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Design of sampling device for rice grain impurity  
sensor in grain-bin of combine harvester 

 

Chen Jin, Lian Yi※, Li Yaoming, Wang Yuehong, Liu Xinyi, Gu Yan 
(School of Mechanical Engineering, Jiangsu University, Zhenjiang 212013, China) 

 
Abstract: The optimized operational parameters of a combine harvester are often set once at the beginning of the operation which 
makes it very inconvenient to observe the grain purity and adjust these parameters frequently during the harvesting process. It is 
imperative to develop an instrument which can obtain grain impurity data for optimizing operational parameters during the 
harvesting process automatically. Based the purpose above, a grain impurity (GI) sensor was designed. The sensor consisted of 
electromagnet for the extension control of choke panel, spring for the reset of choke panel, visual glass window, choke panel, 
light resource and camera which is used for image capture of grains gathered by choke panel. Then the captured image was 
processed for calculating the grain impurity. The installation position and illumination type of LED light source was optimized to 
obtain high-quality images according to the image histogram. The pulling force applied to the choke panel by the electromagnet, 
the thrust force applied to the choke panel by the spring and the entrance size of sampling box were analyzed. The results showed 
that illuminating the visual window indirectly with two LEDs installed on both sides of the sampling box was a better way, with 
the peak in the image intensity histogram avoided effectively. The electromagnet with a rated pull force of 60 N could provide 
enough pulling force and the spring with diameter of 1 mm could provide enough thrust force. Due to the fact that the short stalks 
and straw during harvesting ranged from 10 to 30 mm in length, the sampling box with height of 95.7 mm and width of 76.5 mm 
was designed. And the inlet width was 31.9 mm and the visual window’ length and width wan 57.1 and 57.4 mm respectively. 
Therefore, the grain, stalk and straw could flow into the sampling box smoothly and about 200 grain kernels could be seen in the 
visual window. The monitoring accuracy of the sensor was verified with different impurity contents in. bench test and the results 
showed that the device was capable of monitoring the grain impurity content in the range of 0-2.88%, whose change trend was 
consistent with the artificial grain impurity content.  A dust-proof cover was designed to provide a stable working environment 
for the camera in the field. And the field experiments were conducted with YAMMA 4LZ2.5 combine harvester in Jiuli Lake in 
city of Suzhou, on Nov.17, 2017. The results showed that the relative errors of grain impurity in field test were between 9.44% 
and 19.67%. 
Keywords: harvesters; sensors; monitoring; grain impurity; sampling device; structure design; machine vision 
doi：10.11975/j.issn.1002-6819.2019.05.003 

CLC number: S225.4           Documents code: A           Article ID: 1002-6819(2019)-05-0018-08 

Chen Jin, Lian Yi, Li Yaoming, Wang Yuehong, Liu Xinyi, Gu Yan. Design of sampling device for rice grain impurity sensor in 
grain-bin of combine harvester[J]. Transactions of the Chinese Society of Agricultural Engineering (Transactions of the CSAE), 
2019, 35(5): 18 － 25. (in English with Chinese abstract)    doi ： 10.11975/j.issn.1002-6819.2019.05.003    
http://www.tcsae.org 

 

0  Introduction 

The working process of combine harvester which is a 
complex non-linear process, is influenced by a wide range of 
parameters, such as crop yield, climate, threshing and 
cleaning settings[1-3]. Engineers pay close attention to the 
performance characteristics of combines as well as how 
design alternatives and control strategies to optimize and 
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automate the machine performance[4-8]. In qualitative terms, 
the main evaluation criteria of a combine harvester are grain 
purity, damage to kernels and processing loss[9-11]. In the 
standard designs of combine harvesters, a significant part of 
the impurity and breakage of grains can be attributed to the 
separating and threshing progress, respectively. Viewed from 
another perspective, operation parameters of threshing and 
separating systems can be estimated and optimized on the 
basis of monitoring results of impurity and breakage of grain 
in turn. Currently, the latest combine harvester are equipped 
some automatic control devices for leveling and the control 
of feeding depth, travelling speed, cutting height. However, 
some of the operational decisions related to these functions 
are still being manually and simultaneously undertaken by 
the operator. Consequently, operational decisions and quality 
judgments related to combine harvester settings are still 
greatly left to the discretion of the operator[12]. To optimize 
grain yield, minimize grain damage and quality deterioration, 
and minimize dockage, the harvester must be continually 

·Agricultural Equipment Engineering· 
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stopped to inspect the harvested paddy grain during 
harvesting. Improper adjustment of operating parameters can 
result in grain damage, increased grain loss, excessive 
unwanted material (straw, grass and etc.) and clogging. 
Moreover, the damaged grain and amount of dockage could 
be only assessed qualitatively, leading to inconsistent 
assessment. So the assessment is highly dependent on the 
experience and expertise of the operator[13]. 

Some researches are focused on grain loss auto-detection 
technologies[14-20]. Recent developments in precision and 
computer-assisted automated agriculture which adopt 
sensors and machine vision are promising in helping the 
operator make better management decisions[21]. Besides 
improving precision and efficiency, an opportunity to build 
value-added characteristics and brand awareness of their 
product through consistency is also offered with machine 
vision system, minimizing the need for further downstream 
processing. Such advantages could be obtained if the current 
paddy grain quality inspection manual which is time- 
consuming and inconsistent of could be replaced by a 
machine vision system aided in real-time decision making 
for combine harvester[22]. 

In order to achieve the purpose above, a sampling box 
was installed inside the grain bin and then images of mixture 
(grains, straw and stalks) were captured to calculate grain 
impurity(GI) in this paper. Georg et al developed an 
automatic measuring system for whole and broken kernels in 
which a digital image processing method was adopted[23]. 
Jahari et al provided a machine vision system with double 
lighting and an image processing algorithm to detect and 
measure undesirable objects and damaged grain in paddy 
grain harvested[24]. However, researches related to a rapid 
evaluation of combine harvester by using machine vision 
system with optimized structure design have seldom been 
conducted or publicized. 

Taking the above-mentioned problems into consideration, 
a sampling device for rice grain impurity sensor was 
designed. The structure of the sampling box, an optimized 
light source installation and the iterative algorithm for 
calculating the grain impurity were analyzed. Finally, field 
experiments by combine with the sampling device with 
using global threshold iterative algorithm were carried out to 
check the measurement feasibility. 

1  Structure design and working principle of the 
device  

1.1  Developed equipment 
The progress of collecting grain into a grain bin can be 

summarized and showed as shown in Fig.1. Grains fall 
through the sampling box under the grain-bin-auger and the 
photos are taken by CMOS camera. When grains are falling 
in large quantities, in addition to whole and broken grain 
kernels, there are also stalks and straw. The impurities shall 
be detected by machine vision technology and grain 
impurity information is sent to the operator accordingly.  

Camera of commercial off-the-shelf digital sensor 
CMOS with less background noise and better radiation 

resistance[25-26] was used in sampling device. A glass window 
is designed on sampling box across from a CMOS camera. 
Therefore, the image acquisition in the combine grain bin 
was based on CMOS camera, and Mind Vision GE200GC-T 
global shutting camera with resolution of 1600 pixels 1200 
pixels and capture rate of 60 fps was utilized in this paper.  

 

 
 

Fig.1  Schematic diagram of grain-bin sampling device 
 

1.2  Structural design of the sampling box 
With the increasing reliability and intellectuality demands 

of the modern grain combine, the detection accuracy of 
materials in the grain bin has become a limiting factor. The 
most commonly used method to detect internal environment 
is to install a glass visual window across CMOS camera 
which is mounted on the upper section of the grain bin, as 
shown in Fig.2a. To monitor and distinguish material other 
than grain (MOG) in grain bin of a combine harvester, a 
relatively stable working environment should be provided 
for the CMOS camera; accordingly, covers are designed to 
enclose the camera inside the sampling box as shown in 
Fig.2b. 

The sampling box fixed beneath the grain-bin auger 
receives a mixture of grains, stalks and pieces of straw that 
passes through the grain-bin auger. The choke panel at the 
underpart of the sampling box is utilized to collect or 
remove the mixture, assisting the camera in capturing 
images by holding the mixture stationary. Grains falling 
from the grain-bin-auger is charged and discharged when the 
choke panel is controlled to do reciprocating motion by an 
electromagnet and spring. The electromagnet provides 
sufficient tension to pull the choke panel heaped with 
superincumbent fluidization of the grains. Image is acquired 
when the visual window is filled. After image acquisition, 
mixture is discharged when the electromagnet switches off 
and the spring mounted between electromagnet and choke 
panel repositions the choke panel. If the force provided by 
the electromagnet and the spring is too small, the choke 
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panel cannot be pulled or pushed to the desired location and 
mixture cannot be effectively collected or discharged. 
Therefore, the push and pull force need to be analyzed and 
the appropriate electromagnet and spring are selected. 

 

 
 

Fig.2  Structure diagram of sampling device 
 

1.3  Choke panel’s reciprocating motion analysis  and 
selection of electromagnet and spring 

The electromagnet, spring and choke panel are shown 
in Fig.3a. Magnetic force(F) provided by the electromagnet, 
must be greater than the frictional resistance (f) exerted on 
the attached edge surfaces between the sampling box, the 
materials inside the sampling box and choke panel and , 
which is given as follows: 

 
( )z z g g gf u m m g u m g  

 
(1) 

where f is frictional resistance, N; uz reprensents sliding 
friction coefficient between choke panel and sampling box; 
ug represents sliding friction coefficient between choke panel 
and grains; mz represents the weight of choke panel, kg; mg 
represents the maximum weight of materials piled up on the 
choke panel, kg; g is the acceleration of gravity, m/s2. 

 

 
 

Fig.3  Electromagnet and spring connected to the choke panel 
 

Likewise, the reposition force(F′) provided by the 
spring when the electromagnet switches off must be greater 
than frictional resistance (f ) exerted on the choke panel. 

 

F f

F f


 

 (2) 

The determination of the values of F  and F   was closely 

related to the weight of grain-layer on the choke panel. 
To select the appropriate electromagnet and spring, 

performances of different electromagnets and springs were 
tested. Different electromagnets were mounted on the choke 
panel and then switched on to check if it could pull the 
choke panel, and the one which could overcome frictional 
resistance was chosen. After filling the sampling box fully 
with grains, the electromagnet was switched off and 
different springs were tried to check whether it could push 
the choke panel, and the one made it smoothly was selected. 
Finally, the wire diameter of the spring was ultimately set to 
be 1mm; and the outer diameter of the spring was 16 mm 
and the length was 42 mm. The working voltage of the 
electromagnet was 24 V and the magnetic force is 60 N. The 
electromagnet and the spring were shown in Fig.3b. 
1.4  Light irradiation and installation optimization 

For the light resources in sampling device, on the one 
hand, sufficient intensity of light illumination must be 
provided; on the other hand, its size is required to be 
minimized, and the mounting position of light resources 
plays a vital role in the quality of image acquired. A light 
field can be essentially viewed as an array of images 
captured by a grid of cameras towards the scene[27]. In order 
to obtain a suitable light field, the light source of small size 
and the irradiation way on the scene (visual window) was 
selected and optimized. Besides, since a reflective surface of 
the glass visual window is facing the camera, the light from 
this side must be blocked (enlarging the visual window), or 
the irradiation direction of the light must be employed in a 
carefully chosen setup that eliminates reflections. To analyze 
the influence of light irradiation and installation on image 
quality, experiments were carried out in the laboratory by 
mounting the light in different positions, with rice grains 
collected in the field in Nov.17, 2017. Light irradiation and 
installation experimental system was shown in Fig.4. The 
illumination system was designed using light emitting diode 
(LED) with the length of 45 mm and width of 11 mm as the 
light source, as shown in Fig.4. Different LED-installation 
ways were experimented including the way of individual 
LED opposite the visual window, 3 opposite the visual 
window, and two installed on both sides inside the sampling 
box, which was shown in Fig.4. In each experiment, images 
were captured and compared to optimize irradiation and 
installation of the LEDs. 
1.5  Image capturing, processing and impurity rate 
measurement manually 

In order to assess the accuracy of sampling, sampling 
experiments for mixture of grains and MOG were performed 
in the laboratory. In each experiment, after homogeneous 
mixing, 5 kg mixture was poured away from a height of 
nearly 30 mm for about 3 s and the sampling box below 
became full; then, the image was captured and the area of 
MOG in the image was measured and calculated artificially. 
The experiments for 4 different GIs were repeated from 0 to 
2%. Additionally, iterative algorithm of global threshold was 
used to process the images and obtain data information of 
mixture including quantity of kernels, areas of straw and 
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stalks and centroids of connected domain. The processing 
results of three-step-iterative were shown in Fig.5. The 
connected domains were marked different dots for grains , 
straw and stalks. 

 

 
 

Fig.4  Light irradiation and installation experimental system 
 

  
a. Original image b. First step 

  

c. Second step d. Third step 

 

Fig.5  Processing results of three-step-iterative of 
global-threshold-iterative algorithm 

 
On the captured images, several kinds of materials were 

found including whole kernels, straw, stalks, and few broken 
kernel, while glumes were hardly found in all of the captured 
images. The grains used in the experiment were obtained in 
the grain bin of the combine harvester after rice harvest. 
Because the glume shell is light and easy to be cleared out, 
so the glume shell can hardly be seen in the grain bin. To 
calculate the weight of MOG, areal density of straw and 
linear density of stalks were respectively measured; and the 
moisture content of the mixture was 15%. The results of the 
measurements were given in table 1 and table 2. 

The mathematical models of GI were established as 
follows: 

1 2

1 1

Straw Stalk
n n

d n d nI A L
 
    
 
 

   

1 2
3

1 1

Straw Stalk
1000

n n

d n d n
W n

A L
     
 
 

   (3) 

where I was impurity rate of grains, %; Ad denoted the areal 
density of straw, g/mm2; Ld denoted the linear density of 
stalk, g/mm; Strawn denoted the area of straw, mm2; Stalkn 
denoted the length of stalk, mm; W was 1000-grain weight, g; 
n1, n2 and n3 were numbers of straw, stalk and grains 
respectively. 

 
Table 1  Areal density of straw of rice 

Repeat 
Index 

1 2 3 4 5 6 7 8 
Mean 

Length/mm 34 28.4 21.1 25.7 24.3 31.2 28.2 25.8 27.34 

Width/mm 4.1 4.1 4.2 4.2 4.0 3.7 4.1 3.9 4.04 

Weight/g 0.070 0.070 0.045 0.045 0.055 0.065 0.085 0.055 0.0613 

Areal density/ 
(104g·mm-2) 

5.02 6.01 5.07 4.16 5.65 5.63 7.35 5.46 5.55 

 
Table 2  Linear density of stalk of rice 

Repeat 
Index 

1 2 3 4 5 
Mean 

Length/mm 710 650 890 760 640 730 

Weight/g 0.070 0.060 0.090 0.080 0.060 72 

Linear density/(105g·mm-1) 9.86 9.23 10.1 10.5 9.38 9.8 

 

1.6  Sample collection in natural experiment 
The dimension parameters and mounting position are 

important for a sensor. To verify the feasibility of the 
parameters and position of the designed GI-sensor, 
experiments were carried out on a combine harvester in 
where autumn rice was harvested. The obtained research 
material was characterized by the following parameters 
(mean±std.deviation): moisture content of grain of (28.53± 
1.7)%, 1 000-grain weight of (29±4.33) g. Lengths of short 
stalks and straw during harvesting ranged from 10 mm to 
30 mm. So the height of the sampling box was 95.7 mm and 
the width was 76.5 mm with a inlet width of 31.9 mm. The 
length of the visual window was 57.1 mm and the width was 
57.4 mm. The sampling box designed was shown in Fig. 6. 

 

 
 

Fig.6  Design of sampling box 
 

By adjusting forward speeds, calibration experiments 
were conducted and different rheological properties of 
materials were obtained in Jiangsu province of China. 
Combine harvester of YAMMA 4LZ2.5 was chosen as 
shown in Fig.7a. The  experiments were carried out in Jiuli 
Lake, in City of Suzhou, on Nov.17, 2017, with a 
temperature of 15 ℃ and a ambient humidity of 61%. And 
the experiments were carried out at 3 different forward 
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speeds of 0.8, 1.0 and 1.2 m/s, which were associated with 
the feeding rate of 1.7, 2.1 and 2.5 kg/s respectively. The 
amount and ejection speed of grain and MOG (material- 
other-than-grain) being discharged from grain-bin-auger are 
influenced by its rheological properties which depend, to a 
great extent, on the throughput of the combine harvester. 
Therefore, the forward speed of the combine harvester was 
set at 3 levels to obtain different rheological properties of 
materials. The installation position of sampling box in 
grain-bin of YAMMA 4LZ2.5 was shown in Fig.7b. The 
sampling device was mounted under the diversion tunnel 
exit in the grain bin.  

 

  
a. Combine harvester b. Installation position of sampling box 

 

Fig.7  Sampling box installation position  
in the combine harvester 

 

2  Results and discussion 

2.1  Image acquisition at different light irradiations and 
installation positions optimization 

 Images and the histogram of different light 
irradiations and installation approaches of the LED light 
source were shown in Fig.8. A non-uniform image is 
referred to as an image in which its intensity is not constant 
and varies for each pixel[28]. In order to assess the effect of 
the position and irradiation of LED on image acquisition, 
intensity histogram was analyzed. The luminance 
components (V) of the color images which were converted to 
the HSV color space was processed and the H and the S 
components were left untouched. The histogram still 
emphasizes the population of pixels like the intensity 
histogram and, thus, is unable to effectively avoid high 
peaks[29-30]. As shown in Fig.8b, the peaks in intensity 
histogram of the images with 1 and 3 LEDs direct irradiation 
burdened the subsequent image enhancement. The large part 
of high light intensity with 2 LEDs irradiating from the left 
or right side affected the accuracy of image recognition for 
grain. Therefore, optimized LED irradiation and installation 
was that 2 LEDs installed on both sides of the sampling box 
with non-direct irradiation. 
2.2  Comparison of image capture and evaluated results 
for different GIs 

Considering the feasibility of the presented GI sensor, 
with grain samples of 4 GI levels, the images captured were 
compared by machine vision and the GIs were manually 
determined, as shown in Fig.9. The impurity rate of these 
samples evaluated by the GI sensor was named as “sensor 
impurity”, and that evaluated by hand as “manual impurity”. 

 

 

 
 

Fig.8  Optimization processing of  
LED irradiation and installation 

 
To verify the influence of different GIs on image, the 

same event was taken at a different level of straw quantity. It 
was observed that the mean number of straw in the visual 
window increased with controlled GIs; however, since the 
sharpness of images depends on the image brightness, 
influence of the light irradiation can be readily seen. 

The analysis of relations between the sensor and 
manually determined impurity revealed a correlation, as 
shown in Fig.10. 
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a. Grain impurity of 0.47% 

 

b. Grain impurity of 1.12% 

 

c. Grain impurity of 2.15% 

 

d. Grain impurity of 2.88% 
 

Fig.9  Images captured by GI sensor for different GIs 
 

 
 

Fig.10  Correlation of between manually  
determined GI and GI by sensor 

 

3  Field experiment results 

To verify the accuracy of the presented GI sensor, a 
comparison was made with some samples of autumn rice. 
The samples were evaluated manually after each experiment 
which was performed in 20 m tracks and 6 times totally, and 
6 sets of images were captured by GI sensor. Results of grain 
impurity were evaluated by both methods of measurement 
manually and sensor method. It was of great significance to 
directly compare the manually determined GI and the one 
calculated with GI sensor, because the manual GIs were 
obtained from the total weight of the sample. 

To evaluate the performance of the presented GI sensor, 
6 operating parameters of combine harvester with 3 forward 
speeds and 2 alternative threshing rotor rotation speeds were 
adopted to obtain the desired GIs. 

Partial images from the - captured by the GI sensor in 
the experiments were showed in Fig.11. Samples were 
collected and the image was captured and processed every 5 
s.  Five samples were collected in 25 s and the average of 5 
impurities of the samples was calculated, representing the 
impurity of the rice grain during the period. 

Images obtained under individual parameter of the 
combine harvester should be captured and stored separately 
as a preparation for the following image processing. 
Meanwhile, 6 packages of samples were collected and then 
sorted to get manual results of GI. It was necessary to 

investigate the influence of the operating parameters upon 
measurement accuracy. From the captured images, it was 
found that the quality of images had little to do with forward 
speed and threshing rotor rotation speed. As shown in table 3, 
the average image processed results varied with the manual 
results. It could be inferred from the tendency of table 3 that 
the sampling box collected effective samples within the 
grain impurity of 1%. Comparing the results obtained by the 
GI sensor with those by manual method, the relative error of 
impurity was in the range of 9.44%-19.67%. 

 

 
 

Fig.11  Images captured by the GI sensor 

 
Table 3  GI analysis data obtained by grain-impurity sensor 

compared to manual measurement in field experiments 

Forward 
speed/(ms1) 

Threshing rotor  
rotation speed/(rmin1) 

Manually 
determined GI/% 

GI by 
sensor/% 

Relative 
error/% 

780 0.777 0.71 9.44 
1.2 

840 0.489 0.52 5.96 

780 0.366 0.35 4.57 
1.0 

840 0.301 0.28 7.50 

780 0.49 0.61 19.67 
0.8 

840 0.22 0.19 15.79 

 
Additionally, the reciprocating motion of choke panel 

controlled by the electromagnet and the spring was verified 
to be available. 

4  Conclusions 

To monitor the grain impurity, a grain impurity sensor 
was developed according to the requirements for working on 
a combine harvester. Many factors affected the performance 
of the GI sensor such as the structure of sampling box, light 
irradiation and installation position, and algorithm of digital 
image processing. 

Light source experiment result indicated that a GI 
sensor with two LEDs mounted on both sides of the 
sampling box with non-direct irradiation was needed to 
capture images of high quality. Bench test results indicated 
that the sampling device was able to process images with 
grain-impurity up to 2.88%, which was a pretty big value 
that seldom occurred in real situations. Field experimental 
results indicated that the sampling box collected effective 
samples within the grain impurity of 1%, and the developed 
GI sensor worked well with a relative measurement error of 
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impurity less of 19.67%. Larger size of the sampling box 
will result in rather high effective samples. However this 
might also result in inconvenient installation. Therefore, it is 
also important to obtain deeper insight in the main 
influences of the dimension parameters and mounting 
positions on the sampling efficiency. Furthermore, it is 
imperative to investigate and further optimize the 
performance of digital image processing algorithms.  
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Effect of mechanical compression of garlic 
clove on emergence and growth of Allium sativum L. 

 

Song Yuqiu, Jiao Jinkang, Wu Liyan, Chi Bowen, Chen Tianyou,  

Zhang Baofeng, Lu Chunze, Xin Mingjin※
 

(College of Engineering, Shenyang Agricultural University, Shenyang 110866, China) 

 
Abstract: Experiment was carried out to explore the effect of compression treatment to garlic (Allium sativum L.) cloves on 
emergence and growth of garlic. White garlic cloves of Northeastern China were compressed at transverse and longitudinal 
direction to the degrees of 5%-45% and planted, the untreated garlic cloves were used as controls. The effects of different degrees 
of compression on emergence time, emergence rate, plant stalk diameter and plant height for cloves were investigated, and the 
regression models of plant stalk diameter with the degrees of compression for cloves were obtained. Correlation analysis between 
garlic plant height with degrees of compression was carried out. The results showed that, compared with the control, for cloves 
compressed at transverse direction, the compression levels of 10%-45% had significant effect on emergence time, emergence rate, 
plant stalk diameter and plant height (P<0.05), the treated seeds emerged earlier; the emergence rate, stalk diameter and plant 
height of cloves at compression of 10%-25% were greater than that of control. For cloves compressed at longitudinal direction, 
the compression of 10%-45% had significant effect on emergence time, emergence rate, plant stalk diameter and plant height of 
garlic (P<0.05); the treated cloves emerged later; the emergence rate and stalk diameter of cloves at compression of 10%-15% 
were greater than that of controls. It can be concluded that compression at transverse direction of clove is favorable for the growth 
of garlic than compression at longitudinal direction and the optimal rate of compression is 10%-25%. Regression equations of 

plant stalk diameter with the degrees of compression for cloves fit well (R≥0.91)with the test data, and the correlativity between 

the degree of compression and garlic plant height is significant (P<0.05). 
Keywords: deformations; models; correlation methods; mechanical compression; garlic cloves; emergence time; emergence rate; 
plant stalk diameter  
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0  Introduction 

Garlic (Allium sativum L.) should be planted uprightly 
for a better appearance and higher yield[1]. While compression 
damage to garlic cloves may occur during mechanical 
posture adjusting and planting. Researchers conducted 
studies to explore the effect of temperature and planting date 
on growth and yield of garlic[2-7], effect of planting spacing 
and density on growth of garlic[8-12], effect of clove size, 
weight and quality of garlic on growth and yield of garlic[13-18]. 
Xu et al.[19] measured the dimensions of Cangshan garlic 
cloves and carried out testing on physical properties of garlic 
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cloves at different moisture contents. The results showed 
that the compressive strength changed with the moisture 
content and the arc side of the clove was more easily 
damaged than other two directions at the constant moisture 
content and load. Song et al.[20] studied the mechanical 
properties of soaked white garlic of Northeastern China and 
the results showed that the soaking time had significant 
effect on physical and mechanical properties of garlic cloves. 
The compressive strength varied differently at the directions 
of length (longitudinal), width and height (transverse). Wei 
et al.[21] studied the effect of cutting methods of cross-cutting, 
longitudinal-cutting and topping on emergence time, plant 
height, stalk diameter and the number of leaves of garlic, 
and they found that the garlic emerged earlier, and the plant 
height and stalk diameter were greater with longitudinal 
cutting on the side of the growing point by half cross-cutting 
on the top of growing point.  

It can be seen that little information is available about 
the effect of compression of clove on the growth of garlic. 
Effects of directions and degrees of compression on the 
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growth of garlic was investigated in this study and the 
results may provide references for the development of garlic 
planting technology and related equipment. 

1  Materials and methods 

1.1  Methods 
White garlic cloves of Northeastern China with similar 

size, free from wound, mildew and scab were selected, 
compressed and planted in this experiment. The average 
length (longitudinal), width and height (transverse) of the 
cloves were 34 mm, 17 mm, and 18 mm respectively. 

The cloves were compressed at transverse and 
longitudinal direction, as shown in Fig. 1, to the degree of 
5%, 10%, 15%, 20%, 25%, 30%, 35%, 40% and 45% 
respectively, which was the percentage of the deformation to 
original dimension of the clove, with electronic universal 
material physical property testing machine Instron 3344 
(Instron, US), the treatments were marked as T1-T9, 12 
cloves of each treatment were compressed for 3 duplications. 
The untreated garlic cloves were taken as controls.  

 

 
 

a. Transverse direction            b. Longitudinal direction 
 

Fig.1  Direction of force application 
 

The garlic cloves were planted in plastic bins at the 
outdoor of Farm machinery Lab. (as shown in Fig. 2), 
Shenyang Agricultural University (418N, 12338E), on 
June 1st. The average temperature was 26 ℃ , and the 
relative humidity of air was 52%. The soil was black-brown 
soil of Northeast of China. The effects of compression on 
emergence time, emergence rate, stalk diameter and the 
height of garlic plant were investigated. Four cloves of each 
treatment were planted in each bin and the experiment was 
duplicated 3 times. The planting spacing was 8-10 cm and 
the planting depth was 2.5-3 cm. The soil moisture content 
was 15% at planting. The emergence and growth of garlic 
were observed and recorded at 8:00 AM every day after 
planting. 
1.2  Indicators 

1) The emergence time of garlic cloves: observe and 
record the emergence days of each treatment at 18:00 PM 
every day after planting. 

2) The emergence rate of garlic cloves: It is one of the 
indicators to evaluate the growth status of garlic. The 
emergence rate of garlic cloves was calculated as: 

 1 100%
n
n         (1) 

In the formula: η is the emergence rate of garlic, %; n1 is the 
number of emerged garlics; and n is the number of total 
garlic cloves planted. 

3) Plant stalk diameter: The plant stalk diameter of 
garlic stalk on the surface of the soil of each treatment was 
measured with a digital vernier caliper at a precision of 
0.02 mm on the 21th day after planting. 

4) Plant height: The length from the tip of the longest 
leave to the bottom of plant stalk at the soil surface. 

 

 
 

Fig.2  Growth of garlic under different  
treatments in plastic soil bins 

2  Results and analysis 

2.1  Effects of mechanical compression on emergence 
time of garlic cloves  

The effect of transverse mechanical compression on 
emergence time of garlic cloves is shown in Fig. 3a. The 
results showed that, compared with CK, treatment T1 
(compression of 5%) had no significant effect on emergence 
time of garlic cloves (P>0.05), and the average emergence 
time was 7 days, the same as that of CK. Treatments T2-T9 
(compression of 10%-45%) had significant effect on 
emergence time of garlic cloves (P<0.05), the average 
emergence time was 6 days, which was shorter than that of 
CK, indicating that transverse compression is favorable for 
the emergence of garlic cloves. 

 
 

Note: There was significant difference between different lowercase (P<0.05), 
and the numbers in brackets represent the compression degrees of garlic cloves, 
the same below. 
 

Fig.3  Effects of mechanical compression on  
emergence time of garlic cloves 
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The effect of longitudinal mechanical compression on 
emergence time of garlic cloves is shown in Fig.3b. The 
results showed that, compared with CK, treatments T1-T9 
(compression of 5%-45%) had significant effects on 
emergence time of garlic cloves (P<0.05). The emergence 
time was longer than that of CK, the emergence time of 
treatments of T1-T4 (compression of 5%-20%) was 8 days 
and treatments T5-T9 (compression of 25%-45%) was 
9 days. Compared with transverse compression, the 
emergence time of garlic cloves compressed longitudinally 
was longer, indicating that transverse mechanical 
compression is more conducive to the emergence of garlic 
cloves. The reason may be that the transverse compression 
develops cracks in the outer scale, improves the exchanging 
of moisture, and decreases the resistance of sprouting of the 
clove; while the longitudinal compression may damage the 
top of the cloves to some degree and inhibit the growth of 
the garlic.  
2.2  Effects of mechanical compression on emergence 
rate of garlic cloves 

Most of the cloves emergence on 9th and 10th days after 
planting and there is no clove emergent after 18th days. The 
effect of transverse mechanical compression on emergence 
rate of garlic cloves is shown in Table 1. The results showed 
that the transverse mechanical compression had significant 
effects on emergence rate of garlic cloves (P<0.05). On the 
10th day after planting, the emergence rate of treatments 
T2-T5 (compression of 10%-25%) reached 100%. On the 
14th day after planting, the emergence rate of treatment T1 

reached 100%. On the 18th day after planting, the 
emergence rate of CK reached 100%. Compared with CK, 
the emergence rate of treatments T1-T6 (compression of 
5%-30%) was higher at the same period and it reached 100% 
earlier; while the emergence rate of treatments T7-T9 
(compression of 35%-45%) was lower at the same growing 
period and it was longer to reach 100% emergence rate. It 
can be concluded that the treatments T1-T6 were beneficial 
to the growth of garlic cloves under the transverse 
mechanical compression. 

It can be concluded from Table 1 that the longitudinal 
mechanical compression had the significant influence on 
emergence rate of garlic cloves (P<0.05). On the 14th day 
after planting, the emergence rate of treatments T2-T4 
(compression of 10%-20%) reached 100%. On the 18th day 
after planting, the emergence rate of CK and treatments T1 
reached 100%. The emergence rate of treatments T1-T4 was 
greater than that of CK at the same growing period; The 
emergence rate of treatments T5-T9 (compression of 
25%-45%) was less than that of CK at the same growing 
period and it needed longer time to get emergence of 100%. 
It indicated that treatments T1-T5 (compression of 5%-25%) 
was beneficial to the growth of garlic cloves under 
longitudinal mechanical compression. However, the 
emergence rate of the longitudinally compressed garlic cloves 
was lower than that of transversely compressed garlic cloves 
at the same degree of compression. It can be concluded that 
compression is favorable for emergence rate even for 
longitudinal compression of lower levels.

 

Table 1  Effects of mechanical compression on emergence rate of garlic cloves 

Emergence rate of transverse compression/% Emergence rate of longitudinal compression/% 
Treatment 

Day 9 Day 10 Day 14 Day 18 Day 9 Day 10 Day 14 Day 18 

CK(0) 25.00±6.8d 75.00±6.80b 83.33±0c 100±0a 25.00±6.80b 75.00±6.80c 83.33±0c 100±0a 

T1(5%) 50.00±6.8c 83.33±6.80b 100±0a 100±0a 16.67±0c 83.33±0b 91.67±6.80b 100±0a 

T2(10%) 75.00±0b 100±0a 100±0a 100±0a 41.67±6.80a 83.33±0b 100±0a 100±0a 

T3(15%) 83.33±0a 100±0a 100±0a 100±0a 33.33±0a 91.67±6.80a 100±0a 100±0a 

T4(20%) 83.33±6.80a 100±0a 100±0a 100±0a 25±0b 58.33±6.80e 100±0a 100±0a 

T5(25%) 50.00±11.78c 100±0a 100±0a 100±0a 8.33±6.80d 66.67±0d 83.33±0c 100±0a 

T6(30%) 33.33±6.80d 75.00±0b 91.67±6.80b 100±0a 8.33±0d 25.00±6.80g 41.67±6.80d 58.33±0c 

T7(35%) 8.33±0f 58.33±6.80d 58.33±6.80e 66.67±6.80d 8.33±6.80d 41.67±0e 50±11.7d 66.67±6.80b 

T8(40%) 16.67±6.80e 58.33±6.80d 75.00±6.80d 83.33±0c 8.33±0d 33.33±0f 50±6.80d 58.33±0c 

T9(45%) 25.00±6.80d 66.67±0c 75.00±6.80d 91.67±6.80b 8.33±6.80d 41.67±6.80e 50±6.80d 50±6.80d 

 
2.3  Effects of mechanical compression on plant stalk 
diameter of garlic 

The plant stalk diameters of treatments on the 21th day 
after planting were measured and shown in Fig. 4. It can be 
obtained from Fig. 4a, the average plant stalk diameter of 
CK was 5.04 mm for cloves under the transverse mechanical 
compression. Compared with CK, treatment T1 had no 
significant effects on the plant stalk diameter of garlic 
(P>0.05), treatments T2-T9 had significant effects on the 
plant stalk diameter of garlic (P<0.05). The plant stalk 
diameter of treatments T2-T5 was greater than that of CK; 
but it was smaller than that of CK under treatments T6-T9. 
The plant stalk diameter of treatment T4 was the largest, 
with an average of 6.46 mm; the diameter of treatment T9 

was the smallest, with an average of 3.71 mm. Treatments 
T1-T5 were favorable for plant growth of garlic transversely 
compressed.  

It can be concluded from Fig. 4b, compared with CK, 
for longitudinally compressed garlic cloves, the treatment T1 
had no significant effects on plant stalk diameter of garlic 
(P>0.05); treatments T2-T3 (compression of 10%-15%) had 
significant effect on it (P<0.05); the plant stalk diameter of 
treatments T1-T3 (compression of 5%-15%) was greater 
than that of CK; treatments T4-T9 had significant  
effects on plant stalk diameter of garlic (P<0.05), and it was 
smaller than that of CK. The plant stalk diameter of 
treatment T3 was the largest, while T9 was the smallest, and 
the average was 5.63 mm and 2.98 mm respectively. 
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Treatments T1-T3 were beneficial to the growth of garlic 
under longitudinal compression. However, the plant stalk 
diameter was smaller than that of garlic cloves under 
transverse compression at the same compression degree. 

 

 
 

Fig.4  Effects of mechanical compression on  
plant stalk diameter of garlic 

 

Regression analysis of effect of compression on the  
garlic plant stalk diameter was carried out, and the 
regression equations of garlic plant stalk diameter with 
levels of transverse and longitudinal compression are: 

 y1=4.99+11.78x134.71x1
2     (2) 

 y2=5.696.42x2        (3) 
In the formula: y1 is the plant stalk diameter of garlic under 
transverse compression, mm; x1 is the levels of transverse 
compression, %; y2 is the plant stalk diameter of garlic under 
longitudinal compression, mm; x2 is the levels of 
longitudinal compression, %. 

The significance of regression was tested at the level 
α=0.01, and F=17.23>F0.01(2,7)=9.55 and F=42.7>F0.01(2,7) 
respectively, which means the regression equations are 
extremely significant; the multiple correlation coefficients of 
regression equations were tested at the significant level 
α=0.01, and R=0.91>Rmin=0.855 and R=0.92>Rmin respectively, 
which shows the regression equations fit well with the test 
data, and the correlativity between the degree of compression 
and garlic plant stalk diameter is extremely significant 
(P<0.01). Therefore, the model may be used to predict the 
result of single factor experiment without interaction 
function of factors. 
2.4  Effects of mechanical compression on plant height 
of garlic 

The results of the effect of mechanical compression on 
the plant height of garlic are shown in Table 2. The results 
showed that, compared with CK, transverse mechanical 
compression had significant effects on the plant height of 
garlic (P<0.05). On the 9th day after sowing, the plant 
height of treatments T1-T9 was greater than that of CK, the 
plant height of treatment T9 was the highest, with an 
average of 69.33 mm; On the 14th day, the plant height of 
treatments T1-T6 and T9 was greater than that of CK, and 
T3 was the highest, with an average value of 166.17 mm; On 
the 18th day, the plant height of treatments T2-T5 was larger 
than that of CK, and treatment T3 was highest, with an 
average value of 401.83 mm. It can be concluded that 
treatments T2-T5 were favorable for the growth of garlic.  

 

Table 2  Effects of mechanical compression on plant height of garlic 

Plant heights of transverse compression/mm Plant heights of longitudinal compression/mm 
Treatment 

Day 9 Day 14 Day 18 Day 9 Day 14 Day 18 

CK(0) 15.01±1.72h 113.04±3.01h 343.45±1.31d 15.01±1.72a 113.04±3.01a 343.45±1.31c 

T1(5%) 19.23±0.21f 120.06±2.22f 340.37±1.06e 10.55±0.56b 108.08±1.26b 360.10±2.2b 

T2(10%) 19.49±0.31f 154.97±5.81b 395.25±1.72b 8.23±0.78c 98.05±5.77c 382.40±4.37a 

T3(15%) 19.69±0.26f 166.17±2.99a 401.83±3.86a 5.64±1.02d 79.07±3.79d 339.96±2.84d 

T4(20%) 18.20±0.16g 145.14±2.47c 378.43±5.37c — 59.17±0.55i 300.10±4.27e 

T5(25%) 23.13±0.74d 133.06±1.03d 378.23±4.68c — 62.21±0.42g 215.18±6.24f 

T6(30%) 21.52±0.48e 114.23±2.55g 309.36±3.04f — 60.28±0.19h 183.88±3.67i 

T7(35%) 32.10±2.33c 94.57±2.39j 303.60±1.26h 1.25±0.12e 65.29±0.27e 195.08±2.15g 

T8(40%) 39.16±2.45b 100.20±6.43i 305.09±0.57g — 62.90±0.33g 191.95±1.23h 

T9(45%) 69.33±3.09a 130.47±1.14e 301.27±0.51i 1.2±0.15e 64.08±0.11f 187.36±3.39i 

 

Compared with CK, the longitudinal mechanical 
compression had significant effects on the plant height of 
garlic (P<0.05). On the 9th day after sowing, the garlic 
cloves of treatments T4-T6 did not emerge, and the plant 
height of the other treatments was smaller than that of CK; 
On the 14th day, the plants of all treatments were lower than 
that of CK, treatment T4was the lowest, the average was 

59.17 mm; On the 18th day, the plant height of treatments 
T1 and T2 were greater than that of CK, the plant of 
treatment T2 was the highest, the average was 382.4 mm; 
and T6 was the lowest, the average was 189.88 mm. It can 
be obtained that treatments T1and T2 were favorable for the 
plant growth of garlic.  

Correlation analysis between garlic plant height with 
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degrees of transverse and longitudinal compression was 
carried out. For transversely compressed garlic cloves, there 
is significant positive linear correlation (P<0.05) between 
garlic plant height and the degrees of transverse compression 
on the 9th day after planting, which means the growth of 
garlic was better with the increase of compression levels; On 
the 14th and 18th day after planting, there is no significant 
linear correlation between garlic plant height and the degrees 
of transverse compression. It can be concluded that suitable 
compression can promote the growth of garlic, but excessive 
compression was not conducive to the growth of garlic. 

For longitudinal compressed garlic cloves, there is 
significant negative linear correlation (P<0.05) between garlic 
plant height and the degrees of longitudinal compression on 
the 9th, 14th and 18th day after planting, but the garlic plant 
height decreases with the increase of longitudinal compression 
levels. The results showed that, the growth of garlic was 

poorer with the increase of longitudinal compression levels. 
The possible reason should be that longitudinal 

compression may cause damage to the growing part of the 
clove which limits the growth of garlic. 

Table 3 shows the difference of the garlic plant height 
between transversely compressed cloves and controls, 
longitudinally compressed cloves and controls, and transversely 
compressed cloves and longitudinally compressed cloves. It 
can be seen from Table 3, the plant heights of most 
transversely treated garlics are greater than that of CK with 
growing; the plant heights of most longitudinally compressed 
garlics are less than that of CK; and the plant heights of 
nearly all transversely treated garlics are greater than that of 
longitudinally treated garlics. It indicates that transverse 
compression is much more favorable for the growth of garlic 
than longitudinal compression at the same degree of 
deformation and at the same growing period.  

 

Table 3  Difference of garlic plant heights between treatments 

A B C 
Treatments 

Day 9 Day 14 Day 18 Day 9 Day 14 Day 18 Day 9 Day 14 Day 18 

T1(5%) 28.09% 6.21% –0.90% –29.71% –4.38% 4.85% 82.24% 11.08% –5.48% 

T2(10%) 29.82% 37.09% 15.08% –45.17% –13.26% 11.34% 136.78% 58.05% 3.36% 

T3(15%) 31.18% 47.00% 17.00% –62.43% –30.05% –1.02% 249.11% 110.16% 18.20% 

T4(20%) 21.25% 28.40% 10.18% –100.00% –47.66% –12.62% — 145.29% 26.10% 

T5(25%) 54.10% 17.71% 10.13% –100.00% –44.96% –37.35% — 113.87% 75.78% 

T6(30%) 43.37% 1.05% –9.93% –100.00% –46.68% –44.71% — 89.51% 62.92% 

T7(35%) 113.88% –16.34% –11.60% –91.67% –42.24% –43.20% 2 468.27% 44.85% 55.63% 

T8(40%) 160.91% –11.36% –11.17% –100.00% –44.36% –44.11% — 59.31% 58.94% 

T9(45%) 361.89% 15.42% –12.28% –92.01% –43.31% –44.57% 5 677.50% 103.60% 58.26% 

Note: A represents the percentage difference in height between the treatments of transverse compression and the control CK; B represents the percentage difference in 
height between the treatments of longitudinal compression and the control CK; C represents the percentage difference of plant height between the treatments of 
transverse compression and the longitudinal compression. 

 

3  Discussion 

The experiment results showed that the emergence and 
growth of garlic under transverse mechanical compressions 
were superior than that of longitudinally compressed garlic 
cloves at the same degree of compression. The reason may 
be obtained from the conditions of exterior scales and 
interior bulbils of the cloves under the compression of 
different degrees. 

