 ± 0.38 

Ash (dry) (%) 8.67 ± 1.25 

Fixed carbon (%) 15.68 ± 1.06 

Volatile compounds (%) 74.52 ± 5.94 

* The data was expressed using the mean ± standard deviation (SD). 

 

Experimental site 

The biochar system was constructed and evaluated by the Agricultural Engineering Research Institute 

in cooperation with the Academy of Scientific Research and Technology. The Experimental investigations were 

executed in Egypt at the Rice Mechanization Center, Kafr El-Sheikh Governorate, at coordinates 31°06′58.67″ 

N latitude and 30°51′17.53″ E longitude. 

Methods 

First, the ignition of the carbonization unit was achieved by utilizing a Liquefied Petroleum Gas (LPG) 

cylinder. (43.1 MJ/kg calorific value) for 100% energy supply; when the unit reached 250-450°C, syngas shared 

about 50% of the energy needed for the carbonization process, saving about 50% of energy cost. According 

to the previous references, biochar is produced at temperatures between 250-450°C, depending on the source 

of residues and the quality needed. Rice husk residual (Sakha 101 cv., Oryza sativa L.) was carbonized under 

different degrees of carbonization temperature (350, 400, and 450°C) plus feeding rates of 50, 75, and 100 

kg/h to optimize the production of biochar from RH. Each temperature or residence time has been controlled 

using the electrical control panel. Before feeding the RH (raw material) to start the pyrolysis process, the 

reactor should be at the desired temperature for executing the trials. The energy supply from the heat source 

should be greater during startup than at a steady state. Thus, the system takes approximately 2 hours at the 

beginning of the process to reach the pyrolysis temperature, relying on radial temperature gradient of the 

pyrolysis chamber. The indirect heating system of this study dilutes syngas less than direct heating. 

Consequently, concentrated syngas could produce biochar for combustion zone energy (Joardder et al., 2017). 

Scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR) analysis 

Scanning electron microscopy (SEM, Hitachi, S-570) was used according to Liu et al. (2015) to evaluate 

the biochar samples' morphological alterations with a high vacuum at a 20 kV accelerating voltage and a 6000x 

magnification magnitude. Fourier transform infrared spectroscopy (FTIR) was also assigned between 600 and 

4000 cm–1 utilizing the method of attenuated total reflectance (ATR). Moreover, 0.5 mg of each sample was 

put into the Ge window of Nicolet FTIR instrument, equipped with an ATR attachment, after being ground to a 

0.1 mm particle size. A KBr beam sampler was used to analyze the samples' spectra, conducting over 256 

scans. The FTIR data was acquired with 4 cm–1 resolution and 32 scans using a diamond ATR attachment. 
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Biochar yield and physical properties 

The determination of biochar yield was performed following the procedure described by Lynch and 

Joseph (2010), as shown in Eq. 1: 

𝐵𝑖𝑜𝑐ℎ𝑎𝑟 𝑦𝑖𝑒𝑙𝑑 (%) =
𝑀1

𝑀2

× 100 (1) 

where: M1 stands for the mass of the biochar  ]g[, and M2 stands for the mass of air-dried raw materials  ]g[. 

The ash content was calculated using the dry combustion technique. Briefly, 5.0 g of biochar was heated 

to 500°C for 8 h. Once the crucible had reached the ambient temperature, it underwent re-weighing (Song and 

Guo, 2012). Finally, the ash percentage was determined using Eq. 2: 

𝐴𝑠ℎ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =
𝑀𝐴𝑠ℎ

𝑀1

× 100 (2) 

where MAsh  is the ash mass ]g[. 

The specific surface area and total pore volume of the biochar can be determined using the Brunauer-

Emmett-Teller method and an Autosorb-1 surface area analyzer (Quantochrome Instruments, USA). 

Elemental analysis 

The carbon (C), oxygen (O), hydrogen (H), and nitrogen (N) content of the biochar was calculated 

utilizing an X-ray fluorescence spectrometer (XRF) manufactured by Malvern Panalytical Almelo in the 

Netherlands (CNHOS). The Bray II technique determined the amount of (P) (Bray and Kurtz, 1945). The 

approach outlined by Samsuri et al. (2014) was employed to analyze the tradable elements, such as 

magnesium (Mg), potassium (K), silicon (Si), and aluminum (Al). 

PH, electric conductivity (EC), and cation exchange capacity (CEC) 

The method developed by Savova et al. (2001) was utilized to determine the pH of biochar. In a 100mL 

conical flask, 4.0 g of biochar was dissolved in water. The flask was prepared by filling it with boiling water, 

which was subsequently covered with a watch glass and allowed to cool. The supernatant was then drained. 

The supernatant was allowed to cool to ambient temperature before pH was measured by a Metrohm 827 pH 

Lab (USA). The EC of the biochar was measured utilizing the CON 700 EC meter (Eutech Instruments, USA) 

after wetting it with deionized water at a solid-to-water ratio of 1:5 and agitating the mixture for 24 h. 

Song and Guo (2012) method was used to measure the cation exchange capacity (CEC). In a 50-mL 

Falcon tube, about 0.50 g of biochar was mixed with 40 mL of 1 M ammonium acetate. Then, the mixture was 

carefully stirred for a complete 24-hour timeframe. A vacuum pump was used to filter the mixture, and after 

that, 40 mL of ammonium acetate was added. Then, 30 mL of isopropanol was decanted into the vacuum 

pump in three equal portions. 50-mL dosages of 1 M KCl were used to leach the remaining biochar, and the 

leachate was collected. An auto-analyzer (QuikChem 8000 Series FIA+ System; Lachat Instruments, USA) 

was utilized to quantify the extracted NH4+ content, while atomic absorption spectrometry (AAnalyst 400; 

PerkinElmer, USA) was employed to assess exchangeable cations of the biochar. 

Statistical analysis 

An SPSS 26.0 program (IBM Corporation, USA) was used to analyze the data. For multiple 

comparisons, two-way analysis of variance (ANOVA) and post hoc (Tukey test) were employed. Differences 

were considered statistically significant at a level of 0.05. 

 

RESULTS AND DISCUSSION 

SEM and FTIR analysis 

Figure 2 illustrates the cellular microstructure of the biochar (shown by SEM microscopy), which consists 

of numerous hollow channels of varying diameters formed from tracheid cells. The SEM micrographs displayed 

the porous structures of the resultant biochar, revealing different sizes and shapes of the micropores, and 

mesopores. The biochar produced at a temperature of 350°C retained unaltered tissue, leading to incomplete 

pore formation. Nevertheless, when exposed to a temperature of 450°C, the morphology of the biochar 

underwent a transformation resembling a honeycomb structure, wherein larger holes interconnected cylindrical 

holes. Biochar featuring well-structured pore arrangements shows a considerable BET surface area and 

adsorptive capacity, as indicated by Guo and Lua (1998). Once the biochar was heated at 450°C, noticeable 

surface cracks and shrinkage became apparent across different feeding rates. Excessively porous, hollow, 

spherical particles and well-structured pyrolyzed biochar at 450°C are seen in Fig. 2 [c, f, and i]. The thin walls 

of the buildings gave them a fragile appearance. The structure of biochar displayed increased organization 

with an elevation in pyrolysis temperature and with a decrease in the number of micropores and a higher 

number of large pores. This result is similar to Claoston et al. (2014). 
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Fig. 2 – SEM images as a function of the pyrolysis temperatures of 350°C (a, b, and c), 400°C (d, e, and f), and 

450°C (g, h, and i) for feeding rates of 50, 75, and 100 kg/h from left to right for every row, respectively  

 

Fourier transforms infrared (FTIR) spectra of biochar prepared from RH as a function of wavenumber at 

different pyrolysis temperatures are presented in Fig. 3. Table 2 shows the specific chemical bonding and 

transmittance observed by FTIR. The change in biochar surface functional groups as a heating function was 

studied with (FTIR) spectroscopy. The chemical response of the surface also controls adsorption behavior, 

specifically chemically adsorbed oxygen in different forms of functional groups, in addition to porosity. FTIR 

was effectively used to investigate the impact of temperature on biochar, but due to the absence of discernible 

variation in intensity under varied feeding rates, the results from this experiment were omitted. 

Table 2 details chemical bonding, peak position, and transmittance. Most FTIR provides characteristics 

from organic functional groups for analyzing the organic components of the biochar. The peak detected at 

3505.35 cm–1 is presumably a result of the stretching of organic O-H bonds, potentially arising from water 

within the sample or minerals possessing hydroxyl groups. An increase in temperature from 350°C to 450°C 

reduces the intensity of the hydroxyl peak, indicating the degradation of hydroxyl groups and the subsequent 

release of hydrogen and oxygen atoms. C=C asymmetric stretching occurs at 1579.43 cm–1, indicated as a G 

band in (Keiluweit et al., 2010), due to the sp2-hybridization bonding of carbon atoms in the aromatic group of 

lignin. With the increase in temperature from 350°C to 450°C, the intensity of C-H bending dropped, leading 

to the gaseous product CH4 in the same trend (Armynah et al., 2018). Because of the sp3-hybridization 

bonding of carbon atoms, the transmittance at 1087 cm–1 occurred (Keiluweit et al., 2010; Armynah et al., 

2018), but the range of 1060.71–1079.99 cm–1 was achieved as symmetric C-O stretching for lignin, cellulose, 

and hemicellulose. The presence of aromatic with C-C stretching is suggested by the transmission peak of 

1451.92 cm–1 (ester and phenol) (Claoston et al., 2014). Nonetheless, a C-H bending peak was detected at 

792 cm–1, indicating the existence of alkynes. Gases CO2 and CH4 are created when the husk is heated, and 

the FTIR confirms that these gases correspond to the peaks attributed to the cellulose, hemicellulose, and 

lignin content of the biomass (Ma et al., 2015).  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

 
(i) 
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Fig. 3 – FTIR spectra of rice husk biochar as a function of wavenumber at different pyrolysis temperatures 

 

Table 2 

Peak position and intensity of chemical bonds of RH as a function of pyrolysis temperature  

utilizing Fourier transform infrared (FTIR) 