The relationship between the deformation and 
compression load of garlic cloves is shown in Fig.5. The 
exterior and interior conditions of garlic cloves under 
transverse and longitudinal compression and CK are shown 
in Fig.6. 

 
 

Note: The sudden drop of the curve in the figure shows a break of garlic clove. 
 

Fig.5  Relationship between deformation and compression load 
 

It can be seen from Fig. 5a, for transversely compressed 
garlic cloves, the deformation is 0-4.2mm under 
compression of 5%-25%, and it is in the elastic deformation 
stage, there is no obvious damage to bulbils (Fig.6 b1, b2, 
b3), the condition of bulbil showed not much difference with 
that of CK (Fig.6 a1, a2, a3); However, a little fracture 
appears on outer scale at different degree, it may be the 
reason for a better emergence and growth of garlic under 
compressions of these degrees. When the deformation is 
4.2-5.5 mm (compression of 25%-30%), fracture developed 
on interior of garlic cloves and when the deformation is 
5.5-9 mm (compression of 30%-45%), obvious damage to 
the bulbils and serious break to external scale occur (Fig.6 
c1, c2, c3).  

Fig. 5b shows the relationship between the load and 
deformation of garlic cloves longitudinally compressed. 
When the deformation is below 4 mm (compression of 
5%-10%), it is in elastic deformation stage, the curve is 
close to the linear, and there is no obvious damage to 
exterior of clove (Fig.6 d1), but the bulbils of garlic cloves 
are slightly affected (Fig.6 d2, d3); When the deformation is 
4-6 mm (compression of 10%-15%), the scale of garlic 
cloves is broken, the bulbils of garlic cloves are slightly 
damaged; the exterior and bulbils of garlic cloves at 
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deformation is 6-14 mm (compression of 15%-45%) are 
damaged seriously (Fig.6 e1, e2, e3), and the growth of 
garlic is relatively poor; When the compression deformation 
is over 14 mm, the garlic cloves were damaged completely. 

 

 
 

Note: a represents untreated garlic clove, b represents transversely compressed 
garlic clove (5%), c represents transversely compressed garlic clove (45%), d 
represents longitudinally compressed garlic clove (5%), e represents longitudinally 
compressed garlic clove (45%). The first line: appearance pictures of treated and 
untreated garlic cloves; the second line: interior of treated and untreated garlic 
cloves cut vertically from the middle; the third line: pictures of bulbil of treated 
and untreated garlic cloves magnified 100 times. 

 

Fig.6  Garlic cloves under different degree of compression 
 

The advantage of transverse compression over 
longitudinal compression is probably because it has less 
damage to the bulbils of garlic. The emergence and growth 
of garlic under compression may be different because the 
state and vigor of garlic vary with variety of garlic or 
planting time, but it is certain that transverse compression at 
some degree is favorable for the growth of garlic. 

4  Conclusions 

White garlic of Northeastern China was compressed 
and planted in this study, the untreated garlic cloves were 
planted as controls. The effects of different degrees of 
transverse and longitudinal compressions on the emergence 
time, emergence rate, plant stalk diameter and plant height 
were investigated. The regression models between the plant 
stalk diameter and the degrees of compression were obtained. 
And Correlation analysis between garlic plant height with 
degrees of compression was carried out. The results showed 
that, compared with the controls, the transverse compression 
of 10%-45% had significant effects on the emergence time, 
emergence rate, plant stalk diameter and plant height 
(P<0.05), the treated seeds emerged earlier; the emergence 
rate, stalk diameter and plant height of cloves at 
compression of 10%-25% were greater than that of control. 
The compression degree of 10%-25% was more favorable 
for the emergence and growth of garlic. The longitudinal 
compression degrees of 10%-45% had significant effects on 
the emergence time, emergence rate, plant stalk diameter 
and plant height (P<0.05), the treated cloves emerged later; 
the emergence rate and stalk diameter of cloves at 
compression of 10%-15% were greater than that of controls. 
The compression degree of 10%-15% was beneficial to the 
growth of garlic. However, the emergence rate, stalk diameter 

and plant height of the longitudinally compressed garlic cloves 
was lower than that of transversely compressed garlic cloves 
at the same degree of compression. It can be concluded that 
the compression at transverse direction of cloves is favorable 
for the growth of garlic and the optimal rate of compression 
is 10%-25%. 

Single factor experiments showed that the growth of 
garlic cloves under longitudinal compression was poor and 
transverse compression within a certain range was conducive 
to the growth of garlic. The orthogonal experiment of 
transverse and longitudinal compression to garlic clove shall 
be carried out in further study to explore the correlative 
function of the two factors.  
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Variations and correlations of shearing force and feed  
nutritional characteristics of millet straw 
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Abstract: In order to find the variations and correlations of shearing force and feed nutritional characteristics of millet straw, 

temporal dynamics of shearing force, compressive strength, morphological index, and nutritional content of millet straw were 
investigated after grain fully matured in this study. Results showed that the unit diameter shearing force, compressive strength, 

cellulose content, hemicellulose content, and lignin content increased in different straw parts with advancing maturity time. 
However, the linear density, moisture content and crude protein content decreased. There was negative relationship between unit 

diameter shearing force and moisture content, and between unit diameter shearing force and linear density (R2≥0.903). In the 

meanwhile, the unit diameter shearing force was positively related with cellulose content, hemicellulose content, and lignin 

content (R2≥0.845), but there was no relationship between unit diameter shearing force and crude protein content (P>0.05). The 

shearing force increased from upper part to proximal root part of plant in different sampling times (P<0.05), and the shearing 

force was positively correlated with the equivalent diameter and cross-sectional area (R2≥0.916). This research showed that the 

relative errors between verification test value and predicted value were not more than 6.48% of forage characteristics of millet 
straw, so that the regression models were feasible. Further, measuring shearing force is an efficient method to evaluate 

morphological index and nutritional content, providing the potential for enhancement of voluntary feed intake of millet straw. It 
was presented that the unit diameter shearing force of the part above the middle section was significantly less than that of the 

proximal root part of millet straw (P<0.05), so that above the middle part of millet straw should be selected as ruminant feed. 
Meanwhile, timely harvesting after grain fully matured can avoid the decrease of feed value. This study can provide a reference 

for improving the forage utilization of millet straw. 
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0  Introduction 

Millet is a rain-fed crop widely grown in Africa, 
America, Asia, and Europe. It is known to combat drought, 
use water efficiently, and have wide adaptability in various 
environments[1-2]. Millet has high utilization value, as grain 
can be used for food because it is rich in starch, protein, and 
B vitamins, and straw can be directly used for feed because 
it contains abundant coarse fiber and crude protein[3]. The 
straw-grain ratio of millet straw is 1.00–1.70. In China, the 
yield of millet straw is 3 700 kg/hm2, and the collectible 
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amount of millet straw is about 1.53×106 t per year. For 
these reasons, millet straw has become an inevitable feed 
resource for ruminant animals, especially with the rapid 
development of animal husbandry industry. However, in 
northern China, millet straw resources are largely abandoned 
after harvesting the grain because of the improper harvest 
time[4-7]. And the harvest time directly affects feed value of 
straw. In order to improve the feed utilization of millet straw, 
estimating its forage characteristics with millet development 
is necessary.  

The feed value, in a certain degree, determines voluntary 
feed intake, and the voluntary feed intake is related to the 
degree of difficulty of chewing. The processes of chewing 
can be divided into three modes, namely, shearing mode, 
compression mode and grinding mode, and the chewing 
process involves complex mechanical properties. Both radical 
compression and shear mechanical properties are the first to 
be involved in the chewing process[8]. These can be used as 
indices to reflect the feed characteristics, affecting voluntary 
feed intake for ruminants[9-12]. Many studies have recently 
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been conducted on the shear and compression mechanical 
properties of the straws, and shearing force has been adopted 
to estimate forage value related to animal performance. 
These experiments conducted that the mechanical properties 
were affected by forage maturity stage and straw parts[10-14]. 
Studies on the compression mechanical properties of cassava 
stems showed that there were some differences in 
compressive strength with different stem parts and moisture 
content[15-16]. Chen et al found that the shearing force 
increased with the maturing time of maize stem, and that 
there was a positive relationship between shearing force and 
cellulose content[10]. A study on rice straws showed that the 
moisture content decreased, the chemical content and 
shearing force increased, but the forage quality decreased 
with advancing maturity time[12]. For cotton stem shearing, 
the shearing force and crude protein content had a negative 
relationship[17]. A study of the sunflower stalk showed that 
the shearing force was larger in the lower part than in the 
upper part of the stalk[18]. Another study of wheat straw 
revealed that the shearing force was positively related to the 
moisture content and the cross-sectional area[19]. Results from 
canola stalk study found that there were significant 
differences in the shear mechanical properties at various 
cutting heights and moisture content levels[20]. The results of 
these research efforts can provide theoretical bases and 
experimental methods for measuring the shear and 
compression mechanical properties of the straws, by which 
to evaluate forage characteristics. Millet straws yield well 
and have rich nutritional value, which means that millet 
straw can play an important role as feed resources for 
ruminants. In the meanwhile, measuring mechanical 
properties of forage is much simpler and faster than 
chemical analysis, but few studies have been evaluated 
forage characteristics of millet straw by mechanical evaluation 
method. In the current study, the shear and compression 
mechanical properties of millet straw were measured, and 
the relationships between unit diameter shearing force, on 
the one hand, and morphological index, and nutritional 
content, on the other hand, were investigated. Not only does 
this study provide a mechanical evaluation method for 
forage value of millet straw, but provides a reference for its 
efficient utilization.  

1  Materials and methods 

1.1  Millet variety and sample preparation 
The millet variety considered in this study is Jingu 21, one 

of the fine-grain varieties. The mean height of the straw was 
(183.20±7.09) cm, and the spike weight was (17.27±3.51) g.  

The millet was sowed on May 12, 2017 in a planting 
test field in Taigu County, Shanxi Province, China (11255 E, 
3743 N). The soil of this area was sandy loam and the mean 
moisture content of soil was 17.8%. In order to ensure grain 
yield, millet straws were collected after full maturation of 
the grain, starting on October 15th, 2017 at intervals of 7 
days (sampling times were denoted as 1, 2, 3, 4, and 5). The 
mean temperature at harvest time was 17.4°C, and the 
relative humidity was 46.2%. The millet straws were 

randomly selected at each sampling time, and each straw 
was pulled from the soil and divided at every third 
consecutive node from the ground level to create the five 
parts (Fig. 1). Then, they were placed in sealed bags and 
transported to the lab for testing. 

 

 
 

Note: S1, S2, S3, S4 and S5 are the proximal root part, middle lower part, middle 
part, middle upper part, and upper part of millet straw, respectively.  xi is the 
length of the node, l is the length of each part of straw. D1, D2 and T are the long 
axis, short axis and wall thickness of cross section, respectively. 

 

Fig.1  Millet straw parts evaluated in test 
 

1.2  Testing instrument 
The test device used to measure the mechanical properties 

was a 5544 universal material testing machine (Instron, United 
States) with a maximum load of 2 kN. The instrument used 
to measure moisture content was a DHG-9023A drying oven 
(Wuxi Three Xin Seiko Test Equipment Limited Company, 

China), with a temperature adjustment range of 50–200 ℃. 
A 6202 high-speed universal grinding machine (Xavier 
Science and Technology Development Limited Company, 
China) was used to crush the straw. Other instruments 
utilized included a custom-made shear test apparatus, an 
electronic analytical balance (0.1 mg accuracy), an SX-3-9 
Muffle furnace, a vernier caliper (0.01 mm accuracy), etc. 
1.3  Compression test 

The compression samples were separated into 20 mm 
long internodes and nodes (Fig.2b). The wall thickness and 
length of sample were measured before the compression test. 
Then the sample was placed on the base, and the indenter 
was driven to move downward by test machine until straw 
structure failed (Fig.2a). The indenter velocity was maintained 
at 5 mm/min for all compression tests[21]. The number of 
replications was 9. The compression forces were recorded by 
the testing machine, and the compressive strength was 
calculated as follows[8,15]: 

 
= cP

TC


 
(1) 

Where σ is the compressive strength, MPa; Pc is the 
compressive force, N; T and C are the wall thickness of 
cross section and length of sample, respectively, mm. 

 

 
 

Fig.2  Compression test 
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1.4  Shearing test 
Before the shearing test, the lengths of the internodes 

and nodes of each part were measured. Then, the shearing 
samples were separated into 70 mm long node and internode 
straws (Fig.3b), and the midpoint of each sample was the 
shearing point. The cross section of millet straw is 
approximately elliptical, and the long axis and short axis of 
the shearing point were measured. When the shearing test 
started, the moving knife was driven by the test machine to 
move downward (Fig.3a). After the sample was cut off, the 
wall thickness was measured. Then, the internode and node 
of each sample were separated with scissors, and their 
respective masses were measured. 

 

 
 

Fig.3  Shearing test 
 

As millet straw is a viscoelastic material, the loading 
velocity affects its mechanical characteristics. Therefore, the 
knife velocity was maintained at 300 mm/min for all 
shearing tests[12]. Each of the sample groups had 9 samples. 
The shearing force was recorded by the testing machine and 
the equivalent diameter, cross-sectional area, unit diameter 
shearing force and linear density of the straw were 
respectively calculated as follows: 
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Where De, D1, D2 and T are the equivalent diameter, long 
axis, short axis and wall thickness of cross section, 
respectively, mm; F is the maximum shearing force of millet 
straw, N; FD is the unit diameter shearing force of millet 
straw, N/mm; Ac is the area of cross section, mm2; LD1 and 
LD2 are the linear density of node and internode, 
respectively, g/m; m1 and m2 are the mass of node and 
internode, respectively, g; xi is the length of node, m; l is the 
length of each part of the straw, m; i is the number of nodes 
of each part.  
1.5  Nutritional content test 

The straw samples obtained after the above tests were 
oven-dried to determine the moisture content[22]. Then, the 

internodes and nodes were crushed with the universal 
grinding machine and made to pass a screen for chemical 
content test. Neutral-detergent fiber (NDF), acid-detergent 
fiber (ADF) and acid-detergent lignin (ADL), were carried 
out according to the methods of Van Soest et al.[23]. The 
cellulose content was calculated as the difference between 
ADF and ADL concentrations, and the hemicellulose content 
was calculated as the difference between NDF and ADF 
content. Crude protein content was measured according to 
the method reported by GB/T 6432-2018[24]. 
Nutritional content tests were repeated three times.  
1.6  Data analysis 

Data analysis was conducted using SAS 9.2. ANOVA 
and Duncan’s multiple comparison test (P<0.05) were used 
to analyze the effects of harvest time and straw part on the 
unit diameter shearing force, compressive strength, 
morphological index, and nutritional content. Meanwhile, the 
test data of 50 samples were randomly selected for linear 
regression modeling to determine the corresponding 
relationships between unit diameter shearing force and feed 
characteristics, and the other test data of 25 samples were 
used to verify the feasibility of the model.  

2  Results and analysis 

2.1  Temporal dynamics of mechanical properties of 
millet straw 

The radical compression and shear mechanical properties 
are the first to be involved when animals bite into a bunch of 
straws. The temporal dynamics of the compressive strength 
of millet straw are shown in Fig. 4a and 4b. The compressive 
strength of each part increased with advancing maturity 
stage, and the difference of the compressive strength 
between the sampling time was significant (P<0.05). The 
reason is that the compressive strength is related to the 
decrease of moisture content with advancing maturity time, 
and similar conclusions were obtained from the compression 
test of cassava stalk[15]. The vertical change of the compressive 
strength of millet straw was significant (P<0.05). Meanwhile, 
there was a significant difference between the node and 
internode (P<0.01). These results can be attributed to the 
difference of the structure between internode and node, and 
the fact that the node has more mechanical tissues than the 
internode. 

The temporal dynamics of the unit diameter shearing 
force of millet straw are shown in Fig. 4c and 4d. The unit 
diameter shearing force of each part of millet straw 
increased with maturity time, except for sampling time 3, 
which may be attributed to the rainfall during that time. The 
increase of moisture content led to the decrease of unit 
diameter shearing force. The difference of unit diameter 
shearing force between the sampling time was significant 
(P<0.05). These results were similar to those from rice and 
maize straw, where shearing force have been shown to have 
an increasing trend with maturity time, although their forage 
value decreased[10,12]. The vertical change of unit diameter 
shearing force is also shown in Fig. 4c and 4d. For a given 
sampling time, the unit diameter shearing force generally 
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decreased with increasing straw height, and the shearing 
force of above the middle part were significantly less than 
that of the proximal root part of millet straw (P<0.05). The 
results agreed with these on a study of cotton stem, which 
showed that shearing force was higher in the lower section 
than in the other parts[17]. The difference of unit diameter 
shearing force between internode and node was also 
significant (P<0.01). The reason may be due to structural 
differences, and the shearing force of the node was also 
higher than that of the internode in the previous study on 
corn stalks, with the maximum shearing forces of node and 
internode being 635.29 N and 378.17 N, respectively[25]. 

 

 
 

Note: S1, S2, S3, S4 and S5 are the proximal root part, middle lower part, middle 
part, middle upper part, and upper part of millet straw, respectively. Sampling 
time was from October 15th to November 20th at intervals of 7 days, the same 
below. 

 

Fig.4  Temporal dynamics of compressive strength and unit 
diameter shearing force of millet straw 

 

Chewing is a process of deforming and breaking straw 
and involves shear and compression mechanical properties. 
Hence, the mechanical properties can indicate the resistance 
of the forage to particle breakdown during mastication [26]. 
As shown in Fig. 4, the compressive strength and unit 
diameter shearing force of millet straw were increased with 
advancing maturity time, both for the node and internode. 
The shearing process can be divided into compression 
process and cutting process [27]. Thus, shearing force of 
millet straw is a comprehensive indicator to evaluate forage 
characteristics. 
2.2  Temporal dynamics of morphological index of 
millet straw 

The temporal dynamics of the morphological index of 
the straw are shown in Table 1. The equivalent diameter, 
cross-sectional area and linear density of the straw decreased 
with increasing straw height, and those morphological 
indicators between the straw part were significant (P<0.05). 
The larger size parameters of cross section of the straw may 
be harder to chew for ruminants. 

The equivalent diameter and the cross-sectional area of 

the straw decreased with maturity time in different straw 
parts. The reason may be that the straw lost water causing it 
to shrink with advancing maturity time. The linear density is 
an index of storage of the straw per unit length, and it 
decreased in different straw parts with advancing maturity 
time and there was a significant decrease in the linear 
density of millet straw in sampling time 5 compared to that 
in sampling time 1 (P<0.05). These results revealed that the 
millet straw should be harvested as early as possible to 
ensure that the storage of the straw is not lost when the grain 
was fully matured. 
2.3  Temporal dynamics of nutritional content of millet 
straw 

The temporal dynamics of the nutritional contents of 
millet straw are shown in table 2. The moisture content of 
each part decreased with advancing maturity time, except for 
sampling time 3, which may be attributed to the presence of 
rainfall and the relative humidity being 83.40% during that 
time, and the difference of moisture content among sampling 
times were significant in different straw parts (P<0.05). The 
moisture content of the upper part was higher than that of 
the proximal root part in sampling time 2, 4 and 5. However, 
the dry matter content of millet straw showed an increasing 
trend during the harvest period, and the difference of dry 
matter content between the sampling time proved to be 
significant in different straw parts (P<0.05). 

The moisture contents of millet grain were 21.77% and 
13.12% in sampling time 1 and 5, respectively; and it also 
had a decreasing trend over time. A condition for the safe 
storage of grain is that the moisture content is not more than 
13%[28]. In this study, the moisture content of millet grain 
was about 14% in sampling time 4. In order to consider both 
the grain and straw resources, the grain should be dried 
naturally after harvesting. In relation to this, quick drying 
devices to process grains should also be developed. 

The cellulose, hemicellulose, and lignin contents of 
millet straw increased with maturity time, but crude protein 
content decreased. The cellulose content in each part of the 
straw, and hemicellulose content in S1 and S2 of straw 
internode among different sampling times were significant 
(P<0.05). The lignin content in different straw parts among 
different sampling times were significant (P<0.05), except 
that in S3, S4 and S5 of straw internode and that in S3 of 
straw node. However, the crude protein content among 
different sampling times were not significant (P>0.05), 
except that in S2 and S4 of the straw node. More nutritional 
contents, such as cellulose and lignin contents, may make 
millet straw difficult to digest for animals, resulting in 
decreased feeding value[10]. The cellulose content of the 
upper part was less than that of the proximal root part. In the 
meanwhile, the vertical changes of hemicellulose and lignin 
contents had similar patterns to the cellulose content of the 
straw. However, the crude protein content increased with 
increasing straw height. The reason may be that the upper 
part has more chlorophyll content than the lower part of 
millet leaf because of adequate sunlight, causing more protein 
content to be transported to the upper part of millet straw[29]. 
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Table 1  Temporal dynamics of size parameters of millet straw 

Morphological index Site of straw Sampling time S1 S2 S3 S4 S5 

1 8.94±0.54Aa 8.36±0.52Aab 7.94±0.83Abc 7.30±0.33Ac 5.88±1.45ABd 

2 8.30±0.49Aab 8.76±0.80Aa 7.76±0.68Ab 7.59±0.74Ab 6.39±0.96Ac 

3 9.02±0.87Aa 7.33±0.43Bb 7.42±0.50Ab 7.21±0.55Ab 6.04±1.13Ac 

4 7.41±0.74Ba 7.02±0.69Ba 6.79±0.46Bab 6.17±0.97Bb 4.91±0.94Bc 

Internode 

5 6.91±0.66Ba 6.93±0.73Ba 6.17±0.66Cb 5.99±0.64Bb 4.82±0.95Bc 

1 11.92±1.50Aa 11.18±1.10Aab 10.04±1.36Ab 10.72±1.03Ab 8.00±0.73Ac 

2 10.77±1.02ABa 10.13±0.45Ba 9.86±0.95Aa 7.82±1.36Bb 6.61±1.15Bc 

3 10.62±1.26Ba 10.22±0.98Ba 9.65±2.33Aa 7.94±1.45Bb 6.65±0.55Bb 

4 10.16±0.65Ba 9.32±0.64Cab 8.98±0.94Ab 7.62±1.55Bc 5.88±0.52Cd 

Equivalent  
diameter/mm 

Node 

5 8.66±0.75Ca 8.69±1.06Ca 8.88±0.39Aa 7.29±0.88Bb 5.46±0.43Cc 

1 59.76±8.07Aa 49.53±6.85Ab 46.70±9.96Ab 36.52±1.60Ac 26.97±13.99Ad 

2 38.44±6.85Ba 40.35±7.32Ba 33.40±7.86Bab 30.07±8.57Bb 15.99±5.65Bc 

3 60.08±13.01Aa 38.35±7.42Bb 37.56±6.69Bb 33.57±6.82ABbc 25.18±9.11Ac 

4 31.32±5.06BCa 28.43±6.17Cab 26.02±4.32Cb 20.71±5.63Cc 15.63±4.18Bd 

Internode 

5 27.16±6.06Ca 26.08±3.96Ca 19.50±4.07Cb 17.96±3.25Cb 12.87±5.34Bc 

1 107.94±31.00Aa 91.21±25.72Aab 81.13±21.57Ab 84.72±20.35Ab 53.88±8.48Ac 

2 84.37±28.16Ba 72.07±10.20BCa 81.71±14.34Aa 50.50±16.49Bb 36.39±12.42Bb 

3 90.90±24.22ABa 83.59±15.89ABa 72.95±26.21ABa 52.54±20.25Bb 35.58±5.96Bb 

4 74.71±11.93BCa 66.91±12.98BCa 63.80±14.46ABa 43.36±14.95Bb 29.15±4.66BCc 

Cross-sectional  
area/mm2 

Node 

5 60.49±10.27Ca 59.65±15.41Ca 58.87±4.44Ba 41.78±8.27Bb 24.17±4.42Cc 

1 32.83±2.16Aa 26.77±0.86Ac 29.05±2.14Ab 20.79±0.09Ad 12.88±0.03Ae 

2 31.30±2.06Aa 25.55±0.80ABc 28.49±2.15Ab 19.82±0.10Bd 12.29±0.04ABe 

3 32.32±1.70Aa 26.72±1.28Ac 29.06±2.46Ab 20.88±0.10Ad 12.59±0.86Be 

4 30.78±2.07Aa 25.13±0.85Bc 27.93±2.13Ab 19.48±0.08Cd 12.08±0.04Be 

Internode 

5 24.18±1.62Ba 19.76±0.65Cb 23.33±1.78Ba 15.30±0.07Dc 9.50±0.02Cd 

1 60.04±1.92Aa 56.59±3.98Aa 55.40±6.58Aa 50.34±1.80Ab 41.74±2.47ABc 

2 54.54±0.24Ba 50.64±1.09Cb 50.24±0.40Bb 47.03±1.28Bc 39.55±0.48Bd 

3 61.08±0.23Aa 57.67±1.25Ab 53.19±0.27ABc 51.34±1.22Ad 44.00±0.82Ae 

4 52.27±0.24Cb 53.62±1.15Ba 50.37±0.22Bc 46.39±1.17Bd 41.34±0.65Be 

Linear density/ 
(g·m1) 

Node 

5 45.17±0.21Da 41.50±1.29Db 41.45±1.74Cb 38.93±1.21Cc 32.23±2.88Cd 

Note: The test values in this table are “mean ± standard deviation”. Different letters (A-D) in the same column represent significant differences in different sampling 
times (P<0.05); Different letters (a-e) in the same line represent significant differences in different parts, according to Duncan's test (P<0.05), the same below (Table 2). 

 

2.4  Relationship between shearing force and 
morphological index 

Previous studies showed that the morphological index 
affected shearing force[26]. The correlation between shearing 
force and equivalent diameter, and that between shearing 
force and cross-sectional area are shown in Table 3, 
respectively. The size parameters of straw’s cross section 
had significant influences on shearing force. There existed 
positive relationships between shearing force and equivalent 
diameter of the internode (P<0.01) and the node (P<0.05). A 
positive relationship was also found between shearing force 

and cross-sectional area of the straw (P<0.01). The linear 
density also can be evaluated by the unit diameter shearing 
force of the straw [11]. The correlation between unit diameter 
shearing force and linear density is also shown in Table 3. A 
negative relationship was found between unit diameter 
shearing force and linear density of the straw (P<0.05). This 
result did not agree with the previous study about maize 
stem[13], and the reason may be that the different maturity 
between the millet straw and maize stem results in 
inconsistent changes in linear density during the harvesting 
period.  
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Table 2  Temporal dynamics of nutritional content of millet straw 

Nutrient index Site of straw Sampling time S1 S2 S3 S4 S5 

1 64.47±4.15Aa 66.58±5.74Aa 66.35±6.42Aa 67.40±6.87Aa 67.56±4.31Aa 

2 57.80±2.37BCb 61.63±2.67Aab 62.56±3.22Aab 62.33±2.28Aab 62.93±1.52Aa 

3 61.80±2.69ABa 65.89±2.32Aa 64.18±3.98Aa 64.99±2.71Aa 66.27±1.78Aa 

4 52.62±4.18Cb 61.09±3.95Aa 59.82±4.35Aa 58.78±1.34Aa 61.81±1.15Aa 

Internode 

5 41.79±3.06Db 45.69±3.11Bab 47.20±2.62Ba 47.14±2.02Ba 45.68±1.47Bab 

1 69.69±4.36Aa 71.91±6.03Aa 71.67±6.74Aa 72.77±7.68Aa 72.94±6.72Aa 

2 62.69±2.49BCb 66.71±2.81Aab 67.69±3.38Aab 67.45±2.39Aab 68.08±1.59Aa 

3 66.89±2.82ABa 71.19±2.43Aa 69.39±4.17Aa 70.24±2.85Aa 71.58±1.87Aa 

4 57.25±4.39Cb 66.14±4.15Aa 64.81±4.57Aa 63.72±1.41Aa 66.90±1.20Aa 

Moisture/% 

Node 

5 45.88±3.21Db 49.97±3.27Ba 51.57±2.75Ba 51.49±2.12Ba 49.96±1.55Ba 

1 35.53±4.15Da 33.43±5.74Ba 33.64±6.42Ba 32.60±4.22Ba 32.44±3.31Ba 

2 42.20±2.37BCa 38.37±2.67Bab 37.44±3.22Bab 37.67±2.28Bab 37.07±1.52Bb 

3 38.20±2.69CDa 34.11±2.32Ba 35.82±3.98Ba 35.01±2.71Ba 33.73±1.78Ba 

4 47.38±4.18Ba 38.91±3.95Bb 40.18±4.35Bb 41.22±1.34Bb 38.19±1.15Bb 

Internode 

5 58.21±3.06Aa 54.31±3.11Aab 52.79±2.62Ab 52.86±2.02Ab 54.32±1.47Aab 

1 30.31±4.36Da 28.09±3.03Ba 28.33±4.74Ba 27.23±4.68Ba 27.06±5.72Ba 

2 37.31±2.49BCa 33.29±2.81Bab 32.31±3.38Bab 32.55±2.39Bab 31.92±1.59Bb 

3 33.11±2.82CDa 28.81±2.43Bab 30.61±4.17Ba 29.76±2.85Ba 28.42±1.87Ba 

4 42.75±4.39Ba 33.86±4.15Bb 35.19±4.57Bb 36.28±1.40Bb 33.09±1.20Bb 

Dry matter/% 

Node 

5 54.12±3.21Aa 50.03±3.27Aab 48.43±2.75Ab 48.51±2.12Ab 50.04±1.55Aab 

1 28.13±0.99Ba 23.49±0.76Bb 21.69±1.29Bbc 22.77±1.29Bbc 20.32±1.00Bc 

2 29.14±1.09Aa 23.96±2.24Bb 22.25±1.02Bb 22.79±1.23Bb 20.60±1.31Bb 

3 28.15±1.26Ba 24.44±1.18Ba 22.33±0.90Ba 22.81±0.98Ba 22.45±0.91Ba 

4 32.13±2.02Aab 33.44±2.81Aa 27.42±2.67Ab 27.98±2.24Aab 27.19±1.71Ab 

Internode 

5 32.22±3.05Aa 32.74±1.21Aa 26.28±1.63Ab 28.78±2.61Aab 27.99±0.30Aab 

1 29.45±1.99Ba 25.52±2.96Bab 29.65±0.50Ba 24.67±3.42Bb 27.87±1.19Bab 

2 32.42±2.39ABa 32.87±0.85Aa 29.80±2.10Aab 25.44±1.78Bb 27.49±2.12Bab 

3 33.58±2.21ABa 33.13±1.73Aa 33.55±3.17Aa 29.84±2.49ABa 29.46±2.49Ba 

4 33.44±3.23ABa 33.46±2.84Aa 32.15±2.91Aa 29.11±2.37ABa 29.44±0.82Ba 

Cellulose/% 

Node 

5 36.41±1.58Aa 36.55±1.19Aa 33.14±2.21Aa 33.18±2.10Aa 34.15±2.67Aa 

1 34.41±2.23Ba 35.14±1.51Ca 33.94±2.10Aa 31.83±1.79Aab 27.18±2.90Ab 

2 34.47±2.07Ba 32.13±1.16BCab 34.12±1.67Aa 32.13±0.87Aab 29.49±1.56Ab 

3 35.35±1.89Ba 35.53±3.50ABCa 32.59±2.24Aab 30.24±1.53Aab 27.90±5.44Ab 

4 40.07±2.10Aa 38.86±1.63ABa 34.56±2.20Ab 30.31±1.22Ac 28.13±0.99Ac 

Internode 

5 41.24±0.90Aa 40.09±1.63Aab 35.21±5.44Abc 33.13±2.41Ac 30.12±2.26Ac 

1 31.81±2.27Aa 30.49±1.07Aab 29.02±0.71Aab 28.84±1.88Aab 28.4±1.13Ab 

2 31.66±3.45Aa 30.55±1.48Aab 30.99±2.20Aab 26.99±1.36Ab 27.89±1.58Aab 

3 30.41±1.57Aa 30.59±1.51Aa 30.39±2.19Aa 28.69±1.49Aa 28.78±1.56Aa 

4 31.42±0.75Aab 32.74±3.14Aa 30.32±2.36Aab 28.73±1.38Ab 28.62±1.29Ab 

Hemicellulose/%) 

Node 

5 32.72±2.41Aa 32.23±2.62Aa 31.99±1.73Aa 29.12±1.10Aa 29.11±0.95Aa 

1 12.85±1.79ABa 12.13±2.65Ba 11.03±0.97Aab 8.52±0.98Ab 8.21±1.15Ab 

2 12.70±1.50Ba 12.54±1.86ABa 12.12±1.10Aa 10.55±2.97Aa 8.35±3.64Aa 

3 12.56±2.01Ba 12.02±2.04Ba 11.28±0.43Aab 8.58±1.33Abc 7.87±1.07Ac 

4 14.54±0.46Aa 12.56±0.57ABb 11.47±0.49Ab 8.82±1.11Ac 8.61±0.77Ac 

Internode 

5 15.43±1.03Aa 12.95±1.29Aab 12.03±2.09Ab 10.34±0.96Ab 9.93±2.82Ab 

1 10.62±0.74Ba 10.34±1.17ABa 9.04±0.19Aa 7.08±1.31BCb 6.22±0.79BCb 

2 10.44±1.40Ba 9.94±0.50Ba 8.12±0.56Ab 6.73±0.18Cc 5.88±0.13Cc 

3 11.04±1.12ABa 10.14±0.28Ba 8.07±0.95Ab 7.35±0.66ABCb 7.01±0.31Bb 

4 11.66±0.51Aa 11.44±0.88ABa 8.57±1.11Ab 8.45±1.17ABb 7.02±0.46Bb 

Lignin/% 

Node 

5 12.17±2.45Aa 11.94±1.30Aa 8.86±2.07Ab 8.80±0.48Ab 9.07±0.33Ab 

1 3.97±0.83Ac 4.13±0.38Abc 4.81±0.84Abc 5.18±0.52Aab 6.07±0.28Aa 

2 3.54±0.16Ac 3.53±0.44Ac 4.59±0.20Ab 5.02±0.23Ab 5.82±0.19Aa 

3 3.48±0.29Ac 3.43±0.53Ac 4.51±0.17Ab 5.14±0.32Aab 5.35±0.37Aa 

4 3.34±0.16Ac 3.55±0.68Abc 4.51±0.22Aabc 5.02±0.74Aab 5.41±0.39Aa 

Internode 

5 3.35±0.38Ab 3.41±0.39Ab 4.41±0.39Aab 5.09±1.06Aa 5.47±0.77Aa 

1 3.83±0.91Ab 4.68±0.26Aab 4.72±1.10Aab 5.85±0.26ABa 5.81±0.77Aa 

2 3.74±0.24Ab 4.50±0.63ABb 4.56±0.59Ab 6.09±0.47Aa 5.94±0.19Aa 

3 3.73±0.17Ab 3.91±0.35ABCb 4.29±0.51Ab 5.40±0.17ABa 5.87±0.60Aa 

4 3.13±0.17Ac 3.58±0.09Cc 4.32±0.30Ab 5.29±0.27Ba 5.56±0.74Aa 

Crude protein/% 

Node 

5 3.18±0.21Ab 3.77±0.70BCb 4.81±0.10Aa 5.50±0.62ABa 5.65±0.39Aa 
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We randomly selected 25 straw samples for verification 
test, and the range of indices and results of verification test 
are also shown in Table 3. From our verification experiment, 
the relative errors between verification test value and 

predicted value were not more than 6.48% of morphological 
indices of millet straw, so that the regression models were 
reasonable. Further, the shearing force of millet straw can be 
used to evaluate its morphological index. 

 

Table 3  Linear relationships between shearing force (unit diameter shearing force) and morphological indices and results of verification test 

Morphological value Morphologi- 
cal index 

Site of straw Regression model P value R2 
Predicted value Measured value 

Relative 
error value/% 

Internode 138.68 552.87cF D   0.004 0.988 5.54-7.90 5.77-8.08 0.30-4.64 Equivalent  
diameter/mm Node 188.87 961.30cF D   0.011 0.916 6.61-10.90 6.74-10.93 0.28-5.65 

Internode 14.51 32.18cF A   0.002 0.971 17.10-39.65 17.93-37.24 1.75-6.08 Cross- sectional  
area/ mm2 Node 15.67 280.18cF A   0.007 0.935 36.23-87.90 34.56-82.21 2.00-6.48 

Internode 7.87LD 275.43DF     0.011 0.915 24.48-29.91 24.11-29.97 0.21-2.84 Linear  
density/ 
(g·m1) Node 4.48LD 298.44DF     0.020 0.951 40.62-54.03 40.17-54.19 0.58-2.75 

Note: F, FD, Dc, Ac and LD are shearing force (N), unit diameter shearing force (N·mm1), equivalent diameter (mm), cross-sectional area (mm2) and linear density 
(g·m1), respectively, R2 is fitting precision. 
 

2.5  Relationship between shearing force and nutritional 
content  

The correlations between unit diameter shearing force 
and nutritional contents are shown in Table 4. Moisture 
content affects the mechanical properties of the straw[30-33], 
as can be seen, there were negative relationships between 
unit diameter shearing force and moisture content of the 

internode (P<0.01) and the node (P<0.05), but there were 
positive relationships between unit diameter shearing force 
and dry matter content of the internode (P<0.01) and the 
node (P<0.05). This can be attributed to the decrease in the 
moisture content and increase in the quantity of dry matter, 
resulting in a conversion from plastic deformation to brittle 
deformation[32].  

 

Table 4  Linear relationships between unit diameter shearing force and nutritional contents and results of verification test 

Nutritional content/% 
Nutrient index Site of straw Regression model P value R2 

Predicted value  Measured value  

Relative  
error value/% 

Internode 2.53 212.98DF k    0.008 0.907 51.47-68.34 50.02-68.31 0.05-2.83 
Moisture 

Node 2.93 271.29DF k    0.013 0.903 54.94-72.70 53.57-72.67 0.03-2.50 

Internode 2.53 39.21DF k   0.008 0.907 31.46-48.40 31.69-49.98 0.73-3.27 
Dry matter 

Node 2.93 21.26DF k   0.013 0.903 27.15-44.90 27.33-46.43 0.36-3.40 

Internode 6.75 98.59DF k   0.010 0.890 20.54-26.87 20.33-26.82 0.17-1.69 
Cellulose 

Node 15.35 395.62DF k   0.009 0.899 29.57-32.96 29.31-33.13 0.05-1.59 

Internode 5.63 138.03DF k   0.027 0.845 31.63-39.21 31.94-39.29 0.19-2.34 Hemi- 
cellulose Node 15.83 410.10DF k   0.010 0.922 29.47-33.26 29.16-33.18 0.05-1.05 

Internode 11.79 70.97DF k   0.016 0.891 9.42-13.04 9.33-12.99 0.12-1.15 
Lignin 

Node 66.01 468.92DF k   0.002 0.967 7.96-8.87 7.91-8.82 0.22-0.74 

Internode 154.32 142.92DF k   0.167 0.364    
Crude protein 

Node 270.31 112.53DF k   0.281 0.153    

Note: FD and k are unit diameter shearing force (N·mm1), and nutritional content (%), respectively, R2 is fitting precision. 
 

Apart from the moisture content, other nutritional contents, 
such as the cellulose and lignin composition, may influence 
the shearing force[34]. One positive relationship could be 
found between unit diameter shearing force and cellulose 
content of the straw (P≤0.01). Another positive relationship 
could be also found between unit diameter shearing force 
and lignin content of the internode (P<0.05) and the node 
(P<0.01). These results agreed with the straw studies previously 
mentioned by Chen et al and Iwaasa et al[10,35]. There was 
positive relationships between unit diameter shearing force 
and hemicellulose content of the straw (P<0.05). However, 
there was no relationship between unit diameter shearing 
force and crude protein content of the straw (P>0.05).  

The 25 straw samples were selected randomly for 
verification test, and the range of nutritional contents and 
verification test results are also shown in Table 4. As can be 
seen, the relative errors between verification test value and 
predicted value were not more than 3.40% of nutrient 
indices of millet straw and the errors were small, so that the 
regression models were feasible. Therefore, the unit 
diameter shearing force of millet straw can be used to 
evaluate its nutritional content. 

3  Discussion 

The morphological index of straw is a factor that 
affects its shearing force. Shearing force of cotton stem 
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increased with increasing stem diameter[17]. Zhou et al[12] 
found that there was positive relationship between shearing 
force and diameter. These previous reports are consistent 
with our study which presented that the shearing force and 
the size parameters of millet straw’s cross section increased 
with increasing straw height, and there was positive 
relationship between shearing force and size parameters of 
millet straw’s cross section, and the relative errors were 
smaller than 6.48%. It is concluded that the shearing force of 
millet straw can be used to evaluate its morphological index. 

The shearing force, linear density and nutritional content 
of straw varied with advancing maturity time. Therefore, 
straw harvest time also influenced shearing force. Chen et 
al[10] found that shearing force increased with development 
of maize stalk and forage value decreased, which were due 
to the change of chemical composition of secondary cell 
wall. Other workers have proved that the shearing force was 
positively correlated linear density and moisture content in 
three crop straws (wheat, rice and corn)[14]. From our tests, 
the unit diameter shearing force increased with millet 
development; moisture and crude protein contents decreased; 
and dry matter, cellulose, hemicellulose and lignin contents 
increased. Although the nutritional contents of straw fiber 
increased, it may reduce the digestion of animals, which 
would lead to the decrease of feed value. The unit diameter 
shearing force was certainly correlated with nutritional 
content and linear density, and the relative errors of them 
were not more than 3.40%. This was also consistent with 
studies by Zhou et al[12]  about rice stem and by Feng et al12] 
about cotton stem. Therefore, shearing force can be used 
indicators of linear density and nutritional content of millet 
straw. 

The larger size parameters of cross section may be 
harder to chew for ruminants, and more nutritional contents, 
such as cellulose and lignin contents, may make millet straw 
difficult for animals to digest. The palatability of forage, that 
is, the forage with less shearing force, smaller size 
parameters, and higher nutritive value, is a premise to ensure 
the voluntary feed intake of ruminants. According to the 
research did by Mackinno et al[36], selecting smaller ryegrass 
with less shearing force could slightly increase feed intake 
of sheep. In addition, Hughes et al[37] reported a tendency of 
choosing forage could be judged by its shearing force, and 
the forage with less shearing force were more easily digested. 
Furthermore, IGER recorder was adopted to log yak’s 
feeding behavior, and found that the intake rate of forage dry 
matter with higher nutritive value significantly increased[38]. 
The above studies verified that ruminants, such as cattle and 
sheep, prefer to chew forage with less shearing force, smaller 
size parameter, and higher nutritive value when feeding 
freely. From our investigation, it is confirmed that measuring 
shearing force can predict morphological indices and 
nutritional contents, and the verification test showed that the 
relative errors of forage characteristics were not more than 
6.48%. Hence, the results of this study could affect voluntary 
feed intake and forage nutritive value to a certain extent. 
Both differences in morphological index and differences in 

nutritional content were due to straw parts and harvest time. 
The unit diameter shearing force of the part above the middle 
section was significantly less than that of the proximal root 
part of millet straw, so that the part above the middle section 
of millet straw is more suitable for feeding. A noticeably 
increased in unit diameter shearing force of millet straw with 
advancing harvest time, and timely harvesting after the grain 
fully matured can reduce shearing force of millet straw, 
which makes ruminants prefer to feed and easy to digest.  

4  Conclusion 

1) The compressive strength and unit diameter shearing 
force of millet straw significantly increased with advancing 
maturity time (P< 0.05). 

2) The shearing force was positively correlated with the 
equivalent diameter and cross-sectional area, and the unit 
diameter shearing force of the part above the middle section 
was significantly less than that of the proximal root part of 
millet straw (P<0.05).  

3) There was negative relationship between unit diameter 
shearing force and moisture content, and between unit 
diameter shearing force and linear density (R2≥0.903).The 
unit shearing force was positively related with cellulose 
content, hemicellulose content, and lignin content (R2≥

0.845), but there was no relationship between unit diameter 
shearing force and crude protein content (P>0.05).  

4) This research showed that the relative errors between 
verification test value and predicted value were not more 
than 6.48% of forage characteristics of millet straw, so that 
the regression models were feasible. Therefore, measuring 
shearing force acts an efficient method to predict 
morphological index and nutritional contents, reflecting 
feeding preference and forage value. However, the effect of 
shearing force on the quantity of feed intake was not 
considered, which may be related physiology of animal 
feeding, leaving much work to be done in future research. 
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Abstract: The tractor equipped with steel belt power split CVT (continuously variable transmission) has multiple work sections, 
and it is easy to generate impact or even cause power interruption when shifting under load, which is an urgent problem to be solved 
in the development of this type of transmission. There are few studies in this field at present. In order to reveal the influence laws 
and mechanism of various factors on shift quality of tractor equipped with steel belt power split CVT, the shift process was 
simulated and a map representation method reflecting the overall trend of shift quality affected by 2 related factors (engine speed 
and load, terminational pressure and limited flow, shift starting time and shift timing sequence, tractor moment of inertia and 
tractor mass) was proposed. First of all, the transmission principle and the performance characteristics of the tractor equipped with 
steel belt power split CVT were described, including the speed regulation principle of the steel belt power split CVT, the tractive 
characteristics of the tractor, the maximum output power of the PTO and the fuel economy of the transmission. Secondly, the 
dynamic model about shift hydraulic system of the steel belt power split CVT was constructed and confirmed by 8 groups test 
under different terminational pressure, limited flow and shift timing sequence. Based on this, the tractor dynamic model including 
engine, steel belt power split CVT and rear axle was built. Finally, 3 evaluation indexes of shift quality, namely peak acceleration 
of tractor, dynamic load coefficient of transmission output shaft and sliding-friction work of clutch, were given. And the 
simulation about the influence laws and mechanism of various factors on shift quality was carried out. The results showed that the 
steel belt power split CVT not only could achieve sufficient power output, but also was more economical than the traditional 
transmission. The system fuel consumption of the steel belt power split CVT was about 20 g/(kW·h) lower than that of the 
traditional steel belt CVT under the same working condition. Lower engine speed (1 200 r/min), medium terminational pressure 
(5 MPa), higher limited flow (10 L/min), shifting before ideal shift point (0.2 s) and shift in overlapping sequence (0.2 s) all could 
improve the shift quality. However, the influence of transmission output shaft moment of inertia, tractor mass, as well as load on 
shift quality is complex, evaluation of each index on shift quality is not uniform, which needs to be synthetically considered at 
tractor design stage. According to the study, it is concluded that the steel belt power split CVT not only has high fuel economy, 
but also has simple shift laws and good controllability of shift quality, which has a good application prospect in medium and small 
power tractors. The research can provide theoretical support for transmission system design of the steel belt power split CVT. 
Keywords: tractors; clutches; computer simulation; continuously variable transmission; steel belt; power split  
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0  Introduction 

In order to adapt to complex work conditions, tractors 
such as Changfa CFK2204 tractor and Foton Lovol P2654-N 
tractor have 40 forward gears and 40 reverse gears, which 
have more working gears than car[1]. Adding tractor gears 
not only complicates the transmission structure, but also 
makes it difficult for drivers to select gears. Therefore, the 
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continuously variable transmission (CVT) is an ideal tractor 
transmission. At present, the alternative continuously 
variable technologies of tractor mainly include static 
hydrostatic CVT, hydro-mechanical CVT, steel belt CVT 
and so on. The tractors equipped with static hydrostatic CVT  
and hydro-mechanical CVT were put into commercial 
production in 1967 (International Harvester, USA) and 1996 
(Fendt, Germany)  respectively [2-4], the 2 transmissions are 
appropriate for high and medium-power tractor, because 
there is a large energy loss of hydraulic system when they 
are used in small power tractors [5]. In order to make up for 
the technical gap in the field of continuously variable 
transmission of small-power tractors, the technology of steel 
belt CVT was applied[6], such as the 30 kW “Munich 
Research Tractor” presented in 1988 (the tractor is currently 
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on display at the German Museum of Agriculture at 
University of Hohenheim) and the 60 kW tractor developed 
by Schlüter around 1990. However, the load driving ability 
of the steel belt CVT was extremely limited. Therefore, the 
power split technology on the basis of this transmission 
scheme was introduced[7-11]. The basic idea of this 
transmission scheme is that the tractor can realize stepless 
speed regulation through power split when it starts and 
operates with low velocity and heavy load as same as a car. 
Due to the impact of the shifting process, especially for steel 
belt CVT system with more sensitive load, the improper 
control method will cause power interruption and result in 
shift quality problems[12-13]. 

The shift of the steel belt power split CVT is a typical 
power shift process. Duncan et al[14] analyzed the effects of 
peak acceleration, background vibration and shift direction 
on shift quality through the bench test. Kuras et al[15-16] 
suggested that the actual shift time could be accurately 
predicted by the current gear ratio of CVT and speed 
regulation rate, and the best action time of the wet clutch 
could be calculated to ensure the smoothness of the shift 
process. Considering the complexity of the power shift 
process, mathematical modeling and simulation have 
gradually become more important research methods in 
recent years. Kim et al[17] constructed the dynamics model of 
the tractor transmission under EASY 5. The influence of the 
terminational pressure, shift time, driving speed, tractor 
weight, shift direction and torsional vibration on the shift 
quality of the transmission was analyzed. In addition, similar 
studies have been done by Baumann et al [18], Iqbal et al [19] 
and Oh et al [20] in recent years. However, the power shift 
process of the steel belt power split CVT is special. Firstly, 
the clutch has completed the speed synchronization of the 
driving shaft and the driven shaft before the engagement. 
Secondly, the power flow direction of the range L and the 
range H is completely different. Finally, the slip of the steel 
belt needs to be considered. These special cases were not 
considered in previous studies on power shift technology. 
And at present, there are few researches on the shift quality 
of steel belt power split CVT. The project of this paper is to 
investigate the shift quality of typical steel belt power split 
CVT in continuously variable process through the method of 
dynamic simulation, and reveal the shift laws in different 
working conditions, and the correlation between various 
influencing factors on shift quality is considered.  

1  Principle of steel belt power split CVT  

Kress[21] proposed a very representative design scheme 
of steel belt power split continuously variable transmission 
as shown in Fig.1. The design scheme of the transmission 
has 2 forward ranges L and H and a reverse range R. The 
input shaft (PTO, power-take-off) is connected to the sun 
gear through the gear pair g1 and the steel belt CVT, and is 
connected to the planet carrier through the gear pair g2 and 
the clutch CL, the planet carrier is connected to the ring gear 
through the clutch CH, and is connected to the box through 
the clutch CR, the ring gear is the output shaft. 

 
 

Fig.1  Design scheme of steel belt power split 
CVT proposed by Kress 

 

When clutch CL engages, the engine power splits into 2 
parts. One part flows into the carrier of the planetary gear 
through gear pair g2, the other part flows into the sun wheel 
of the planetary gear through steel belt CVT. The 2 parts of 
engine power converge at the planetary gear and output by 
ring wheel. At this time, the transmission works in range L. 

When clutch CH engages, the ring wheel and the carrier 
of the planetary gear consolidate together, thus the planetary 
gear rotates as a whole. At this time, The engine power is 
directly output backward through steel belt CVT without 
power splitting, the gearbox works in range H. 

When clutch CR engages, the carrier of planetary gear 
is converted into a common reducer. The engine power is 
directly output backward also without power splitting, but 
the output shafts turns to the opposite direction. At this time, 
the gearbox works in range R. 

The tractor output speed of each range calculated by the 
following formulas: 
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where voL, noH and noR represent the tractor driving speeds in 
range L, H and R, km/h, respectively. ne represents the 
engine rotating speed, r/min. ig1 and ig2 represent the 
transmission ratio of gear pair g1 and g2, iB represents the 
transmission ratio of steel belt CVT. ir represents the 
transmission ratio of rear axle including tyres. k represents 
the standing ratio of planetary gear. 
2  Feasibility analysis of steel belt power split CVT 
2.1  Analysis of stepless speed regulation characteristic 

Based on the formulas (1)-(4), the model of the tractor 
equipped with the steel belt power split CVT was 
constructed under SimulationX. The calculation parameters 
of the model are shown in Table 1. In this model, the gear 
ratios of the gear pairs g1 and g2 are 2.2, 4.4 respectively. 
The planetary gear characteristic parameter is 3. The 
transmission ratio of the steel belt CVT is 0.67-2. The 
simulation was carried out at different engine speeds 
(1 000-2 400 r/min) and different working directions of 
tractor. The speed regulation curve of the tractor is 
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calculated as shown in Fig.2. Fig.2 shows that the tractor 
equipped with the steel belt power split CVT can realize a 
continuous speed regulation for 0-26 km/h. 

 

 
 

Note: iB is the gear ratio of steel belt CVT (continuously variable transmission). 
nef is the engine speed when the tractor moves forward, r·min-1. neb is the engine 
speed when the tractor moves backward, r·min-1. 

 

Fig.2  Speed regulation curve of tractor equipped with steel belt 
power split CVT under different engine speeds 

 

2.2  Analysis of tractive characteristics 
Based on the methods proposed by Zhou et al[22], Zhang 

et al[23] and Wang et al[24], the theoretical tractive characteristics of 
tractor equipped with steel belt power split CVT (denoted as 
CVT) and traditional transmission (denoted as MT) were 
calculated, and the effects of belt slip and power loss were 
considered in the calculation[25-27]. The results are shown in Fig.3.  

According to the gear ratio of a traditional tractor 
transmission and rear axle provided by tractor factory, the 
total gear ratio of the tractor in 3 gears i1, i2, i3 is 105.22, 
70.15 and 52.61, respectively. For easy comparison, the gear 
ratio setting of the steel belt power split CVT was the same 
as that of the traditional transmission. Diesel engine SD2105 
(2 400 r/min, 26.5 kW) was used in the computation. As can 
be seen from Fig.3, the steel belt power split CVT has 
similar tractive characteristics as the traditional transmission, 
but the fuel consumption of the CVT is up to 0.3 kg/h lower 
than the traditional transmission. Due to the lack of engine 
fuel consumption data at low torque (<20 N·m), the 
calculation results of ge and Ge with low traction force 
(<3 000 N) are not accurate. 
2.3  Analysis of maximum PTO power  

The relationship between the maximum output power 
of the PTO and the speed of the tractor is shown in Fig.4. As 
can be seen from Fig.4 that: 1) As the tractor speed increases, 
the maximum output power of PTO decreases accordingly. 2) 
At the same speed, the maximum PTO power of the 
traditional transmissions is higher than that of the steel belt 
power split CVT under the same gear ratio, but the 
difference is not significant, the maximum difference is only 
0.4 kW and the relative error is 1.6%. 3) The PTO power is 
more than 90% of the total output power. At the same speed, 
the maximum distribution ratio of the PTO power of 
traditional transmissions is higher than that of the steel belt 
power split CVT under the same gear ratio, but the 
difference is not significant, the maximum difference is only 
1.51 % and the relative error is 1.6%. 

 
 

Note: i1(CVT), i2(CVT) and i3(CVT) are the calculation results when the gear 
ratio of the steel belt power split CVT is 105.22, 70.15 and 52.61, respectively; 
i1(MT, manual transmission), i2(MT) and i3(MT) are the calculation results when 
the gear ratio of the traditional transmission is 105.22, 70.15 and 52.61, 
respectively.  

 

Fig.3  Theoretical tractive characteristics of tractor  
equipped with steel belt power split CVT (CVT)  

and traditional transmission (MT) 

 
 

Fig.4  Comparison of maximum output power and distribution 
ratio of PTO between steel belt power split CVT  

and traditional transmission 
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2.4  Analysis of system fuel consumption 
The “system fuel consumption” is the ratio of engine 

specific fuel consumption to transmission efficiency. The 
physical meaning is the number of grams of fuel consumed 
by the engine when the transmission outputs 1 kW·h work. 
The system fuel consumption of the transmission under 
different engine speed and engine torque is shown in Fig.5. 
The transmission works in range L and H with steel belt 
CVT ratio of 1.5.  

 

 
 

Fig.5  System fuel consumption of transmission  
at steel belt CVT ratio of 1.5 

 
The steel belt power split CVT described in this study 

is different from the traditional steel belt CVT because of the 
power split in range L. It can be seen from Fig.5 that the 
system fuel consumption of the range L under the same 
working condition is about 20 g/(kW·h) lower than that of 
the range H, which indicates that the fuel economy of the 
transmission described in this study is better than that of the 
traditional steel belt CVT. 

3  Construction of shift dynamic model of steel belt 
power split CVT 

3.1  Overall composition of shift dynamic model 
The shift dynamic model is composed of 2 parts: the 

model of shift hydraulic system and the model of 
mechanical transmission system. The model of the shift 
hydraulic system was used to calculate the control pressure 
and the normal force of the wet clutch, the model of the 
mechanical transmission system was used to calculate the 

dynamic response of the continuously variable tractor 
transmission under the control pressure and the normal force 
of the clutch. 
3.2  Dynamic model of shift hydraulic system 

The key to construct the dynamic model of steel belt 
power split CVT is the wet clutch and its hydraulic control 
system, as shown in Fig.6. When the solenoid valve is 
energized, the hydraulic oil enters wet clutch hydraulic 
cylinder through speed regulating valve and transmission 
shaft internal oil duct, then clutch piston is pushed to right to 
promote the close engagement of steel sheet and friction 
plate to achieve power transmission. On the contrary, when 
the solenoid directional control valve is powered off, the 
clutch piston moves to left under the action of return spring 
to interrupt power transmission of clutch, and the hydraulic 
oil is pressed back into fuel tank. 

 

 
 

Fig.6  Composition and hydraulic control system of wet clutch 
 

The transmitted torque Tf of wet clutch depends on the 
pressure of hydraulic oil acting on the piston [28-30]: 
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Where Tf represents the transmitted torque, N·m. nf 
represents the numbers of friction plate. μ represents the 
actual speed-dependent friction coefficient. rco and rci 
represent the outside radius and inside radius of clutch plate, 
mm, respectively. FN represents the normal force of friction 
plates, N. The sliding friction coefficient can be calculated 
by formula (5). 

      0 0 1 2 3tanhsv m m v m v            (5) 

Where Δv represents the average linear velocity difference of 
the driving friction plate and the driven friction plate in its 
radial direction, m/s. μ0 represents the static friction 
coefficient between the driving friction plate and the driven 
friction plate. μs represents the slip friction coefficient 
between driving friction plate and driven friction plate. From 
m1-m3 represent the constants related to the friction materials, 
and the value ranges are shown in Table 1[31-32]. Considering 
that the "steel" - "sintered-bronze" was used as the friction 
plate contact material in this paper, μ0=0.12, μs=0.08, 
m1=0.85, m2=0.08, m3=0.000 4. 

The normal force of friction plate FN can be calculated 
by formula (6). 

 
 0N h k c p s fF F F p A k x x F        (6) 

Where Fh and Fk represent the force produced by hydraulic 
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pressure and return spring of clutch respectively, N. pc 
represents the hydraulic pressure of clutch, MPa. Ap 
represents the effective area of the clutch piston, mm2. ks 
represents the return spring stiffness, N/mm. x0 and Δx 
represent the initial amount compression and its increment 
of the return spring respectively, mm. Ff represents the 
piston movement resistance, N. 

 
Table 1  Material parameters of clutch friction plates 

Friction materials μ0 μs m1 m2 m3 

Steel-steel 0.10~0.12 0.05~0.07 0.95 0.3 0.0003 

Steel - sintered-bronze 0.11~0.13 0.07~0.09 0.85 0.08 0.0004 

Steel-organic 0.30~0.40 0.30~0.40 0.85 0.05 0 

Steel-paper 0.10~0.12 0.10~0.14 0.85 0.15 0.0003 

Note: μ0 represents the static friction coefficient between the driving friction 
plate and the driven friction plate. μs represents the slip friction coefficient 
between driving friction plate and driven friction plate. From M1 - M3 represent 
the constants related to the friction materials. 

 

Based on this, the dynamic model of shift hydraulic 
system is further constructed based on SimulationX as 
shown in Fig.7. The dynamic model fully considers the 
influence of clutch piston movement resistance and the 
leakage of oil circuit.  

 

 
 

Fig.7  Dynamic model of shift hydraulic system 
 

3.3  Experiment verification of shift hydraulic system 
model 

The shift process of the CVT was directly controlled by 
the pressure change of wet clutch in time domain. To ensure 
the correctness and rationality of the shift hydraulic system 
model, the clutch control pressure simulated by the model 
under different test conditions need to be verified by 
experiments. There were 8 groups of test conditions in the 
research. Since the types of clutch L and H were the same, 
only the shift tests from clutch L to clutch H were 
considered. The test bench, test instruments and the test 
scheme are shown in Fig.8, Table 2 and Table 3, 
respectively, where the terminational pressure represents the 
clutch stable engagement pressure, i.e. the inlet pressure of 
relief valve in main circuit, the limited flow represents the 
flow limited by the speed regulating valve of each clutch, 
and the shift timing sequence is the time it takes to receive 
the action signal from clutch H relative to clutch L. When 
the terminational pressure is higher than 6 MPa, the system 
pressure is unstable. If the terminational pressure is lower 

than 3 MPa, the clutch cannot provide sufficient normal 
force on the friction plates of clutch. Therefore, the 
terminational pressure is set as 4 and 5 MPa respectively in 
the experiment. When the limited flow of the speed 
regulating valve exceeds 6 L/min, it has little effects on the 
clutch engagement time. When the limited flow is less than 
3 L/min, the clutch engagement is too slow. Therefore, the 
limited flow is set as 4 and 5 L/min respectively in the 
experiment. In order to ensure the power shift without power 
interruption, clutch H should act before clutch L. When the 
shift timing sequence exceeds 0.2 s, it is possible for 2 
clutches to engage at the same time, so the shift timing 
sequence is set as 0 and 0.15 s respectively in the 
experiment. 

 

 
 

Fig.8  Test bench of clutch hydraulic control system 
 

Table 2  Test instruments used for shifting tests values 

Test No. Instruments Type Parameters 

1 Motor JO2-22-4 Rated speed: 1 450 r·min1 

2 Pump YB1-6.3 Displacement: 6.3 mL·r1 

3 Solenoid valve M-3SED6 Maximum flow: 25 L·min1 

Maximum pressure: 35 MPa 

4 
Speed  
regulating valve 

2FRM5/10QB Flow range: 0-10 L·min1 

5 Wet clutch WF025 
Maximum torque: 3 200  
N·m 

6 Pressure sensor NS-F Pressure range: 0-10 MPa 

7 Flow sensor LWGB-4 Flow range: 0-0.4 m3·h1 

 

The test process was as follows: First, started the motor, 
set the relief valve pressure, the speed regulating valve 
opening degree and the shift timing sequence according to 
the test parameters are shown in Table 3. Then, sent the 
action signals to the solenoid valve through controller. 
Finally, obtained and recorded the clutch pressure signal fed 
back by the sensor though the data acquisition systems . 
Table 3  Test verification scheme of shift hydraulic system model 

Test No. 
Terminational 
pressure/MPa 

Limited flow/ 
(L·min1) 

Shift timing 
sequence/s 

1 4 4 0 

2 4 4 0.15 

3 4 5 0 

4 4 5 0.15 

5 5 4 0 

6 5 4 0.15 

7 5 5 0 

8 5 5 0.15 
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Fig.9 showed the comparison curve between the 
simulation results and the test results of the clutch 
engagement and separation process. The average time error 
of 6 turning points ①-⑥ on clutch pressure curve is only 

0.01 s (maximum 0.04 s), the average pressure error is only 
0.1 MPa (maximum 0.46 MPa). The results showed that the 
hydraulic system model built in this paper is reasonable.

 
 

Note: The numbers in the figure title denoted as “terminational pressure(MPa)-limited flow(Lmin1)-shift timing sequence(s)”. Label ①-④ are the 4 turning points on 

the clutch L pressure curve, and label ⑤-⑥ are the 2 turning points on the clutch H pressure curve. Because the time of the pressure of clutch H reaching stable is not 

well determined, label ⑥ is the point that the pressure of clutch H reache the 70 % stable pressure. 
 

Fig.9  Comparison of simulation and test results of clutch pressure under different test conditions 
 

3.4  Model of mechanical transmission system 
Kim et al[17] pointed out that the purpose of similar 

studies was to investigate the influence of hydraulic system 
and tractor design parameters on shift quality, rather than to 
predict the absolute true values of the power shift performance. 
Therefore, in addition to the most critical shift hydraulic 
system model needs to be tested and verified, the mechanical 
transmission system model only needs to be constructed 
according to the ideal dynamic equation, but does not need 
to be tested and verified. 

The mechanical transmission system model includes 
transmission model and tractor model. The transmission 
model includes ordinary gears, planetary gears, steel belt 
CVT and other basic components, and the tractor model 
includes engine, rear axle and load.  

For the model of 2 ordinary gears meshing with each 
other, the rotational speed and torque of each gear shaft can 

be calculate by formulas (7)-(8). 

 1 12 2n i n  (7) 

 2 12 1T i T  (8) 

Where n1 and n2 represent the rotational speeds of the 2 
meshing gears, r/min. T1 and T2 represent the torques, N·m. 
i12 represents transmission ratio of gear pair. 

For the model of planetary gears transmission, the 
rotational speed and torque of each shaft satisfy the 
following relationships: 
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Where nr, nc and ns represent rotational speed of ring wheel, 
planet carrier and sun wheel, r/min. Tr, Tc and Ts represent 
torque of ring wheel, carrier and sun wheel, N·m. Zr and Zs 
represent tooth number of ring wheel and sun wheel. 

For the model of steel belt CVT, considering the axial 
forces F1 and F2 acting on 2 movable pulleys, the transmission 
ratio iB satisfies the following dynamic equations[33]: 
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Where v1 represents the axial velocity of the movable 
conical gear, m/s. t represents the time, s. F1 and F2 
represent the axial force of input and output movable pulleys, 
N, respectively. M1 and M2 represent the mass of input and 
output movable pulleys, kg. MB represents the mass of steel 
belt, kg. R1 and R2 represent the power radius of input and 
output movable pulleys, m, respectively. α1 represents the 
pulley angle of input movable pulleys, rad. φ represents 
inclination of steel belt, rad. D represents the center distance 
of input and output pulleys, m. iB represents the transmission 
ratio of steel belt CVT unit. 

For the model of tractor, the sub systems such as engine, 
rear axle and load must be further considered. The engine 
uses Chang Fa 55-horsepower CF4C55T diesel engine with 
rated speed of 2 400 r/min. The transmission ratio of rear 
axle is 20.72.  

The final mechanical transmission system model of 
tractor equipped with steel belt power split CVT is shown in 
Fig. 10. 

 

 
 

Fig.10  Mechanical transmission system model of tractor equipped with steel belt power split CVT 
 

4  Determination of shift quality evaluation indexes 

The evaluation index of shift quality is not unique, and 
it is difficult to use a single index to measure comprehensively. 
In this paper, the criteria of peak acceleration, dynamic load 
coefficient and sliding-friction work are selected as 
evaluation criteria of shift quality. 

According to the study published by Duncan et al[14], 
the shift impact reflected by the peak acceleration during 
shift is consistent with the riding comfort. The peak 
acceleration κ1 of tractor during shift is: 
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where κ1 represents the peak acceleration of tractor, m/s2. vt 
represents velocity of tractor, m/s. 

In addition, the study considered the influence of shift 
process on the transmission internal impact, the magnitude of 
dynamic load coefficient κ2 in shift process is accounted by[34]: 
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where κ2 represents output shaft dynamic load coefficient of 
transmission. Tmax and T∞ represent the peak torque and 
static torque of transmission output shaft during shift, N·m.  

Finally, the total energy loss caused by slippery of 

driving and driven friction plates will be examined, the 
sliding- friction work κ3 of clutch during shift is: 
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where κ3 represents sliding-friction work of clutch, kJ. t0 and 
t1 represent shifting start time and shifting end time, 
respectively, s. 

5  Shift quality simulation analysis 

5.1  Setting of simulation conditions 
After the construction of the whole tractor model, in 

addition to the terminational pressure, limited flow and shift 
timing sequence, the influence of engine speed, load, shifting 
start time, moment of inertia and tractor mass should also be 
considered. According to the actual working conditions of 
tractor and the parameter adjustment range of the aforementioned 
hydraulic system, the standard test conditions for the study 
of shift quality are selected as follows: engine speed 
1 800 r/min, load 13 kN, terminational pressure 5 MPa, 
limited flow 6 L/min, shifting start time 0 s, shifting time 
sequence 0 s, moment of inertia 1 kg·m2, tractor mass 3 t. 
5.2  Influence of engine speed and load on tractor shift 
quality 

The influence of the engine speed and load on shift  
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quality of tractor equipped with a steel belt power split CVT 
is shown in Fig.11. It can be seen that with the increase of 
load, the peak acceleration and dynamic load coefficient 
of tractor in shift process decrease, while the 
sliding-friction work increas accordingly. This is because 
the larger load prolongs the sliding time of the clutch and 
makes the shift process more stable, but it will shorten the 
service life of the clutch. Correspondingly, the peak 
acceleration, dynamic load coefficient and sliding-friction 
work of tractor in shift process increase slightly with the 

increase of engine speed. It is because that the high 
engine speed increased the speed difference between 
driving and driven friction plates of clutch during the shift 
process. In particular, the minimum peak acceleration of 
1.909 m/s2 corresponds to the load of 15 kN and engine 
speed of 1 200 r/min, the minimum dynamic load 
coefficient of 1.411 4 corresponds to the load of 15 kN 
and the engine speed of 1200 r/min, the minimum 
sliding-friction work of 2.716 9 kJ corresponds to the load 
of 11 kN and the engine speed of 1 200 r/min. 

 

 
 

Fig.11  Influence of engine speed and load on shift quality of tractor equipped with steel belt power split CVT 
 

5.3  Influence of terminational pressure and limited 
flow on tractor shift quality 

The influence of the terminational pressure and the 
limited flow on shift quality of tractor equipped with a steel 
belt power split CVT is shown in Fig.12. It can be seen that 
with the increase of terminational pressure, the peak 
acceleration and dynamic load coefficient is increased, while 
the sliding-friction work decrease accordingly. This is 
because the higher terminational pressure makes the 
pressure of clutch H build up too fast, which results in 
greater torque shock and shift shock. Correspondingly, the 
influence of limited flow on the shift quality is complex. In 

high pressure area, the greater flow, the shorter shifting time, 
while the smaller sliding-friction work, the lower peak 
acceleration and dynamic load coefficients. In low pressure 
area, the influence of limited flow on shift quality is not 
regular. In particular, the minimum peak acceleration of 
1.1539 m/s2 corresponds to the terminational pressure of 4 
MPa and the limited flow of 4 L/min, the minimum dynamic 
load coefficient of 1.284 4 corresponds to the terminational 
pressure of 4 MPa and the limited flow of 4 L/min, the 
minimum sliding-friction work of 4.527 1 kJ corresponds to 
the terminational pressure of 6 MPa and the limited flow of 
10 L/min. 

 

 
 

Fig.12  Influence of terminational pressure and limited flow on shift quality of tractor equipped with steel belt power split CVT 
 

5.4  Influence of shift starting time and timing sequence 
on tractor shift quality 

The influence of the shifting start time and the 
shifting time sequence on the shift quality of tractor 
equipped with a steel belt power split CVT is shown in 
Fig.13. It can be seen that the shifting start time has a 

local optimum in any shifting time sequence when the 
clutch acted before ideal shifting point. Because of the 
speed regulation process of the steel belt power split CVT 
and the time consumption during shifting from L to H, 
shifting after ideal shift point leads to a large velocity 
difference between the driving and driven friction plates 
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of clutch. Correspondingly, the influence of shifting time 
sequence on shift quality of tractor equipped with steel 
belt power split CVT is monotonous, that is, the shift 
quality of overlapping sequence (clutch L relieves 
pressure after clutch H engagement) is better than that of 
delay sequence (clutch L relieves pressure before clutch 
H engagement), and the peak acceleration, dynamic load 
coefficient and sliding-friction work decrease 
simultaneously with the increase of absolute value of 
overlapping sequence. The reason is that the shifting at 

overlapping sequence re duced shifting time and thus 
improved shift quality. In particular, the minimum peak 
acceleration of 1.739 1 m/s2 corresponds to the shifting 
start time of 0.2 s and the shifting time sequence of 
0.2 s, the minimum dynamic load coefficient of 1.428 5 
corresponds to the shifting start time of 0.2 s and the 
shifting time sequence of 0.2 s, the minimum 
sliding-friction work of 0.177 67 kJ corresponds to the 
shifting start time of 0.2 s and the shifting time sequence 
of 0.2 s. 

 
 

Fig.13  Influence of shifting starting time and shift timing sequence on shift quality of tractor equipped with steel belt power split CVT 
 

5.5  Influence of moment of inertia and tractor mass on 
tractor shift quality  

The influence of the tractor mass and the transmission 
output shaft moment of inertia on shift quality of tractor 
equipped with steel belt power split CVT is shown in Fig.14. 
It can be seen that the greater the tractor mass, the lower the 
peak acceleration and sliding-friction work, while the 
dynamic load coefficient trends to increase with the increase 
of tractor mass. Correspondingly, the increase of 
transmission output shaft moment of inertia also reduce the 
frictional energy loss on clutch, but its influence on peak 
acceleration and dynamic load coefficient is not monotonous. 

The influences of the moment of inertia and the tractor mass 
on shift quality of tractor equipped with steel belt power split 
CVT showed complex dynamic characteristics. It is necessary 
to deal with different evaluation indexes based on weighting 
method to get a unified conclusion. In particular, the 
minimum peak acceleration of 1.612 9 m/s2 corresponds to 
the tractor mass of 4 t and the moment of inertia of 
0.2 kg·m2, the minimum dynamic load coefficient of 1.448 3 
correspond to the tractor mass of 2 t and the moment of 
inertia of 1.8 kg·m2, the minimum sliding-friction work of 
4.855 7 kJ correspond to the tractor mass of 4 t and the 
moment of inertia of 1.8 kg·m2. 

 

 
 

Fig.14  Influence of moment of inertia and tractor mass on shift quality of tractor equipped with steel belt power split CVT 
 

 

6  Disscussions 

In this study, the performance of the steel belt power 
split CVT and the factors affecting the shift quality of the  
transmission are simulated and analyzed, and the feasibility 
of the application of the steel belt power split CVT in the 

tractor transmission system was demonstrated from many 
aspects. Although the shift quality of the steel belt power 
split transmission was mainly analyzed in this study, there 
are still some problems to be solved:  

1)Because there are too many factors affecting the shift 
quality, the coupling relationship between these factors had 
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not been fully considered in this study, and the influence of 
some factors on shift quality and its action mechanism need 
to be further analyzed and confirmed by experiments.  

2)The evaluation indexes are not uniform, and the 
rationality of some evaluation indicators need further 
verification. 

The key to solve the above problems is to develop a 
prototype tractor and carry out field tests, which is also the 
main research work in the future. 

7  Conclusions 

In this study, the model of the steel belt power split 
CVT and the tractor shift dynamic were constructed, and the 
most critical clutch hydraulic control system was verified by 
experiments. Based on the model, the simulation analysis 
was carried out, and the influence of various factors on the 
shift quality of tractor equipped with a steel belt power split 
CVT was revealed. The conclusions are as follows:  

1) The lower engine rotational speed is conducive to 
improve the shift quality. The engine speed corresponding to 
the minimum peak acceleration, the minimum dynamic load 
coefficient and the minimum sliding-friction work is the 
lowest given value of 1 200 r/min.  

2) The influence of terminational pressure and limited 
flow on the shift quality is complex. In order to avoid 
excessive sliding-friction work of clutch, medium 
terminational pressure (5 MPa) and larger limited flow (10 
L/min) should be selected.  

3) It is beneficial to improve shift quality when shifting 
before ideal point and shifting in the appropriate overlapped 
time sequence. The absolute value of the shifting start time 
and shifting time sequence corresponding to the minimum 
peak acceleration, the minimum dynamic load coefficient 
and the minimum sliding-friction work is 0.2 s. 

4) The larger tractor mass can reduce peak acceleration 
and sliding-friction work, but its influence on dynamic load 
coefficient must be considered. At the same time, the 
influences of the moment of inertia on the shift quality has 
the characteristics of regionality and repeatability, which 
need to be considered comprehensively when determining 
design parameters. 
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Design of fuzzy control system for orchard frost protection wind  

machine and experiments of frost protection effect 
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Abstract: In order to prevent the frost damage of fruit trees and improve the management method in orchard, an orchard frost 

protection wind machine and control method based on fuzzy control was designed in this paper. The control system contained 

micro controller STM32, temperature and wind speed sensors, touch screen, inverter and power supply device. Temperature and 

wind speed sensors collect the environmental information and transmit data through wireless radio frequency network. The touch 

screen displays the environmental status information, users can set temperature values to control the wind machine automatically. 

An axial fan was installed on the rotation device as the air supply system, the diameter of the fan is 900 mm, and the motor power 

is 4 kW. The fan is located at the height of 9.5 m with tilt angle 20°. The effective distance of frost protection wind machine is 

5-48 m, and the rotation device drives the fan to sweep with angle of 360°, the maximum protection area of the wind machine is 

about 7 150 m2. An intelligent frost protection strategy based on fuzzy control with dual input and single output was designed. 

The 2 input variables are inversion temperature difference and temperature difference rate respectively, the output variable is 

rotation speed changes rate of wind machine. Due to the limitition of weather conditions and test site, the suitable test days are 

few, and the occurrence time of frost with inversion temperature is short. Frost protection effect tests were conducted in a Fuji 

apple orchard. The total area of the orchard is 6 000 m2, and the apple trees are planted with row spacing 4 m and plant spacing 2 

m. The frost protection effect of the fuzzy control and the basic control was tested on frost nights in March and April, 2018. The 

test results showed that the rotation speed and the distance from the wind machine have interaction effects. Under fuzzy control 

mode, the average wind speed and temperature drop range were less than that of the basic control mode, and the maximum 

differences were about 0.5 m/s and 0.2 ℃ respectively. With the increase of the distance from the frost protection wind machine, 

the temperature drop range increased. The average temperature rise in the working area was 3.1 ℃ under fuzzy control mode, 

which was higher than that of basic control mode of 2.8 ℃. The temperature distribution under fuzzy control was more uniform, 

and the operation time was saved by 21.1% compared with the basic control. Under the 2 control modes, the frost damage rate of 

apple tree buds was 5.6% and 11.6% respectively, the frost damage was reduced by 6% under fuzzy control, the frost protection 

effect under fuzzy control had a better performance. This study provides a reference for intelligent control of frost protection wind 

machine, but the performance of the wind machine still needs to be optimized. 

Keywords: temperature; fuzzy control; experiments; frost protection; apple orchard 
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0  Introduction 

Frost damage is one of the most serious agricultural 

disasters which are harmful to the production of fruit trees. It 

is easy to occur in late autumn and early spring, which 

causing different degrees of low temperature damage to the 

branches, leaves, flowers of fruit trees and serious economic 

losses. The traditional methods to prevent frost damage 

include fumigation, irrigation, covering and so on[1]. 

Although these methods have certain effects on frost control, 
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they can not be applied in large-scale production[2] due to the 

disadvantages of high labor intensity, easy pollution, and 

poor frost resistance. 

Inversion temperature often occurred along with frost, 

forming a natural phenomenon that the temperature near 

ground was low but the temperature away from ground was 

high[3]. Since the 1950s, various kinds of mechanical frost 

protection equipments have been developed[4], in Japan, 

Uruguay and New Zealand, most of them are based on the 

temperature inversion phenomenon[5], the warm air in the 

high layer is forced to mix with the cold air in the low layer 

by mechanical disturbance to improve the air temperature [6]. 

For the frost protection effect and flow field 

characteristics of wind machine, domestic and foreign 

scholars have conducted a lot of experimental research. 

Doesken et al[7] and Ribeiro et al[8] studied the airflow 

disturbance of the wind machine, and the results showed that 
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the fan had better frost protection effect after 1 h of opening. 

Gambino et al[9] and Beyá-Marshall et al[10] pointed out that 

the opening time of the frost guard was mainly determined 

by the inversion strength and the minimum temperature, 

Yazdanpanah et al[11] evaluated the effect of the suction-type 

wind machine. Battany[12] compared the flow field changes 

of 2 wind machines and gave reasonable suggestions for the 

fan design. Yin Xianzhi et al [13] designed an elevated long 

blade wind machine, analyzed the wind speed distribution 

characteristics of the wind machine, and evaluated the frost 

protection effect and effective protection range of the wind 

machine. So far, most of these frost protection devices were 

manual operated, the automation control systems and the 

control strategy models were relatively simple. In recent 

years, Hu Yongguang et al[14-16] have carried out a series 

studies on wind machine, and designed wind machines with 

variety airfoils to verify the feasibility of the air flow 

disturbance prevention in the tea garden and the time scale 

of the start and stop time of the wind machine. Based on the 

temperature difference control strategy[17], internet of things 

technology control was applied[18]. However, the research on 

frost protection is mainly in tea fields, and there are few 

researches on fruit trees such as apples. 

In response to the demand of apple production, a frost 

protection wind machine based on fuzzy control was 

presented by using frequency control technology， the 

automatic control of the rotation device with various rotation 

speed was realized. Field tests were carried out to determine 

the effects of frost protection on the frost night. 

1  Configuration of frost protection wind machine 

1.1  Machine structure and working principle 

Through the previous field test observation, it was 

found that the height of apple tree canopy was mainly about 

1-3 m, and the temperature difference of inversion layer at 

the height of 8-12 m was larger.  

Based on the existing products at home and abroad, an 

orchard wind machine was independently researched and 

designed. An axial fan with diameter 900 mm was installed 

on the rotation device as the air supply system. The support 

column consisted of 6 standard sections, and the height of 

each section was 1.5 m. The slewing platform was installed 

at the height of 9 m to facilitate post-test and maintenance. 

The height of the prototype was 10 m. At the same time, 

ladders, guardrails and lightning rod were installed to ensure 

personal safety.  

When an inversion phenomenon occurred with frost, 

the warm air at the high inversion layer was blow to the 

ground at a certain tilt angle by the axial fan installed at the 

height of 9.5 m, forcing the cold air near the ground and 

canopy of apple trees to mix with the warm air to increase 

the temperature. This process prevents the apple trees from 

being damaged by low temperature and frost. The 

mechanical structure and test prototype are shown in Fig.1. 

The control system was installed in the electrical 

control box, and the climate data in orchard was transmitted 

through the wireless radio frequency network. Because it is 

used in the open field, the components are treated with rust 

and moisture protection to ensure its service life.  

 
 

Fig.1  Structure of frost protection wind  

machine and test prototype 

 

1.2  Air supply system 

The airflow generated by axial fan can be regarded as a 

free turbulent jet. After the airflow hits the ground, the 

momentum is attenuated rapidly and spreads along the 

ground, but there is still enough momentum to reach a 

farther place. 

The diameter of the jet diffusion is calculated by 

Eq.(1). 

 
0 0

6.8 0.147xd a s

d d

 
  

 
 (1) 

Where a is turbulence coefficient. s is radius of airflow 

range, m. dx is diffuse jet diameter, m. d0 is outlet jet 

diameter, m. 

The radius of airflow range can reach as far as 55 m, 

and the radial range was wide, but the wind speed dropped 

greatly in the end. It had been tested that the effective 

distance of wind machine in protection area was 5-48 m, 

where the wind speed was greater than 0.6 m/s[14]. The wind 

speed at the intersection of the jet center and the canopy was 

greater than 3 m/s, and the peak interval was within 15-25 m. 

Characteristic parameters of air supply system are listed in 

Table 1. 
 

Table 1  Characteristic parameters of air supply system 

Tilt angle/() Sweep angle/() Motor power/kW Blade diameter/m 

20 360 4 0.9 

 

The rotation device drives the fan to sweep a cycle with 

angle of 360°, and the effective working area is about 

7 150 m2. Its main components include the upper turntable, 

lower turntable, slewing support, pinion, reducer, inverter 

motor and support rod. The axonometric diagram is shown 

in Fig.2. 
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Fig.2  Rotation device 
 

In the speed control system, the frequency inverter 

controls the three-phase variable frequency motor by 

changing the output frequency, and then the motor drives the 

speed reducer to control the rotation device. 

In the rotation device, the frequency inverter (ZD- 

0.75G3) cooperate with the encoder to control the angle of 

rotation. A three-phase variable frequency motor (YVF8024- 

0.55) is controlled by variable frequencies (10-50 Hz). The 

motor drives the reducer to control the rotation device, and 

the rated speed is 1 450 r/min. The reduction ratio of the 

reducer (WTLD42-253) is 253, and the transmission ratio of 

the pinion (modulus is 5, number of teeth is 17) to the 

slewing bearing (external meshing type, contact ball bearing 

diameter is 25 mm, bearing diameter is 355 mm) is 3. After 

multi-stage deceleration, the speed of the rotating device can 

reach 2 r/min. The motor speed is adjusted by the inverter, 

and the rotation speed range is 0.4-2 r/min. 

2  Design of fuzzy control system 

2.1  Design of hardware 
The hardware system mainly consisted of a main 

controller, temperature and wind speed sensors, radio 

frequency communication modules, electrical control circuit, 

and human-computer interaction modules. The wind 

machine STM32 micro controller is controlled by the 

sensors monitor the environmental information in real time. 

Temperature datas are sent to the controller through wireless 

radio frequency, the wind machine is controlled according to 

the processing result and setting conditions. The touch 

screen has information display and control functions[19]. In 

order to meet the long-term use requirements, the acquisition 

nodes are powered by 3.3 V lithium batteries. The specific 

structure of control system is shown in Fig.3. 

2.2  Distribution of collection nodes and calculations of 

temperature 
The orchard is generally in the remote area, 

temperature difference between day and night is large and 

frost damage is easy to occur, it is necessary to monitor the 

environment in real time, which requires the stable and 

accurate wireless transmission to ensure the reliable and 

efficient operation of the system[20]. 

The temperature and humidity sensor (WHT20) is used 

to collect ambient temperature, its wireless part adopts 2.4 G 

radio frequency communication technology.  
 

 
 

Fig.3  Structure of control system 

 

The wireless collection nodes distribution is shown in 

Fig.4. According to the effective working radius of the wind 

machine, 10 m was taken as the interval distance of the 5 

nodes (X1-X5). Collection node (R1)for contrast is located 

far away from wind machine, and is not affected by wind 

machine. With canopy height 1-3 m, collection nodes are set 

at the height of 2 m. 
 