Chemical bond 
Peak position and intensity 

350°C 400°C 450°C 

O-H stretching (Lignin, 

Hemicellulose, Cellulose) 

3509.93 cm–1 3506.54 cm–1 3505.35 cm–1 

96.82 96.57 96.93 

C=O Stretching (Lignin) 
Peak no observed Peak no observed Peak no observed 

- - - 

C=C Asymmetric Stretching (Lignin) 
1579.43 cm–1 1592.09 cm–1 1590.73 cm–1 

90.71 89.26 88.43 

C-O Stretching 

(Hemicellulose) 

Peak no observed Peak no observed Peak no observed 

- - - 

C-C Stretching 

(Hemicellulose) 

1451.92 cm–1 1441.31 cm–1 1436.64 cm–1 

88.34 90.71 97.47 

C-O Stretching 

C-OH Bending 

(Hemicellulose, Cellulose) 

1074.21 cm–1 1060.71 cm–1 1079.99 cm–1 

68.32 68.86 70.46 

C-H Bending 

(Lignin) 

791.09 cm–1 799.68 cm–1 797.11 cm–1 

80.33 79.74 78.50 

Elemental analysis 

Table 3 shows the elemental composition of RH biochar. At feeding rates of 50 and 100 kg/h, the carbon 

content (C) exhibited a range of 63.34% to 79.14% and 693.4% to 77.33%, respectively. The maximum value 

of 79.14% was achieved at a 50 kg/h feeding rate and a pyrolysis temperature of 450°C. The high carbon 

content of biochar with higher pyrolysis temperatures suggests that higher pyrolysis temperatures promote 

carbonation (Chen et al., 2012; Nan et al., 2021). This reduction was caused by the high level of polymerization 

of the biochar, which resulted in a more condensed carbon structure (Tomczyk et al., 2020). The increase in 

carbon may also be a reason for losing oxygen and hydrogen from the biochar as the pyrolysis temperature 

rises (Antal and Grønli, 2003). In opposition, H and O dropped with increasing carbonization temperature, as 

Keiluweit et al. (2010) and Southavong et al. (2018) also demonstrated.  

At both the minimum and maximum feeding rates, the total nitrogen content decreased from 1.74 to 

1.36% and 1.54 to 1.45%, respectively, as the corresponding pyrolysis temperature increased (Table 3). The 

reason is that when the plant biomass is pyrolyzed, its nitrogen-containing structures, including amino acids, 

amino sugars, and amines, are converted into heterocyclic N aromatic structures (Cao and Harris, 2010). This 

means that the nitrogen will be available and will not decompose immediately but will be released with 

increasing duration of carbonation. 

As shown in Table 3, the element components also display P, K, Mg, Al, and Si for the generated biochar 

from RH. According to X-ray fluorescence spectroscopy (XRF) results, the considerable ash elements in RH 

biomass are P, K, and Si. At 450°C pyrolysis temperature and 50 kg/h feeding rate, their respective values are 

0.54, 1.64, and 42.14 g/kg.  
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Table 3 