 
 

Note: S1 is air temperature collection node, R1 is contrast node. 

Fig.4  Distribution of collection nodes 

 

Collection node (S1) is set at the height of 9.5 m to 

measure the air temperature in the upper layer of temperature 

inversion. 

In the whole wireless network, the data package is sent 

every 1 minute. The collected values of the orchard are 

weighted and summed, and the weights of the values are 

satisfied with Eq.(2). 

  
1

1
n

i
i

tw


  (2) 

Where wi(t) is the weight of the i node at t moment, its value 

is depend on test and experience. 

The expression of the temperature at low layer 

inversion in the working area at t moment[21] is calculated by 

Eq.(3). 

              1 1 2 2 5 5T t w t T t w t T t w t T t  L  (3) 

Where Ti(t) is the temperature of the i node at t 

moment, ℃；i is from 1 to 5. 

The period from the wind machine start to stop is a 

rolling unit, and the temperature in the working area is 

calculated by Eq.(4). 
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Where T(t) is the temperature at time t, ℃ . T(t0) is 

temperature at the beginning, ℃. ∆T1 is temperature change 

caused by natural environment, ℃ . ∆T2 is temperature 

change caused by transpiration of causal foliage, ℃. ∆T3 is 

temperature change caused by the wind machine, ℃. ∆δ is 

temperature change caused by environment disturbance, ℃. 

ts is the time when the wind machine starts, tc is the time 

when the wind machine stops. 

2.3  Design of fuzzy logic controller 
Basic control strategy of wind machine is given by 

Eq.(5). It is commonly used abroad[14]. When the temperature 

near the canopy Tg is less than the frost critical temperature  

Tc1 of fruit trees, the wind machine turn on, when Tg is 

greater than the frost critical temperature Tc2 of fruit trees, 

the wind machine turn off. Tc1 and Tc2 are setted according to 

local environment. When the values are not satisfied with 

Eq.(5), the wind machine does not work. 
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 (5) 

Hu Yongguang et al[16] tested control strategy of frost  

protection wind machine in tea garden based on the 

inversion temperature difference (2-7 ℃), temperature near 

canopy and ambient wind speed. When frost occurs, these 3 

indicators is great similarities in orchards[13] and tea gardens. 

Therefore, the control strategy adopted in this paper is 

calculated by Eq.(6). Based on the control strategy, the fuzzy 

control mode is introduced to realize the optimal decision 

according to the inversion temperature difference ，

temperature near the canopy and ambient wind speed[22]. 
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Where Th is high layer inversion temperature, ℃. Td is critical 

freezing temperature, ℃ . Ts1 and Ts2 are setted critical 

temperatures depending on the actual environment, ℃. Wg is 

environment wind speed and Ws is the maximum ambient wind 

speed allowed for the operation of the frost protection, m/s.  

Under the condition that Eq.(6) is satisfied, the wind 

machine is operated by fuzzy control mode. Triangular 

membership functions are used for the fuzzy system. The 2 

input variables are inversion temperature difference (e) and 

temperature difference rate (ec) respectively, the output variable 

is rotation speed change rate of wind machine (u)[23]. 

According to the local inversion temperature condition, 

the inversion temperature difference is basically in the range 

of 2-7 ℃, that the basic rate of e is [2, 7], the temperature 

difference rate of ec is [1, 5]. The labels used for variables 

e and ec are very small (vs), small (s), middle (m), big (b) 

and very big (vb). The rotation speed change rate of u is [0.2, 

1] applied to the frequency change of inverter (10-50 Hz). 

The labels used for variable u are very slow (vs), slow (s), 

middle (m), fast (f) and very fast (vf)[24]. The membership 

functions are shown in Fig.5. 

 

 
 

Fig.5  Membership function of input and output variables of fuzzy control 
 

The fuzzy rules based on the Mamdani rules 

composition are listed in Table 2. Centroid membership 

function is used in defuzzification process. The surface 

observation is shown in Fig.6 simulated by Matlab, and it 

provides data visualization[25]. 
 

Table 2  Inference rules of temperature fuzzy controller 

e 
ec 

vs s m b vb 

vs vs s m f vf 

s vs s m f vf 

m vs s s m f 

b vs vs s m m 

vb vs vs s s m 

 

Fig.6  Output surface observation 
 

During the temperature drop, the fruit will not be 
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seriously damaged during the short term shutdown of wind 

machine [1]. 

2.4  Software design 
The software function is divided into following parts: 

data communication, control processing and user management. 
The data communication function mainly completes the 
configuration of data exchange between different devices. 
The control processing function can analyze and process the 
collected data, evaluate the frost prevention effect under 
different frost indicators, and control the working state of the 
wind machine in real time. User management can save and 
analyze historical data[26]. The main software control 
flowchart is shown in Fig.7. 

 

 
 

Fig.7  Software control flowchart 
 

The touch screen is used to visually display the 

environmental information of orchard[27], parameter setting 

and working status are shown in Fig.8. 
 

 
 

Fig.8  Touch screen 

3  Test and analysis for frost protection effect 

3.1  Environment and test materials  

In order to verify the effect of frost protection under 

fuzzy and basic control, the tests are conducted in a Fuji 

apple orchard of Shandong agricultural university agricultural 

research station, which located in the southern suburb of 

Tai’an City. The total area of Fuji apple orchard is 6 000 m2, 

the wind machine is located in the north side of orchard 

planting with row spacing 4 m and plant spacing 2 m. 

Test instruments include of AS8336 portable anemometers 

(measurement range is 0-50 m/s), RC4 temperature recorders 

(measurement range is 20-50 ℃), WHT20 temperature and 

humidity wireless sensors (measurement range is 30-60 ℃

and 0-100% respectively), YGC-FS wind speed sensors 

(measurement range is 0-50 m/s), telescopic measuring rods 

and tape measure. All devices are equipped with protective 

covers without obstruction and interference around. 

Considering the cost and other reasons, all tests are 

performed on the same machine. Due to the limitation of 

meteorological environment conditions, the tests are 

conducted only on limited frost nights.  

The effects of frost protection were tested on March 10, 

16, 22 and April 7 under fuzzy control and basic control 

mode respectively. Specific environmental conditions for 

test time measured on 3 frost nights are shown in Table 3. 

 
Table 3  Environmental conditions for testing time 

Date 
Minimum 

temperature at  
2 m height/℃ 

Inversion temperature 
difference/℃ 

Ambient wind 
speed/(m∙s1) 

March 10 1.9 4.8±0.3 0.3±0.2 

March16 1.8 4.6±0.3 0.2±0.2 

March 22 2.6 5.5±0.3 0.4±0.3 

April 7 2.8 5.2±0.2 0.3±0.3 

 
3.2  Contrast of control effect of fuzzy and basic control 

mode 

In order to test the control effect under fuzzy and basic 

control, the test was operated on March 10, 2018. Since the 

rotation speed under basic control is fixed, 5 rotation speeds 

are selected for test, the fuzzy control adjust the rotation 

speed according to the change of temperature. The portable 

anemometer and temperature recorder are placed on 5 nodes 

(X1-X5). After the wind machine turns on, the average wind 

speed decline and temperature decline in working period are 

recorded at 5 fixed rotation speeds (0.4, 0.6, 0.8, 1, 2 r/min) 

for 3 times under basic control mode respectively. Then, the 

tests of fuzzy control mode were carried out. The results are 

shown in Fig. 9.  

 
Fig.9  Measurement results under fuzzy and basic control mode 

 

It can be seen that the working area of the wind 

machine, the change of average wind speed decline under 
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fuzzy and basic control modes was little (Fig.9a). As the 

distance from the wind machine increases, the average wind 

speed decline decreasing rang increases, the average wind 

speed decline reduced by 0.5 m/s under fuzzy control mode 

compared with that of basic control mode at most. As the 

distance from the wind machine increases, the average 

temperature decline also had an increasing trend (Fig.9b). 

Under fuzzy control mode, the average temperature decline 

was less than that of the basic control mode, the maximum 

differences were about 0.2 ℃. 

The results of the variance analysis in Table 4 showed 

that in the reliability level of 0.01, both test indicators are 

extremely significant, and there is a significant interaction 

between rotation speed and distance from the wind 

machine[28-29]. 

 

Table 4  Variance analysis of wind speed and average temperature decline 

Sources 
Wind speed Temperature 

Sum of squares 
Degree of 
freedom 

Mean square F P Sum of squares 
Degree of 
freedom 

Mean square F P 

Rotation speed 0.471 4 0.118 21.018 <0.001 0.348 4 0.087 29.031 <0.001 

Distance 52.787 4 13.197 256.554 <0.001 0.330 4 0.083 27.500 <0.001 

Rotation speed × 
Distance 

0.499 16 0.031 5.571 <0.001 0.92 16 0.006 1.917 <0.001 

Total 53.757 24       1.598 24       

 

In order to verify the performance of fuzzy and basic 

control modes on temperature rise and distribution, the tests 

were implemented On March 16, 2018. Due to test 

conditions, the rotation speed under basic control mode is 

fixed at 0.8 r/min (with the same setting in following test). 

First test was operated between 4:16 and 4:46 am under 

basic control mode, second test was operated between 5:22 

and 5:52 am under fuzzy control mode. Inversion 

temperature difference between 2 tests is similar. 10 

temperature recorders were placed randomly in the working 

area, recording the changes of the ambient temperature 

under 2 control modes respectively[30]. The data recording 

interval was 1 min in test time. 

As is shown in Table 5, the frost protection results 

showed that the average temperature in the working area 

during the test was kept about 1.3 ℃ under fuzzy control 

mode, and temperature increase was 3.1 ℃ compared with 

contrast area, and that of basic control was 2.8 ℃. The 

operating time of the wind machine was 19 min under fuzzy 

control mode, and the rate of relative time saving was 21.1% 

compared with that of basic control. The temperature was 

well distributed under fuzzy control mode, meanwhile, it 

reduced operation time of the wind machine[31]. Due to the 

weather, the test samples were relatively small, and the 

advantages of fuzzy control were not fully reflected. 
 

Table 5  Result of temperature changes and  

operation time under fuzzy control mode  

and basic control mode 

Control 
mode 

Average 
temperature 
in working 

area/℃ 

Standard 
deviation 

Inversion 
temperature 
change/℃ 

Minimum 
temperature 
in contrast 

area/℃ 

Temperature 
increase in 
working 
area/℃ 

Operation 
time/min 

Basic 
control 

1.0 0.3603 4.7±0.3 1.8 2.8 23 

Fuzzy 
control 

1.3 0.1458 4.6±0.3 1.8 3.1 19 

 

3.3  Contrast of frost protection effect under fuzzy and 

basic control modes 

Apple trees began to germinate in late March, the 

contrastive experiments of frost protection effect under 

fuzzy and basic control modes were carried out on the same 

wind machine on March 22, 2018 and April 7, 2018. The 

frost occurred from 3:00 to 7:00 am. 

The tests were conducted at 2 nights on one wind 

machine, the environment conditions of inversion temperature 

difference (5.5±0.3 ℃ , 5.2±0.2 ℃ ) and ambient wind 

speed (0.4±0.3 m/s, 0.3±0.3 m/s) in 2 test periods is similar.  

During the time period from 3:30 to 6:00 on March 22, 

the wind machine was operated under fuzzy control mode in 

the working area. 5 apple trees at the distance from the wind 

machine (10, 20, 30, 40, 50 m) respectively were randomly 

selected. Meanwhile, 3 apple trees were selected in the 

contrast area randomly. 50 buds on each tree were 

investigated for frost damage. During the time period from 

4:30 to 7:00 on April 7, it tested again under basic control 

mode in the working area. The result is shown in Table 6.  
 

Table 6  Frost protection effect for apple tree buds  

under fuzzy and basic control mode 

Distance 
from wind 
machine/m 

Fuzzy control mode Basic control mode 

Number  
of buds 

Number  
of frost 

damaged 
buds 

Rate  
of frost 

damaged 
buds/% 

Number of 
buds 

Number  
of frost 

damaged 
buds 

Rate of 
frost 

damaged 
buds/% 

10 50 2 4 50 2 4 

20 50 2 4 50 3 6 

30 50 1 2 50 3 6 

40 50 3 6 50 8 16 

50 50 6 12 50 13 28 

Average 50 2.8 5.6 50 5.8 11.6 

Contrast 150 122 81.3 150 129 86 

 

The result showed that there was a certain frost 

protection effect in the range of 50 m from the wind 

machine. In similar weather conditions, the average frost 

damage rates of apple tree buds in the working area reduced 

by 5.6% under fuzzy control mode compared with that of 

basic control, and the rates in contrast area were 81.3% and 

86% respectively. The frost protection effect gradually 

decreased with the increase of distance. 
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4  Conclusion 

1) The wind machine, the change of average wind 

speed and temperature decline between fuzzy and basic 

control modes near the wind machine was little in working 

area. As the distance from the wind machine increases, the 

change under fuzzy control mode had fewer declines than 

that of basic control mode. The wind speed and temperature 

declines under fuzzy control mode were relatively reduced 

by 0.5 m/s and 0.2 ℃ , respectively at most. Both test 

indicators were extremely significant, and there was a 

significant interaction between rotation speed of the wind 

machine and distance from the wind machine. 

2) The frost protection effect under fuzzy control was 

obvious, the temperature in working area raised by 3.1 ℃

compared with compared with contrast area, and that of 

basic control was 2.8 ℃, the operating time of the wind 

machine was 19 min under fuzzy control mode, and the rate 

of relative time saving was 21.1% compared with that of 

basic control. Apple tree buds were less damaged under 

fuzzy control, and the average rate of frost damaged buds in 

working area was 5.6%, while it was 11.6% under basic 

control, it had reduced by 6% under fuzzy control, the rate 

of frost damaged buds was above 81.3% in contrast area. 

Due to the weather conditions and the test site, the 

suitable test dates were less, and frost protection effect and 

superiority of the fuzzy control were not fully reflected. In 

the subsequent work, frost protection effect of the 2 control 

methods will be tested and contrasted several times. At the 

same time, tests for the operation time scale of wind 

machine in orchard will be continued, in order to obtain the 

frost protection effect at different time scales, and strengthen 

the control strategy. 

[Reference] 

[1] Zhang Xiaoyu, Wan Xin, Li Hongying, et al. Frost Protection 

for Orchard in North China[M]. Beijing: China Meteorological 

Press, 2015.  

[2] Zhang Dingyou. Analysis and Evaluations of Integrated 

Prevent Techniques on Apple Spring Frost Freezing[D]. 

Tai’an: Shandong Agricultural University, 2015. (in Chinese 

with English abstract) 

[3] Richard L Snyder, J Paulo de Melo-Abreu. Frost Protection: 

Fundamentals, Practice and Economics[M]. Rome: Food and 

Agriculture Organization of the United Nations, 2005.  

[4] William Ireland. Frost and crops: Frost Prediction and Plant 

Protection[M]. Eastbourne: New Zealand Astra Print, 2005.  

[5] Eduardo Daniel Cittadini, Nico de Ridder, Pablo Luis Peri, et 

al. A method for assessing frost damage risk in sweet cherry 

orchards of South Patagonia[J]. Agricultural and Forest 

Meteorology, 2006, 141(2-4): 235－243.  

[6] Shimomura Giichi, Kadata Chiaki, Nakagawa Kumiko, et al. 

Frost damage-preventive device: JP2006238767[P]. 2006-09- 

14. 

[7] Doesken N J, Me Kee T B, Renquist A R. A climatological 

assessment of the utility of wind machines for freeze 

protection in mountain valleys[J]. Journal of Applied 

Meteorology and Climatology, 1989, 28(3): 194－205.  

[8] Ribeiro A C, De Melo-Abreu J P, Snyder R L. Apple orchard 

frost protection with wind machine operation[J]. Agricultural 

Forest Meteorology, 2006, 141(2-4): 71－81.  

[9] Gambino V, Fraser H. Characterization of sound emitted by 

wind machines used for frost control[J]. Agricultural Forest 

Meteorology, 2007, 35(3): 1－2.  

[10] Beyá-Marshall V, Herrera J, Santibáñez F, et al. 

Microclimate modification under the effect of stationary and 

portable wind machines[J]. Agricultural and Forest Meteorology, 

2019(269–270): 351－363． 

[11] Yazdanpanah H, Stigter C J. Selective inverted sink 

efficiency for spring frost protection in almond orchards 

northwest of Isfahan[J]. Theoretical and Applied Climatology, 

2011, 105(1): 27－35.  

[12] Battany Mark C. Vineyard frost protection with upward 

blowing wind machines[J]. Agricultural and Forest 

Meteorology, 2012 (157): 39－48.  

[13] Yin Xianzhi, Wang Yanfeng, Ding Ruijin, et al. Effective 

experiment of elevated wind machine for frost protection 

with long blade in large apple orchards[J]. Transactions of the 

Chinese Society of Agricultural Engineering (Transactions of 

the CSAE), 2014, 30(15): 25－32. (in Chinese with English 

abstract) 

[14] Hu Yongguang. Mechanism and Control Technology of Late 

Frost Protection for Tea Plant Through Air Disturbance[D]. 

Zhenjiang: Jiangsu University, 2011. (in Chinese with English 

abstract) 

[15] Wu Wenye, Hu Yongguang, Yang Shuo, et al. Optimal 

design of wind machine impeller for frost protection based on 

CFD and its field test on airflow disturbance[J]. International 

Journal of Agricultural and Biological Engineering, 2016, 

8(5): 43－49.  

[16] Hu Yongguang, Zhu Xiaolan, Zhao Menglong, et al. 

Operation effects of wind machines for frost protection of tea 

trees on different time scales[J]. Transactions of the Chinese 

Society for Agriculture Machinery, 2013, 44(12): 252－257.  

[17] Liu Ping. Development of a Performance Test Platform and 

Its Control System for Frost Protection Wind Machines[D]. 

Zhenjiang: Jiangsu University, 2015. (in Chinese with English 

abstract) 

[18] Hu Y G, Asante E A, Lu Y Z, et al. Review of air disturbance 

technology for plant frost protection[J]. International Journal 

of Agricultural and Biological Engineering, 2018, 11(3): 21

－28.  

[19] Hu Yongguang, Li Pingping, Dai Qingling, et al. System 

design and experiment on elevated wind machine for tea frost 

protection[J]. Transactions of the Chinese Society for 

Agriculture Machinery, 2007, 38(12): 97－99. (in Chinese 

with English abstract) 

[20] Hu Yongguang, Li Pingping, Si Yongsheng, et al. Apparatus 

of climatic information acquisition and wireless transmission 

for tea farm[J]. Transactions of the Chinese Society for 

Agriculture Machinery, 2009, 40(S1): 124－128.  

[21] Cai Zengji. Fluid Mechanics Pumps and Fans[M]. Beijing: 

China Architecture & Building Press, 2009.  



Agricultural Engineering for Sustainability                                Jan. 2019   

 

42

[22] Kuang Yingchun, Shen Yue, Duan Jiannan, et al. Application 

of fuzzy control to automatic water-saving irrigation of 

rice[J]. Transactions of the Chinese Society of Agricultural 

Machinery, 2011, 27(4): 18－21. (in Chinese with English 

abstract) 

[23] Bin Li, Richard Otten, Vikas Chandan, et al. Optimal on–off 

control of refrigerated transport systems[J]. Control 

Engineering Practice, 2010, 18(12): 1406－1417.  

[24] Shen Min, Zhang Rongbiao, Sheng Biqi, et al. Predictive 

control method for greenhouse measurement and control 

system based on switch devices optimization combination[J]. 

Transactions of the Chinese Society for Agricultural 

Machinery, 2011, 42(2): 186－189, 161. (in Chinese with 

English abstract) 

[25] Mohammad Abdel Kareem Jaradat, Moh A Al-Nimr, Moh’d 

Noor Alhamad. Smoke modified environment for crop frost 

protection: a fuzzy logic approach[J]. Computers and 

Electronics in Agriculture, 2008, 64(2): 104－110.  

[26] Kensuke Kimura, Daisuke Yasutake, Kentaro Nakazono, et al. 

Dynamic distribution of thermal effects of an oscillating frost 

protective fan in a tea field[J]. Biosystems Engineering, 

2017(164): 98－109.  

[27] Zhan Pengfei, Liu Zhaofeng, Zhao Lin, et al. Design and test 

of switch air-conditioner’s zero static error fuzzy controller 

for eryngii greenhouse[J]. Transactions of the Chinese 

Society of Agricultural Engineering (Transactions of the 

CSAE), 2013, 29(10): 219－224. (in Chinese with English 

abstract) 

[28] Xie Qiuju, Su Zhongbin, Ji-Qin Ni, et al. Control system 

design and control strategy of multiple environmental factors 

in confined swine building[J]. Transactions of the Chinese 

Society for Agricultural Engineering (Transactions of the 

CSAE), 2017, 33(6): 163－170. (in Chinese with English 

abstract) 

[29] Sun Chuanzhu, Wang Faming, Li Xueqiang, et al. Design of 

intelligent control system of potato precision planter[J]. 

Transactions of the Chinese Society for Agricultural 

Machinery, 2017, 33(18): 36－44. (in Chinese with English 

abstract) 

[30] Xie Jiaxing, Gao Peng, Mo Haofan, et al. Design and 

Optimization of intelligent irrigation decision system in litchi 

orchard based on fuzzy controller[J]. Transactions for the 

Chinese Society for Agricultural Machinery, 2018, 49(8): 26

－32. (in Chinese with English abstract) 

[31] Ma Congguo, Zhao Dean, Wang Jianguo, et al. Intelligent 

monitoring system for aquaculture dissolved oxygen in pond 

based on wireless sensor network[J]. Transactions of the 

Chinese Society of Agricultural Engineering (Transactions of 

the CSAE), 2015, 31(7):  193－ 200. (in Chinese with 

English abstract) 
 



Agricultural Engineering for Sustainability                         Jan. 2019     43   

 

Analysis of blade erosion of intensive mixer based on  
DEM during wet particles mixing  

Zuo Zhijian1,2, Gong Shuguang1※, Xie Guilan1
 

(1. School of Mechanical Engineering, Xiangtan University, Xiangtan 411105, China;  

2. Hunan Chemical Vocational Technology College, Zhuzhou 412000, China) 

 
Abstract: Erosion caused by particle flow during the mixing process is a key factor affecting the intensive mixer life. For wet 

particles, the existence of liquid has an effect on the particle flow and erosion due to cohesion force of liquid bridge. In this paper, 
DEM simulations were carried out to investigate the blade erosion of intensive mixer during wet particles mixing process. The 

Mikami capillary force model was introduced to simulate the complex effects of liquid bridge between wet particles. 4 commonly 
used erosion models were combined to predict the blade erosion and the Huang’s erosion model was finally chosen after 

comparing with the experimental data. The results showed that the blade erosion was focused in the divisions of 35 to 55 mm 
from the reference point in radial direction, and in the division of 0 mm from the reference point in the azimuthal direction. The 

compressive force and particle relative speed of blade were more pronounced due to the cohesion force of liquid matter, leading to 
the increase of blade erosion. High blade speed and small particle size intensified the blade erosion, whereas vessel speed had 

little influence on it. The results obtained can be used to improve the design of intensive mixer. 
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0  Introduction 

Blade erosion of intensive mixer under wet particles 
flow is a serious problem in mixing process. When particles 
enter the flow carrier, they collide with the surface of blades 
and containers, causing serious erosion damage to the blades 
and containers, leading to equipment failure, and even 
greatly shortening the service life of the equipment. The 
erosion behavior is highly complicated due to the affection 
of a number of parameters and factors, such as particle 
diameter, liquid fraction, temperature, material and geometry 
of equipment etc[1]. For ductile materials, erosion is caused 
by localized plastic strain and fatigue of metal surface. 
Finnie[2] proposed that in brittle materials, impacting 
particles can cause surface cracks and chipping of micro size 
metal pieces. Experimental study showed that, material 
erosion rate strongly depends on the impact angle when 
exceeding critical impact energy, at low impact energy, 
material exhibit a very low erosion level[3]. The particle 
impact properties have been studied via numerical 
simulations by examining the impact velocity, impact angle 
and distribution of hitting particles[4]. Tan et al[5] and Pereira 
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et al[6] assessed the erosion pattern depends on the 
magnitude of the interaction forces and the frequency of 
particle-wall interaction, they also predicted the location of 
maximum erosive damage in the elbow. Ashrafizadeh et al[7] 
applied the shear impact energy to predict the erosion via 
DEM simulation and concluded that the shear impact energy 
was mainly relevant to the cutting and cracking erosion 
while normal impact energy was related to the forging and 
extrusion mechanism. Sinnott et al[8] analyzed media flow 
pattern and steady state erosion of tower mill and pin mill, 
and provided a good understanding of the relative 
performance issues. Wang et al[9] established a numerical 
model to investigate the erosion behavior in the elbows and 
studied the affection of bend orientation and particle. Chen 
et al[10] studied the relative erosion between plugged tees and 
elbows, and found that the erosion was influenced by the 
geometry of equipment and the carrier fluid. Although there 
are some experimental and numerical studies on erosion 
prediction of mixing equipment, there are few literatures on 
the erosion prediction of intensive mixer under wet particle 
mixing conditions. 

The influence of liquid in particles flow is mainly due 
to the cohesion force between particles. The adhesion force 
due to liquid bridge largely affects particulate flow and 
particles velocity[11] , even humidity in the air may result in a 
tiny liquid bridge at contact point[12], friction between 
particles shows a notable increase compared to dry particles 
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due to the cohesive force[13]. Particles with different liquid 
fraction show different velocity field in the bladed mixer, 
low liquid fraction leads to the increase of velocities in 
radial and vertical of particles in front of the blades, whereas 
high liquid fraction leads to the lower of velocities in radial 
and vertical of particles in front of the blades[14]. Gladkyy et 
al investigated 4 different capillary bridge models for DEM 
simulation[15]. Gong et al[16] studied the influence of liquid 
fraction on the particle flow in an intensive mixer, and found 
that the blade torque increased slightly due to the damping 
action of capillary force. These studies provided an initial 
understanding of how the cohesive force affect the 
development of particles flow inside the bladed mixers, 
however, the effects of liquid fraction and particle properties 
on impact between particles and wall, such as impact force 
and erosion behavior of components, are not clear. 

Discrete element method (DEM) is a computational 
method to simulate the dynamics of particle process. It can 
be used to simulate the 3D motion of particles and particle 
collision in mixer, extract the particle collision information, 
and the erosion of the mixer can be simulated by extracting 
the force and relative velocity information on the mixer, as 
presented by some researchers in this area[17]. However, this 
methodology is still under development for the full size 
distribution in bladed mixer. 

In this work, DEM simulations based on EDEM 
software were carried out to investigate the blade erosion of 
intensive mixer during wet particles mixing process, Mikami 
capillary force model was introduced to mimic the complex 
effect of pendular liquid bridge between wet particles, 4 
erosion models were used to predict the erosion rate of blade,   
and the experimental verification was carried out, the 
affection of particles property and geometric parameters on 
the blade erosion was discussed. 

1  Computational method 

1.1  Discrete element method 
The discrete element method proposed by Cundall and 

Strack[18] is used to simulate the dynamics of particles by 
solving Newton’s equations for each of them in the system. 
At every time step, the forces acting on each particle are 
updated and Newton’s equation of motions is solved to 
obtain the new positions and velocities of the particles. 

The contact model describes the behavior of particles 
when contacts happen between particles, and a reasonable 
contact model is the basis of the particle mixing numerical 
simulation. Hertz-Mindlin model is the default model used 
in EDEM due to its accurate and efficient force calculation, 
it was widely used in particle contact without bonding and 
heat conduction. In this paper, the Hertz-Mindlin model was 
used to model the contact force. 

The normal force Fn is based on Hertz theory[19] and is 
given by 
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where kn is the normal stiffness coefficient, n is the normal 
overlap between the particles. kn can be expressed as 
follows: 
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Where the equivalent Young’s modulus E* and the 
equivalent radius R* are defined as 
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Where Ei, vi, Ri and Ej, vj, Rj are the Young’s modulus, 
poisson ratio and radius of each particle in contact. 
Additionally, there is a damping force Fn

d given by 
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where mi and mj are the mass of particles i and j, e is the 

coefficient of restitution. rel
nv


 is the normal component of 

the relative velocity, the normal stiffness Sn is given by 
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The tangential force Ft is based on the Mindlin’s 
work[20], and is given by 

 
* *8t n tF G R      (8) 

where G* is the equivalent shear modulus, t  is the tangential 

overlap. Additionally, tangential damping is given by 
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Where rel
tv


is the relative tangential velocity, St is the 

tangential stiffness which is given by 
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1.2  Capillary force 
The importance of capillary force has been recognized 

in many experimental and practical systems[21]. The capillary 
force originates from the surface tension and the pressure 
difference between gas and liquid. The total capillary force 
is attractive if the bridge surface curvature is negative 
respect to the interior of the bridge[22]. Fig. 1 shows the 
Hertz-mindlin model with liquid bridge force. 

The recent review of Zhu et al[23] showed that there are 
various methods for calculating capillary force in DEM 
simulation. It is necessary to provide an explicit function for 
the capillary force since it is calculated directly in simulation. 
Mikami et al [24] proposed a liquid bridge model for 
approximate solution of Young-Laplace equation. When the 
particle distance is less than the critical distance, the normal 
attraction (capillary force) between 2 particles can be 
calculated by the following formula: 
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Fig.1  Hertz-Mindlin model with liquid bridge force 
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Where ĈF  is the normalized capillary force and it is 

modeled as 3ˆ = / πC C effF F R  ,  is the surface tension of 

liquid, ĥ  is the dimensionless separation distance between 

the surface of particles, 3ˆ= / effh h R . The coefficients A, B 

and C for particle-particle liquid bridge are defined as 
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For particle-wall liquid bridge, A, B, and C are defined as 
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Where 3ˆ= /L effV V R  is the dimensionless liquid bridge 

volume, θ is the contact angle of liquid bridge. The effective 
radius Reff is defined for particle-particle according to the 
Derjaguin approximation as 
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The liquid volume VL is defined as 
 VL=Vi+Vj (19) 
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where Li is the total liquid volume present on particle i, 
Li=(Clmi)/l, Cl is the liquid fraction of particles, l is the 
liquid density.  

The liquid bridge exists if and only if the distance 
between particles is less than the rupture distance. The 
rupture distance can be defined as follows 
For the liquid bridge between particles 
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where Scp is the distance between particles. For the liquid 
bridge between particle and wall 
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where Scw is the distance between particle and wall. 
1.3  Erosion models 
1.3.1  Horm-archard model 

Abrasive erosion is an important damage of contact 
objects with relative velocity, which is related to the relative 
hardness of abrading particles and abraded material. The 
volume of abrasive erosion is calculated by Archard model 

 0
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Where VE is the erosion volume of abraded material, FN is 
the normal force between abrading particles and abraded 
material; x is the slip displacement, 0 is the hardness of 
abraded material surface, kabr is the abrasive erosion 
coefficient. 

Adhesive erosion occurs under the high temperature 
and pressure. When 2 metals are forced together under these 
conditions, small particles are weld together, which will 
cause the micro pieces of abraded material to fall off. The 
erosion volume of adhesion erosion is calculated by the 
following equation[25] 
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Where kadh is the adhesive erosion coefficient. 
Taking into account in Eq. (23) and (24), the abrasive 

and adhesive erosion model can be written as the 
Holm-archard equation: 
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Where KA is the erosion coefficient, KA =3.1e5 [25]. 
1.3.2  Finnie’s erosion model 

According to the Finnie’s erosion model, the erosion is 
defined as follows [26]: 
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Where , m and vpw are the impact angle, particle mass and 
particle-wall relative velocity, respectively. K is coefficient, 
K=7.64e10[26]. 
1.3.3  Hashish erosion model 

The final form of Hashish model[27] is given by: 
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Where p is the particle density, p =5.2 g/cm2, mp is the 

mass of particle, f is the yield stress of the mixer surface 

material (Q235B), f = 235 MPa, Rf is the particle roundness 
factor, Rf=0.9[3]. 
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1.3.4  Huang et al erosion model 
Huang et al[28] proposed an erosion model in which the 

deformation damage and cutting are taking into account. The 
model is given by: 

 
   2 20.1875 0.5 2.375 cos sinE H p p pwV K d v    (30) 

Where dp is the diameter of particle, KH is a constant 
depends on the target material property, for carbon steel, 
KH=1.01e14[28]. 

2  Modeling of numerical simulation 

The appropriate choice of discrete element parameters 
has an important influence on the accuracy and precision of 
the DEM simulation results. The parameters of DEM model 
can be divided into 2 categories: material property 
parameters and contact model parameters. 
2.1  Material property parameters 

In this study, ironstone particles with a diameter of 4 
mm were used to investigate the blade erosion of intensive 
mixer. The filling rate is about 65% as the granular bed can 
cover all blades during mixing process, approximately 
82 463 particles were included in the mixer. The mixer 
material is carbon steel Q235B, the density, the poisson ratio 

and the shear modulus of which were set to 7 800 kg/m³, 0.3 
and 7.9e+10 Pa, respectively. 

The material property parameters of liquid include 
density, wetting angle and surface tension. Water was used 
to wet particles in this paper. The material property 
parameters used in the simulation are shown in Table 1. It 
should be noted that the contact angle will not expected to 
change and only depends on the properties of particle. The 
amount of liquid in particle bed is characterized by the liquid 
mass fraction, which is defined as the ratio of total mass of 
liquid to the total mass of particles.  

 

Table 1  Material property parameters in simulations 

Items (Material) Parameters Values 

Poisson ratio 0.25 

Density/(kgm3) 5 200 

Shear modulus/Pa 4.5e+10 

Diameter/mm 4 

Particle (Ironstone) 

Number 82 463 

Density/(kgm3) 7 800 

Poisson ratio 0.3 Blade(Q235B) 

Shear modulus/Pa 7.9 e+10 

Density/(kgm3) 1 000 

Surface tension (Nm1) 0.073 Liquid (water) 

Wetting angle/() 0 
 

2.2  Contact model parameters 
The contact model parameters involve static friction, 

coefficient of restitution and rolling friction. Fig. 2 shows 
the measurement equipment and method for static friction 
coefficients. A stacking angle test base on the powder 
characteristic tester (BT-1000, BETTERSIZE) was used to 
obtain the dynamic angle of repose , which is a 
macroscopic friction angle. The static friction coefficient of 

particle-particle is calculated as: 

 
tanspp    (31) 

The results of the static friction coefficient of 
particle-particle, particle-wall are 0.55 and 0.5, respectively. 

 

 
 

Fig.2  Measurement equipment and method  
for static friction coefficient  

 

The rolling coefficient is very difficult to measure. 
Actually, the rolling resistance for both particle-wall and 
particle-particle is extremely weak, it commonly is set to a 
considerably small value or be ignored in the literature[29]. In 
this work, the rolling friction coefficients of particle-wall 
and particle-particle are set as 0.03 and 0.02, respectively. 
The restitution coefficient of particles is measured in a drop 
test and the measured results are 0.68 and 0.65 for 
particle-wall and particle-particle, respectively.  
2.3  Geometric parameters 

In this work, the vessel of intensive mixer (Fig.3) with 
diameter 320 mm and height 126 mm was used to simulated, 
which is same with the experiment machine used in 
METALLURGICAL CORPORATION OF CHINA LTD. (MCC), 
particles diameter is set as 4 mm, 6 blades stirrer with 
diameter 160 mm and the eccentricity of stirring shaft center 
of stirrer relative to the center of vessel is 55 mm, the vessel 
rotate at speed of 15 r/min in anti-clockwise direction and 
the blades rotate at speed of 150 r/min in opposite direction. 
The detailed geometric parameters of intensive mixer used 
in the simulation are shown in Table 2. 

 

 
 

Fig.3  Schematic representation of intensive mixer 
Table 2  Geometric parameters of intensive mixer 

Parameters Values 

Vessel diameter/mm 320 

Blade diameter/mm 160 

Vessel height/mm 126 

Shaft diameter/mm 20 

Blades rotation speed/(rmin1) 150 

Vessel rotation speed/(rmin1) 15 
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3  Results and analysis 

3.1  Validation of erosion modelling 
In order to verify the erosion model in this study, 3 

verification experiments based on the intensive mixer 
experiment machine (Fig.4) were conducted under the same 
conditions with the simulation presented in section 3, the 
liquid fraction of particle in both experiment and simulation 
are 3%. The diameter of particle in experiment is between 
3-5 mm. The time of erosion experiment is 720 hours, 
during which the erosion mass of blade was monitored by 
recording the blade weight loss and the average value of 3 
experiments was utilized. Measurements of the blade mass 
were carried out by electronic balance (BL-X-600, Xiamen 
balance Electronic Technology Co. Ltd) with intervals of 48 
hours. If the simulation time is the same with experiment 
time, it will take too long time to complete the simulation. In 
order to simulate the blade erosion within a reasonable time 
and achieve a good comparison, the magnifying erosion rate 
is used to shorten the simulation time[30], but the simulation 
time must be sufficiently long so that the particle flow reaches 
a steady state. According to the preliminary experiments, the 
particles can move steadily after the vessel rotates more than 
1 circle(within 5 seconds), so the simulation time is set to 5 
seconds (i.e. the magnification factor is 518 400). The 
results of simulation and experiment are shown in Fig. 5. 

 

 
a. Intensive mixer       b. Blade shaft    c. Ironstone particles 

 

Fig.4  Intensive mixer experiment machine 
 

 
 

Fig.5  Comparison of erosion mass of experiment  
and predicted results of different models  

Fig. 5 showed that erosion mass increase approximately 
linearly with time. In the initial stage, difference of erosion 
mass between the predicted and experiment is the largest 
because the blade surface is very rough which leads to 
relatively high erosion. After that, the results of each erosion 
model are in good agreement with the experiment data. 
Several statistical parameters are used for comparison of the 
numerical prediction and experiment data which are 
expressed as follows[31]: 

Average percent error: 
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, Vsimulated and 

Vexperiment are the erosion mass of simulation and experiment, 
respectively. 

Absolute average percent error: 
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Standard deviation: 
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17 groups of erosion experimental data collected were 
compared with the simulation results, the results are shown 
in Table 3. It can be seen that Archard erosion model has the 
highest error(E1, E2 and E3 are 6.845, 6.875 and 9.122 g, 
respectively); while Huang’s erosion model has the lowest 
error(E1, E2 and E3 are 3.02, 5.086 and 7.731 g, 
respectively). This is because Huang's erosion model takes 
more factors into account, such as particle density and 
particle diameter. So Huang’s erosion model is used in the 
following work. 

 
Table 3  Statistical errors for different erosion model  

Erosion  
model 

Average percent  
error E1/g 

Absolute average 
percent error E2/g 

Standard  
deviation E3/g 

Horm-archard 6.845 08 6.875 221 9.121 511 

Finnie 5.838 25 6.492 175 8.214 547 

Hashish 3.809 97 5.247 284 7.998 953 

Huang 3.019 14 5.086 515 7.731 277 

 
3.2  Erosion distribution in radial direction 

In order to study the erosion distribution of blade in 
radial direction, it is necessary to discrete blade into small 
divisions. The higher the degree of blade discretization is, 
the slower the DEM simulation speed is. On the other hand, 
the more discrete the blade division is, the more accurate the 
simulation results are. Therefore, it is necessary to find a 
balance point to simulate blade erosion in a reasonable time 
and make accurate prediction. In this paper, the tangent point 
of blade and shaft was taken as the reference point (Ref pt), 
the blade was discretized into 12 divisions in radial direction 
based on the distance to reference point, the width of each 
division is 5 mm, as shown in Fig. 6.  

 

 
 

Fig.6  Radial discretization of mixer blade 
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Fig.7 shows the simulation results of predicted erosion 
rate on different position in radial direction. The horizontal 
lines present the average of erosion rate on different 
divisions. It can be seen that the average erosion rate of 
division 10, 25, 40 and 55 mm are 0.177, 0.75, 1.87, and 
3.17 108g/s, respectively, which means the erosion rate 
increases with the increase of the distance to the shaft. This 
is because the relative velocity and impact force between 
blade and particles increases with the increasing of distance 
to the shaft, which result in higher erosion rate. It also can be 
seen that the amplitude of erosion rate fluctuation increases 
with the increase of radial distance, this is because the 
impact of particles on the blade increases with the increase 
of distance, and the irregular impact increases with the 
increase of distance, which leads to the increase of the 
fluctuation range of erosion rate. 

 

 
 

Fig.7  Evolution of erosion rate on different  
position in radial direction 

 

Fig.8 is the predicted radial distribution of blade 
erosion mass in 720 hours. It can be observed that the 
predicted erosion mass increases with the increase of the 
distance to the blade shaft, which is similar to the result of 
erosion rate. It also can be noticed that the predicted erosion 
rate increased relatively slower from 0 to 35 mm, while 
increased quickly from 35 to 55 mm. In fact, according to 
Fig.7, the erosion rate of distance from 35 to 55 mm 
increased quickly, leading to a quick increase of erosion 
mass during the mixing process. 
3.3  Erosion distribution in azimuthal direction 

Fig.9 is the particle velocity distribution around the 
blade. In the mixing process, the particles move upward 
under the action of periodic rotational motion of the blade, 
then move downward after passing through the blade. It can 
be seen that on the front surface, the blade collide particles 
violently, the erosion type in this area is dominated by the 
deformation erosion, the bevel face of blade collide particles 
with an impact angle, the amplitude of impact angle is 
dependent on the slope of bevel, the erosion type of this area 
is dominated by the abrasive erosion, the velocity of 
particles near the top and bottom of blade is parallel to the 
surface. At the back of blade there is no particles attack the 
surface, and there is little erosion mass in this area. It can be 
obtained that the compressive force applied on blade is 

focused on the front surface and bevel, where the blade 
erosion is concentrated. 

 

 
 

Fig.8  Radial distribution of blade erosion in 720 h 
 

 
 

Fig.9  Particles velocity field around blade 
 

In order to investigate the erosion distribution of blade 
in circumferential direction, it is necessary to discrete blade 
into small divisions. The line used to discrete a blade in 
azimuthal is vertical in this case. In this paper, the front 
surface of blade was used as the reference point and the 
blade was discretized into 9 divisions based on the distance 
to the reference point, shown as Fig.10. The width of each 
division is 2 mm.  

 

 
 

Fig.10  Circumferential discretization of mixer blade 
 

Fig.11 shows the simulation results of erosion rate for 
different divisions in circumferential direction. It can be 
observed that the average erosion rate of distance 0, 6, 12 
and 16 mm are 7.02, 2.18, 0.466 and 0.233 108 g/s, 
respectively, the blade erosion is mainly focused on the 
division of 0 mm, the front surface of blade collides with 
particles violently, which leading high erosion rate. The 
erosion of 6 mm is smaller than that of 0 mm and larger than 
that of 12 and 16 mm due to it is on the bevel of blade. The 
erosion of divisions 12-16 mm are relatively low because 
they are located at the top surface and parallel to the velocity 
of nearby particles. 
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Fig.11  Evolution of erosion rate for different  
divisions in circumferential direction 

 

Fig.12 is the simulation results of erosion mass for 
intensive mixer blade in circumferential distribution. It can be 
seen that the blade erosion is mainly divided into 3 levels in 
circumferential. The first level with the highest erosion rate 
is from 0 to 2 mm, and its erosion mass is 0.429 g.The 
erosion mass from 2 to 10 mm are 0.098 6, 0.113, 0.127, 
0.123 and 0.111 g, respectively, they are in the second level, 
these divisions are in the same surface and have similar 
erosion rate during mixing process. The erosion mass from 
10 to 16 mm is very small (0.029 1, 0.015 6 and 0.015 4 g) 
because of low erosion rate during mixing. 
3.4  Influence of liquid fraction 

The existence of liquid fraction will form a pendular 
liquid bridge between particles, which will produce cohesion 
force and impact the flow pattern of particles[11]. Simulations 
with liquid fraction of 0, 3% and 6% were carried out in 
order to qualify the influence of liquid fraction on the blade 
erosion. The particle size, blade speed and vessel speed in 

simulation were set as 4 mm, 150 r/min and 15 r/min, 
respectively. 