Elemental analysis of rice husk biochar for each specific treatment 

Biochar 

characteristics 

Pyrolysis 

temperature, °C 
350°C 400°C 450°C 

Feeding rate, kg/h 50 75 100 50 75 100 50 75 100 

Elemental 

analysis 

Carbon (%) 
63.34 ± 

4.05 c 

62.92 ± 

2.99 c 

61.3 ± 

3.85 c 

73.73 ± 

6.62 b 

73.68 ± 

5.36 b 

72.18 ± 

6.78 b 

79.14 ± 

4.26 a 

78.68 

± 5.01 a 

77.38 ± 

2.87 ab 

Hydrogen (%) 
4.80 ± 

0.21 a 

4.10 ± 

0.12 b 

3.81 ± 

0.41 c 

1.04 ± 

0.35 f 

2.07 ± 

0.25 de 

2.25 ± 

0.27 d 

1.08 ± 

0.13 f 

1.90 ± 

0.00 e 

1.00 ± 

0.00 f 

Oxygen (%) 
20.01 ± 

2.36 d 

22.74 ±  

4.05 bc 

22.01 ± 

3.84 c 

27.58 ± 

2.89 ab 

24.03 ± 

4.66 b 

24.23 ± 

1.56 b 

28.02 ± 

2.01 a 

28.70 ± 

0.99 a 

21.99 ± 

3.68 c 

N (%) 
1.74 ± 

0.02 a 

1.63 ± 

0.04 bc 

1.54 ± 

0.03 c 

1.60 ± 

0.02 bc 

1.57 ± 

0.05 c 

1.66 ± 

0.09 b 

1.36 ± 

0.10 e 

1.40 ± 

0.06 de 

1.45 ± 

0.01 d 

P, g/kg 
0.38 ± 

0.08 c 

0.36 ± 

0.02 c 

0.35 ± 

0.00 c 

0.45 ± 

0.00 b 

0.41 ± 

0.02 bc 

0.42 ± 

0.01 bc 

0.54 ± 

0.02 a 

0.52 ± 

0.03 ab 

0.51 ± 

0.00 ab 

K, g/kg 
0.13 ± 

0.01 g 

0.05 ± 

0.00 h 

0.31 ± 

0.01 f 

0.53 ± 

0.05 d 

0.41 ± 

0.01 e 

0.30 ± 

0.02 f 

1.64 ± 

0.07 a 

0.62 ± 

0.01 c 

0.77 ± 

0.03 b 

Mg, g/kg 
0.04 ± 

0.00 d 

0.05 ± 

0.00 d 

0.05 ± 

0.00 d 

0.14 ± 

0.01 b 

0.10 ± 

0.00 c 

0.07 ± 

0.00 cd 

0.23 ± 

0.02 a 

0.15 ± 

0.00 b 

0.12 ± 

0.00 bc 

Al, g/kg 
0.41 ± 

0.02 e 

2.00 ± 

0.03 b 

0.39 ± 

0.04 e 

0.25 ± 

0.04 f 

0.96 ± 

0.00 c 

0.17 ± 

0.02 g 

0.47 ± 

0.01d 

0.87 ± 

0.06 cd 

5.66 ± 

0.07 a 

Si, g/kg 
35.7 ± 

2.86 b 

36.85 

±4.36 b 

37.33 ± 

5.34 b 

43.3 ± 

4.56 a 

38.55 ± 

1.09 ab 

39.61 ± 

2.85 ab 

42.14 ± 

1.25 a 

42.84 ± 

5.27 a 

32.24 ± 

4.00 c 

 

Physical properties of the produced biochar 

Table 4 displays the physical properties of the biochar derived from RH. The ash content within the 

resulting biochar experienced a 33% increase when the temperature was raised from 350°C to 400°C, after 

which it remained constant at higher temperatures. The ash content increases and stabilizes at 19% for grass 

charcoal, as stated by Li et al. (2013). 

Biochar yield decreased from 45.8% to 39.1% when the pyrolysis temperature was raised from 350°C 

to 400°C at the feeding rate of 100 kg/h. Furthermore, elevating the pyrolysis temperature from 400°C to 450°C 

at a 100 kg/h feeding rate decreased biochar yield from 39.1% to 34.2%. Meanwhile, the biochar production 

rate decreased from 43.6% to 33.9% and from 37.2% to 30.0% as the temperature increased from 350°C to 

450°C, at 75 and 50 kg/h feeding rates, in order, as illustrated in Table 4. 

The BET surface areas of the generated biochar increased as the pyrolysis temperature within the 

examined range of 350–450°C rose, as indicated in Table 4. At a feeding rate of 50 kg/h, the BET surface 

areas for pyrolysis temperatures of 350, 400, and 450°C were 125.71 m2/g, 210.75 m2/g, and 312.32 m2/g, in 

order. Similarly, at a 100 kg/h feeding rate, the counterparts' BET surface areas were 105.71 m2/g, 187.91 

m2/g, and 283.64 m2/g, in order. The values in question were higher when the pyrolysis temperature reached 

450°C, likely due to the intense reactions at this temperature, leading to biochar characterized by mesoporous 

pores. At high pyrolysis temperatures, a rise in surface area is generally caused by removing volatile material, 

which increases micropore volume (Ahmad et al., 2012; Tomczyk et al., 2020). 

 

Table 4 

Physical properties of rice husk biochar yielded at various pyrolysis temperatures and feeding rates 

Pyrolysis 

temperature, °C 

Feeding rate, 

kg/h 

Physical properties 

Biochar yield (%) Ash content (%) 
BET surface area 

(m2/g) 

350 

50 37.2 ± 0.39 bc 23.2 ± 4.76 d 125.71 ± 3.52 d 

75 43.6 ± 2.65 ab 23.2 ± 1.85 d 118.63 ± 0.95 de 

100 45.8 ± 1.23 a 22.4 ± 2.96 d 105.71 ± 1.26 e 

400 

50 33.1 ± 0.58 c 31.0 ± 2.06 a 210.75 ± 0.98 b 

75 36.8 ± 0.36 bc 30.1 ± 1.07 ab 193.28 ± 2.05 bc 

100 39.1 ± 0.43 b 28.3 ± 0.95 b 187.91 ± 1.98 c 

450 

50 30.0 ± 3.95 d 31.4 ± 5.05 a 312.32 ± 3.75 a 

75 33.9 ± 2.36 c 28.6 ± 0.58 b 300.39 ± 4.95 a 

100 34.2 ± 1.25 cd 27.2 ± 0.93 c 283.64 ± 2.87 ab 

*The data were presented using the mean ± standard deviation (SD), and significant differences (P<0.05) at a 5% 

significance level were denoted by distinct lowercase letters next to the means. 
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PH, electric conductivity (EC), and cation exchange capacity (CEC) 

The pH values of biochar ranged from 7.55 to 8.40, and there was a non-significant increase (p>0) in 

pH with the increase in pyrolysis temperature and down feeding rate, as shown in Fig.4[A]. Wu et al. (2012) 

reported a similar finding. PH values of biochar produced from bamboo were around 8.2, according to 

Abrishamkesh et al. (2015), which is comparable to the biochar generated from rice husk. After pyrolysis, pH 

values change to a more alkaline value and may be applied to acidic soils for agricultural purposes like paddy 

cultivation (Shen et al., 2014). The results of this investigation show that the pyrolysis temperature greatly 

impacts the pH of rice husk biochar more than the feeding rate. Wu et al. (2012) and Southavong et al. (2018) 

also reached an identical conclusion. Nevertheless, studies of bamboo and rice husk biochar production 

showed that feeding rate had impacts on the physiochemistry, morphology, and spectroscopy of the biochar 

comparable to those of temperature (Peng et al., 2011; Cantrell et al., 2012). 

EC increased with the biochar pyrolysis temperature. The EC was 0.206, 0.304, and 0.402 ds/m for 350, 

400, and 450°C at 100 kg/h and increased to 0.253, 0.338, and 0.457 at 50 kg/h, respectively (Fig. 4[B]). When 

the temperature rose and the feed rate decreased, the ash content also increased, matching the rising trend 

in EC. Components previously dispersed throughout the ash content became concentrated there due to the 

loss of volatiles (Cantrell et al., 2012). This is because the K+ ion is more mobile in biochar, with a higher 

percentage of mineral ash probably having a greater electrical conductivity (Joseph et al., 2007). 

Variance analysis also indicated no significant changes (p > 0.05) between the feeding rate of RH. In 

addition, the results illustrated in Fig. 4[C] present the CEC of biochar significantly reduced as the pyrolysis 

temperature increased (p < 0.05). CEC was 31.47, 26.70, and 22.71 cmol/kg for 350, 400, and 450°C at 50 

kg/h and 32.45, 28.16, and 24.50 cmol/kg at 100 kg/h, respectively, which is consistent with Graber et al. 

(2017), Huff et al. (2018), and Domingues et al. (2020). When the temperature of the pyrolysis process rises, 

the aromatic carbon oxidation and the production of carboxyl groups in biochar contribute to a drop in the CEC 

(Graber et al., 2017). The prevalent phenolic, quinone, hydroxyl, and carbonyl groups also affect the CEC of 

biochar. The FTIR spectra (Fig. 3) reveal that free –OH bonds declined with increasing pyrolysis temperatures. 

McBeath and Smernik (2009) stated that the aromatization of carbon might have lowered the CEC in the ash 

of biochar created at high temperatures of 450°C. 

 

 
 

 
Fig. 4 – Influence of the pyrolysis temperatures (350, 400, and 450°C) and feeding rate (50, 75, and 100 kg/h)  

on pH [A], EC [B], and CEC [C]  
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CONCLUSIONS 

The biochar yield from rice husk biomass decreased as pyrolysis temperature increased but slightly 

increased as the feed rate increased. The maximum value of biochar ash content was obtained at a pyrolysis 

temperature of 450°C and a feeding rate of 50 kg/h. The BET surface area of the produced biochar mainly 

increased with increasing pyrolysis temperature, while the feeding rate was slightly affected. Both H and O 

values of the produced biochar increased with pyrolysis temperature and decreased with increased feeding 

rate. In contrast, an inverse pattern was observed for C and N values. The EC increased with the increase in 

pyrolysis temperature and decreased with the increase in feeding rate, while the CEC values showed an 

opposite trend. In general, biochar produced from rice husk (RH) at a pyrolysis temperature of 450°C and a 

feeding rate of 50 kg/h exhibited favorable chemical and physical features appropriate for enhancing soil 

quality. 
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ABSTRACT 

In order to solve the problem of complicated processes, low efficiency and high cost of economic tree trunks 

girdling, inspired by cam mechanism this study developed a new type of automatic half-ring girdling device, 

which can automatically complete a series of operations, including the tree trunk profile scanning, girdling 

trajectory calculating and automatic bark cutting. A pair of laser rangefinders and guide screws were 

symmetrically arranged on a half-ring rotating rail, which could rotate around the tree trunk, and two chainsaws 

assembled above the guide screws were controlled to move radially. The laptop was used as upper computer, 

and a 4-axis motion control card was used as the lower computer, which constituted the control system of 

precise movement. The programs of the tree trunk profile scanning, the xylem profile curve fitting and the 

chainsaw centre trajectory calculation were designed in LabVIEW. The scanning tests and girdling experiments 

were carried out on the different sections of the tree trunks in the laboratory. The feasibility of the automatic 

girdling device for economic tree trunks was verified with one complete and automatic girdling operation 

finished by this device, which took 150 seconds, and the error range of automatic girdling was within ±2mm. 

This device improves the automation degree of girdling operation and provides a support for the development 

of economic forestry.  