 

 
 

Fig.12  Circumferential distribution of blade erosion mass 
 
 

Impact force is an important factor as the erosion of 
material is related to the forces on the component. The 
simulation results of compressive force on blades with 
different liquid fraction are shown in Fig.13a. It can be seen   
that there is a strong peak of compressive force at the 
beginning of simulations, which correspond to the start-up 
stage. After that, the force decreases and fluctuates due to 
the regular revolution of blades and vessel. The mean 
compressive forces (horizontal line) of 0, 3% and 6% liquid 
fraction are 1.95, 2.006 and 2.04 kN, respectively, which 
means the compressive force increases with the increasing of 
liquid fraction. This is due to the fact that the capillary 
forces transmit more shear forces into power bed, which will 
enhance the compressive force on the blades. Furthermore, 
for wet particles, heap formation before blades also 
increases the compressive force on the blade[12]. 

 

 
 

Fig.13  Influence of liquid fraction on blade erosion 
 

The simulation results of blade erosion rate with 
different liquid fraction are shown in Fig.13b. It can be seen 
that the blade erosion rate increases violently at the initial 
stage and then reaches a dynamic equilibrium state. The 
average erosion rate of 0, 3% and 6% liquid fraction are 2.94, 
3.195 and 3.40 ×10–7g/s, respectively, which means the 
erosion rate of blade increases with the increasing of liquid 
fraction. This is due to the fact that the relative velocity and 
interaction force of particles and blades increase with the 
increase of particle liquid fraction, which leading to a higher 
blade erosion rate during the mixing process. 

Fig.13c shows the simulation results of erosion mass 
for mixer blade with different particle liquid fraction. It can 

be seen that the erosion mass of 0, 3% and 6% liquid 
fraction particles in 700 hours are 1.75, 1.85 and 1.96 g, 
respectively. The erosion mass increases with the increasing 
of liquid fraction due to the increasing erosion rate of wet 
particles presented before. 
3.5  Influence of blade speed 

The blade speed has an important impact on erosion 
simulation for 2 reasons: the blade speed may influent the 
relative velocity between particles and blade, blade speed 
impact the particle fluctuating flow pattern. Simulations with 
blade velocity of 100, 150 and 200 r/min were carried out to 
qualify the influence of blade speed on blade erosion. The 
particle size and liquid fraction were 4 mm and 3% 
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respectively, vessel speed was 15 r/min. 
The simulation results of erosion rate with different 

blade speed are shown in Fig.14a. The horizontal line shows 
the average erosion rate of different blade speed. It can be 
seen that the average erosion rate with a blade speed of 100, 
150 and 200 r/min are 0.612, 3.195 and 10.3 ×107g/s, 
respectively, which means the erosion rate increases with the 
increase of blade speed. High-speed blade increases the 
relative speed of particle-blade and the impact force of 
particle on the blade, resulting in a high erosion rate of blade. 
The amplitude of erosion rate fluctuation increases with the 
increase of blade speed. In fact, with the increase of blade 
speed, the collision between particles and blade becomes 
more and more violent, and the kinetic energy difference 
between particle groups also increases, which leading to a 
violent erosion fluctuation for high blade speed.  

Fig.14b shows the evolution of blade erosion mass with 
different blade speed. It can be seen that for a the blade 
speed of 100, 150 and 200 r/min, the erosion mass in 700 
hours is 0.45, 1.7 and 3.6 g, respectively, this is due to the 
erosion rate increases with the increase of blade speed. 

 

 
 

Fig.14  Influence of blade speed on blade erosion 
 

3.6  Influence of vessel speed 
Vessel rotates with low speed to deliver particles in and 

out the intensive mixing region. Simulations with vessel 
speed of 10, 15 and 20 r/min are carried out to qualify the 
influence of vessel speed on the blade erosion of intensive 
mixer. The particle size and the liquid fraction were 4 mm 
and 3%, respectively, the blade speed was 150 r/min. 

The simulation results of blade erosion rate at different 
vessel speed are shown in Fig.15. It can be seen that the 
erosion rate changes with different vessel revolution speed. 
The average erosion rate of blade with vessel speed of 10, 15 
and 20 r/min are 3.205 7, 3.195 and 3.202 ×107g/s, 
respectively, which implies the vessel speed has little 
influence on the erosion rate of mixer blade. This is due to 
the vessel movement does not influent the impact between 
blade and particles directly. Furthermore, the vessel speed is 
very low compared to the blade speed. 
3.7  Influence of particle size 

Particle size has an important impact on blade erosion 
simulation for 4 reasons: (i) particle size is an important 
parameter in the erosion model. (ii) particle size strongly 
affect the contact number of particles with blade. (iii) 
particle size changes the particle velocity under blade impact.  
(iv) small particles strongly increase the simulation time[11]. 
Simulations with the particle size of 3, 4 and 5 mm were 

carried out to qualify the influence of particle size on the 
blade erosion. The liquid fraction of particle was 3%, the 
blade and vessel speeds were 150 and 15 r/min, respectively. 

 

 
 

Fig.15  Evolution of blade erosion rate at different vessel speed 
 

The influence of particle size on blade erosion is shown 
in Fig.16. It can be seen that the average erosion rate for 
particle size of 3, 4 and 5 mm are 4.91, 3.19 and 1.975×107 
g/s, respectively, which means the erosion rate of blade 
decreases with the increase of particle size. Small particles 
provide stable granular flow, and the number of collisions 
between particles and blades is increased violently with the 
decrease of particle size, which leads to higher blade erosion 
in intensive mixer blades during mixing process. The 
erosion mass of blade in 700 hours with particle size of 3, 4, 
and 5 mm are 2.3, 1.76 and 0.8 g, respectively, this is due to 
the erosion rate decreases with the increase of particle size. 

 

 
 

Fig.16  Influence of particle size on blade erosion 

4  Conclusions 

In this paper, DEM simulations were used to investigate 
the blade erosion of intensive mixer during wet particles 
mixing process. The Mikami capillary force model was 
introduced to simulate the complex effects of liquid bridge 
between particles. Huang’s erosion model was finally used 
in simulation after comparing the results of different models 
with the experimental data. Specifically, the influences of 
liquid fraction, particle size, blade speed and vessel speed on 
the blade erosion were studied. Following conclusions can 
be drawn based on the simulations: 

1) In radial direction, the blade erosion increases with 
the increase of distance to the center of rotation shaft. In 
azimuthal direction, due to the collision of a large number of 
particles, the blade erosion is focused on the front and bevel 
surfaces. Top, back and bottom surfaces have the lowest 
erosion rate because they rarely collide with particles. 

2) During the process of wet particles mixing, the liquid 
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fraction of particles increases the force and relative velocity 
between particles and blades, and also changes the flow 
pattern of particles around the blades, which results in the 
blade erosion increasing with the increase of liquid fraction 
of particle. 

3) With the increase of blade speed, the force and 
relative motion between particles and blades increase, and 
the blade erosion increases. 

4) Vessel speed has little influence on the blade erosion 
due to the rotation of vessel has little effect on the 
interaction between particles and blade. 

5) Blade erosion increases with the decrease of particle 
size because small particles provide a more stable flow and 
significantly increase the impact with the mixer blade. 
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Abstract: In order to expand the application of hexapod robot and improve the adaptability and flexibility of hexapod robot to the 
working environment, a walking robot based on double 6-UPU parallel mechanism is proposed. The walking robot that has a total 
of 18 degrees of freedom, which is composed of two 6-UPU parallel mechanism legs and 6 feet equipped with auxiliary legs. The 
auxiliary leg enhances the adaptability to overcome obstacles and the environment by changing the body height of the walking 
robot. Firstly, the kinematics of the 6-UPU parallel mechanism is analyzed, and the kinematics inverse solution is applied to 
obtain the status of each branch of the parallel leg. Secondly, according to the results of inverse kinematics solution, 2 gait modes 
of legs-stride forward gait and overcoming obstacle gait are designed. And then, the model of the hexapod robot is built in the 
ADMAS, and the materials of model are set according to the prototype material, to simulate two kinds of gaits. In simulation, it 
takes 23.734 2 s for the leg-stride forward gait cycle and the body of hexapod walking robot advances forward 400 mm, with the 
average walking speed of 1 011.2 mm/min. While it takes 18 s for overcoming obstacle gait cycle and the body of hexapod 
walking robot advances forward 100 mm, with the average walking speed of 333.3 mm/min. Finally, the control system is 
designed with two pieces of STM32 microprocessor chip for data collection and PID algorithm calculation, and the data 
transmission between two chips is by serial communication. In experiment, it takes 24.85 s for the leg-stride forward gait cycle 
and the body of hexapod walking robot advances forward 385 mm, with the average walking speed of 929.6 mm/min, for what in 
overcoming obstacle gait are 20.8 s, 90 mm, and 259.6 mm/min. In leg-stride forward gait cycle, the deviation of the time taken 
and the average walking speed between simulation and experiment results are 5% and 8%, respectively, while that in overcoming 
obstacle gait cycle, are 13% and 22%, respectively. The simulation planning trajectory and experimental trajectory of the central 
points of 2 moving platforms for parallel legs are drawn in the walking stage, and the experimental trajectory lag behind the 
simulation for two kinds of gaits. Though affected by the characteristics, the assembly accuracy of each electric cylinder and 
quality errors of material in the experimental prototype, the prototype can complete walking task by the set gait, thus the 
correctness of the simulation analysis is verified. The research could provide a reference for further investigation on hexapod 
parallel walking robots, achieving stable walking on unknown environment. 
Keywords: robots; gait analysis; control; hexapod parallel walking robot; 6-UPU parallel mechanism 
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0  Introduction 

In recent years, the scope of human activities is 
constantly expanding since the continuous improvement of 
science and technology. The current study of robotics is 
focused on walking robots, which have the flexible 
maneuverability and excellent environmental adaptability 
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than wheeled robots[1-2]. Moreover, walking robots can be 
used as a complement to the crawler-type robot and greatly 
expanded the walking robot's workplace. It can cross 
obstacles and go through special roads, such as sand and 
swamp, which make it possible to be used in the 
environment of star detection, mining, field operation, 
military operation and so on. Moreover, the walking robot 
can be used to help users with lower extremity disabilities 
expand their range of motion, and move on uneven ground 
and go up and down stairs in their homes freely.  

In the past few decades, a large number of researchers 
devoted themselves to putting forward many legged robots 
to improve the movement performance and stability of 
walking robots[3-5]. Waseda University designed the first 
parallel leg robot named WL-15 in 2001[6]. And then, they 
have been producing a series of leg robots with 12 actuators 
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named WL-16[7], WL-16R[8], WL-16RII[9], WL-16RIII[10], 
WL-16RIV[11]. Toyota Corporation launched a series of 
“partner robot” in 2004, among them, a biped robot named 
“i-Foot” with weight of 200 kg could carry a person of 
60 kg[12-13]. Nakano in Tohoku University developed walking 
robot named Chari for the elderly, disabled individuals or 
people with difficulty in walking, which had high 
maneuverability and stability on uneven ground, and could 
go up and down stairs freely[14]. For the lower extremity 
disabled people, researcher of Tokyo Institute of Technology, 
Japan, developed the prototype of a walking chair robot, with 
weight of 88 kg, width of 760 mm, and height of 925 mm[15].  

The Institute of Advanced Science and Technology of 
Korea had developed a chair robot named Hubo FX-1 with 
weight of 150 kg, height of 2 m and can carry a person with 
weight up to 100 kg[16]. Matsuzawa et al. [17] proposed a 
crawling motion to reduce the risk of malfunction due to 
falling when a legged robot travelled across rough terrain. 
The approach coordinated the body motion and the feet 
motions to fulfill requirements of walking stability and 
kinematic feasibility simultaneously. Oliveira et al.[18] 
studied locomotion patterns of hexapod robots, including 
metachronal wave gait, and tetrapod and tripod gaits. 
Hirakoso et al.[19] developed a multi-legged gait prototype 
robot with 4 legs consisted of redundant joint, and an 
optimal control system was proposed to control any motion 
for the four-legged robot with redundant joint. 

In China, Shanghai Jiao Tong University launched the 
human-machine integration research on biped walking 
prosthesis, whose goal was to achieve two stable walking of 
manned foot chair robot under manned conditions[20-21]. 
Wang et al. proposed parallel leg mechanisms in quadruped/ 
biped reconfigurable walking robot[22-23]. Jin et al. proposed 
six-legged robot in the field of agriculture, analyzed the 
parallel configuration and formulated kinematics position 
equations of the six-legged robot, which laid the theoretical 
foundation for further study of the six-legged agricultural 
robot[24-26]. Li et al. proposed the walking robot based on 
3-RPC parallel mechanism which can perform three- 
dimensional translations and move in any direction without 
adjusting its own posture, and improve payload-weight ratio 
and walking efficiency by using parallel mechanics with 
simple structure and high carrying capacity[27].  Research 
team of School of Automation from Beijing Institute of 
Technology, eventually developed an electrical parallel 
wheel-foot robot (BIT-NAZA) with 24 actuators, which can 
realize wheel-type, foot-type and wheel-foot compound 
movement [28]. Li et al. presented a three-dimensional model 
of a quadruped robot which had six DOFs on torso and five 
DOFs on each leg[29]. Wang et al. presented a bipedal 
locomotor consisting of two identical 3-DOF tripod leg 
mechanisms with a parallel manipulator architecture[30]. Gu 
introduced a three-DOF translational 3-UPU parallel 
mechanism, proposed the application of a typical 3-UPU 
parallel mechanism in a parallel walking robot, carried out 
position analysis, velocity analysis, and the corresponding 
global velocity performance index analysis based on the first 

order kinematics influence coefficient matrix[31]. Mu et al. 
built simulation models based on virtual prototyping 
technology, and proved that using parallel mechanism as a 
walking leg to achieve the walking motion is reasonable[32].  

Parallel walking robot has broad application, and plays 
an irreplaceable role especially in providing indoor and 
outdoor walking tools for persons with disabilities, replacing 
artificial operation in the extreme environment[33-34]. Up to 
date, the reported research of legged robots are mainly 
focused on biped, quadruped, and hexapod robots. However, 
most of these robots have independent driving joints on the 
legs, which requires more actuators. In the case of a single 
leg with three joints, a hexapod robot needs at least 18 
motors which greatly increases the weight of the robot. 
Moreover, the position of each foot has to be considered, 
which make it more complexity to control. In addition, the 
body height of robot cannot change with the environment.  

This paper presents a hexapod walking robot with two 
6-UPU parallel mechanism legs and six feet, and auxiliary 
leg installed on each foot, aiming to improve load capacity 
and terrain adaptability and enhance the ability of overcoming 
obstacle. The design is characterized by alternating motion 
between two 6-UPU parallel mechanism platforms to realize 
robot flexibly walking and turn on the flat ground. When 
walking robot encounters obstacles, the auxiliary legs can 
change the body height of the robot, and eventually achieves 
overcoming obstacle. Walking robots have to walk following 
a certain pattern of leg movement, namely, the gaits. The 
hexapod walking robot is thus able to walk along with the 
setting gait by parallel mechanism legs with auxiliary legs. 
According to the structural features and the functional 
requirements, two gait are designed and analyzed by the 
ADMAS simulation and experiments.  

1  Structure design of walking robot 

The robot studied in this paper is a hexapod walking 
robot, whose body prototype is two 6-UPU parallel 
mechanisms. The hexapod walking robot consists of one 
fixed platform, two “Y” structure parts and 12 branch chains 
connecting the fixed platform and two “Y” structure parts, 
respectively. The six branch chains form one 6-UPU parallel 
mechanism, which is one leg of the hexapod walking robot, 
i.e., each leg is a 6-UPU parallel mechanism with 6 DOFs, 
therefore, the walking robot has two legs with 12 DOFs. And 
the branch chain consists of two Hooke hinges and an 
electric cylinder used as the driving unit. Two adjacent 
Hooke hinges are connected to a fixed platform through a 
metal frame. And the other two Hooke hinges in the same 
two branch chains are connected by the parts which form 
one foot. Moreover, the robot has 2 legs with 6 feet. The 
sheet metal frame can increase the installation angle of the 
Hooke hinge and further the activity space of the branch 
chain to prevent the Hooke hinge from jamming when the 
branch chains move to the extreme position and reduce the 
mechanism's bizarre shape. The fixed platform is equivalent 
to the hip joint. Moreover, three feet in each leg is connected 
by Y-shaped structure part, which is named as the moving 
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platform, therefore, the walking robot has two moving 
platforms. In order to ensure the ability to overcome 
obstacles, each foot is fitted with an auxiliary leg for a total 
of 6 DOFs, therefore, the hexapod parallel walking robot has 
a total of 18 DOFs. The prototype is shown as in Fig.1, 
which weighs 68 kg, with a width of 1 100 mm, and a height 
of 520 mm, and the feet position diagrammatic sketch is 
shown in Fig.2. 

 

 
 

1. Fixed platform  2. Auxiliary leg  3. Foot  4. Paw  5. Electric cylinder    
6. Displacement sensor  7. Y-shaped structure part  8. Accelerometer sensor  
9. Hooke hinge 

 

Fig.1  Prototype of hexapod parallel walking robot 

 
 

Note: bi(i =1, 2,…, 6) is Hooker hinge center of rotation between the fixed 

platform and each branch chain; ai(i=1, 2,…, 6) is Hooker hinge center of 
rotation between two moving platforms and each branch chain; Ci and Di (i=1, 2, 
3) are auxiliary leg installed on the foot of two parallel legs, respectively. 
 

Fig.2  Feet position diagrammatic sketch 
 

For stable locomotion of hexapod walking robot, there 
must be one leg with 3 feet standing on the ground to 
support the body at any time. When the robot is walking, the 
leg that is mainly responsible for supporting, is defined as a 
supporting leg. The leg that holds forward or turning is 
defined as a swing leg. In the walking process, the robot 
realizes the gait movement alternately by raising and 
dropping two legs according to gait sequences. The structure 
of the hexapod parallel walking robot is centrosymmetric, 
and the forward orientation of each foot can be set as the 
robot's forward direction, so the robot can have six different 
forward directions. 

2  Kinematics analysis of walking robot 

2.1  Establishment of coordinate system  
The 6-UPU parallel legs are driven by electric cylinder 

with servo motor. One fixed platform and two moving 

platforms are connected by 12 electric cylinders. The 6 
DOFs motion of the moving platform in each leg is realized 
by the axial expansion and contraction of the electric 
cylinder. Since the two legs are the same structure, each leg 
can be used as an independent module. In the analysis of the 
mechanism, coordinate system as shown in Fig.3 is 
established. Coordinate system O-XYZ is established on the 
fixed platform, and the origin of the fixed platform 
coordinate system is located at the geometric center of the 
fixed platform, expressed by {O}; the upper platform 
coordinates of the two legs are A-xAyAzA, B-xByBzB, expressed 
by {A} and {B}, and the origins of the coordinate system are 
A and B, respectively, which are coincide with the origin of 
the fixed platform coordinate system. The planes xAyA and 
xByB of the upper platform coordinate system are coincide 
with the fixed platform respectively, the axes zA and zB are 
coincide with the axe Z of the fixed platform coordinate 
system; the two moving platform coordinates of the two legs 
are a-xayaza and b-xbybzb, expressed by {a} and {b} 
respectively, and the origins of the coordinate system are a 
and b, respectively, located at the geometric center of the 
moving platforms. The planes xaya and xbyb are coincide with 
the moving platform respectively, and the axes za and zb are 
perpendicular to the moving platform, respectively.  

 

 
 

Note: Li(i=1, 2,…, 6) is branch chain for one leg; li(i=1, 2,…, 6) is branch chains 

for another leg; Ai and Bi(i=1, 2,…, 6) are Hooker hinge centers of rotation 

between the upper platform and each branch chain; ai and bi(i=1, 2,…, 6) are 
Hooker hinge centers of rotation between two moving platforms and each branch 
chain; O-XYZ is fixed platform coordinate system, expressed as {O}; A-xAyAzA 
and B-xByBzB are two upper platform coordinate systems, expressed as {A} and 
{B} repectively; a-xayaza and b-xbybzb are two moving platform coordinate 
system, expressed as {a} and {b} respectively. The same below. 

 

Fig.3  Establishment of coordinate system 
 

The pose of the upper platform for two legs in the fixed 
platform coordinate system {O} can be expressed as oQA

 and 
oQB, therefore, the transformation matrix is found to be 

 

][

[ ]

A A A

B B B





=   

=   
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o o o

Q R P

Q R P
 

(1) 

Where oPA and oPB are the position vectors of the selected 
reference point on the upper platform, and oPA=[XA,YA,ZA]T, 
oPB=[XB,YB,ZB]T, o

AR and o
BR are the direction cosine 
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matrixs. 
The pose of the moving platform for two legs in the 

fixed platform coordinate system {O} can be expressed as 
oQa and oQb, therefore, the transformation matrix is found to be 

 

][

[ ]





=

=

o o o
a a a

o o o
b b b

Q R  P

Q R  P
 

(2) 

Where oPa=[Xa,Ya,Za]
T, oPb=[Xb,Yb,Zb]

T, o
a R  and o

b R are the 

direction cosine matrixs.. 
The pose of upper platform for two legs can be 

positioned relative to the moving platforms as aQA and bQB, 
therefore, 

 

][

[ ]

a a a
A A A

b b b
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=   

=   

Q R P

Q R P
 (3) 

Where a
AR and b

BR are the direction cosine matrixs, aPA and 

bPB are the position vectors of the selected reference point 
on the upper platform. 

Moreover, by Eq. (1), Eq. (2) and Eq. (3), the pose of 
upper platform for two legs can be positioned relative to the 
moving platforms, which is found to be 

 

1

1

( )

( )





  


 

a o o
A a A

b o o
B b B

Q Q Q

Q Q Q
 (4) 

From Eq. (4), the coordinate transformation matrix of 
the two parallel legs mechanisms from the upper platform 
coordinate system to the moving platform coordinate system 
can be obtained.  
2.2  Inverse kinematics analysis of parallel leg 

The two parallel legs have the same structure, 
coordinate systems of two legs in the upper and the moving 
platform of the parallel mechanism are established, and take 
one of the two coordinate systems as an example, which is 
shown as Fig. 4.  

 

 
 

Note: where RA is the radius of the outer circle of the upper hinges of the six 
electric cylinders on the upper platform, and Ra is the radius of the outer circle of 
the lower hinge of the six electric cylinders on the moving platform, and the 
connecting line distance D between the upper hinges A1 and A2, A3 and A4, A5 
and A6 of the electric cylinders, and the connecting line distance d of the lower 
hinge a6 and a1, a2 and a3, a4 and a5 of the electric cylinders in the moving 
platform. 

 
 

Fig.4  Structure and coordinate system diagram of  
one of two parallel legs 

 

It is very easy to write the coordinate values of the 
points Ai and ai(i=1, 2,…, 6) in their respective coordinate 

systems by the geometric relations. Combined that Eq. (4), 
the vector Li (i = 1, 2,…, 6) in one leg can be represented as 
following: 

 Li=Aiai (5) 

Similarly, according to coordinate system and the 
geometric relations from Fig.3, the vector li (i = 1, 2, 3, 4, 5, 
6) in another leg can be represented as: 

 li=Bibi (6) 

For the two legs, expansion and contraction of the 
electric cylinders in each branch chain can change the length 
of branch chain from the maximum length of 475 mm to the 
minimum length of 325 mm. When all of the branch chains 
have a length of 400 mm, the distance between the upper 
platform and the moving platform is 373.4 mm and the each 
of the leg is in the middle position. 

3  Gait planning design 

3.1  Human walking rules 
The stability, periodicity and maneuverability of the 

gait and posture of a walking robot are the basic premise for 
its stable walking. Gait refers to a coordinated relationship 
between the limbs of a pedestrian in time and space during 
exercise, and is a regular repetition sequence and manner of 
moving legs. Human biped walking provides an important 
imitation of the gait and posture of the walking robot used in 
research and design. The gait and posture of a person always 
show that the support points alternately between the feet as 
the legs move. In this paper, legs-stride forward gait and 
overcoming obstacle gait are taken as an example. The gait 
cycle of the human body while walking for legs-stride 
forward gait are shown in Fig.5[35]. In Fig.5, the 1st posture  
indicates that the swinging foot initially touches the ground 
and ready to move; the 2nd posture indicates the initial swing 
posture; the 3rd posture indicates the intermediate swing 
posture; the 4th posture indicates the end of the swing step, 
the walker goes further; the 5th posture indicates the initial 
swing posture and the 6th posture indicates the middle 
stepping posture; the 7th posture means the end of stance, the 
walker goes further, and a gait cycle ends. The gait cycle of 
the human body while walking for overcoming obstacle gait 
are shown in Fig.6. In Fig.6, the 1st posture shows that the 
human is ready to overcome the obstacle by standing on two 
feet; the 2nd posture shows the initial crossing posture; the 
3rd posture shows the intermediate crossing posture; the 4th 
posture shows the final crossing posture, and the human 
completes the crossing. 

 

 

Fig.5  Gait cycle of human body while  
walking for legs-stride forward gait 
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Fig.6  Gait cycle of human ready to overcome obstacle 

 

3.2  Conditions for walking robot gait simulation 
The walking robot can move forward to any direction, 

the supporting leg and the swing leg of the robot alternately 
moves in the process of walking, which consists the robot 
complete actions, such as moving forward, turning, etc. In 
gait planning, a conservative step length is set, so the electric 
cylinder displacement on each branch chain is obtained by 
solving the inverse kinematics of the 6-UPU parallel 
mechanism firstly, and then, the step length is gradually 
increased, the displacement of the electric cylinder can be 
obtained by solving the inverse kinematics, until the 
displacements of the electric cylinders approach the limit 
value or the interference between two legs occur, the 
maximum of step length is obtained. The maximum relative 
displacement of the upper and lower platforms is 145 mm 
after repeated experiment. For safety, the relative 
displacement ∆x=100 mm and ∆y=100 mm for the upper and 
moving platforms of the parallel mechanism are selected as 
step length during the gait planning. Here, it is specified that 
the robot walks forward at a step length of ∆y=100 mm 
along with axis y direction to design two kinds of gait. 
Legs-stride forward gait and overcoming obstacle gait are 
designed and the simulation analysis of the walking robot is 
carried out by ADMAS for each gait.  

In order to make the simulation result close to actual 
situation, the quality of the upper and lower platforms, 
electric cylinders and other parts are set in the simulation 
model, and the friction between the robot model and the 
ground is considered. In each gait, take the movement time 
for the electric cylinder with the longest movement distance 
as the time for this action, the sum of the time for all actions 
is the time for a complete gait.  
3.3  Legs-stride forward gait 

While the robot is advancing under legs-stride forward 
gait, each leg of the robot can not only be used as the standing 
leg but also be used as the swing leg, the step length of each 
swing of the upper platform is 2Δy. In the initial state, all of 
the electric cylinders on the leg1 extend to the maximum, 
and all of the electric cylinders on the leg2 are in the middle 
position. The robot needs to be deformed before entering the 
gait cycle, the upper platform of the robot swings forward Δy 
relative to the lower platform of the leg1, while the leg2 is 
kicked forward, and the robot takes a step. At this time, the 
legs of the robot are bifurcated, the leg2 are at the front of 
the leg1, and the two legs are simultaneously standing on the 
ground, which is shown as Fig.5a. This state is the initial 
state of the gait cycle. The remaining gait is divided into 6 
steps. First step, the cylinders on the leg1 all reduced to the 
minimum to ready for the next step, at this time the robot is 
standing on one leg. Second step, the upper platform swings 

forward relative to the moving platform of the leg2, at which 
time the body of the robot moves forward by 2Δy. Third step, 
the leg1 is kicked forward, and the legs of the robot are 
bifurcated. Fourth step, the cylinders on the leg2 all reduced 
to the minimum, ready for the next step, at this time the 
robot is standing on one leg. Fifth step, the upper platform 
swings forward relative to the lower platform of the leg1, 
and the body of the robot moves forward by 2Δy. The sixth 
step, the leg2 is kicked forward, meanwhile the legs of the 
robot are bifurcated, the two legs are simultaneously 
standing on the ground and a gait cycle ends. 
3.4  Overcoming obstacle gait 

The auxiliary legs can increase the workspaces of the 
robot in the vertical direction, further enhancing the robot’s 
ability to overcome obstacles. The auxiliary leg can be 
applied to any of the above gaits to enable the robot to 
perform a function of crossing obstacle. Take the progress of 
the one-legged step forward gait as an example to illustrate 
the working process of the auxiliary leg when the robot 
crosses the obstacle. The first step, the electric cylinders on 
the supporting leg and all auxiliary legs which mounted on 
the feet of the supporting leg extend to the maximum, and all 
the electric cylinders on the swing leg in the middle position, 
at this time the robot is standing on one leg. The second step, 
the moving platform of the swing leg moves forward. At this 
point, the robot shows one leg standing, one leg kicks 
forward. The third step, all the electric cylinders on the 
auxiliary leg which mounted on the feet of the swing leg 
extend to the maximum, at the same time the electric 
cylinders on the supporting leg and the auxiliary leg which 
mounted on the swing leg all reduce to the minimum, the 
robot at this time is changing state. The fourth step, all the 
electric cylinders of the swing come back to the middle 
position and the robot swing forward, at this time the robot 
complete the move one step further.  

4  Results and analysis 

4.1  Experimental environment 
The electric cylinders have two specifications, the push 

rod stroke of the electric cylinder of each branch chain for 
the parallel leg is 150 mm, and the push rod stroke of 
electric cylinder for the auxiliary legs is 200 mm. The 
strokes of the electric cylinders are detected by the position 
sensors mounted on the electric cylinders, therefore, the 
length of each branch chain ranges from 325 to 475 mm for 
the parallel leg. The load speed, load force and power of 
electric cylinders in each branch chain for the parallel leg is 
40 mm/s, 400 N and 30 W, respectively, and that for the 
auxiliary leg is 48 mm/s, 400 N and 30 W, respectively. In 
this control system, two microprocessor chips are used, one 
is STM32f103ZET6, and the other is STM32f103VET6. Each 
displacement value is collected by processor STM32f103ZET6 
and displays by the serial port screen, at the same time, the 
displacement data are saved to SD card and the displacement 
data of all the electric cylinders would be transmitted to 
STM32f103VET6 by serial communication technology. Also, 
all the computations are performed by processor 
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STM32f103VET6 control system based on PID algorithm. It 
is specified that the robot walks forward at a step length ∆y= 
100 mm along with axis y direction to verify simulation situation. 
During the experiment, the walking robot is tethered to a 
power supply with 360 W to actuate the electric cylinders. 
The control system block diagram is shown as Fig.7.  

 
 

 
 

Fig.7  Control system block diagram 
 

4.2  Simulation and experimental results  
Legs-stride forward gait simulation and experimental 

results are shown as Fig.8. Overcoming obstacle gait 
simulation and experimental results are shown as Fig.9. 

Locomotion phases for the legs-stride forward gait in 
this cycle are shown in Fig.8a. According to the 
characteristics of the gait, and the simulation displacement 
curve of each electric cylinder is shown in Fig.8b throughout 
the gait. By analyzing above figures, the walking robot does 
not appear to be singularity when walking on the ground. 
During the entire gait simulation, the main body of the 
walking robot swings forward twice, each step of the swing 
is 2Δy, the robot starts to enter the gait cycle at 3.852 s, and 
the cycle finishes at 27.586 2 s. The entire gait takes 
23.734 2 s with average advancing speed of 1 011.2 mm/min. 
Same as the simulation, walking experiments for legs-stride 
forward gait and the displacement curve of each electric 
cylinders are performed as shown in Fig. 8c and Fig.8d. The 
robot could traverse 385 mm forward in walking gait cycle 
and achieved a statically stable gait. The robot starts to enter 
the gait cycle at 3.9 s, and the cycle ends at 28.75 s. The 
entire gait takes 24.85 s to complete all the sequence of 
walking and the average advancing speed is 929.6 mm/min.  

 

 
 

a. Locomotion phases for legs-stride forward gait b. Each electric cylinder’s displacement for 
legs-stride forward gait simulation result 

 

   
 

c. Experimental of walking for legs-stride forward gait d. Each electric cylinder’s displacement for 
legs-stride forward gait experimental result 

 

Fig.8  Simulation and experimental results for legs-stride forward gait 
 

Locomotion phases for the overcoming obstacle gait in 
this cycle are shown in Fig.9a. According to the 
characteristics of the gait, and the displacement curve of 
each electric cylinder is shown in Fig. 9b throughout the gait. 
By analyzing above figures, the hexapod parallel walking 
robot does not appear to be singularity when crosses 
obstacle. During the entire movement, the entire gait takes 
18 s, the hexapod parallel walking robot advances 100 mm, 
and the average advancing speed is 333.3 mm/min. And 
overcoming obstacle gait and the displacement curve of each 
electric cylinder are performed as shown in Fig.9c and 
Fig. 9d. The body-height changes during the walking by the 

auxiliary leg is also demonstrated as shown, which shows 
that the auxiliary legs Ci, Di (i=1, 2, 3) support the walking 
robot alternately. A 100 mm height of obstacle is set in front 
of the robot, however, the walking robot is able to overcome 
a 150 mm obstacle sufficiently by elevating its body with 
auxiliary legs. After changing the body height, the robot 
continues to walk forward using the overcoming obstacle 
walking gait with the help of the inverse kinematic solution. 
The robot could traverse 90 mm forward in walking gait 
cycle and achieved a statically stable gait. It takes 20.8 s to 
complete overcoming obstacles walking with average 
advancing speed of 259.6 mm/min. In leg-stride forward gait 
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cycle, the deviation of the time taken and the average 
walking speed between simulation and experiment results 

are 5% and 8%, respectively, while that in overcoming 
obstacle gait cycle, are 13% and 22%, respectively. 

 

 
 

a. Locomotion phases for overcoming obstacle gait b. Each electric cylinder’s displacement for 
overcoming obstacle gait simulation result 

 

   
 

c. Auxiliary legs support robot alternately d. Overcoming obstacle experimental 
result by elevating body with 

auxiliary legs 

e. Each electric cylinder’s displacement for 
overcoming obstacle gait experimental result 

 

Fig.9  Simulation and experimental results for overcoming obstacle gait 
 

The planning trajectory and experimental trajectory of 
the central point of two moving platforms for parallel legs 
are shown as Fig.10. From two kinds of gaits, the central 
points for two moving platforms change with the gaits, and 
the experimental results and the simulation results are in 
good agreement in the gait preparation phase. In the walking 
stage, the experimental results lag behind the simulation 
results. 

 

 
 

Fig.10  Planning trajectory and experimental trajectory of central 
point of two moving platform of parallel legs for legs-stride 

forward gait and overcoming obstacle gait 
 

4.3  Discussion 
By comparing simulation and experimental results,  

how a hexapod parallel walking robot with 18 DOFs can 
efficiently walk in statically stable manner as human’s gait is 

addressed in this paper, and displacement curves of the 
simulation and experimental results are in coincident. 
However, it is not hard to find that the advancing speed for 
two kinds of gaits in simulation is faster than the 
experimental advancing speed, and the experimental results 
lag behind the simulation results for the central point 
trajectories of two moving platforms, which could be 
affected by the characteristics and the assembly accuracy of 
each electric cylinder and quality errors of material the in the 
experimental prototype. Moreover, because of differences in 
the characteristics of the electric cylinders, the same 
displacement is set to the different electric cylinder in the 
experiment, in the actual movement process, the position 
obtained by the sensor is found inconsistency. Take 
legs-stride forward gait as an example, the branch chain 
electric cylinders, such as L1 and L6, the displacements 
curves achieved from the inverse kinematic are identical in 
this case in the simulation, but in the experimental result, the 
displacements curves for L1 and L6 have a great deal of 
difference. Therefore, the algorithm can be used to 
compensate for the difference of different electric cylinders 
to improve the comfort of hexapod parallel walking robot. 

5  Conclusion 

In this paper, a hexapod parallel walking robot with two 
legs, six feet and 18 DOFs is proposed to achieve various 
gait modes of locomotion and task. After establishing the 
coordinate system, the inverse kinematics of each branch 
chain electric cylinders are handled by the geometry, which 
is the basis to proceed the gait planning and control 
respectively.  

Two gaits are designed and simulated by ADAMS, and 
the simulation results are verified by experiment, and the 
displacement curves of each electric cylinder on the parallel 
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legs are obtained for each gait, and the curves show that the 
hexapod parallel robot can walk according to the set gait. 
Especially, the overcoming obstacle gait enhance the 
environmental adaptability, which will be conducive to the 
completion of function, such as climbing staircase, etc.  

As for future work, existing PID algorithms should be 
optimized to improve the errors in experiments and 
simulations. Furthermore, we are planning to use sensor 
feedback (e.g., force sensor, gyro, ultrasonic, camera sensor, 
etc.) to detect obstacles or different terrain by processor. 
This will enable the robot to overcome more complex 
environment autonomously. In addition, it is necessary to 
improve the computation speed and optimized algorithm to 
enhance the reflex against environmental disturbance. We 
will also continue to study more intelligent walking control 
methods which will be able to adapt to various environments. 
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Abstract: Accurate segmentation of the potato buds is the premise of seed potatoes automatic cutting. In order to improve the 
accuracy of buds segmentation, the fast segmentation on potato buds with chaos optimization-based K -means algorithm was 

realized in this paper. K-means algorithm has the merits of effectiveness and easy to implement, while the problem of easily 
trapping into the local optima hinders its accuracy of clustering. Chaotic systems can carry out overall searches by chaotic 

variables at high speed with ergodicity and non-repetition. The main idea of the proposed algorithm was searching with chaotic 
variables by mapping them into the range of the variables in K-means algorithm and eventually achieved global optimization. 

Experimental results demonstrated that the proposed algorithm outperformed the state-of-the-art K-means and FCM (fuzzy 
C-means) algorithm, whether in segmentation accuracy or running time. The average running time for K-means and FCM 

algorithm to segment the buds in one image was 2.895 5 and 3.556 4 s, respectively, however, it only took 1.109 s with the proposed 
algorithm. And running time was less effected by clustering number when it was more than 3, namely, the proposed algorithm 

could provide a less running time when applied to other crops, which were suitable to be segmented into 3 or more clusters. 
Moreover, results also verified that the better selection of the clustering number for the samples in this paper was no more than 3. 

Finally, for the potatoes in buds segmentation precision experiment, the proposed algorithm could achieve a total segmentation 
precision of 98.87% and without any buds omission. Thereinto, the segmentation precision for normal potatoes was 100%, and 

that for special ones was 91.67%. Consequently, the fast segmentation of potato buds with the proposed algorithm could lay a 
solid foundation for future automatic cutting of seed potatoes.  
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0  Introduction  

Potato is one of the most important crops in China, and 
it has been listed as the staple food since 2016. The Ministry 
of Agriculture plans to expand the planting area to more than 
6.67 million hectares by 2020. Many studies on potato, 
however, have only focused on potato planting[1-3] and 
harvest[4-6], damage and disease detection[7-9], potato 
production[10-14] and potato processing [15-16] and so on. Most 
researchers have not treated the segmentation of potato buds 
in much detail, which could lay a paramount important 
foundation for future automatic cutting of seed potatoes. 
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Cutting of the seed potatoes, up to now, is mainly 
accomplished manually, which carries with various well 
known limitations of large labor consumption, limited speed 
and poor real-time, and all of these hinder the development 
of automatic cutting of seed potatoes. Therefore, it has a great 
significance to explore the fast segmentation on potato buds. 

With the technological development, there has been a 
dramatic increase for the image processing technology 
applied in agricultural field, such as recognition and 
localization on tomato[17], automatic identification system of 
tobacco diseases[18], seasonal nitrogen management in a corn 
field[19], determination of maize seed purity[20], identification 
of rice plant hopper[21], automatically determining the 
segmentation lines between image of adherent rice grains[22] 

and automatic segmentation for cotton leaves with disease[23], etc.  
K-means algorithm has been receiving attention since it 

was proposed three decades ago due to its merits of 
effectiveness, easy to implement and low computational 
cost[24]. Despite the importance of K-means algorithm, there 
remains a paucity of accuracy when applied to segmentation 
experiment, due to the drawback of converging to local 
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minimum.  
Chaos is a ubiquitous phenomenon in nonlinear 

systems and can carry out overall searches by chaotic 
variables at high speed with the properties of randomness, 
ergodicity, non-repetition and sensitivity to initial 
values[25-26]. Based on the above discussions, the fast 
segmentation on potato buds with chaos optimization-based 
K-means algorithm was presented in this paper. Common 
mathematical expression of chaotic systems is xk+1=f(zk). 
The main idea of chaos optimization was introducing chaotic 
variables generated by chaotic systems into the range of the 
optimization variables, and then search with chaotic 
variables. Chaotic dynamical system eventually achieves 
global optimization or is likely to achieve a good 
approximation for the test of a given objective function by 
tracing these chaotic traversal orbits[27], which could 
overcome the drawback of getting trapped into the local 
optima of K-means algorithm.  

1  Image acquisition and pretreatment  

1.1  Image acquisition equipment 
The equipment used for acquiring images of potatoes 

included the CCD (charge-coupled device) camera with 
frame frequency of 80fps and resolution of 1 328 pixels×  
1 048 pixels, ring light, stepper motor with impulse 
frequency of 800 Hz and step angle of 0.9°, background 
plate, PC and potato. The three dimensional structure diagram 
and photograph of this equipment are shown by Fig.1. 

 

 
 

1. CCD camera 2. Ring light 3. Potato 4. Stepper motor 5. Background plate 6. PC 

Fig.1  Image acquisition system 
 

In this paper, 50 potatoes with different sizes and 
shapes were chosen as experimental samples. Thereinto, 40 
potatoes were used in buds segmentation experiment, and 
the other 10 potatoes for the precision experiment.  
1.2  Image acquisition and pretreatment 

For each potato, pretreatment was carried out before the 
segmentation experiment so as to get the optimum rotation 
angle and improve the processing efficiency in segmentation 
experiment. 400 pulses and 0.5 s were required for one 
potato to rotate 360° with the parameters of the CCD camera 
and the stepper motor in Fig.1. In the process, a total of 40 
different images were obtained. 

The process of the pretreatment is as following: 
1) For one potato, 40 different images were captured by 

the CCD camera in the process of rotating 360°; 
2) Calculate the area of the potato part in each image 

corresponding to different rotation angles of the potato and 
draw out the line chart; 

3) Find out two points of the largest area and those of 
the smallest area respectively, which represent the general 
process of potato area change, and then calculate the 

corresponding rotation angle difference (d1, d2
…….) 

between the adjacent points; 
4) The smallest angle difference obtained from 3) was 

the optimal rotation angle for this potato in the segmentation 
experiment, which ensured the surface information of the 
potato was collected completely without omission, and the 
overlap regions were as small as possible. 

Variation of the area of the potato part in each image 
corresponding to the rotation angle was demonstrated by 
Fig.2, in which the smallest two areas were corresponding to 
the rotation angle of 36° and 216°, and the largest ones came 
from the rotation angle of 117° and 333°. Four regions 
formed by that 4 rotation angles in the curve were marked as 
R1, R2, R3 and R4, which represented the change of area of 
the potato part in each image from large to small, then to 
large, and to small again.  

 

 
 

Fig.2  Diagram of potato area in images corresponding  
to the rotation angle 

 

Among the 4 points corresponding to the 4 angles, the 
angle differences between the 2 adjacent points were 
d1=81°, d2=99°, d2=117° and d4=63°, respectively. 
Hence, the optimal rotation angle was 63°, which could 
ensure the surface information of the potato was collected 
completely without omission, and the overlap regions were 
as small as possible. 

Based on the discussion above, a total of 6 images were 
obtained with rotation angle interval of 63°, shown by Fig.3. 
And the rotation angles of the potato in the 6 images were 
63°, 126°, 189°, 252°, 315° and 18°, respectively. Other 
potatoes could be pretreated in the same way to get the best 
rotation angle to improve the processing efficiency in 
segmentation experiment. 

 
 

Fig.3  Acquired images after pretreatment 

2  Description of the algorithm 

2.1  K-means clustering 
K-means is an unsupervised statistical iterative algorithm. 

The process of K-means clustering[28] is: 
1) Initialize K clustering centers; 
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2) Assort each data sample xj (1≤j≤n) into its closest 
center ci ; 

3) Recompute the clustering centers based on its own 
data; 

4) Go back to 2) until convergence, then output the 
clustering results. 

The above process essentially minimizes the following 
objective function: 
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where C={c1, c2…., cK}, X={x1, x2…., xj}, K is the number 
of clusters, ci is the ith cluster center, and xj is the jth data 
point in ith cluster. 
2.2  Descriptions of the chaos optimization-based K-means 
algorithm 

In this part, logistic chaotic map was applied to 
generate chaotic variables and the expression could be 
described as follows: 

  1 (1 ), 0,1k k k kz z z z     (2) 

and define μ=4, z0=0.7 in this paper. 
Its bifurcation diagram was displayed in Fig.4, from 

which we saw that when 3.6≤μ≤4, logistic system showed 
chaotic behavior and the closer μ was to 4, the more obvious 
the chaotic behavior was. 

 

 
 

Note: μ is real parameter in logistic system and z is system variable. 

Fig.4  Bifurcation diagram of the logistic chaotic system 
 
The optimization problem of continuous object could 

be formulated as minimizing the following function: 

 min ( ), , 1,2,3i i i if x a x b i n ≤ ≤   (3) 

where f is the objective function, and xi is the global optimal 
solution. 

The chaos optimization-based K-means algorithm is 
described as follows. 

c* was defined as the optimal clustering center, J* was 
the optimal objective function value, c*=zi(0), J*=J(0), ε was 
the threshold for stopping the iteration, numbers of rough 
search and fine search are M1 and M2, respectively, iterative 
times of chaotic variables are r and r′, respectively, sample 
range ai(r)=ai(0), bi(r)=bi(0). 

1) Initializing M1, M2, r, r′; 
2) Mapping the logistic chaotic variables zi(r) into the 

range of optimization variables ci(r)  

  ( ) a ( ) ( ) a ( ) ( )i i i i ic r r b r r z r     (4) 

3) Computing the objective function J by Eq. (1), if 
J<J*, then J=J*, c*

i=ci(r), else abandon ci(r); 
4) If r<M1, then r=r+1, update the chaotic variables: 

  ( 1) ( ) 1 ( )i i iz r z r z r     (5) 

5) Repeating 2) to 4) until J*stays the same in a certain 
steps. 

6) Reducing the search range for the current optimal 
solution: 

  *( 1) ( ) ( )i i i ia r c b r a r   
 

 (6) 

  *( 1) ( ) ( )i i i ib r c b r a r     (7) 

Where γ∈(0,0.5), if ai(r+1)<ai(r), then ai(r+1)=ai(r), if 

bi(r+1)>bi(r), then bi(r+1)=bi(r). The chaotic variable 
corresponding to the current optimal solutions was: 

 
   * * ( ) / ( ) ( )i i i i iz c a r b r a r  

 
(8) 

7) Generating new chaotic variable: 

 *( ) ( )i i iz r z z r     (9) 

where φ=(bi(r)–ai(r))/r.  
 

8) Performing 2) to 3) by taking the new chaotic 
variable zi(r'). If r'<M2, then r'=r'+1, updating the chaotic 
variables as Eq. (5). 

9) Repeating 8) until the current optimal objective 
function J*and the updated one J′ satisfied: 

 *J J  ＜  (10) 

Then the search process stops. J* was the global optimal 
function value and c* was the global optimal clustering 
center at the moment. 

3  Buds segmentation based on chaos optimization- 
based K-means algorithm  

3.1  Transformation of RGB space to HSV space 
RGB space is suitable for color displaying, however, 

the drawback of high correlation between R, G and B 
component hinders its application on image segmentation or 
color processing. By contrast, HSV[29] space outperformed 
RGB space in terms of image processing owing to the 
robustness on non-uniform illumination and the chromaticity- 
decoupled from the intensity. Hence, HSV space was used in 
the segmentation experiment. 
3.2  Description of the experimental process 

Image segmentation means a process where an original 
input image is partitioned into non-overlapping regions such 
that each region is homogeneous and the union of two 
adjacent regions is heterogeneous[30]. The process of 
segmentation experiment was presented in Fig.5. The 
inputted potato images were denoised by median filtering 
firstly. Secondly, transforming the RGB space to the HSV 
space. Then, the chaos optimization-based K-means 
algorithm was exploited to segment the buds and the results 
are outputted finally. 
3.3  Comparison and analysis of experiment results 

The segmentation results with clustering number K=2 
were demonstrated by Fig.6a, in which buds were accurately 
segmented out. 
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Note: c* is the optimal clustering center, J* is the optimal value of objective 
function J, zi(r) is chaotic variable, ci(r) is current clustering center, ε is the 
threshold for stopping the iteration, M1 is the number of rough search, M2 is the 
number of fine search, r and r' are iterative times of rough search and fine search, 
ai(r) and bi(r) are the lower and upper limits of variable range. 

Fig.5  Flow diagram of the buds segmentation 
 

In contrast, experimental results obtained by K-means 
and FCM (fuzzy C-means) algorithm were shown in Fig.6b 
and Fig.6c. By comparing them with Fig.6a, it was 
obviously observed that the segmentation results provided 
by the proposed algorithm were much more accurate than 
those given by the other two algorithms. 

Results provided by K-means algorithm were less 
accurate than the proposed one, shown by Fig.6b, where 
some scattered small blocks of pixels existed due to 
K-means algorithm getting stuck in local optima. And FCM 
algorithm could hardly separate the buds from the potatoes, 
demonstrated by Fig.6c. 

 

 
a. Proposed algorithm(chaos optimization-based K-means 

algorithm)

 
b. K-means 
algorithm

 
c. FCM algorithm 

Note: Images from left to right were raw images, images denoising, images with 
cluster 1, and image with cluster 2. 

Fig.6  Segmentation results with different algorithms 
 

A good algorithm not only provided more accurate 
segmentation, but also costed less running time. Running 
time in this paper refers to the time taken from reading the 
potato image of specific path to outputting the segmentation 
results by the program on Matlab 2014a. All our experiments 
were carried out on a personal computer with Microsoft 
Windows 7 operating system, a Pentium 4 CPU (3.0 GHz), 
4.0 GB RAM and 500 GB hard disk. The average running 
time with 40 potato images of the 3 algorithms with K=2 
was shown in Table 1, from which it was gotten that the 
algorithm proposed in this paper was significantly less 
time-consuming than K-means and FCM algorithm. 

Table 1  Running time of the three algorithms 

Algorithms Running time/s 

K-means algorithm 2.895 5 

FCM algorithm 3.556 4 

Proposed algorithm 1.109 0 

 

The variation of the running time of the above 
algorithms as the number of clusters increasing were 
compared in Fig.7. It was apparent that the running time of 
FCM algorithm was significantly more than that of K-means 
and the proposed algorithm, and the more the clusters, the 
faster the running time of FCM algorithm growing. The 
running time of the proposed algorithm was the least, due to 
carrying out overall searches at high speed with 
non-repetition and ergodicity of chaotic systems. Moreover, 
the running time with the increasing of the cluster number of 
the proposed algorithm varied more slowly compared with 
that of K-means and FCM algorithm. In other words, 
running time of the proposed algorithm was less effected by 
the number of clusters when it was more than 3. This 
property could be applied on other crops, which were 
suitable to be segmented into 3 or more clusters. 
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Fig.7  Running time corresponding to clustering number of 
K-means, FCM and the proposed algorithm 

 

In conclusion, comparisons on experiment results of the 
proposed algorithm with those of K-means and FCM 
algorithm confirmed that the proposed algorithm outperformed 
K-means and FCM algorithm with the samples in this paper, 
whether on segmentation accuracy or running time. 
3.4  Discussions about the influence of clustering 
number on buds segmentation 

In this part, influence of clustering number on segmentation 
results of the proposed algorithm was discussed. Results of 
segmentation were experimentally justified by Fig.8 with 
clustering number K=3, 4 and 5, respectively. 

 

 
a. Cluster of 3 

 
b. Cluster of 4 

 
c. Cluster of 5 

Note: Images from left to right were raw images and images with clusters. 

Fig.8  Segmentation results with clustering number of 3,4 and 5 
 

Potatoes were successfully partitioned into buds and 
other non-overlapping regions with clustering number of 3, 
as shown by Fig.8a. However, phenomena of region overlaps, 
boundary crossings and empty clusters appeared in the 
segmentation results with clustering number of 4 and 5, 
illustrated by Fig.8b-Fig.8c. Despite the result that buds 
were segmented out, it did not conform to the definition of 
image segmentation. 

Region overlaps and boundary crossings were caused 
by excessive clustering number, one region belonging to 
more than one clusters. Empty clusters were also due to 
excessive clustering number, failure of the proposed 
algorithm to ultimately converging on the samples in this 
paper. Therefore, it was better to select the clustering 
number of the samples in this paper no more than 3 with the 
proposed algorithm. The clustering number of the samples in 
this paper could be determined to a certain extent. 

4  Precision experiment 

In this part, 10 potatoes with different sizes and shapes 
were selected for accuracy verification. After pretreatment, 
number of acquired images for the 10 potatoes was 5, 5, 5, 6, 
7, 5, 6, 4, 6 and 6, respectively. The 10 potatoes and the 
corresponding buds segmented by the proposed algorithm 
were presented in Fig.9. Elimination of overlapping buds in the 
process of potato rotation was accomplished manually in this 
part, because the main purpose of the paper was to segment 
out the buds from the potato and the elimination of 
overlapping regions would be carried out in the future 
three-dimensional segmentation of potato buds. 

The formula for precision was: 

 1 100%
W Q

Q
 

 
   
 

 (11)    

where β denoted the segmentation precision, W and Q 
represented the segmented number with the proposed 
algorithm and the actual number of potato buds, respectively. 

 

 
a. Ten potatoes for precision experiment 

 
b. Corresponding buds segmented by the proposed algorithm 

Note: The first potato to the tenth one from left to right are defined as No.1, 
No.2....No.9 and No.10. 

 

Fig.9  Samples and segmentation results of the precision experiment 
 

The first potato to the tenth one from left to right in 
Fig.10a were defined as No.1, No.2....No.9 and No.10, and 
the corresponding buds segmented by the proposed 
algorithm in Fig.10b were in the same order. The total 
number of buds of each potato was 7, 8, 9, 6, 10, 11, 11, 12, 
7 and 8, respectively, and the detailed number of buds 
segmented by the proposed algorithm was presented in table 
2. From Table 2, the number of segmentation was consistent 
with the actual number, except for potato of No.8, whose 
actual buds number was 12 instead of 13 segmented by the 
proposed algorithm. 
 

Table 2  Segmentation precision of the proposed algorithm 

No. Actual number (Q) Number of segmentation (W) Precision (β)/% 

1 7 7 100.00 

2 8 8 100.00 

3 9 9 100.00 

4 6 6 100.00 

5 10 10 100.00 

6 11 11 100.00 

7 11 11 100.00 

8 12 13 91.67 

9 7 7 100.00 

10 8 8 100.00 

Total 89 90 98.87 
 

Images of the No.8 potato were separated from Fig.9 so 
that the segmentation result could be better observed, shown 
by Fig.10. The region labeled with the frame, which actually 
was a pit with acock cuticle, was wrongly segmented out as 
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the bud by the proposed algorithm. The most likely two 
causes of the result were that it was extremely similar to 
buds, and the potato was very special with the pit growing in 
wrong position. The right position should be the bottom of 
the potato like others, which was invisible in the process of 
image acquisition. 

 

  
a. No.8 potato b. Segmentation result 

 

Fig.10  No.8 potato and its segmentation result 
 

In conclusion, the proposed algorithm in this paper could 
achieve complete segmentation on potato buds without any 
omission, and the total segmentation precision was 98.87%. 
Thereinto, segmentation precision for normal potatoes was 
up to 100%, and that for special potatoes was 91.67%.  

5  Conclusions 

This paper realized the fast segmentation on potato 
buds with chaos optimization-based K-means algorithm. The 
main conclusions are as follows: 

1) The proposed algorithm provided more accurate 
segmentation result, and cost less running time, compared 
with the state-of-the-art K-means and FCM algorithm. 

2) Running time of the proposed algorithm was less 
effected by the number of clusters when it was more than 3. 
This conclusion could be applied to the clustering of other 
crops with rich characteristics. And the optimal number of 
clusters was no more than 3 for the samples in this paper. 

3) The proposed algorithm could generally achieve a 
high segmentation precision, where the segmentation 
precision for normal potatoes was 100%, and that for special 
potatoes was 91.67%, and the overall precision was 98.87%. 

Consequently, the algorithm proposed in this paper has 
a promising future. The future research will focus on the 
automatic recognition on high-quality buds from the 
segmented buds in this paper, and three-dimensional 
segmentation of potato buds. 
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Abstract: In arid Xinjiang of China, a main cotton producing area, irrigation is an important measure of agricultural production, 
and researches yield rich experimental data. This study aimed to establish a large-scale water-nitrogen coupling model based on 

comprehensive analysis of existing field experimental data to estimate mulched drip irrigation cotton yield potential in Xinjiang. 
A total of 172 datasets on Xinjiang from the year of 1998 to 2016 were collected through literature retrieval. They included 19 

known cotton varieties with Xinlu as a main variety. Considering data acquisition and climatic conditions, Xinjiang was divided 
into northern and southern Xinjiang. In each, a water-nitrogen coupling model was established based on random classification of 

data by different cotton varieties. The model validation showed the model was reliable with determination coefficient (R2) of 0.57, 
normalized root mean square of error of 11%, and concordance index of 0.85 in the northern region, and R2 of 0.84, normalized 

root mean square of error of 8.3%, and concordance index of 0.95 in the southern Xinjiang, respectively. Based on the model, the 
optimal irrigation was 604 and 552 mm in the southern and northern Xinjiang, respectively, and the optimal fertilizer-N 

application rate was 325 and 354 kg/hm2 in the southern and northern Xinjiang, respectively. Available irrigation amount was 494 

mm in 2020 according to Xinjiang 2014—2016 and future planning (2020). Assuming fertilizer-N supply was optimally supplied, 

based on the established model, the yield potential of the northern and southern Xinjiang was 5 900 and 6 695 kg/hm2 in 2020 
under the limits of water sources, respectively. The total lint yield should be about 5.2×106 t in 2020 in Xinjiang. The actual lint 

yield in 2014 in Xinjiang was about 3.7×106 t, about 71% of the potential under the limits of water resources. The study can 
provide valuable information for application of mulched drip irrigation and agricultural water resources planning in Xinjiang. 
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0  Introduction 

Meeting future demand for crop yield has been a 
hotspot of studies in agriculture [1-2]. Xinjiang with superior 
sunlight and heat resources and few meteorological disasters 
is the largest cotton production area in China. According to 
data from National Bureau of Statistics in China, the 
Xinjiang cotton yield accounts for 67% of national total in 
2016. In Xinjiang, agriculture heavily depends on irrigation 
due to a lack of rainfall and strong evaporation. Mulched 
drip irrigation makes for a great contribution to the crop 
yield. It saves water by 18%-42%, increases water use 
efficiency by 35%-103% and cotton lint yield by 
10%-19%[3].Sufficient water supply is required for 
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maintaining and increasing cotton yield in Xinjiang. 
However, according to Goals of Water Conservancy Reform 
and Development in Xinjiang issued by the government in 
2011, the water supply ratio for the agriculture will decrease 
to 90% and the total water supply will decrease by 10 billion 
m3 by 2020 in Xinjiang. The Xinjiang agriculture will face a 
serious water shortage by 2020. It is important to clarify the 
cotton yield potential in Xinjiang under the reduced water 
supply to agriculture.  

Following the definition of yield potential defined by 
Evans[4], the cotton yield potential in Xinjiang is the yield of 
an adapted cotton cultivar when grown without water and 
nutrient limitations and kept free of biotic stresses in 
irrigated area. Crop growth models have been used for 
cotton yield estimation and good predictions have been 
reported by using AquaCrop model, Cotton Growth 
Simulation model (CGSM), Crop-Syst, COTTON2K, 
WOFOST et al [5-11]. However, these models usually need 
complex input parameters. In most places, some parameters 

·Soil and Water· 
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required by the models are difficult to acquire[12], especially 
for large-scale region such as the whole Xinjiang. Thus, only 
a few of models have been used for cotton yield prediction 
in Xinjiang [13].  

Field experiments are traditionally used to determine 
crop yield. Abundant valuable data from field experiments 
are available since the mulched drip irrigation is used in 
Xinjiang[14-16]. Cotton production is mainly affected by many 
factors such as climate, soil, irrigation, management and 
variety. Among these factors, climatic conditions, irrigation 
level, crop varieties, fertilization and soil type are the main 
influencing factors, while crop varieties, irrigation and 
fertilization are considered as controllable factors[17]. Studies 
have showed a parabolic relationship between crop yield and 
irrigation water[18]. The crop yield changes with the amount 
of nitrogen applied in a quadratic curve[19]. Nitrogen and 
water are the main limiting factors for high yield of mulched 
drip irrigation in cotton, and there is synergistic effect 
between them, and the effect of water is higher than that of 
fertilizer[19-20].Therefore, many studies used a statistical 
model (water-nitrogen coupling model) based on field data 
to describe the relationship between water, nitrogen fertilizer 
and yield. The water-nitrogen coupling model has been 
regarded as the classic empirical model. This kind of model 
cannot be promoted across regions and species. However, it 
has the advantages of simple structure, simple calculation, 
less data requirement and low application threshold[17,21]. 

There are a large number of experimental data on 
water-nitrogen coupling of cotton yield under mulched drip 
irrigation in Xinjiang. However, due to different research 
sites, field management and experimental design, the 
maximum cotton yield values obtained by these studies vary, 
which is difficult to guide the planning and development of 
large-scale regional agriculture. This study aimed to 
integrate these data, established a large-scale comprehensive 
model of cotton yield, and estimated the potential of cotton 
yield under mulched drip irrigation in Xinjiang, so as to 
provide valuable information for water resources plan and 
regulation in Xinjiang. 

1  Materials and methods 

1.1  Cotton production overview in Xinjiang 
The distance in Xinjiang (73°40'-96°23'E, 

34°25'-49°10'N) is 2 200 km from east to west and 1 500 km 
from south to north. Xinjiang is in the arid and semiarid 
inland and has a typical temperate continental climate 
characterized by strong evaporation and rare rainfall. 
Surrounded by mountains, Xinjiang is divided by the 
Tianshan mountain into Tarim Basin in the south and 
Junggar Basin in the north. Eastern Xinjiang is on the east of 
Tianshan, which mainly include Kumul and Turpan Basin. 
The cotton production is mainly distributed in the southern 
Xinjiang, the northern Xinjiang, and the eastern Xinjiang, 
especially in the southern Xinjiang[22]. Based on data issued 
by 2016 Xinjiang Statistical Yearbook (http://www.xjtj.gov. 
cn/sjcx/tjnj_3415/), the sowing area and yield of cotton in 
the eastern Xinjiang accounts for only 2.8% and 3.1% of the 

total of Xinjiang, respectively. The southern and northern 
Xinjiang could represent the main cotton production 
condition in the Xinjiang. In addition, limited by data 
acquisition, I didn’t include the eastern Xinjiang in this study. 
The rainfall in the northern Xinjiang is higher than the 
southern Xinjiang and the air temperature in the southern 
Xinjiang is higher than the northern Xinjiang. Table 1 shows 
difference of climatic factors in the southern and northern 
regions of Xinjiang. In this area, agriculture heavily depends 
on irrigation, and thus the area is a pure irrigation 
agricultural region[23].  

 

Table 1  Difference of climatic factors in different  
cotton growing regions of Xinjiang 

Item North South 
Longitude 4312-4911 2826-4145 
Latitude 8018-9023 7340-8634 

Frost-free days/d 140-180 200-238 
>10 ℃ cumulative temperature/℃ 1 176.8-3 950.8 3 803.4-4 697.7 

Radiation/(MJ·m2·a1) 5 264.9-5 528.0 5 508.0-6 341.8 
Multiyear mean sunshine hours/h 7.88 7.72 

Multiyear mean air temperature/℃ 5.15 10.42 
Multiyear mean relative humidity/% 58.76 45.09 

Annual evaporation/mm 159-7 000 2 100-2 600 
Annual precipitation/mm 98-289 33-65 

Note: Data on frost-free days, >10 ℃ cumulative temperature, and radiation are 
from literature[24]. Data on air temperature, sunlight, and relative humidity are 
obtained from 42 meteorological stations during 1961—2016 provided by China 
Meteorological Administration. Data on precipitation and evaporation are from 
literature[25]. 
 

Irrigation water is from underground water, surface 
water and glaciers in Tianshan mountain. Irrigation methods 
in Xinjiang include conventional flooding irrigation, spray 
irrigation, and micro-irrigation (mulched drip irrigation, 
subsurface drip irrigation and et al.), mostly water-saving 
irrigation. Since 1990, the cotton variety has been dominated 
by Xinluzao in the northern Xinjiang, and Zhongmiansuo and 
Xinluzhong in the southern Xinjiang[26-27]. The growing 
season of the cotton is from April to October.  

1.2  Data sources 
A total of 64 published papers were collected by 

reference retrial method in main databases of China National 
Knowledge Infrastructure (CNKI), Wanfang, SCI direct and 
others. Among them, 20 papers[10,28-47] provided clear 
information on place, year, fertilizer-N application rate, 
irrigation water amount etc. From the papers, 172 groups of 
data were derived including 121 groups of data from 13 
papers for the northern Xinjiang and 51 groups of data from 
6 papers for the southern Xinjiang (Table 2). The 
experimental areas were Bozhou (Jinghe, Bole), Tacheng 
(Usu, Shawan), Changji (Manas), Shihezi, Bazhou (Korla, 
Yuli), Aksu (Awati), which were the preferentially developed 
areas according to the 13th Five-year Plan for Modern 
Agriculture (Planting) in Xinjiang Uygur Autonomous 
Region. Thus, data from these areas were representative of 
future cotton planting development. A total of 19 known 
varieties were involved. Xinluzao and Xinluzhong were the 
dominant varieties respectively in the northern and the 
southern Xinjiang, which is consistent with the actual 
condition in Xinjiang. Soil texture of these locations ranged 
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sand to clay (Table 3). During the process of data collection 
and pretreatment, data quality was controlled based on the 
strict criteria. Data were collected from the main cotton 
production areas, involved the main cotton variety, and 
could represent cotton production condition in Xinjiang. 

 

Table 2  Cotton varieties and corresponding 
data groups in this study 

Regions Cotton varieties (variety No.) Datasets 
Xinluzao (No. 13, 29, 33, 710, 7, 9) 73 

Northern Xinjiang 
Biaozha, Zhongmiansuo, the others 48 

Xinluzhong (No. 21, 26) 33 
Southern Xinjiang 

Mianzhaofeng, Bamian, Xinhai, the others 18 

 

Table 3  Summary of data-related soil, climate and  
cotton planting management 

Index Description 
Soil texture or type Loam, sandy, silt clay, light saline-alkaline 

Soil organic matter content/% 0.13-3 
Soil pH value 7.4-8.8 

Annual precipitation/mm 20-280  
>10 ℃ cumulative temperature/℃ 3 450-4 500 

Experimental period 1998-2016 
Planting density/(hm2) 135 000-290 000  

Fertilizer-N application rate/(kg·hm-2) 0-900  
Irrigation amount/mm 60-675  

Irrigation interval/d 2-16  

 

1.3  Model establishment and validation 
Typical water-N coupling model is  
 Y=a1+a2W+a3F+a4W

2+a5F
2+a6WF (1) 

Where, Y is cotton seed yield, kg/hm2; W is irrigation 
amount, mm; F is fertilizer-N application rate, kg/hm2; a1-a6 
are undefined coefficient. It is an empirical formula. The 

coefficient is obtained by regression of independent variable 
(W and F) and dependent variable (Y). 

Model fitting and data analysis were conducted in 
Statistix 9.0. The established model was evaluated by index 
usually used including determination coefficient (R2), root 
mean square of error (RMSE), normalized root mean square 
of error (nRMSE) and concordance index (d)[48-49]. The high 
R2 value and d values closer to 1 show good agreement 
between the simulated and measured values. The nRMSE 
value indicates relative difference between the measured and 
simulated values. Model is considered as excellent, good, 
normal and bad when the nRMSE value is <10%, 10%-20%, 
>20%-30% and >30%[48]. 

2  Results and analysis 

2.1  Establishment and validation of water-N coupling 
model for cotton yield  

Variety is an important influential factor and variety 
update contributes to 43.9% of yield increase[27]. In addition, 
correlation analysis in this study showed that if ignoring 
variety, the irrigation amount and fertilizer-N application 
rate were correlated with the cotton yield with r of 0.43 and 
0.36 (P<0.01), respectively, which could not meet the model 
fitting precision. Thus, I classified the data by the cotton 
variety. Then, taking into account of data acquisition and 
climatic (radiation, temperature and et al.) conditions, the data 
were classified into 2 subsets for the southern and northern 
Xinjiang, respectively. Each subset was randomly divided 
into 2 groups. One group was for model establishment and 
the other for validation. The data is shown in Table 4.  

Table 4  Data for model simulation and validation  
Southern Xinjiang (cotton Xinluzhong) Northern Xinjiang (cotton Xinluzao) 

Model establishment Model validation Model establishment Model establishment (Continued) Model validation 

F/ 
(kg·hm-2) 

W/ 
mm 

Y/ 
(kg·hm-2) 

F/ 
(kg·hm-2) 

W/ 
mm 

Y/ 
(kg·hm-2) 

F/ 
(kg·hm-2) 

W/ 
mm 

Y/ 
(kg·hm-2) 

F/ 
(kg·hm-2) 

W/ 
mm 

Y/ 
(kg·hm-2) 

F/ 
(kg·hm-2) 

W/ 
mm 

Y/ 
(kg·hm-2) 

240 320 4 000 240 320 4 531 300 375 7 376 150 315 4 776 250 445 5 846 
240 320 6 100 360 320 6 506 300 330 4 660 450 420 5 537 135 270 2 114 
360 320 6 525 300 330 6 453 270 390 4 500 450 225 2 853 180 300 2 261 
360 320 6 778 300 390 6 992 270 510 5 617 450 316 5 630 225 330 2 306 
150 330 5 136 375 390 6 724 150 445 5 306 450 450 4 439 270 360 2 178 
225 330 5 868 150 450 5 657 200 445 5 631 450 329 3 871 150 225 2 065 
375 330 6 382 0 675 2 896 300 445 5 896 450 248 2 895 240 315 1 899 
150 390 5 968 225 675 6 193 350 445 5 891 200 291 4 055 450 303 4 899 
225 390 6 436 300 675 6 683 206 330 4 719 250 291 4 472 450 348 4 385 
225 450 6 159 375 675 6 486 206 450 5 745 350 291 4 489 150 291 3 983 
300 450 6 597    180 270 5 405 150 368 5 149 300 291 4 397 
375 450 6 512    225 270 5 446 250 368 5 635 200 368 5 302 

0 495 2 568    270 270 5 480 300 368 5 705 350 368 5 616 
0 585 2 786    135 300 5 472 150 445 5 306 300 445 5 896 

150 495 5 136    225 300 5 521 200 445 5 631 350 445 5 891 
150 585 5 970    270 300 5 532 250 445 5 846 250 291 4 610 
150 675 5 628    135 330 5 555 150 291 4 297 350 291 4 415 
225 495 5 868    180 330 5 776 200 291 4 502 250 368 5 574 
225 585 6 436    270 330 5 618 300 291 4 451 150 445 5 514 
300 495 6 453    135 360 5 454 150 368 4 851 206 390 6 151 
300 585 6 992    180 360 5 499 200 368 5 424 60 135 3 560 
375 495 6 382    225 360 5 435 300 368 5 569    
375 585 6 725    150 135 3 840 350 368 5 499    

      240 135 3 955 200 445 5 685    
      60 225 4 442 250 445 5 888    
      240 225 4 638 300 445 5 811    
      60 315 4 537 350 445 5 745    

Note: W is irrigation amount, mm; F is fertilizer-N application rate, kg·hm2; Y is cotton seed yield, kg·hm2; same as below.  
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Variety Xinluzao and Xinluzhong were used for model 

establishment in the northern and southern Xinjiang, 

respectively. The simulation results based on water-nitrogen 

coupling model for cotton yield are shown in Table 5 and 

Fig.1. As shown in Table 5 and Fig.1, the Xinluzao cotton 

yield model in the northern Xinjiang had the R2 of 0.57-0.62, 

nRMSE of 11%-21%, and d of 0.85-0.86 while the 

Xinluzhong cotton yield model in the southern Xinjiang had 

the R2 of 0.83-0.84, nRMSE of 8.3%, and d of 0.95. The 

nRMSE lied between normal and excellent. The d value 

about 0.9 indicates a good agreement of simulated and 

experimental values. It indicates that the water-nitrogen 

coupling models are reliable for cotton yield simulation in 

Xinjiang. Based on the model, the maximum cotton yield 

was 5 961 and 6 773 kg/hm2 for the northern and the 

southern Xinjiang, respectively (Fig.2). The maximum 

cotton seed yield of the southern Xinjiang was 1.1 times as 

that of the northern Xinjiang. To obtain the maximum yield, 

the optimal irrigation amount and fertilizer-N application 

rate were 552 mm and 354 kg/hm2 in the northern Xinjiang, 

respectively, while the optimal irrigation amount and 

fertilizer-N application were 604 mm and 325 kg/hm2 in the 

southern Xinjiang, respectively (Fig.2). 

When the fertilizer-N application rate was fixed to 

the mean (245 and 249 kg/hm2, respectively for the 

southern and northern Xinjiang), the model could 

describe the relationship between irrigation and yield 

(Fig.3a and Fig.3c). When the irrigation amount was fixed 

to the mean (465 and 343 mm, respectively for the 

southern and northern Xinjiang), the model reflected the 

change of yield with fertilizer-N application rate (Fig.3b 

and Fig.3d). The yield increased firstly and then 

decreased after a certain critical point with both the 

irrigation and fertilizer-N application rate. 
 

Table 5  Water-nitrogen coupling model simulation result under mulched drip irrigation 

Model establishment Model validation 
Regions Variety Equations 

n d nRMSE/% R2 n d nRMSE/% R2 

Northern Xinjiang Xinluzao Y=2163.77+11.46W +3.58F0.018W20.024F2+0.024 WF 54 0.86 21 0.62 21 0.85 11 0.57 

Southern Xinjiang Xinluzhong Y=397.817+9.104W+26.675F0.00587W20.035F20.00597WF 23 0.95 8.3 0.83 10 0.95 8.3 0.84 

Note: n is data points; d is concordance index; nRMSE is normalized root mean square of error; R2 is coefficient of determination. Same as below. 

 

 
 

Fig.1  Water-nitrogen coupling model simulation results for different cotton varieties under mulched-drip irrigation 
 

 
 

Note: Values on contour lines are cotton seed yield, kg·hm2. 
 

Fig.2  Contour plots of cotton seed yield based on water-nitrogen coupling model under mulched-drip irrigation 
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Note: In Fig.a and Fig. c, the fertilizer-N application rate is 245 and 249 kg·hm2; in Fig.b and Fig.d, the irrigation amount is 465 and 343 mm. 
 

Fig. 3  Change of cotton seed yield with irrigation and fertilizer-N application rate 

 
2.2  Cotton yield estimation based on water-nitrogen 
coupling model in 2020 
2.2.1  Available irrigation water estimation for cotton in 
2020 

By investigation, I obtained micro-irrigation quota and 
sowing area for cotton in 2014 (Table 6). Based on the sowing 
area and micro-irrigation quota, the irrigation water for 
cotton based on water-saving technologies was 8.43×109 m3 
in 2014. The 2014 Xinjiang water resources bulletin (http:// 
www.xjslt.gov.cn/2017/12/11/slgb/60050.html) reported that 
the agricultural water allocation in Xinjiang was 5.51× 
1010 m3, and thus the irrigation water for cotton accounted 
for 15.3% of the total agricultural water allocation in 2014 
(Table 6). The Goals of Water Conservancy Reform and 
Development in Xinjiang requires agriculture water decrease 
to 90% of the total by 2020. So, the available agricultural 
water in 2020 would be 4.95×109 m3. If the cotton sowing 
area was stable from 2014 to 2020, the irrigation water 
amount would be 7.57×109 m3 in 2020. Then, the available 
water amount per unit area for the cotton would be 494 mm.  

2.2.2  Cotton yield potential in 2020 under limits of water 
resources 

Since the chemical fertilizer-N is easy to obtain, I 
assumed that the fertilizer-N could be sufficiently applied to 
the optimal levels in 2020. Based on the 494 mm irrigation 
amount and the established models, the cotton yield would 
be 6 695 and 5 900 kg/hm2 for the southern and northern 
Xinjiang, respectively (Table 7). The total cotton seed yield 
would be about 1.2×107 t in 2020. The lint percent is usually 
40% and 42% for the Xinluzao and Xinluzhong[27], 
respectively. Thus, under the limited water supply in 2020, 
the cotton lint yield would be about 5.2×106 t in 2020 in 
Xinjiang. The actual lint yield in 2014 in Xinjiang is about 
3.7×106 t[5], reaching 71% of the cotton lint yield in 2020 
under the limits of water resources. It indicates that the 
cotton production in 2014 hasn’t reach the potential with the 
limits of water resources and the cotton yield could be 
improved by 29% if optimal fertilizer-N application rate, 
cotton variety, irrigation and management method were 
used.  

 

Table 6  Irrigation amount for cotton in Xinjiang in 2014 

Regions Sowing area/104hm2 Micro-irrigation quota/(m3·hm-2) Irrigation amount for cotton/109m3 Water for agriculture/1010m3 

Production and Construction Corp 70.057 5 097.45 3.57 

The other region 1 25.273 3 875.565 4.86 
 

Total  1 95.330  8.43 5.51 

 

Table 7  Potential cotton yield with optimal water and N supply estimated by large-scale water-nitrogen coupling model based on 
data in 1998—2016 and predicted cotton yield in 2020 with limits of water resources under mulched-drip irrigation 

Based on data in 1998—2016 2020  

Region of 
Xinjiang 

Variety Optimal irrigation 
amount/mm 

Optimal fertilizer-N 
amount/(kg·hm-2) 

Max cotton seed 
yield/(kg·hm2) 

Sowing 
area/ 

104hm2 
Available irrigation 

amount/mm 

Cotton seed 
yield/ 

(kg·hm2) 

Total 
cotton 
seed 

yield/106t 

Total  
lint  

yield/106t 

North Xinluzao 552 354 5 961 49 494 5 900 2.89 1.16 

South Xinluzhong 604 325 6 773 142 494 6 695 9.51 3.99 

Total     191   12.40 5.15 

 

3  Discussion 

During the model establishment, I considered the 
influence of region, irrigation, fertilizer and variety. The 
southern and northern Xinjiang are characterized by 
distinctly different climatic conditions (Table 1). Thus, I 

indirectly considered the influence of climatic factors on 
cotton production. Based on the model, the yield increased 
firstly and then decreased after a certain critical point with 
both the irrigation and fertilizer-N application rate. The trend 
was consistent with previous studies in field 
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experiments[18-20]. Different from previous studies, the model 
in this study evidenced a large-scale regional application of 
the water-nitrogen coupling model in Xinjiang, which has 
not been reported so far.  

The sunlight and temperature in the southern Xinjiang 
are better than that in the northern Xinjiang, and thus the 
yield in the former higher than that in the latter is consistent 
with practical situation. When fertilizer-N rate and irrigation 
amount are optimal, the maximum cotton seed yield of the 
southern and northern Xinjiang can theoretically represent 
difference of climatic and soil conditions. According to Xu 
et al.’s study on thermal production potential in Xinjiang[50], 
the highest value was about 1.3 times the lowest value. In 
our study, the maximum cotton seed yield of the southern 
Xinjiang was 1.1 times as that of the northern Xinjiang. 

Gao et al.[51] recommended the irrigation amount of 675 
mm to obtain maximum cotton yield in Korla; Wang et al.[18] 
suggested the optimal irrigation amount 280-307 mm for the 
northern Xinjiang based on CHAIN_2D model validated by 
using data from fields experiments in Shiheizi; Xing et al.[52] 
reported the irrigation amount of 420 mm for maximum 
cotton yield in the Tarim basin. He et al.[53] recently found 
that the optimal irrigation amount and fertilizer-N 
application rate were 523 mm and 500 kg/hm2 in Shiheizi. 
However, Guo[54] showed that optimal irrigation amount and 
fertilizer-N application rate were 419 mm and 224 kg/hm2 in 
Shihezi, respectively. Suggested irrigation amount and 
fertilizer-N application rates from field experiments various 
greatly. It is because the results are not only dependent on 
different soil and climatic conditions but also on experience 
of researchers in management in different fields experiments. 
In this study, optimal irrigation amount and fertilizer-N 
application rate were respectively determined for the 
southern and the northern Xinjiang based on models. In 
water resource planning, the determined value could be used 
directly, which avoids the subjectivity during selecting 
results from different experiments at regional scale. In this 
respect, the model here is useful in solving regional 
problems at regional scale. However, the model here ignores 
the difference of plots and thus is of limitations in guiding 
field production.  

4  Conclusions 

Based on the cotton variety and planting region, I 
established large-scale water-N coupling models of cotton 
yield for the southern and the northern Xinjiang. The models 
were reliable with the concordance index about 0.9, R2 of 
0.57-0.84, and normalized root mean square of error 
between normal and excellent range. Based on the 
established model, for the southern and the northern 
Xinjiang, the optimal irrigation was 604 and 552 mm, 
respectively; the optimal fertilizer-N application rate was 
325 and 354 kg/hm2, respectively. Correspondingly, the 
maximum cotton yield was 6 773 and 5 961 kg/hm2, 
respectively. In 2020 with the limits of water resources, 
assuming the fertilizer-N application rate was optimally 
supplied, the potential cotton yield in 2020 would be 6 695 

and 5 900 kg/hm2 for the southern Xinjiang and the northern 
Xinjiang, respectively, and the total lint yield would be 
about 5.2×106 t. The actual lint yield in 2014 reached 71% 
of the cotton lint yield potential in 2020. The cotton yield 
has the great potential to be improved.  
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Abstract: AsA (L-ascorbic acid)，also known as vitamin C, is an abundant antioxidant in plants. The previous study found that 
the AsA level of cucumber was higher under the short-term nitrogen deficiency than control（without nitrogen deficiency）. 
However, the regulatory mechanism is not explicit. In this study, the mechanism of short-term nitrogen deficiency at the 
flowering stage improving AsA content of cucumber was studied. The effect of relative enzyme activities and AsA-GSH 
recycling-related genes expression profiles, as well as the hydrogen peroxide (H2O2), malondialdehyde (MDA) and AsA contents 
were studied in hydroponic cucumber under short-term nitrogen deficiency，respectively. Based on this, the mechanism of AsA 
content increasing in cucumber under short-term nitrogen deficiency was studied. The results showed that under nitrogen 
deficiency, the content of MDA and H2O2 increased by 1- and 0.8-fold in the fruits of T1 (without nitrogen at flowing stage) 
compared with CK(nitrogen content of 12 mmol/L at flowing stage) on the 7th day after nitrogen deficiency treatment, 
respectively. The superoxide dismutase (SOD) activity, peroxidase (POD) activity and catalase (CAT) activity in the fruits of T1 
increased by 60%, 21% and 74% respectively on the 7th day. Moreover, the total AsA (T-AsA) content in fruits and leaves were 
increased by 70% and 17% on the 5th day, respectively. The expression levels of APX-1, APX-3, APX-4, APX-5, AO-4, GR-1 and 
GR-2 were significantly up-regulated on the 1st day in leaves of T1 under short-term nitrogen deficiency. In the fruits of T1, 
transcripts of AO-1, MDHAR-1, MDAHR-3, GR-2 and APX-5 were higher than that of the control on the 1st day. The APX 
activity of T1 fruits increased by 51.6% on the 5th day. The MDHAR activity in leaves and fruits of T1 increased by 59.6% and 
24.8% on the 3rd day, respectively. And the DHAR activity in fruits of T1 increased by 109% on the 3rd day. It can be seen that 
short-term nitrogen deficiency  at flowering stage promoted the accumulation of T-AsA in cucumber fruits and leaves, the 
activities of related enzymes in AsA-GSH recycling pathway increased, and the expression level of genes in AsA-GSH recycling 
pathway were up-regulated. 
Keywords: nitrogen; mechanisms; enzymes; gene expression; AsA (L-ascorbic acid); short-term nitrogen deficiency; cucumber; 
AsA-GSH recycling 
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0  Introduction 

AsA (L-ascorbic acid) is rich in cucumber (Cucumis 
sativus L.). It can protect plants from abiotic stress and 
provide essential nutrient to human. Thus, it is necessary and 
significant to promote AsA content in cucumber production. 

For cultivated varieties, AsA content in cucumber mainly 
depends on the cultivation measures and environmental 
conditions such as light, temperature and moisture. Among 
these factors, the nitrogen level exerts a considerable 
influence on AsA in plants[1]. Several studies on spinach and 
Chinese cabbage have found that a high concentration of 
nitrogen supply will lead to a decrease in the AsA and 
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accumulation of NO3
−[2-4]. Excess nitrogen fertilizer can also 

pollute water and soil[5]. Our previous work show that 
short-term nitrogen deficiency significantly increases AsA 
level in cucumber seedlings, and short-term nitrogen 
deficiency at fruiting stage of cucumber improves the fruit 
quality, for example the contents of soluble protein, soluble 
solids and AsA increase, while the content of nitrate 
decreases [6-7].  

AsA is one of most important antioxidants for plants, 
and is a signal for the regulation of antioxidant mechanism[8]. 