 

摘要  

为解决经济林树木开甲存在流程复杂，效率低，成本高的问题，受凸轮原理启发，本文设计一种新型自动化半

环开甲装置，自动完成树干轮廓扫描，环剥轨迹计算，自动切割树皮等操作。该装置在半环转动支架上对称安

装了一对称双激光测距仪、丝杠，半环支架可环绕树干旋转运动。丝杠上面安装的手持电锯能够实现径向运动。

以 LabVIEW为上位机，以 4轴运动控制卡作为下位机，构成精确运动的控制系统。在 LabVIEW中完成了树干

轮廓扫描、木质部轮廓曲线拟合、电锯中心轨迹计算等程序设计。在实验室中对树干不同的截面进行了测量实

验和环剥实验。完整自动的开甲操作证实了该经济林开甲装置的可行性，该装置单次自动环剥时间为 150秒，

开甲精度为±2mm。该装置提高了开甲操作的自动化程度，为经济林产业提供了支撑。 

 

 

INTRODUCTION 

 Girdling is defined as the removal of a ring of bark or phloem, mainly around the trunk or branch, which 

has the immediate effect of blocking the phloem transport pathway, thereby eliciting the accumulation of 

carbohydrates above the girdle (Goren et al., 2004; Oberhunber et al., 2017). In 1686, Marcello Malpighi 

carried out the classical experiment of organic solute migration with removal of the bark around the trunk of a 

tree in a circular pattern. Since Kobel studied the physiological mechanism of flower promotion by ring cutting 

from the perspective of C/N ratio in 1931, many scholars had carried out in-depth studies from different 

perspectives such as nutrition, hormone and nucleic acid. Particularly, girdling often promotes flower-bud 

initiation, fruit set and growth, and increases yield, but reduces vegetative growth. Thus, girdling is widely 

applied for hundreds of years in trees horticultural practice because of these benefits (Wilkie et al., 2008; De 

Schepper and Steppe, 2011). The jujube tree is an important economic crop native to China, which accounts 

for more than 98% of the total cultivated area in the world. Girdling jujube trees at the right stage of growth can 

effectively increase the fruit set rate of jujube trees, improve fruit quality, and increase production at the same 

time (Ye et al., 2019). Therefore, girdling is often used to regulate the growth of fruit trees and promote fruit 

development.  
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 Girdling improves the fruit-set rate of citrus (Yang et al., 2013), persimmon (Juan et al., 2009), grape 

(Zhu et al., 2022), tomato (Chai et al., 2021), and finally increases the fruit yield. Therefore, girdling technology 

is widely used in economic forestry. 

 The using of different tools directly affects the girdling efficiency of fruit trees, ultimately the yield of 

economic trees. Traditionally, girdling is accomplished by workers using simple hand-held knives to remove 

the tree bark. The typical girdling tools are "Z" type girdling knife, triangular double-edged ring cutter knife, 

curved bar double-edged ring cutter, L-shaped ring stripper, pulley girdling knife, double curved blade ring 

stripping shears, three-blade ring stripper (Duan, 2007). The structures of these girdling tools are simple and 

the effects of girdling depend largely on the experience of workers. Girdling work is labour-intensive and time-

consuming, and this problem becomes serious when huge amount of fruit trees needs to be girdled within a 

short period, especially with the yearly reduction of the workforce. In response to the problems of low quality 

and efficiency of general artificial girdling tools, an electric type jujube girdling device was designed (Xie, et al., 

2018). This type of girdling device solved the problem of maintaining relative fixation with the trunk during 

girdling, but it led to another problem of uncontrollable girdling breakage rate by fixing the tool to perform 

girdling at the same depth. Li, et al., (2019), designed a handheld small girdling device, which improved the 

efficiency of cutting bark, but the accuracy of girdling was also dependent on workers’ experience. Although 

the electric girdling tools increased the speed of working, accuracy and efficiency of traditional girdling still 

varied from person to person. 

In this paper, a new automatic girdling device is designed to improve girdling accuracy on the basis of 

ensuring efficiency of girdling. A half-ring symmetrical mechanical structure is adopted on the device, and 

actuators and scanning sensors are selected based on the requirements of economic trees girdling. The 

control flow is completed according to the structure of the girdling device and the girdling process, and girdling 

programs are designed in LabVIEW. Three levels of error analysis are carried out by scanning tests and 

girdling experiments in laboratory. 

 

MATERIALS AND METHODS 

 The economic trees that need to increase production, should be girdled when they are older than 

7 years or the trunk diameters are greater than 10 cm. Nearly half of the time of flowering is the best time 

to be girdled. One of the manual girdling methods is shown in Fig. 1. The operators select a position 30 

cm above the ground, and the old bark is removed from the tree trunk by a sickle. The width of the excised 

skin should be widened to 2 cm, and the inner phloem exposes a circle with a width of 1 cm. The upper 

part of the phloem needs to be cut by tools after peeling horizontally to the xylem of the tree, and it is 

cross cut obliquely at the lower part of the phloem to the xylem. The final incision width should be 

controlled at about 0.5 cm. Due to the different sizes of tree trunks and the experience of workers, the 

time for manual girdling usually varies from minutes to half an hour. In some regions of China, experienced 

workers girdle about 200 trees for 400-500 yuan (RMB) a day. 