Furthermore, it is involved in reactions in the AsA-GSH 
recycling and plays an important role in response and 
adaptation to stress[9-11]. In the AsA-GSH recycling pathway, 
APX can scavenge hydrogen peroxide (H2O2) with the help 
of AsA and ascorbate oxidases (AO) can make AsA into the 
monodehydroascorbate (MDHA). MDHA is reduced back to 
AsA by monodehydroascorbate reductase (MDHAR), and it 
can also spontaneously become to dehydroascorbate 
(DHA)[10]. Then the resultant DHA is reduced to AsA in a 
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reaction catalysed by dehydroascorbate reductase (DHAR). 
Moreover the reducing power of DHAR activity is supplied 
by the oxidation of glutathione (GSH) to glutathione 
disulphide (GSSG). Finally, GSH in turn is regenerated from 
GSSG by glutathione reductase (GR) [12]. Many experiments 
show that APX and AO activities increas in various species 
subjected to different stress conditions such as high or low 
temperature, high light, salinity, ozone, drought and 
chilling[13]. Gao reported that AsA-GSH recycling was closely 
related to tolerance of plants to multiple environmental 
stresses[14]. AsA and GSH play important roles in plant stress 
resistance through AsA-GSH recycling[15]. 

Changes of AsA and the AsA-GSH recycling in plant 
are beneficial to plant defence when the adequate response is 
induced withstand the stress condition. Short-term nitrogen 
deficiency is a form of nutritional stress for plant. In the 
present study, we further explored effect of short-term 
nitrogen deficiency on AsA content, the changes of enzyme 
activities and expression level of genes involved in the 
AsA-GSH recycling pathway of cucumber especially in 
flowering stage. It hopes that the study is helpful to improve 
cucumber fruits quality and avoid nitrogen fertilizer abuse.  

1  Materials and methods 

1.1  Plant materials and treatments 
Cucumber was planted on May 21, 2016, and the first 

sampling was collected on July 7, 2016. Cucumber seeds 
were washed with 50 ℃  distilled water for 30 mins, 
sterilized in 5% (w/v) NaClO for 15 mins and then 
germinated for 1 day at 30 ℃ in an incubator. Then the 
germinated seeds were sown in vermiculite in the 
greenhouse of the Institute of Vegetables and Flowers, 
Chinese Academy of Agricultural Sciences (Beijing, China, 
39.9N). During the time, they were cultivated by the 
reformative Hoagland nutrient solution. The seedlings with 2 
leaves were transplanted into rectangular boxes filled with 
nutrient solution, and the seedlings were secured with 
sponge. During the seedling stage, they were grown in 
reformative Hoagland nutrient solution containing NO3

 
12 mmol/L, NH4

+ 1 mmol/L, Ca2+ 4 mmol/L, K+ 6 mmol/L, 
Mg2+ 2 mmol/L, Fe3+ 79 μmol/L, PO4

3 1 μmol/L, SO4
2 

3.5 μmol/L, Mo6+ 0.1 μmol/L, Cu2+ 0.3 μmol/L, Zn2+ 
0.8 μmol/L, Mn2+ 9.6 μmol/L, and B3+ 46.3 μmol/L. During 
the flowering stage, when the seven or eight node of the 
cucumber female flower began to bloom, the cucumber 
plants with the same growth were selected and transplanted 
into new rectangular boxes containing reformative Hoagland 
solution with 12 mmol/L (control, CK), 3 mmol/L (second 
treatment, T2) or 0 mmol/L (first treatment, T1) nitrogen. 
The content of other elements remained basically the same 
except nitrogen content in each treatment, and the external 
environment and plant management mode of the greenhouse 
were consistent during the experiment. And enough 
cucumber plants were guaranteed for each trial treatment. 
Samples were collected at 0 (the day on which the female 
flowers bloomed), 1, 3, 5, and 7 days after treatment, and 
each sample was replicated three times. The samples of fruit 

were picked from 7 or 8 nodes of cucumber plant and the 
samples of leaf were functional leaf above the fruit. They 
were immediately frozen in liquid nitrogen and stored at 
80 ℃ until physiological characteristics were determined. 
1.2  Measurements of physiological parameters and 
T-AsA, AsA and DHA contents 

Malondialdehyde (MDA) content was measured 
according to thiobarbituric acid (TBA) method according to 
the ‘Principles and Techniques of Plant Physiological and 
Biochemical Experiment’. Firstly, approximately 0.3-0.5 g 
of leaves sample and 1.0-3.0 g of fruits samples were ground 
in 5 mL 5% trichloroacetic acid (TCA). Then the extract was 
centrifugal for 10 min at 3 000 r/min. Next, 2 mL of the 
supernatant and was draw and 2 mL of TBA solution 
(concentration of 0.67%) was added, the mixture was bathed 
in the boiling water for 30 min after mixing well. The 
mixture was centrifuged for 10 min at 3 000 r/min after 
cooling. Finally, the absorbance of the supernatant was 
measured at 450, 532 and 600 nm respectively.  

MDA concentration (CMDA, μmol) was calculated by 
the formula of CMDA = 6.45 (A532-A600) 0.56 A450, where 
A532, A600 and A450 mean absorbance at 450, 532 and 
600 nm, respectively. The calculation of calculate the MDA 
content was calculated based on fresh weight (FW) of 
sample (μmol/g). 

H2O2 content was determined using a reactive substance 
assay kit (Suzhou Comin Biotechnology Co. Ltd., China).  

Total ASA(T-AsA) and AsA contents were determined 
by the method described by Kampfenkel et al.[16]. The 0.3 g 
leaves samples and 0.5 g fruits samples were homogenized 
using 4 mL phosphoric acid solution, pre-cooled in an ice 
bath, and centrifuged at 12 000 r/min for 20 mins at 4 ℃. 
The supernatants were collected for determination of T-AsA 
and AsA. The reaction mixture for T-AsA determination 
contained 0.8 mL phosphate buffer (pH value of 7.4, 5 mmol 
EDTA), 0.2 mL of the collected supernatant, and 0.2 mL 
10 mmol dithiothreitol (DTT). The solution was mixed, 
placed in a water bath at 42 ℃ for 15 mins, and added with 
0.1 mL N-ethylmaleimide (NEM), the mixture was 
maintained at room temperature for 2 mins. Subsequently, 
1.0 mL 10% (w/v) TCA, 0.8 mL 42% (v/v) phosphoric acid 
solution, 0.8 mL 2% (w/v) 2,2-bipyridine, and 0.4 mL 3% 
(w/v) FeCl3 were added; this solution was mixed and placed 
in a water bath at 42 ℃ for 1 hour. Finally, the absorbance 
of the supernatant were measured at 525 nm after 
centrifugation at 10 000 r/min for 2 mins. 

Determination of AsA was similar, except that DTT and 
NEM were not added to the reaction mixture. The DHA 
content was determined by subtracting the calculated AsA 
content from the T-AsA content. 
1.3  Enzyme extraction and activity assays 

Superoxide dismutase (SOD), peroxidase (POD) and 
catalase (CAT) were assessed using a reactive substance 
assay kit (Suzhou Comin Biotechnology Co. Ltd., China). 
One unit of SOD activity was defined as the quantity of 
enzyme required to induce 50% inhibition of nitrotetrazolium 
blue chloride (NBT) reduction measured at 560 nm. One 
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unit of POD activity was defined as the quantity of enzyme 
that caused change in absorbance of 0.01 at 470 nm in one 
min. One unit of CAT activity was defined as the quantity of 
enzyme that caused change in absorbance of 0.1 at 240 nm 
in one min. 

The activity of ascorbate peroxidase (APX) was 
measured by monitoring the decrease in absorbance at 290 
nm, adapted from Gupta and Asada[17-18] . One unit of APX 
activity was defined as 1μmol ascorbate oxidized per min 
per mg protein. 

A spectrophotometric assay of AO activity was 
performed according to a modified method based on 
ascorbate absorption at 265 nm and detection of the 
oxidation product DHA[19]. One unit of AO activity was 
expressed as 1 μmol DHA reduced per min per mg protein. 

Activity of MDHAR was assayed by measuring the 
decrease in absorbance at 340 nm, and activity of DHAR 
was assayed by monitoring production of AsA and the rate 
of non-enzymatic DHA reduction was subtracted following 
Ma and Cheng’s method[20]. One unit of MDHAR activity 
was expressed as 1 μmol DHA reduced per min per mg 
protein. Additionally one unit of DHAR activity was also 
defined as 1 μmol DHA reduced per min per mg protein.  

The activity of glutathione reductase (GR) was assayed 
by measuring the decrease in absorbance at 340 nm due to 
the NADPH oxidation[21]. So the one unit of GR activity was 
expressed as 1 μmol glutathion oxidized per min per mg 
protein.  

Protein concentration in samples was measured  
by Quick Start Bradford Protein Assay Kit (Bio-Rad, 
Hercules, CA, USA), and bovine serum albumin was the 
standard substance. 
1.4  RNA isolation and quantitative real-time PCR  

Total RNA was isolated using TRIzol reagent (Invitrogen, 

USA) according to instructions of manufacturer from each 
independent sample. RNA concentration was measured 
using the Qubit® RNA Assay Kit and a Qubit® 
2.0 Fluorometer (Life Technologies) and final concentration of 
RNA was approximately 1 μg/μL. Additonally the RNA 
purity was checked using the NanoPhotometer® 
spectrophotometer (IMPLEN). The cDNA synthesis was 
performed using Revert Aid First Strand cDNA Synthesis 
Kit (Thermo Scientific). Quantitative real-time PCR 
(qRT-PCR) was performed using SYBR Premix Ex Taq 
(TaKaRa, Japan) on an iQ5 system (Bio-Rad, USA) in a 
15-μL reaction volume according to manufacturer’s protocol. 
The amplification of PCR products was monitored using 
SYBR-Green (TaKaRa, Japan). Actin (GenBank EF063572) 
transcripts were utilized to standardize the different gene 
cDNA samples[22]. The 2ΔΔt method was used to analyse the 
relative gene expression level[23]. In this study, comparative 
threshold (CT) values were normalized to actin control and 
then relative gene expression levels were obtain compared to 
CT values of actin gene and target gene[24]. The PCR 
conditions were: 5 mins initial denaturation at 95 ℃ for 30 s, 

followed by 30 cycles of denaturation at 94 ℃ for 30 s, 

annealing at 50 ℃ for 30 s and extension at 72 ℃ for 2 mins. 
The gene expressions of AsA-GSH recycling pathway 

were analyzed. We investigated the enzymes involved in 
these pathways using cucumber or Arabidopsis and the 
NCBI website (http://www.ncbi.nlm.nih.gov/). We searched 
the predicted genes from the Cucurbit Genomics Database 
(http://www.icugi.org/). Gene-specific primers were designed 
from the sequences of these cucumber genes using Primer 
5.0 software (Table 1). These primers were checked by PCR 
and after PCR the melting curve was generated to test the 
primers’ specifity.  

 

Table 1  Sequences of specific primers used in qRT-PCR 

Gene Forward primer (5-3) Reverse primer(5-3) Gene ID 

Actin TCCACGAGACTACCTACAACTC GCTCATACGGTCAGCGAT EF063572 

AO1 TGGTGAACCACAGCCTATACTCA GAGGGCAGAGAGTGAAGTGGTAC Csa1M602540 

AO2 TGGATTGGTGAGCCTCAGAG CAGTTCGTGATTTCCAATGGC Csa1M604040 

AO3 TGGAGAGCCTCAGACCATACTC CACCAGCATTGTGTGATTCTG Csa1M602530 

AO4 GCCTGATTCACTGTTGATTCAAG TGGTGTGACCCTCAATTTG Csa6M500640 

APX1 GCAGATCTGTACCAGCTTGCTG CAGCAATTCCACAAAGTAGGAGTTATC Csa6M507100 

APX2 CACACTTTGGGAAGAGCACA TGCATCTTCATCTTTGGCATAC Csa7M011830 

APX3 CTTCGTCTCGCATGGCA CCACCAGTAACTTCAATGGCA Csa6M298480 

APX4 TCACACATTGGGTAGGGCA CATCCTCATCGGCAGCATA Csa1M479610 

APX5 AACTCGCAGCACAAAGTGGC CGGACAGAACTGCCAGCTG Csa3M889840 

APX6 CGACACGAGAACTAGTTGCACTATC CTCTTTGATCCATCTCAAGCATTC Csa2M381780 

MDHAR1 CCGGTTCCACTGTCATAAAATTG GATCATGGTAACATCAAGATCGTTG Csa3M775240 

MDHAR2 TATCCAAGGAGGCGGTTG CTCTTGGCAGGAAGATCTGC Csa6M451470 

MDHAR3 TGGAGTGGCAGCAGGATATG GAGGATCAATTCTATCCCTTTCTCTTC Csa3M099720 

MDHAR4 TGAAGCACAGTGCATGCC CCAACAACAACCATGTCAACA Csa5M524740 

DHAR1 CTTCTGTGGGATCGAAGATATTTAGTG CATGGTACAACTTCGGTGC Csa5M179760 

DHAR2 CTCCTGACAAATCTTCAGTAGGATC CAACTTTGGACCAAGTGACAGAT Csa3M285550 

GR1 TACGATCTCTGGCCGACAAGAG ATGGGTGTATTCCAACAGTGCTG Csa3M132010 

GR2 CGTGGAAAGATTCTGGATGAAC GATGCCAGCAAATTCTAGAGC Csa7M378460 

Note: ascorbate oxidase(AO); ascorbate peroxidase(APX);monodehydroascorbate reductase(MDHAR); dehydroascorbate reductase(DHAR); glutathione reductase (GR). 
The Same as below.



  

 

79 

Li Yunyun et al. Mechanism of short-term nitrogen deficiency at flowering  
stage improving content of vitamin C in cucumber 

1.5  Statistical analysis 
Data were analyzed in SPSS software. Statistically 

significant differences were tested by Duncan’s test at level 
of <0.05.  

2  Results and analysis 

2.1  Effects of short-term nitrogen deficiency on  
physiological changes in cucumber leaves and fruits  

MDA is an important metabolic by-product in stressed 
plants. The study showed that MDA content in leaves did 
not change significantly in the first 5 days of treatment 
(Table 2). It was approximately 0.5-fold and 0.28-fold higher 
in the T1 and T2 leaves respectively than the control on the 
7th day. It increased by about 1-fold in the T1 fruits on the 
7th day. The H2O2, is continuously generated in plant tissues as 
a by-product of metabolic processes. In this study, the H2O2 
content measured in T1 leaves was approximately 0.7-fold 
higher than that measured in the control on the 7th day. It 
increased by 0.8-fold in the T1 fruits on the 7th day(Table 3). 

The SOD activity, POD activity and CAT activity in the 
fruits of T1 increased by 60%, 21% and 74% on the 7th day, 
respectively. The SOD activity in the leaves of T1 increased 
4-fold on the 7th day compared with 0 day. Moreover, the 
POD activity in the leaves of the T1 was approximately 0.5- 
fold higher than in the control on the 7th day. The CAT 
activity increased by approximately 0.5-fold in the leaves of 
T1 on the 7th day, compared with the control (Table 2, Table 3). 

 

Table 2  Effects of short-term nitrogen deficiency on  
antioxidant substances in leaves of cucumber 

Time of treatment 
Index Treatment 

0 d 1 d 3 d 5 d 7 d 

CK 0.020a 0.021a 0.019a 0.022a 0.021a 

T1 0.020a 0.021a 0.021a 0.024a 0.032c 
MDA content/ 
(μmolg1) 

T2 0.020a 0.020a 0.021a 0.023a 0.027b 

CK 5.15a 5.77a 6.57a 6.36a 6.78a 

T1 5.15a 6.96a 9.37b 9.40c 11.60c 
H2O2 content/ 
(μmolg1) 

T2 5.15a 5.96a 7.00a 7.70b 8.38b 

CK 50.0a 75.4a 100.7a 133.6a 173.8a 

T1 50.0a 64.6a 132.4b 188.2c 235.0b 
SOD/ 
(Umg1) 

T2 50.0a 93.3b 116.7a 157.7b 223.8b 

CK 68.3a 238.7a 264.8a 328.3a 265.4a 

T1 68.3a 282.2a 357.8b 392.6c 411.4c 
POD/ 
(Umg1) 

T2 68.3a 263.3a 358.5b 363.9b 350.9b 

CK 5.0a 9.0a 12.0a 13.5a 15.9a 

T1 5.0a 16.3b 17.7b 20.3b 24.1c 
CAT/ 
(Umg1) 

T2 5.0a 14.7b 17.7b 18.0b 18.5b 

CK 73.62a 78.87a 83.09a 68.13a 58.43a 

T1 73.62a 84.04a 87.40a 83.39c 68.34b 
T-AsA 
content/ 
(mg(100 g)1) T2 73.62a 80.46a 86.05a 77.56b 64.93b 

CK 39.61a 42.66a 48.22a 38.60a 35.47b 

T1 39.61a 43.11a 47.36a 46.60b 30.40a 
AsA  
content/ 
(mg(100 g)1) T2 39.61a 42.84a 51.20a 42.68a 39.16b 

CK 34.01a 36.21a 34.86a 29.53a 22.96a 

T1 34.01a 40.93a 40.03b 36.70b 37.94b 
DHA  
content/ 
(mg(100 g)1) T2 34.01a 37.62a 34.84a 34.89a 25.77a 

Note: cucumbers were transplanted in reformative Hoagland solution with 12 
mmolL1 (control, CK), 0 (first treatment, T1) or 3 mmolL1 (second treatment, 
T2) nitrogen at flowering stage. Malondialdehyde (MDA); hydrogen peroxide 
(H2O2); superoxide dismutase(SOD; peroxidase(POD); catalase (CAT); 
L-ascorbic acid (AsA); total AsA (T-AsA); dehydroascorbate (DHA). Mean 
values with the same letters are not significantly different among treatments 
using Duncan’s multiple range test at =0.05, the same below. 

Table 3  Effects of short-term nitrogen deficiency on  
antioxidant substances in fruits of cucumber 

Time of treatment 
Index Treatment 

0 d 1 d 3 d 5 d 7 d 

CK 0.014a 0.014a 0.013a 0.006a 0.008a 

T1 0.014a 0.011a 0.013a 0.013b 0.016b 
MDA  
content/ 
(μmolg1) 

T2 0.014a 0.015a 0.013a 0.011b 0.013b 

CK 3.15a 3.70a 4.56a 4.36a 4.78a 

T1 3.15a 4.96a 6.37b 6.40b 8.60c 
H2O2  
content/ 
(μmolg-1) 

T2 3.15a 3.96a 5.00a 5.70b 7.38b 

CK 11.9a 15.3a 15.7a 25.3a 28.3a 

T1 11.9a 22.7b 26.7c 34.1b 45.2b 
SOD/ 
(Umg1) 

T2 11.9a 15.8a 19.9b 30.3b 43.9b 

CK 19.7a 24.5a 32.2a 40.2a 44.4a 

T1 19.7a 27.1a 39.5b 48.2b 53.8b 
POD/ 
(Umg–1) 

T2 19.7a 25.1a 37.2b 45.1b 48.6b 

CK 2.02a 2.92a 4.00a 4.08a 4.27a 

T1 2.02a 4.45b 5.08b 7.34c 7.45c 
CAT/ 
(Umg–1) 

T2 2.02a 3.26a 4.76b 5.22b 5.47b 

CK 33.8a 30.6a 21.8a 9.4a 6.9a 

T1 33.8a 34.0a 25.3b 16.0b 9.9b 
T-AsA  
content/ 
(mg(100 g)–1) 

T2 33.8a 32.6a 18.6a 15.4b 9.2b 

CK 14.1a 10.9a 8.1a 4.5a 2.9a 

T1 14.1a 13.3b 10.1b 5.5b 3.2a 
AsA  
content/ 
(mg(100 g)–1) 

T2 14.1a 13.1b 9.6a 4.7a 2.5a 

CK 19.7a 19.7a 13.7b 4.9a 4.0a 

T1 19.7a 20.7a 15.2b 10.5b 6.7b 
DHA  
content/ 
(mg(100 g)–1) 

T2 19.7a 19.5a 9.0a 10.7b 6.7b 

 
-2.2  T-AsA, AsA and DHA contents in leaves and fruits 
of cucumber 

Table 2 and Table 3 showed that the content of T-AsA 
in leaves of T1 and T2 was significantly higher than that in 
control on the 5th and 7th day. The contents of T-AsA in 
fruits and leaves of T1 were significantly higher than that of 
control on the 5th day, which increased by 70% and 17%, 
respectively. The AsA content in leaves of T1 increased 
20.7% on the 5th day, and that of T2 leaves increased 10.4% 
on the 7th day. On the 1st day, the increase of AsA in fruits 
of T1 and T2 reached 22% and 20.2% respectively. 
Compared with control, the content of DHA in leaves of T1 
increased significantly on the 3rd, 5th and 7th day. But that 
of fruit did not change much at the initial stage of treatment, 
and it was significantly higher than control only on the 5th 
and 7th day (Table 2, Table 3).  
2.3  Expression profiles of AsA-GSH recycling pathway 
genes in leaves and fruits of cucumber 

qRT-PCR was performed to investigate the expression 
profiles of the AsA-GSH recycling genes in the leaves and 
fruits of cucumber subjected to short-term nitrogen 
deficiency. Fig.1a showed in this recycling process, the 
expression levels of APX-1, APX-3, APX-4, APX-5, AO-4, 
GR-1 and GR-2 were significantly up-regulated on the 1st 
day in leaves of T1. Further, the transcript levels of the 
APX-2 and APX-6 in the leaves of T1 were higher than that 
in the control on the 3rd day. In addition to the oxidase 



Agricultural Engineering for Sustainability                                Jan. 2019   

 

80 

genes, the transcript levels of MDHAR-4 and DHAR-1 in the 
leaves of T2 were higher than in the control on the 3rd day. 

And the other genes such as AO-1 and AO-2 showed high 
levels in the leaves of T1 on the 7th day (Fig.1a). 

 

 
 

Note: The heatmap has been generated based on the fold-change values in the samples of T1 and T2 when compared with its unstressed control samples. Red means 
up-regulation, the darker color indicates the higher up-regulation. Green means downwards, the darker color indicates the higher downgrade. Values are means of three 
replicates. 
 

Fig.1  Hierarchical clustering of time-course profiles of genes involved in AsA-GSH recycling pathway  
in leaves and fruits of cucumber under short-term nitrogen deficiency (T1, T2). 

 
Fig.1b showed the expressions of APXs in the fruits of 

T1 and T2 also increased. In the fruits of T1, transcripts of 
AO-1, MDHAR-1, MDAHR-3, GR-2 and APX-5 were higher 
than that of the control on the 1st day. The expression level 
of DHARs, AO-3, APX-3 and APX-6 were higher in fruits of 
T1 than the control on the 3rd and 5th day. While the 
transcript levels of the APX-1 and APX-4 in fruits of T2 were 
up-regulated on the 3rd and 7th day, respectively. However, 
as the processing time prolonged, the number of 
up-regulated genes decreased in the fruits of treatment 
(Fig.1b). 

2.4  Effects of short-term nitrogen deficiency on key 
enzymes related to AsA-GSH recycling in leaves and 
fruits of cucumber   

On a protein concentration basis, APX, AO, MDHAR, 
DHAR and GR are related to AsA-GSH recycling (Table 4, 
Table 5). The APX activity of T1 fruits was higher than that 
of control, and it increased by 51.6% on the 5th day. The 
activities of AO and APX in leaves of T1 increased by 
33.8% and 31.8% on the 5th day, respectively. MDHAR and 
DHAR activities of T1 were significantly increased on the 
3rd day both in leaves and fruits. The MDHAR activity in 
leaves and fruits of T1 increased by 59.6% and 24.8% on the 
3rd day, respectively. And the DHAR activity in fruits of T1 
increased by 109% on the 3rd day. The GR activity in the 
fruits of T1 was significantly increased by 52.9% on the 1st 
day. But it increased by 42.2% in the leaves of T1 on the 7th 
day. In general, the changes in enzyme activities were 
concordant with the changes in the transcript level and 
content of AsA and DHA. 

Table 4  Effects of short-term nitrogen deficiency on key 
enzymes related to AsA-GSH recycling in leaves of cucumber 

Time of treatment 
Index Treatment 

0 d 1 d 3 d 5 d 7 d 
CK 27.3a 28.8a 34.1a 38.7a 24.3a 
T1 27.3a 27.0a 38.3a 51.8c 32.5b 

AO/ 
(Umg1) 

T2 27.3a 29.2a 35.2a 47.1b 29.8a 
CK 14.7a 15.5a 16.4a 18.8a 13.0a 
T1 14.7a 16.8a 24.1b 25.5b 23.6b 

APX/ 
(Umg1) 

T2 14.7a 16.5a 16.8a 24.5b 21.8b 
CK 2.3a 3.4a 4.7a 9.9b 5.7a 
T1 2.3a 3.9a 7.5b 5.0a 5.4a 

MDHAR/ 
(Umg1) 

T2 2.3a 3.5a 7.5b 5.6a 5.1a 
CK 10.6a 12.9a 17.3a 22.6a 24.2a 
T1 10.6a 12.9a 26.0b 21.1a 20.5a 

DHAR/ 
(Umg1) 

T2 10.6a 11.2a 20.1a 22.5a 19.0a 
CK 3.64a 3.63a 3.62a 3.46a 3.39a 
T1 3.64a 3.89a 4.11a 4.46b 4.82b 

GR/ 
(Umg1) 

T2 3.64a 3.87a 3.93a 3.76a 4.16b 

 
Table 5  Effects of short-term nitrogen deficiency on key 

enzymes related to AsA-GSH recycling in fruits of cucumber 
Time of treatment 

Index Treatment 
0 d 1 d 3 d 5 d 7 d 

CK 129.0a 82.2a 57.1a 59.2a 51.5a 
T1 129.0a 82.1a 66.6b 58.3a 57.2b 

AO/ 
(Umg1) 

T2 129.0a 82.2a 59.8a 61.5a 53.8a 
CK 28.4a 19.4a 11.7a 9.1a 7.5a 
T1 28.4a 23.4a 16.0b 13.8b 7.7a 

APX/ 
(Umg1) 

T2 28.4a 24.3a 13.4a 11.3a 7.4a 
CK 10.2a 8.1a 12.5a 9.9a 11.4a 
T1 10.2a 9.0a 15.6b 10.6a 10.0a 

MDHAR/ 
(Umg1) 

T2 10.2a 10.1a 11.8a 9.5a 11.1a 
CK 11.7a 16.9a 16.2a 16.7a 15.2a 
T1 11.7a 17.3a 33.9b 35.5c 18.9a 

DHAR/ 
(Umg1) 

T2 11.7a 17.4a 31.6b 29.8b 17.4a 
CK 2.5a 1.7a 1.0a 0.5a 0.6a 
T1 2.5a 2.6b 1.0a 0.7a 0.7a 

GR/ 
(Umg1) 

T2 2.5a 2.1b 1.0a 0.6a 0.7a 
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3  Discussion 

Nitrogen is one of the most important nutrient elements 
in plant growth process. In previous study, nitrogen-starved 
cucumber seedlings exhibited reactive oxygen species 
( ROS ) accumulation, and the levels of AsA and DHA also 
increased[6]. Luo and Jin found that under low temperature 
and drought stress the content of ROS in strawberry and 
cucumber leaves increases and the activities of various 
antioxidant enzymes increases rapidly[25-26]. The same results 
have also been found in this experiment. It observed the 
H2O2 contents in the leaves and fruits of cucumber increased 
significantly from the 3rd day of treatment. In addition, the 
MDA contents in T1 and T2 increased on the 7th day of 
treatment in leaves and fruits, which indicated that the 
cucumbers were subjected to short-term nitrogen deficiency 
stress. Because ROS can cause oxidative damage to plants, 
in particular, ROS is a signal molecule for the differential 
regulation of genes[27-28]. Therefore, we conjectured that the 
accumulation of ROS in plants could activate the antioxidant 
defense systems which include enzymatic such as SOD, 
POD, CAT and the AsA-GSH recycling. The results showed 
that activities of SOD, CAT, and POD increased significantly 
on the 5th and 7th day, indicating the antioxidant defense 
systems were activated by nitrogen deficiency. Moreover, as 
an non-enzymatic antioxidant, the content of AsA also 
increased on the 5th and 7th day of treatment. The 
availability of antioxidants and the induction of antioxidant 
enzyme activities for detoxifying ROS are regulated in 
cucumber against nitrogen deficiency induced oxidative 
stress[29-30].  

To further explore the relationship between short-term 
nitrogen deficiency and AsA accumulation, the changes of 
enzyme activity involved in AsA-GSH recycling pathway 
were studied. Similarly, the regeneration capacity of AsA 
was likely affected by the short-term nitrogen deficiency, 
and the enzymes of AsA-GSH recycling played important 
roles in the regeneration of AsA progress in this study.  
Increased AO and APX activities result in an increased 
production of MDHA, which in turn is recycled by MDHAR 
to AsA, thus protecting the plants against nitrogen deficiency. 
However, in fruits, the enzyme activities of AsA-GSH recycling 
pathway were not sensitive to the nitrogen deficiency 
treatment. The DHAR activity increased significantly on 
the 3rd and 5th day in T1 and T2, respectively. Consequently, 
the AsA-GSH recycling activities are higher under nitrogen 
deficiency, which contribute to AsA accumulation in 
cucumbers. At the same time, the increase of antioxidant 
enzyme activity can effectively improve the resistance of 
cucumber plants to stress. 

In plants, the AsA and DHA contents in different tissues 
varies with environmental conditions, which requires tight 
control of its catabolism and reductive recovery from the 
oxidized form[13]. And Lu reported that the expression of 
genes involved in AsA-GSH recycling increases in Ziziphus 
acidojujuba under NaCl stress[31]. The high expression of 
these genes increased the content of AsA in plants and 
increased their resistance to stress. In this experiment we 

found expression of genes involved in the AsA-GSH 
recycling showed various profiles in leaves and fruits of 
cucumber. In addition to the oxidase genes, there was also a 
significant increase in the expression of reductase genes in 
the treated leaves and fruits. The expression levels of 
DHARs and MDHARs were up-regulated in leaves and 
fruits under nitrogen deficiency, indicating a higher ability to 
regenerate AsA. Consequently, the oxidizing activities were 
lower and recycling activities were higher, which contribute 
to AsA accumulation in cucumber. In AsA-GSH recycling 
steps, AO and APX, DHAR and MDHAR, appear to be 
important factors for the regulation of AsA and DHA 
accumulation in nitrogen-deficiency cucumber. Thus, the 
short-term nitrogen deficiency played an important role in 
attempting to increase AsA content and reduce ROS damage 
by improving the metabolism of the AsA-GSH recycling, 
indicating a self-protection response in the field environment. 

4  Conclusion 

The aim of the study was to analyze the impact of 
short-term nitrogen deficiency on AsA-GSH recycling that 
can affect AsA accumulation in cucumber. The results 
indicated the short-term nitrogen deficiency induced the 
accumulation of AsA and T-AsA and activated the enzymes 
of AsA-GSH recycling in the leaves and fruits of cucumber. 
Short-term nitrogen deficiency improved the resistance of 
cucumber to some extent by promoting AsA-GSH recycling 
and accumulation of AsA. It provides useful information on 
effect of short-term nitrogen deficiency on AsA 
accumulation and AsA-GSH recycling in cucumber, which 
will help to improve nitrogen fertilizer utilization in future 
cucumber cultivation.  
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Abstract: Rill erosion under concentrated water flow is important in studying the mechanism of rill erosion and predicting soil 
erosion and also provides a database to estimate other parameters of erosion model, such as detachment rate and erodibility. This 
research aims to study the rill erosion of black soil over cultivated slope to reveal that the sediment concentration varies with 
slope length. Laboratory simulation was conducted to measure the distribution of sediment concentration along with slope length. 
This experiment involved four slopes (5, 10, 15, and 20) and three flow rates (1, 2, and 4 L/min). Sediment concentrations at 
different slope lengths (0.5, 1, 2, 3, 4, 5, 6, 7, and 8 m) which determined by the distance between inlet and outlet were measured 
under different hydraulic conditions. Concentrated water flow was pumped to scour the soil slope from the designed inlet location 
to the outlet of the soil flume. Sediment-laden water samples were collected from the sediment collector when water flow run 
from inlet to outlet and became steady. The samples of different sediment concentrations were dried by an oven and calculated to 
determine the distribution of sediment along the slope length. As the experiment repeated under different hydraulic conditions, the 
data series of sediment concentration changed with slope length were attained. The results showed that sediment concentration 
increased with slope length under different hydraulic conditions; however, this increase rate gradually decreased. The data series 
of sediment concentration were fitted to slope length with an exponential function. The coefficients of determinations (R2) ranging 
between 0.85 and 0.99 showed that the exponential function could well fit the experimental data. With the exponential function 
and the experiment data, the maximum sediment concentration (A) and decay coefficient (B) were regressed. With the increased 
in slope gradient and flow rate, the water flow needs a shorter slope length to get to a higher maximum sediment concentration 
compared with the circumstance of low slope gradient and flow rate. Parameter sensitivity analysis was adopted to research the 
influential degree of each parameter on the maximum sediment concentration. The sensitivity of flow rate is higher under low 
slope gradient and flow rate compared with the condition of higher slope gradient and flow rate. Slope gradient exerted higher 
impact on the maximum sediment concentration than flow rate. The slope gradient had a greater influence on parameter A with 
that under lower slope gradient which means that the effect of slope gradient on A decreased with the increase of slope gradient 
under the same flow rate. The parameter B generally increased with the increases of slope gradient and flow rate which means 
sediment in water flow increased faster and need shorter slope length to achieve the maximum value. This study does not quantify 
the rill erosion process over black soil slope but also provides a foundation for estimating some model parameters such as 
detachment rate and erodibility. 
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0  Introduction 

Accelerated soil erosion causes serious problem on 
cultivated field and results in land degradation, soil fertility 
reduction, and decline in soil productivity. These phenomena 
thus threaten the security of food supply, damage the 
sustainable development of agriculture, and cause environment 
problems, such as dust storm. Soil erosion is one of the most 
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common land degradation processes[1-4], which now has 
alarmed scholars and politicians since the previous decades. 

Black soil is one of the most fertile soils worldwide. 
Black soil only exists in three large areas, namely, Mississippi 
River Basin in North America (1.90×106 km2), Russian 
Great Plain (1.20×106 km2), and Northeast Plain of China 
(1.03×106 km2)[5]. All these three black soil areas are located 
in the north temperate zones and are fertile areas that are 
considered as an important grain production bases. In 
particular, black soil area in the northeast of China is vital to 
supply grain for the whole country[6]. 

The drastic changes in land use and the intense shift of 
cropland management can be observed at a global scale over 
the last decades and regarded to be the main factors that 
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contribute to land degradation[7]. The high intensity of 
agriculture and unsustainable landscape negatively impacts 
soil quality[8-9]. Land degradation induced by the migration 
of surface fertile soil which results in environmental 
problems[10]. The three black soil areas are suffering from 
soil erosion because of over cultivation. Mississippi River 
Basin and Russian Great Plain are mainly subjected to wind 
erosion, whereas the black soil area in China is mostly 
exposed to water soil erosion. Since its cultivation, the black 
soil area in China has suffered serious degradation and soil 
loss until now. The thickness of the fertile black soil has 
rapidly decreased[11]. The organic matter content in soil 
decreased from 60–80 g/kg to 10–30 g/kg since the field was 
cultivated[12]. Thus, studying the mechanism of soil erosion 
in this area is necessary. 

The water erosion in this area is affected by several 
factors, such as topography, cultivation, precipitation, and 
temperature[13-15] Different from the plains of the other two 
black soil areas, rolling hills are the main characteristic of 
topography in the black soil area of China[16] which includes 
major sloping agricultural land with long slope length and 
gentle slope gradients that resulting in loss of the top soil[17]. 
Several researchers used empirical methodology to estimate 
soil migration in hilly agricultural area and found that tillage 
leads to higher erosion than water or wind[18-20]. The 
combination of both water erosion and tillage erosion can 
provide information about the overall erosion rates that 
affect hilly agricultural areas[21-22]. The agricultural development 
is hindered when top soil is carried away[23]. It is of vital 
importance to prevent soil erosion for protecting valuable 
black soil resources[24]. 

Rill erosion is one of the four important erosion styles 
which include sheet, rill, gully and in-stream erosions[25]. 
Water in rill performs concentrated flow acts as the driving 
force of detaching soil particles[26-27]. Meyer et al.[28] 
experimentally found that sheet erosion caused by 
concentrated flow became rill erosion after the rill gradually 
formed, the soil erosion quantity increased approximately 
twice. Rills provide the dominant transport network[29-30] and 
rill erosion contributes most of slope erosion and more than 
half of the total erosion[31-32]. Sun et al.[33] mentioned that rill 
erosion was actually affected by several factors which 
included rainfall, runoff, soil, topography, vegetation, and 
tillage system[31]. 

Researchers conducted a lot of experiments to explore 
rill erosion[34-35], however, few researchers conducted 
experiments to determine the sediment transport process 
along slope length. Based on the fact the sediment detached 
by concentrated water flow increased with slope length and 
finally achieved the transport capacity, Lei et al.[36-37] 
measured sediment concentration at different slope length 
along rill and proposed a mathematic model to fit the 
experiment data. Zhang et al.[38] also conducted laboratory 
experiments with loess to measure the rill erosion process 
with series data of sediment concentration and slope length 
which were used to regress transport capacity. According to 
the regressed result, they put forward a calculate method to 

estimate the slope length that the water flow passed through 
for sediment concentration achieve the maximum value 
within given error range. With this method, Ban et al.[15] 
determined the rill erosion process with laboratory 
experiment under partially thawed soil condition which 
simulate the rill erosion in Qinghai-Tibet Plateau. Chen et 
al.[39] adopted volume replacement method measured the 
data set of sediment concentration along slope length. 

They provided the research method on rill erosion 
process which also supply database for estimating parameters 
of soil erosion model. But it still exists gap in understanding 
the mechanism of rill erosion in black soil area. It is 
necessary to cite this method for studying the rill erosion 
process in black soil area. Rill erosion process is not only 
helpful to estimate the soil erosion prediction models but 
also significant for preventing soil erosion in black soil area 
of northeast of China. 

This study aims to: 1) explore the mechanism of soil 
erosion in this black soil area; 2) simulate the soil erosion 
process along rill length. 

1  Experimental materials and methods 

1.1  Experimental materials 
Experimental black soil materials were collected from a 

cultivated slope fields in Liaoning Province, Northeast of 
China at the location of 411459N, 1231351E. The 
study area is the black soil region in North-eastern China. 
The soil material was air-dried and passed through 4 mm 
sieve for rejecting crushed stones, weeds and reserving soil 
aggregation, and its particle analysis consisted of 49.7% 
sand, 33.6% silt, and 16.7% clay particles.  

Figure 1 is the experiment equipment of rill erosion 
process. In Figure 1, the flume was 10 cm wide, 12 cm high, 
and 2 m or 3 m long, whereas the outlet was 10 cm high. 
These flumes were assembled into a flume of 8 m or 6 m 
long to satisfy the slope length requirement of the experiment 
design. The rill width changes periodically when erosion 
alternating with deposition[39]. In order to overcome the 
results of sediment concentration which fluctuates with 
hydraulic condition, limited rill with 10 cm was adopted in 
the scouring experiments[40-41]. 

 

 
 

Fig.1 Experimental equipment of rill erosion 
 

The prepared soil material was packed into the flume to 
a depth of 10 cm with natural condition. The soil filled 
flume was set on horizontal experiment platform, and water 
was introduced into that flume to saturate the soil. Before 
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the experiment, the flume was set aside for 24 h to ensure 
homogenous distribution of water content and to eliminate 
uneven distribution of filled soil when the soil water content 
was approximately about 42%. 

This experiment equipment also includes experiment 
platform and water supply system. The experiment platform 
can be adjusted to the desired slope gradient ranging from 0 
to 30. Water supply system consisted of a water tank, water 
supply pipe, and peristaltic pump. The tank could store 
200 L water, and the peristaltic pump could provide steady 
and adjusted water flow rate from 0 L/min to 60 L/min. 

The experiment involved four slopes (5, 10, 15, and 
20), three flow rates (1, 2, and 4 L/min), and nine slope 
lengths (0.5, 1, 2, 3, 4, 5, 6, 7, and 8 m). The experiment 
platform was adjusted to desired slope gradient. As showed 
in Figure 1, water was pumped from a tank, which was 
introduced to a steady flow tank located at the upper end of 
the experiment flume until water overflowed from the steady 
tank and passed through the steady flow flume on which 
water flow accelerated to cover a desired slope length over 
soil surface. When the sediment- laden flow got steady, four 
runoff samples were taken at the runoff collector of the 
experiment flume to measure the sediment concentration. 
These samples were oven-dried after being weighed. The 
sediment concentrations were calculated with: 

 

s

w s
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C

V V



 

(1) 

where, C is the sediment concentration, kg/m3; ms is the 
mass of the sediments, kg; Vw is the volume of the water, m3; 
and Vs is the volume of the sediments, m3. 

In order to sampling at a longer slope length, the steady 
flow flume was moved upward to keep its bottom at the 
point of soil flume which determined the distance between 
the points of water inlet and outlet of soil flume as 
experimental designed slope length. These procedures were 
repeated at different slope gradients, flow rates, and slope 
lengths. Three replicates were made for each condition, thus 
giving off 288 experiment runs and attaining 1 152 samples. 
1.2  Experiment method 

Experimental data of rill erosion measured by Lei et 
al.[37,42] indicated that the sediment concentration in eroding 
rill increases exponentially with the slope length along the 
eroding rill under a given hydraulic condition. Sediment 
concentration would reach a maximum value when the rill is 
sufficiently long. The rill erosion process was related to 
slope length. The mathematical model was used[37]:  

 (1 e )BxC A    (2) 

where C is the sediment concentration, kg/m3; A is the 
highest possible sediment concentration, kg/m3; B is the 
reduction rate of the sediment concentration increase with 
slope length, 1/m; and x is the slope length, m. 

In general, experimental facility could not allow a 
flume to be made sufficiently long for the sediment 
concentration along the rill to reach the sediment transport 
capacity. Therefore, a strategy was suggested to build the 
relationship between sediment concentration and slope 

length. This strategy includes two steps. The first step uses a 
method to measure the highest possible sediment concentration 
at transport capacity under a given hydrodynamics condition. 
This step defines the parameter A in Eq. (2). Gao et al. 
proposed a method to measure the maximum value of 
sediment concentration at sediment transport capacity[43]. 
Therefore, parameter A is determined by the data set from 
Gao et al.[43] as sediment transport capacity in this research.  

Upon determination of A values, the experimental data 
at different rill length and previously determined A values 
were regressed with Eq. (2) to determine parameter B values. 
Therefore, the whole function to quantify rill erosion is 
defined.  

This research specifies the erosion process based on 
previously determined sediment transport capacity data set 
with designed laboratory experiments.  

Based on the previous experimental and conclusion, 
steady flow was introduced to erode the prepared soil slopes 
and measure the sediment concentrations along different 
slope lengths. A series of data sets of sediment concentration 
and slope length was generated to present the distribution of 
sediment concentration along the slope length. In this method, 
the functional relationship between sediment concentration 
and slope length was set up by using the experimental data. 