 

           
 
Fig. 1 – Manual girdling                                                  Fig. 2 – The inversion of cam  

                                                                                          1–Guide; 2–Roller; 3–Cam; 4–The trajectory of roller centre; 
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Core mechanisms 

 As shown in Fig. 2, an irregularly shaped cam (3) is fixed at point O. The roller (2) can be rotated 

relative to the cam together with the guide, and also be moved radially inside the guide (1). The trajectory (4) 

of the roller can be formed by synthetic motion of radial slide and rotation. In this paper, the xylem of the tree 

trunk is taken as the cam, and the chainsaw for girdling is considered as the roller. Based on the principle of 

inversion of cam mechanism shown in Fig. 2, the trajectory (4) of the chainsaw’s centre can be obtained for 

the automatic girdling method.  

The core working principle of the device is shown in Fig. 3. A pair of chainsaws (3), guide screws 

(2) and laser rangefinders (1) are mounted symmetrically at the end of the half -ring rail (6). As shown in 

Fig. 3a, the profile of the tree trunk is scanned by the device. The scanning starts at the horizontal initial 

position (7). The half-ring rail rotates counter clockwise around the tree trunk, and at the same time the 

laser rangefinders start measuring along the red dashed circle. The distance between the laser 

rangefinders and the tree trunk is measured by the laser rangefinders at a certain frequency in the process 

of rotational movement. The half-ring rail reaches the opposite horizontal position (8) after the scanning 

of the tree trunk profile. The external profile of the tree trunk (5) is obtained, and the xylem profile curve 

(4) is acquired by algorithms. The girdling process of the device is shown in Fig. 3b. The half -ring rail 

rotates clockwise, and the chainsaws are driven to girdle based on trajectory mentioned in  Fig. 2. The 

device completes girdling when the half-ring rail rotates to the initial position (7) in Fig. 3a. 

 

 
Fig. 3 – The girdling device mechanism  

a) The scanning process; b) The girdling process 

1-Laser rangefinders; 2-Guide screws; 3-Chainsaws; 4-Xylem profile curve; 5-Tree trunk profile curve;  

6-Half-ring rail; 7-Initial position of scanning; 8-Initial position of girdling 

 
As shown in Fig. 4, the motion centre O of the half-ring rail is taken as the origin of the cartesian 

coordinate system, and curve C is the trajectory of the half-ring rail. The xylem profile curve s is obtained 

by calculating based on the tree trunk profile, and its polar coordinate equation is s=s(φ). The 

instantaneous girdling state of the chainsaw with B as the centre at the cutting point A is shown in Fig. 4. 

The polar coordinate of point A is (φ, s(φ)). The tangent line of A point on the curve s is l’. The common 

normal line through A point is l, and the angle between l and the positive direction of x axis is β, then the 

cartesian coordinate of A point is: 

 

 
cos

sin

x s

y s





=

=
 (1) 

 

Line l and l’ are perpendicular to each other, the trigonometric function of the angle β is: 
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 The radius of the chainsaw is R, and the coordinate of B(X,Y) on the central trajectory of the 

chainsaw is obtained as follows : 

 
cos

sin

X x R

Y y R





= +

= +
 (5) 

 In order to be used directly in control program, the cartesian coordinate on trajectory B is 

transformed into a polar coordinate relative to point O as follows.  

 
Fig. 4 – The principle of the trajectory of the chainsaw’s centre 

Overall structure 

 The mechanical structure of the device is shown in Fig. 5. The half-ring rail (5) is driven by stepper 

motor (1) to rotate around the tree trunk (6) though gearing. Two laser rangefinders (2) are symmetrically 

installed at both ends of the half-ring rail, which realizes the scanning of the tree trunk in rotational 

movement. The guide screws and chainsaws are mounted at the end of the half -ring rail by the way the 

same to laser rangefinders. The guide screws are driven by motors to realize the radial movement. 

Girdling can be completed by the chainsaws with synthetic movement of radial movement and rotational 

movement.  

 
Fig. 5 – The girdling device 

1-Stepper motor; 2-Laser rangefinders; 3-Chainsaws; 4-Guide screw motors; 5-Half-ring rail; 6-Tree trunk 
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Control system 

  The overall hardware system of the girdling device is shown in Fig. 6. The laptop based on x64 

Intel (R) i7 processor is selected as the upper computer of the device control system. Art 1020 motion 

control card is selected as the lower computer. Art 1020 is a four-axis servo/stepper motor motion control 

card with the USB bus, which can complete various complex control requirements of servo / stepper motor. 

The motors in this girdling device are controlled by Art 1020 precisely. Guide screw motors and stepper 

motor are used as the drive system, and the laser rangefinders are the sensors of the scanning system. 

The transmission of scanning signals and control signals between laptop and laser rangefinders is realized 

through USB bus. The hardware parameters are shown in Table 1. 

 
Fig. 6 – Hardware system of girdling device 

Table 1 

Main technical parameters 

Parameter Value Units 

Scanning Frequency 1~20 Hz 

Stepper motor torque 20 N·m 

Stepper motor power 50 W 

Accuracy of guide screw  0.125 mm 

Motor response frequency ≤80k Hz 

Laser rangefinder measurement accuracy ±0.05 mm 

  

 The block diagram of the control system program is shown in Fig. 7. In order to ensure the accuracy 

of the movement, the initialization of the girdling device control system is first carried out. The parameters 

including the emission frequency of laser rangefinders, scanning time and cutting time are set after 

initialization. Then the half-ring rail is driven by the stepper motor to rotate around the tree trunk. 

simultaneously, the laser rangefinders are started to scan the tree trunk. The half-ring rail rotates to the 

position (8) as mentioned in Fig. 3b after finishing scanning. The polar coordinate points of the tree trunk 

external profile are saved in a txt file. The data processing includes two algorithms. Since an explicit 

function between the bark profile and its xylem profile has not been defined in the papers, this paper proposes 

the interval minimum algorithm. Analysis of the bark and xylem structure through the trunk cross-section shows 

that the change in curvature of the xylem profile surface is much smaller than that of the bark profile surface. 

The measured polar coordinate points saved in the txt file are grouped into equal intervals according to the 

scanning direction. The first smallest value in the interval is selected as the representative point close to the 

xylem. The interval minimum curve is obtained by linear fitting of these selected points. Then the xylem profile 

curve, which is also the curve s mentioned in Fig. 4, is obtained according to the thickness value of the tree 

bark. The trajectory of the chainsaw centre is obtained by the cam inversion algorithm based on the equation 

(5). The cutting operation starts at the position (8) in Fig. 3b.  



Vol. 72, No. 1 / 2024  INMATEH - Agricultural Engineering 

 

  50  

 

 The laptop converts the polar coordinate points of chainsaw centre trajectory into pulse signals  to 

4-aix motion control card. The stepper motor and the guide screw motors are controlled according to the 

pulse signals, and the girdling is carried out with the half-ring rail moving clockwise. The girdling operation 

of the tree trunk is completed by chainsaws with radial and rotational synthetic movement. 

 

 
 

Fig. 7 – Control system program block diagram 

  

 

 As shown in Fig.8, the operation panel of the girdling device control system is designed in LabVIEW. 

The operation panel includes the parameters setting, the status prompt of the completed process, the 

real-time display of scanning state and cutting state, and the schematic display of current girdling state. 

The scanning time, scanning frequency and cutting time can be set on the panel based on different girdling 

requirements of economic tree trunks. The process of girdling can be divided into four parts according to 

control system program block diagram, and every part can be controlled individually by the button in the 

panel. Every finished part can be prompted by the indicator light behind the corresponding button. In the 

part of real-time scanning, the scanning and cutting process of the tree trunk profile can be shown in the 

polar coordinate system in real time.  

 As shown in the polar coordinate system, the red curve is the profile of the tree trunk, and the brown 

curve is the profile of the xylem calculated by algorithm. The corresponding state in the part of real-time 

scanning is shown in form of pictures in the part of process. According to the real-time feedback in the 

panel, the operator can control the operation condition of the girdling device.  



Vol. 72, No. 1 / 2024  INMATEH - Agricultural Engineering 

 

  51  

 
Fig. 8 – The operation panel of the control system 

 

RESULTS AND DISCUSSION 

Scanning system error 
In the whole process of girdling, the scanning of the external profile of the tree trunk was completed 

first, and the scanning result was directly related to the accuracy of the centre point trajectory of the 

chainsaws obtained from the cam inversion algorithm. Therefore, the error analysis of the scanning system 

of the girdling device is carried out first. RA7525SE-1005 is a six-axis absolute arm, which can realize 

high-precision contact measurement. The measurement radius range of RA7525SE-1005 is 1.2 meters, 

and the measurement point repeatability accuracy is 0.050 mm. It can accurately measure the 3D 

coordinates of spatial points in its radius range. The cross sections of the same tree trunk were measured 

by the device and the RA7525SE-1005 respectively. In this experiment, a wooden pile only with its xylem 

was selected to be scanned. The profile scanning with the girdling device was shown in Fig.9, and the 

profile measurement with RA7525SE-1005 was shown in Fig.10. 

 

 

            
 
Fig. 9 – Profile scanning with the girdling device              Fig. 10 – Profile measurement with RA7525SE-1005 

1-Girdling mechanical structure; 2-Control box; 
                         3-Power; 4-Laptop; 

 
 The same positions of the wooden pile were measured by RA7525SE-1005 and the girdling 

device. In the ten groups of scanning experiments, the scanning frequency of the laser rangefinders was 

10 Hz, and the scanning time was from 7.5 s to 30 s.  

The number of scanning points by the girdling device was from 150 to 600, and number of points 

measured by RA7525SE-1005 was 50. In order to better calculate the result error between the result 

measured by RA7525SE-1005 and the result scanned by girdling device, the measurement result of 

RA7525SE-1005 was fitted by first order. The measurement results were shown in Fig.  11.  

Data 1 is the measurement result of RA7525SE-1005, and data 2 to data 11 were scanning results 

by the girdling device. Due to the high measurement precision of RA7525SE-1005, data 1 mentioned in 

Fig. 11 was taken as the standard value. In the polar coordinate system, the difference between points 

(data 2 to data 11) scanned by the girdling device and the fitted curve (data 1) at the corresponding angle 

was used as the error of the measurement system. 
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