2  Results and discussion 

2.1  Sediment concentration distribution along slope 
length 

When concentrated water was introduced to soil slope, 
soil particles were detached and formed water channel on the 
soil surface. With scouring of continuous water flow, the water 
channel was widened and deepened and rill was gradually 
produced over soil slope. Detached and carried by the water 
flow, the sediments in water flow were affected by several 
forces, such as gravity, buoyancy, and turbulence. Gravity drove 
the sediment to move along rill, whereas buoyancy and 
turbulence tend to support and suspend the sediment particles. 
While the water flowed in the rill, soil detachment, transport, 
and deposition occurred simultaneously. At a given rill segment, 
one of the three processes dominated the rill erosion. Rill 
erosion is a dynamic process in which sediment in water and 
stationary soil particle exchange. When the water flows over a 
sufficiently long slope, the maximum sediment concentration 
would be achieved, and the exchange between soil detachment 
and deposition would be balanced[15].  

The distribution of sediment concentration along slope 
length under different hydrodynamic conditions of slope 
gradient and flow rate is presented in Figure 2. As shown in 
the Figure 2, data points of sediment concentration and slope 
length distribute approximately exponentially. Under all 
circumstances, the sediment concentration increased, and the 
increasing rate decreased with slope length. When clear water 
was introduced into experimental flume, the detachment rate 
reached the maximum value. Thus, water flow quickly 
detached the soil particles, and sediment concentration 
increased rapidly with slope length. Detachment rate of 
sediment-laden flow decreased with the increase in sediment 
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concentration in water flow. This revealed that the increase 
rate of sediment concentration decreased with the increase in 
slope length. With sufficient slope length, the increase rate 
decreased to zero, whereas the sediment concentration 
stopped increasing and finally achieved the maximum value.  

Sediment concentration increased with flow rate. As 
shown in Figure 2, flow rate affected sediment concentration 
under the slope gradient of 5. Compared with that under 

other slope gradients, the increase in sediment concentration 
at all slope lengths is greater with flow rate increase from 
1L/min to 4 L/min. However, at slope gradients of 10, 15, 
and 20, the sediment concentration increased gradually 
with increase in flow rate. These increase rates in sediment 
concentration were lower compared with that at slope 
gradient of 5°. With the increase in slope gradient, flow rate 
has a low effect on sediment concentration. 

 

 
 

Fig.2 Sediment concentration along slope length under different hydrodynamic conditions 
 

Slope gradient is another parameter that greatly affects 
the distribution of sediment concentration. In general, sediment 
concentration increases with slope gradient at every slope 
length, whereas the increase rate decreased with slope 
gradient as observed in Figure 2. The sediment concentration 
increased with slope gradient up to 15, which represented 
the similar distribution of sediment concentration with slope 
length at slope gradients of 15 and 20. 

At low slope gradient and flow rate, the energy of water 
flow over slope was low which determined low detachment 
rate and few soil particles can be eroded. Under this 
circumstance, low flow velocity and energy determined low 
detachment capacity and transport sediment capacity when 
water can detach and transport small amount of sediment. As 
showed in Figure 2, the sediment concentration distributes 
along slope length at which can be observed that sediment 
transported in water flow with small rate is very low under 
gentle slope gradient. And sediment concentration increased 
slowly with slope length under these conditions. With the 
increase of slope gradient and flow rate, the detachment rate 
of water flow over slope increased and rill gradually formed 
which changed the overland flow to rill flow. The change of 
water flow form led to increase of flow velocity and 
detachment rate which resulted in gradually forming deeper 
and wider rill as showed in Figure 3. 
2.2  Mathematic model regression 
2.2.1  Regression parameters and coefficient 

The exponential distribution of sediment concentration 
along slope length is displayed in Figure 2. These values 
were regressed with the mathematic model equal (2) to fit 
the relationship of sediment concentration and slope length[43]. 

The physical meaning of parameters represented in the 
function of Eq.(1) is explained as follows. A is the maximum 
sediment concentration when the slope length is sufficient 
long. B is a decay coefficient that stands for the decreasing 
speed of sediment concentration increase rate along slope 

length. The regressed parameters of A, B and correlation 

determination ( 2R ) are listed in table 1. 
 

 
 

Fig.3 Rill erosion under high slope gradient and flow rate 
 

Under low slope gradient of 5 and 10, the sediment 
concentration could not achieve the maximum value when 
the slope length was less than 8 m. The sediment transport 
capacity of black soil had been proposed in Gao’s [43] 

experiment. The matching values of maximum sediment 
concentration (A) under the slope gradient of 5 and 10 are 
listed in table 1. Decay coefficient B can be achieved by 
regressing the group erosion process data and A value under 
low slope gradient. At high slope gradients of 15 and 20, 
the sediment concentration reached its maximum value 
before 6 m. Hence, in this slope gradient, the longest 
experiment slope length was designed for 6 m. Under this 
circumstance, the parameters of A and B were regressed with 
Eq. (2) by the data of sediment concentration and slope 
length.  

Based on the experiment data and function Eq. (2), the 
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regress parameters are exhibited in table 1. The correlation 

determination ( 2R ) displayed in table 1 are high ranging 
from 0.85 to 0.99, recommending that the function Eq. (2) 
could fit the experimental data well. The regressed 
parameters of A and B change with slope gradient and flow 
rate.  

 

Table 1  Regressed parameter of sediment  
concentration process model 

Slope/() Flow rate/(Lmin1) A/(kgm3) B/ (1m1) R2 

1 147.06 0.238 0.947 

2 251.52 0.313 0.953 5 

4 273.93 0.390 0.850 

1 499.7 0.416 0.960 

2 583.06 0.495 0.969 10 

4 601.20 0.566 0.957 

1 665.12 0.618 0.991 

2 681.26 0.771 0.975 15 

4 691.51 0.832 0.966 

1 663.85 0.749 0.978 

2 689.79 0.777 0.963 20 

4 680.65 0.911 0.976 

Note: A and B are the regressed parameters. 
 

As observed in Figure 2, the rill erosion model can fit 
well with the experimental data of sediment distribution 
along with slope length. 
2.2.2 Regressed parameter analysis of the maximum 
sediment concentration (A) 

In the model of soil erosion, flow rate and slope gradient 
are always the most influential factors on soil erosion. This 
experiment is without exception. The sensitivity of slope 
gradient and flow rate are analyzed with the data of the 
maximum sediment concentration by following equation: 

 

I O
SV

O I


 

  
(3) 

Where, SV is the sensitivity; I is input; O is output; O  
and I are the changed value.  

As shown in table 1, the value of the maximum 
sediment concentration (A) increased with flow rate, and the 
increase rate decreased with flow rate. It can be observed in 
table 2 that the sensitivities (SV) were higher at low slope 
gradient than those at high slope gradient which presents 
that flow rate had a greater effect on the maximum sediment 
concentration at low slope gradient than at high slope 
gradient. At slope gradient of 5 with flow rate increased 
from 1 to 2 L/min and 2 to 4 L/min, the parameter A 
increased by 70% and 9% approximately. At slope gradient 
of 10 with flow rate increased from 1 to 2 L/min and 2 to 4 
L/min, the parameter A increased by 17% and 3%, 
respectively. The result indicated that with the increase of 
flow rate, the effect of flow rate on parameter A was 
weakened which also can be proved by that the value of SV 
decreased with increasing flow rate under the same slope 
gradient. With the slope gradient increasing to 15 and 20, 
the maximum sediment concentrations were similar and 

fluctuated at narrow range under different flow rates. The SV 
values of flow rate to the maximum sediment concentration 
under slope gradient of 15 and 20 were relatively low 
showed in table 2. These findings confirmed that flow rate 
had less influence on the value of A at high soil slope 
gradient. At low slope gradient and flow rate, the low energy 
of water flow indicated that the low sediment concentration 
in water can be affected easily by flow rate.  

 
Table 2  Sensitivity analysis of slope gradient and flow  

rate with maximum sediment concentration 

Slope/() 
Flow rate/ 
(Lmin1) 

Sensitivity 
SV 

Flow rate/ 
(Lmin1) 

Slope/ () Sensitivity 
SV 

5-10 1.00 2.398 1-2 5 0.710 

5-10 2.00 1.318 2-4 5 0.089 

5-10 4.00 1.195 1-2 10 0.167 

10-15 1.00 0.662 2-4 10 0.031 

10-15 2.00 0.337 1-2 15 0.024 

10-15 4.00 0.300 2-4 15 0.015 

15-20 1.00 0.006 1-2 20 0.039 

15-20 2.00 0.038 2-4 20 0.013 

15-20 4.00 0.047    

 
The slope gradient is the other important factor that 

affects the value of the maximum sediment concentration. 
Value of A increased with slope gradient as exhibited in table 
1. The sensitivities of slope gradients were much higher than 
those of flow rate which was represented in table 2 which 
means that the maximum sediment concentrations were 
much more sensitive to the change of slope gradient than 
flow rate. When the flow rate was 2 L/min and the slope 
gradient increasing from 5 to 10, 10 to 15, and 15 to 
20, the maximum sediment concentration increased by 
130%, 34%, and 4%, respectively. This result showed that 
the increase rate of regressed parameter A decreased with the 
increase of slope gradient. It can be observed in table 2 that 
sensitivities decreased with the increasing slope gradient. 
The effect of slope gradient exerted on the maximum 
sediment concentration was weakened as a result of the 
increasing slope gradient. At low slope gradient, the increase 
of slope gradient significantly affected maximum sediment 
concentration. Another discovery is that the maximum 
sediment concentration increased with slope gradient, but 
the increase rate decreased and eventually stabilized. As 
exhibited in Table 1, the maximum sediment concentrations 
under slope gradient of 15 and 20 fluctuated in a small 
range. Under high slope gradient as shown in Figure 4, soil 
particle was eroded by concentrated flow water, which 
gradually produced head-cuts. The head-cuts and fiction 
force consumed the energy of water flow, thus achieving a 
balance with kinetic energy and gravitational energy under 
the slope gradient of 15; this balance revealed that the 
maximum sediment concentration was stabilized at this 
specific slope gradient. The velocity of water flow over 
black soil slope abided a similar pattern to that of slope 
gradient, which increased and stabilized at the slope of 
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15[44]. This finding can explain the distribution of the 
maximum sediment concentration with slope gradient.  

 

 
 

Fig.4  Diagram of head-cut phenomenon 
 

2.2.3 Regressed parameter analysis of the decay coefficient 
(B) 

The parameter B also signified the rate of sediment 
concentration achieving the maximum value. This value 
indicates that the small of the value of B, the longer slope 
length is needed to achieve the maximum sediment 
concentration.  

The parameter B is also affected by flow rate and slope 
gradient. The decay coefficient changed with flow rate and 
slope gradient. Under the condition of low flow rate and 
slope gradient, the decay coefficient is relatively low as 
shown in table 1. This finding indicates that long slope 
length was needed to achieve maximum sediment concentration. 
The parameter B increased gradually with flow rate under all 
slope gradients. At a certain slope gradient, the energy of 
water flow increased slightly with flow rate, indicating slight 
increase in detachment rate of water flow.  

The decay coefficient of B is also influenced by slope 
gradient. Compared with flow rate, slope gradient has a 
greater effect on parameter B, which increased with slope 
gradient as exhibited in table 1. With slope gradient 
increasing from 5 to 10, 10 to 15, and 15 to 20, the 
decay coefficient B increased by 75%, 49%, and 21%, 
respectively, under the flow rate of 4 L/min. The result 
showed that the increase of B was fastest when slope 
gradient increased from 5° to 10°. The increase rate of B 
parameter decreased with the increasing slope gradient. The 
energy of water flow increased quickly with slope gradient, 
indicating that the detachment capacity of water flow 
increased quickly to ensure that short slope length was 
needed to achieve maximum sediment concentration.  

3  Conclusion 

Laboratory experiments were conducted to investigate 
the rill erosion of black soil under different hydraulic 
conditions, including slope gradient and flow rate. The 
sediment concentration distributed exponentially along the 
slope length under different slope gradients and flow rates. 

The series data of sediment concentration and slope length 
were fitted by an exponential mathematic model that 
produced high coefficients of determination. The maximum 
sediment concentration increased with flow rate and slope 
gradient under low slope gradients of 5 and 10. When the 
slope gradient increased to 15, the maximum sediment 
concentration stabilized with further increase in slope 
gradient. The regressed decay coefficients indicate that the 
slope length needs to be sufficiently long to achieve 
maximum sediment concentration. The present results are 
helpful to understand the mechanism of rill erosion and 
supply data to estimate erosion model parameters of black 
soil. 
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Abstract: Understanding the effect of regenerated land conditions on soil microbes is essential for estimating the extent of 

ecological restoration. In this study, we employed the Biolog ECOTM method to evaluate the restoration effects of different 
regeneration periods and vegetation patterns on the soil microbial characteristics in restoration fields of the Antaibao opencast 

coal mine in Shanxi Province, China. The representative indicators describing soil microbial functional diversity were then 
screened from soil physicochemical properties (bulk density, pH value, soil organic carbon, total nitrogen, available nitrogen, 

available phosphorus, and available potassium), and biological properties (soil microbial biomass carbon and microbial biomass 
nitrogen). First, our results showed that both the land regeneration period and vegetation pattern markedly impacted the soil 

microbial functional diversity of this area. The soil microbial communities in the plots that were restored earlier have higher total 
activity and evenness. In the case of relatively long regeneration periods, the microbial functional diversity of restored land is 

mainly affected by the vegetation mode. Second, from the standpoint of the metabolic functional diversity of soil microbes, the 
best single-plant reclamation pattern was exhibited by Apricot (Armeniaca vulgaris Lam.), Elm (Ulmus pumila) and korshinsk 

peashrub (Caragana korshinskii); the optimized configuration sequence of mixed forest was korshinsk peashrub × locust (Robinia 
pseudoacacia). Third, the content of soil microbial biomass carbon was negatively correlated with microbial diversity indices of 

Shannon-Wiener index (ρ = –0.69, P < 0.01) and McIntosh index (ρ = –0.69, P < 0.05), and it may be used as a representative 
biodiversity indicator for the regenerated land to a certain extent. These findings contribute to improve the determination of 

reasonable regeneration approaches and support soil restoration in opencast coal mines. 
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0  Introduction 

Large-scale mining activities of opencast coal mines, such 
as blasting, handing, transportation and abandonment, have 
led to the destruction of lands and ecological environments [1-3]. 
Therefore, land reclamation and ecological restoration are 
urgently needed [4-5]. Soil is a complex and dynamic 
biological system that contributes to plant productivity in 
terrestrial ecosystems and the maintenance of biogeochemical 
cycles[6-7]. Consequently, soil regeneration as quickly as 
possible within a short period of time is a high priority for 
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the coalmine restoration. Fortunately, the recent researches 
have demonstrated that the highly disturbed mining land 
could be efficiently reclaimed using proper regeneration 
measures [2,8]. As a major component of soil, soil 
microorganisms are crucial for soil function and development, 
particularly with respect to the organic matter decomposition, 
fertility maintenance and nutrient cycling[9]. Moreover, 
microbes are quite sensitive to their ecological environment, 
spontaneously and rapidly responding to any changes[7,10-11], 
and mining activities inevitably have a devastating impact 
on soil microorganisms [12-13]. Thus, to better understand 
edaphic characteristics in response to restoration, research 
on soil microbes is necessary during abandoned mining land 
regeneration [14]. 

Soil microbial community structure and diversity are 
increasingly being used to determine the responses of soils 
to different disturbances[15] and to indicate ecosystem 
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restoration[14,16-17]. Indeed, the soil microbial functional 
diversity can be considered as a determination index of soil 
ecosystems[11,17]. In addition, Huang et al. [18] have reported 
that soil microbial activity and functional diversity were 
measured using Biolog EcoPlatesTM, which was in 
accordance with the results of high-throughput sequencing 
(16S rRNA and internal transcribed spacer (ITS) rRNA 
gene-based approaches). Overall, evaluating soil microbial 
functional diversity may help in understanding the role of 
land regeneration in the maintenance ecosystem functioning 
of opencast coal mines. 

Most studies to date involving regenerated areas have 
focused on soil physicochemical properties and plant 
community characteristics as well as their relationships 
under different conditions of anthropogenic disturbance[19-21]. 
Although the regeneration period and patterns involving 
various vegetation types significantly affect the soil 
microbial community-level physiological profiling[14,20], 
little is known about the relationships between the process of 
land regeneration and the condition of microbial functional 
diversity in reclaimed mine soils; therefore, there is an 
urgent need for a more complete understanding of the 
mechanisms of the microbial metabolic activities and 
recover measures. 

In this study, we applied the Biolog ECOTM method to 
determine the functional diversity of soil microbes in 
restoration fields in an attempt to reasonably evaluate the 
regeneration process. The Antaibao opencast mining area in 
Shanxi Province, China, was chosen as the sampling location 
because it is a typical area where various regeneration 
measures have been applied for several decades. The main 
objectives of this study are as follows: 1) To explore soil 
microbial functional diversity in a regenerated coalmine 
areas and determine the impacts of regeneration period/ 
patterns on soil microbes and 2) to identify the suitable 
indicators that reflect the soil microbes under restoration 
conditions. The unique objective of this paper is to estimate 
the extent of effects of the ecological regeneration on soil 
microbes and to better understand the suitability of 
regeneration measures. Investigations into soil microbial 
diversity and indicators in mining ecosystems can provide 
valuable information concerning the optimal restoration 
mode for soil microbes, which can serve as a reference for 
the sustainable utilization of abandoned mining land and 
scientific management. 

1  Materials and methods 

1.1  Study area 
The Antaibao opencast mine, which is part of the 

Pingshuo opencast coal mine, is located in Shuozhou, Shanxi 
Province, China. The mine ranges from 112°18′–113°26′E, 
39°27′–39°34′N (Fig. 1) and has a fragile ecological 
environment [12]. It is located in a warm temperate zone that 
has a continental semiarid monsoon climate [22]. 

The Antaibao mine officially began operation in 1987, 
becoming one of the largest scale modern open-pit coal 
mines in China, with an annual output of 15 million tons. 

This mine has been subjected to integrated restoration 
technologies since 1990, and the reclaimed landscape has 
been used predominantly for forestry and agricultural 
purposes. After nearly 30 years of ecological restoration and 
management, an ecological reclamation area with a 
multi-level and multi-type plant structure comprising such 
elements as forest, grass and irrigation, has formed. 

 

Fig. 1  Location and distribution of sampling plots in study area 
 

The specific study area covered the dumps of Antaibao 
opencast mines and their surrounding unmined areas. 
Presenting different regeneration patterns, the dumps of the 
Antaibao mine are as follows: Southern, Western and Inner 
dumps. There was no significant difference in the main soil 
physicochemical properties (such as bulk density, pH value, 
soil organic carbon and total nitrogen) of these subareas [14,23]. 
1.2  Soil sampling 

Based on the regeneration periods and vegetation 
modes, combined with an exploratory approach, 16 plots 
within the Southern and Western dumps were selected for 
the purpose of analysing the impacts of regeneration periods 
and vegetation modes on soil microbes. Two plots from the 
inner dump and 3 plots from natural sites in or near the 
mining area were chosen as references for comparative study. 
A total of 21 plots were surveyed in this study. The detailed 
information is shown in Fig.1 and Table 1. 

Overall, each abovementioned plot was 1 hm2 (100 m × 
100 m) in size. The tree density was 3 800-5 000 plants/hm2 
when sampling and the understory species were 
predominantly herbs [23]. All forest plots had been subjected 
to similar management practices: The planted seedlings were 
watered each year during the first 3 years after reclamation 
was initiated, and the pest control was performed during the 
first 5 years; otherwise, the plot areas were unmanaged [12]. 

In each plot, three quadrats (10 m × 10 m) were 
randomly positioned in August 2016. Within each quadrat, 
five sub-samples were collected at 0–10 cm depths after the 
removal of litter. All of the soils (5 sub-samples) from each 
quadrat were mixed to generate composite samples that were 
approximately 1 kg; the composite samples were 
immediately sealed in plastic bags and stored at 4℃. Each 
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quadrat formed a mixed sample, such that there were 3 soil 
samples in each plot. The soil samples were passed through 
a 2-mm sieve and then stored at 4℃ at field moisture. 

 
Table 1  Characteristics of samples 

Dumping 
sites 

Plot  
ID 

Duration after 
regeneration/a 

Vegetation configuration 

OF11 Original landform Chinese pine (Pinus tabulaeformis) 
—— 

OF13 Original landform 
Simon poplar  
(Populus simonii Carr) 

WH11 16 
Sea-buckthorn (Hippophae  
rhamnoides ssp. sinensis) 

WD12 22 Chinese pine 

WD13 22 Apricot (Armeniaca vulgaris Lam.) 

WD14 22 Elm (Ulmus pumila) 

WD21 19 Locust (Robinia pseudoacacia) 

Western 

WD22 19 Wolfberry (Lycii Fructus) 

NF11 23 
Korshinsk peashrub  
(Caragana korshinskii) × Locust 

NF12 23 Chinese pine × Locust 

NF13 23 Elm × Locust 

NF14 23 Korshinsk peashrub 

NF21 23 Locust 

NF22 23 Korshinsk peashrub × Locust × Elm 

NT11 23 Chinese pine 

NT12 23 
Locust × Elm ×  
Ailanthus (Ailanthus altissima) 

NO11 23 Sea-buckthorn 

NO12 23 Simon poplar 

Southern 

NO13 Original landform Simon poplar 

ND11 — — 
Inner 

NO21 — — 

Note: Locust and Elm in the plot of NF22 have degenerated. 

 
1.3  Analysis of soil microbial community level 

The soil microbial community and metabolic diversity 
were estimated via 96-well Biolog EcoPlatesTM (Biolog Inc., 
Hayward, CA, USA), which contained 31 carbon substrates 
in triplicate for each substrate and a control well without any 
carbon substrate. Each soil sample (1 g passed through a 
2-mm sieve) was diluted 103–fold with sterilized distilled 
water and shaken for 30 min at 150 r/min and 22℃. After 10 
min settling, a 150 μL aliquot of the soil suspension was 
inoculated into each well of the EcoPlatesTM using an 
eight-channel repeating pipette [10]. The plates were 
incubated at 25℃ in the dark, and optical density (λ = 
590 nm) was determined using a plate reader (ELx 800, 
BioTek, USA) at time 0 and every 24 h thereafter for 240 h. 
1.4  Soil physicochemical properties 

Soil samples for determining bulk density (BD) were 
obtained using stainless steel cylinders at a depth of 10 cm. 
The samples were then oven-dried at 105℃ for 48 h to 
determine the weight: volume ratio. Part of the composite 
samples were air-dried in the shade and then sieved for the 
subsequent analysis of other soil physicochemical properties. 
Soil subsamples (< 2 mm) were used to measure the soil pH 
vale in 1∶1 soil: water extracts with a pH meter (model FE 
20). Soil organic carbon (SOC) and total nitrogen (TN) were 

determined using an elemental analyser (Vario EL III). 
Available nitrogen (AN) was evaluated using the zinc- 
cadmium reduction method [24] and available phosphorus 
(AP) was determined using the Olsen method [25]; available 
potassium (AK) was extracted with ammonium acetate [26]. 
1.5  Soil biological properties 

To determine the contents of soil microbial biomass 
carbon (MBC) and microbial biomass nitrogen (MBN), the 
fumigation extraction method of Vance et al. [27] was used, 
followed by measurements with a total organic carbon 
analyser (Shimadzu TOC-5000A).  
1.6  Statistical analysis 

The rate of colour development in the Biolog 
EcoPlatesTM was determined by calculating the average well 
colour development (AWCD); the AWCD for all substrates 
was used as a measure of total activity [10,28]. In addition, α 
diversity indices of the Shannon-Wiener index (H), the 
McIntosh index (U), and the Pielou evenness index (J) were 
calculated to describe the diversity, richness and evenness 
characteristics of the soil microbial diversity, respectively [10]. 
These indices were calculated as shown in equations (1)– (4): 

 
AWCD ( ) / 31iC R   

(1)
 

 
( ln )i iH P P    

(2) 

 
2
iU n   

(3) 

 J=H/lnS  (4) 
Where Ci is the optical density value from the sample well 
and R is the absorbance data of the control well. If Ci−R ≤ 0, 
then Ci−R = 0 [29]. Pi is the response to each substrate 
expressed as a proportion of total response to all substrates, 
namely it is the relative absorbance of well i to the sum of 
the absorbance of all wells (Pi = (Ci−R) / sum (Ci−R)). And ni is 
the relative absorbance of well i (ni = CiR), S is the number 
of wells that exhibits the colour change (Ci−R > 0) [30]. The 
Biolog data collected from the plates, which were incubated 
for 72 h, were analysed to calculate the various microbial 
diversity indices [10,29-30]. 

All statistical analyses were performed, and linear 
correlation diagrams were generated using SPSS 22.0 and 
Origin 9.0 software. Significant differences among mean 
values were determined by one-way analysis of variance 
(ANOVA) in conjunction with LSD post hoc tests at a 
significance level of 0.05(0.01). Linear correlation analyses 
were applied to assess the statistical relationships between 
the microbial community indices and soil physicochemical 
properties (i.e., BD, pH value, SOC). 

2  Results and analysis 

2.1 Soil microbial community levels in different 
regeneration periods 

AWCD was generally considered to indicate the 
capacity of metabolic activity based on carbon use[10,28]. The 
variation of AWCD in the different plots was presented in 
Fig.2. The results showed that the carbon sources were 
rapidly used from 24 to 216 h of incubation, peaking at 216 
h (Fig.2). On the 3rd and 4th day, the AWCD values of all 
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the plots in the reclaimed land (Fig.2c) were greater than 
those in the OF11 plots, which were undisturbed land 
planted with Chinese pine, and lower than those in the 
Simon poplar forest plots in the undisturbed land (OF13). 
Specifically, the AWCD of the reclaimed land increased 
greatly at 72 h. Moreover, the AWCD values of the plots 
subjected to longer reclamation periods were significantly 
greater than those of shorter periods, indicating stronger 
promotion of microbial metabolic activity over time. 

 

 
 

Note: OF13 and NO13 represent Simon poplar plots in the undisturbed landscape, 
and the NO12 plot was regenerated with Simon poplar for 23 years; NF21 and 
WD21 were regenerated with Locust for 23 years and 19 years, respectively; 
NT11 and WD12 were regenerated with Chinese pine for 23 years and 22 years, 
respectively, and OF11 represents Chinese pine plots in the undisturbed 
landscape; NO11 and WH11 were regenerated with Sea-buckthorn for 23 years 
and 16 years, respectively. 
 

Fig. 2  Average well colour development (AWCD) of soil 
microbes in lands subjected to different periods of regeneration 

 

The utilization of organic carbon sources can also 
reflect the functional diversity of a microbial community. As 
shown in Table 2, three diversity indices were employed for 
comparing metabolic diversities. Shannon-Wiener and 

Pielou index results were significantly (P<0.05) greater in 
the plots with relatively longer regeneration periods: As the 
regeneration period increased, these soil microorganism 
indices also increased. However, the McIntosh index tended 
to decrease as the reclaimed period increased (except NT11 
and WD12), which was essentially inconsistent with the 
AWCD performance. These results suggest that the soil 
microbial communities in the plots that were restored earlier 
have higher total activity and evenness. This finding further 
indicated that the regeneration period substantially altered 
the metabolic processes of the soil microbes, which was in 
accordance with a study by Fan et al. [14], who reported that 
the length of soil development time significantly affected 
microbial diversity. 

 

Table 2  Indices of soil microbes in lands  
subjected to different regeneration periods 

Plot ID 
Duration after  

regeneration/a 
Vegetation 

configuration 

Shannon– 
Wiener  
index H 

McIntosh 
index U 

Pielou 
evenness 
index J 

OF13 
Original  
landform 

Simon poplar 2.644±0.007b 2.821±0.002a 0.909±0.012a 

NO13 
Original  
landform 

Simon poplar 2.839±0.012a 2.454±0.018b 0.890±0.004b 

NO12 23 Simon poplar 2.642±0.033b 1.956±0.013c 0.790±0.005c 

NF21 23 Locust 2.795±0.011a 2.259±0.020a 0.904±0.003a 

WD21 19 Locust 2.586±0.014b 2.270±0.018a 0.841±0.007b 

OF11 
Original  
landform 

Chinese pine 2.551±0.018c 1.196±0.001c 0.915±0.024a 

NT11 23 Chinese pine 2.942±0.013a 2.700±0.020a 0.896±0.003a 

WD12 22 Chinese pine 2.777±0.004b 2.218±0.019b 0.927±0.001a 

NO11 23 Sea-buckthorn 2.636±0.003a 2.931±0.020b 0.870±0.009a 

WH11 16 Sea-buckthorn 2.622±0.011a 3.382±0.018a 0.857±0.016a

Notes: The different lowercase letters indicate significant differences between 
different treatments in same vegetation (P＜0.05). 

 

With respect to microbial activity, samples from 
reclaimed plots, such as NO12, presented lower values than 
that of the original landform. However, some microbial 
diversity indexes (AWCD, H and U) of partial regeneration 
plots, such as NT11 and WD12, were higher than the 
original forest land landform. These results may be due to 
longer regeneration periods, and it showed that the ecology 
and the soil microbe of damaged mining area after a certain 
period of appropriate reclamation could be comparative or 
better than that of undisturbed land. In general, the soil 
conditions of restored land were naturally not as good as those 
of the original undisturbed lands[2,8,12,20,23]. Therefore, the 
recovery status of soil microbial diversity was mainly due to the 
activities of soil microbes concentrated within the topsoil [14]. 
2.2  Soil microbial community levels in response to 
different regeneration methods 

Soil microbial community levels among plots subjected 
to different regeneration methods for the same duration were 
compared. Among the plots, the same platform of dump site 
was reclaimed at the same time, and the adjacent plots were 
reclaimed using different vegetation arrangement modes, 
including single-planting and mixed-forest modes. Details 
concerning the soil microbial diversity were shown in Fig.3 
and Table 3. 
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Table 3  Indices of soil microbes in lands subjected to  
different patterns of regeneration 

Plot 
ID 

Vegetation 
configuration 

Duration 
after 

regen-
eration/a 

Shannon–Wi
ener index H 

McIntosh 
index U 

Pielou 
evenness 
index J 

NF14 
Korshinsk 
peashrub 

23 3.020±0.003a 5.102±0.007a 0.924±0.005a 

NF21 Locust 23 2.795±0.011c 2.259±0.020d 0.904±0.003b 

NT11 Chinese pine 23 2.942±0.013b 2.700±0.020c 0.896±0.003b 

NO11 
Sea- 
buckthorn 

23 2.636±0.003d 2.931±0.020b 0.870±0.009c 

NO12 
Simon 
poplar 

23 2.642±0.033d 1.956±0.013e 0.790±0.005d 

NF11 
Locust× 
Korshinsk 
peashrub 

23 2.898±0.012a 2.940±0.014b 0.870±0.004b 

NF12 
Locust× 
Chinese pine 

23 1.756±0.003c 1.758±0.006c 0.799±0.001c 

NF13 Locust×Elm 23 2.768±0.008b 3.505±0.012a 0.895±0.002a 

NF22 
Elm×Locust 
×Korshinsk 
peashrub 

23 2.946±0.012a 3.136±0.015b 0.884±0.004a 

NT12 
Elm×Locust 
×Ailanthus 

23 2.692±0.010b 2.547±0.019c 0.899±0.003a 

WD12 Chinese pine 22 2.777±0.004b 2.218±0.019c 0.927±0.001a 

WD13 Apricot 22 2.660±0.005c 3.747±0.018a 0.874±0.002b 

WD14 Elm 22 2.804±0.006a 3.316±0.007b 0.894±0.002b 

WD21 Locust 19 2.586±0.014a 2.270±0.018a 0.841±0.007a 

WD22 Wolfberry 19 2.094±0.005b 2.176±0.015b 0.802±0.023b 

Notes: The different lowercase letters indicate significant differences between 
different treatments in same duration after regeneration with single-planting or 
mixed forest(P＜0.05). 

 

In the southern dump, the soil microbial activity levels 
in the korshinsk peashrub plots and mixed korshinsk 
peashrub plots were significantly higher than those in the 
plots of the other reclaimed landscapes (Fig.3a, b). However, 
the levels of soil microbial activity in the locust × Chinese 
pine plots under mixed vegetation arrangement in reclaimed 
land were poor (Fig.3b), and it was lower than those 
subjected to single-planting modes. Therefore, from the 
perspective of microbial activity, this vegetation mixture was 
not better for soil ecological reconstruction. It may be 
caused by the environmental disparity of study area and the 
complexity of interspecific relationships, such as interspecific 
mechanical action, biological effect, eco-physiological effect 
and biochemical action. 

Fig.3 also showed that the plots planted with apricot 
and elm singly tended to develop better AWCD than other 
plots. Some of the other vegetation arrangement modes, such 
as those involving Chinese pine (NT11 and WD12) and sea- 
buckthorn (NO11 and WH11), might restore soil microbial 
activity to its undisturbed status (Fig.2d, Fig.3). 

In addition, the community-level indices (Table 3) 
differed significantly (P<0.05) in response to different 
vegetation arrangements. Notably, soil microbial community 
levels in the NF22 and NT12 plots, both of which consisted 
of three plant mixtures, did not exhibit high levels of 
diversity. Moreover, the degradation of locust and elm in 
NF22 indicated that these vegetation patterns might not 
suitable for the recovery of soil microbial diversity and that 

korshinsk peashrub might be the dominant species among 
the three plant species on reclaimed land in this mining area. 

 

 
 

Fig. 3  AWCD of soil microbes in lands subjected to  
different regeneration patterns 

 

The soil microbial diversity in the apricot, elm, 
korshinsk peashrub, and korshinsk peashrub mixed with 
locust plots was higher than that in the undisturbed land. It 
can be concluded that compared to the other methods, these 
reclamation methods better restore soil microbial diversity. 
2.3  Analysis of soil microbial community level indicators 

Soil properties affect the soil microbe community level 
in various ways, and these properties interact within a 
certain range. Accordingly, correlations between soil quality 
indicators (such as BD, pH value, TN, SOC, AN, AP, AK, 
MBC, MBN) and microbial diversity indices (H, U, J) were 
analysed (Table 4). The results showed that MBC was 
strongly correlated with H and U. Moreover, the microbial 
diversity indices correlated positively with each other, and 
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SOC had significant correlations with TN. 
Mining and regeneration were carried out simultaneously 

at the Antaibao mine area; therefore, every plot of restored land 
had experienced a different length of regeneration time and 
modes. Moreover, the pH value of the dump soil was weakly 

alkaline, which did not create a positive environment for the 
activity of most microbes. Under such circumstances, the 
role of soil physicochemical properties on microbes was not 
straightforward because the soil ecological environment had 
not yet stabilized within the regeneration time. 

 
Table 4  Correlations between soil microbial metabolic diversity indices and soil properties 

Index BD pH value TN SOC AN AP AK MBC MBN H U J 

BD 1            

pH value 0.37 1           

TN –0.26 –0.078 1          

SOC –0.32 –0.096 0.93** 1         

AN –0.24 –0.19 –0.05 –0.05 1        

AP 0.36 –0.03 –0.303 –0.22 –0.07 1       

AK –0.47 –0.05 –0.623* –0.803** 0.14 –0.18 1      

MBC –0.28 –0.04 –0.09 –0.22 –0.26 0.36 0.40 1     

MBN 0.13 –0.09 –0.27 –0.20 –0.29 0.12 –0.43 0.43 1    

H 0.11 –0.05 0.22 0.11 0.14 –0.11 –0.38 –0.69** –0.14 1   

U –0.06 –0.08 0.19 0.04 0.17 –0.34 –0.37 –0.69* –0.07 0.56* 1  

J 0.23 –0.22 0.29 0.03 0.19 0.20 –0.16 –0.44 –0.16 0.76** 0.55* 1 

Note: BD: soil bulk density. TN: total nitrogen. SOC: soil organic carbon. AN: available nitrogen. AP: available phosphorus. AK: available potassium. MBC: soil 
microbial biomass carbon. MBN: microbial biomass nitrogen. **: Correlation is significant at the 0.01 level; *: Correlation is significant at the 0.05 level. 

 

3  Discussion 

Regeneration periods and vegetation patterns significantly 
affected soil microbial properties, whilst these conclusions 
were in general agreement with previous research in this 
area[14,20]. For example, Zhao et al [20] reported that the 
microbiological properties in plots planted with sea-buckthorn 
were better than those with korshinsk peashrub. However, 
the present study obtained different results even in the same 
study area, which might be attributed to differences in 
regeneration periods. Overall, the microbial richness 
decreased with the increase of reclamation period, possibly 
because the change of soil environment and vegetation in the 
shorter time was likely to increase of microbe species [10]. As 
the regeneration progresses in opencast mine, biological 
competition would gradually result in the selection of more 
suitable species to stabilize the reclamation environment. In 
our study, the recovery of soil microbial activity in the 
Simon poplar reclamation plots (NO12) did not reach 80% 
of that in the original land plots (OF13), whereas soil 
microbial activity in the land reclaimed with Chinese pine 
(NT11, WD12) surpassed that in the original land (OF11). 
The possible reason was that plant species had no definite 
promotion or inhibition to microbial recovery [31]. The 
dominance of korshinsk peashrub might be because it is a 
deep-rooted species with a highly developed root system. In 
addition, it is a leguminous plant that can more easily form 
mycorrhizal associations to provide a better environment for 
soil microbial growth. Differences in soil microbial activity 
between the original landscape of Simon poplar (OF13 and 
NO13) were caused mainly by human factors. Indeed, the 
NO13 plot was subjected to severe human disturbances at 
the foot of a shady slope in the southern dump site. In 

contrast, OF13 was essentially devoid of human interference. 
In addition, the observed differences of microbial diversity 
in adjacent plots indicated that the microbial diversity in this 
reclamation area was related not only to the regeneration 
mode/period and human factors but also to the terrain and 
slope. 

The soil types involved in this study were unique, and it 
was uncertain when soil properties were completely 
reclaimed. Shrestha and Lal [2] reported that the stabilization 
of soil properties in mining area, such as C and N, required 
several years after reclamation. Adeli et al. [32] argued that soil 
might be restored at 7-12 years after reclamation, whereas 
Huang et al. [33] reported that soil properties approached levels 
in undisturbed areas at 23-25 years after regeneration. In this 
study, we focused only on plots that have been rehabilitated 
for more than a decade, without considering plots 
regenerated after the year 2000. In surface mining, the 
well-developed soil matrix and surface vegetation layer were 
particularly disturbed, plant litter and soil organic matter 
also increased continuously when reclamation measures 
were implemented, with the soil ecological environment, 
including soil properties and soil microbial characters, 
gradually recovering. Combining the results of several indices 
of microbial diversity, we found that no individual index 
could completely represent the microbial diversity. In our 
study, soil microbial functional diversity was not 
significantly positively correlated with SOC while it was 
significantly negatively correlated with MBC, which might 
be caused by the condition of C and N in the soils [34]. 
Nonetheless, the soil microbial biomass carbon was closely 
related to soil microbial diversity, which was consistent with 
Yao et al.’s results [35], and also an important parameter 
reflecting soil physicochemical properties. 
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One of the purposes of this research was to provide 
technical support for long-term monitoring of mining. 
Therefore, the Biolog EcoPlatesTM method was more suitable 
and economical than high-throughput sequencing [18]. In 
addition, due to the limitations of the experimental conditions 
in the study area, there might be some errors in our research 
method of replacing time with space to comprehensively 
analyze the effects of regeneration period and patterns. It is 
necessary to increase the number of sample plots and we 
will carry out long-term positioning experiments to reflect 
the recovery mechanism of soil microbes in the reclamation 
area of opencast coal mine in the future. Finally, the soil 
types involved in this study were unique, and limited 
environmental factors were measured. As differences in 
other environmental factors (e.g., soil temperature, electrical 
conductivity) may affect the characteristics of soil microbial 
activity, additional studies are needed. 

4  Conclusions 

In this study, we examined the short-term effects of 
regeneration periods and vegetation patterns on soil 
microbial diversity in opencast coal mine areas. Our 
conclusions are below. 

1) Both the regeneration periods and vegetation 
patterns significantly affect soil microbial activity, evenness, 
and richness. In the case of relatively long regeneration 
periods, the microbial functional diversity of restored land is 
mainly affected by the vegetation mode. 

2) From the standpoint of the metabolic functional 
diversity of soil microbes, the optimal order of single-plant 
modes for reclamation is apricot, elm and korshinsk 
peashrub; the optimal order of mixed-forest mode for 
reclamation is korshinsk peashrub × locust. 

3) The soil microbial biomass carbon content is 
negatively correlated with microbial diversity indices of 
Shannon-Wiener index (ρ=–0.69, P<0.01) and McIntosh 
index (ρ=–0.69, P<0.05), and it may be used as an indicator 
of microbial functional diversity in restored lands. 
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Abstract: The objective of this study is to analyse performance of a modified heat recovery ventilator in air conditioner cooling 
breeding rabbit house in hot season. The heat recovery ventilator was employ to reduce the energy consumption of cooling rabbit 

house, alleviate the contradiction between air conditioner cooling and ventilation. During the operation of the air-conditioner, air 

temperature in the rabbit house maintained 22-27 ℃ when the ambient air temperature varied 31-39 ℃. The heat recovery 

ventilator was used to reduce energy consumption of the air-conditioner. The experiment was carried out in two rabbit houses 
with heat recovery ventilator (treatment house) and without heat recovery ventilator (control house). Compared with the control 

house, the air temperature in the treatment house was higher by 1.4 ℃, while the NH3 and CO2 concentration in the treatment 

house decreased by 10% and 21%, respectively. The application of the heat recovery ventilator reduced 10.2% energy 

consumption of the air-conditioner during the hot season, and the sensible heat efficiency of the heat recovery ventilator was 
63.3%. The heat recovery ventilator was economic to operate when the temperature difference between indoor and outdoor was 

more than 5.1 ℃. There is 501 h available time every year for the operation of the hot season in southeast China, and the 

calculated annual electricity saving was 4.6 kWh for every square meter of rabbit house. Pressure drop of the heat exchanger and 
the duct ventilation organization are potential factors for improving performance of the system. 
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0  Introduction 

The climate in southeast China is hot and humid in 
summer. Pad cooling can only maintain an indoor temperature 
of 28-30 ℃ in animal house[1]. Breeding rabbits is very 
vulnerable to high temperature, and the reproduction 
performance is easy to be affected by heat stress[2]. Air- 
conditioner cooling is practical for well-insulated rabbit 
house in hot and humid climate [3]. However, the problem is 
that the cooling performance of air-conditioner would 
compromised and the energy consumption for cooling would 
rise greatly even when the necessary minimum ventilation 
rate is given. On the opposite, the insufficient ventilation is 
benefit for cooling and energy conservation, but the 
accumulation of contaminants is really harmful for the 
health of rabbit. 

Large amount of fuel /energy is used to control animal 
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house environment in the process of ventilation, heating, 
cooling. The greenhouse gases produced by livestock 
production cover 8%-10.8% around the world [4-6]. The CO2 
generating from the fossil fuel and energy consumption is 
3000 ton per year [7]. In this way, reducing energy 
consumption from the cooling of animal house can reduce 
the carbon footprint of animal production. 

Heat recovery ventilation (HRV) can reduce heat 
import during ventilation by using exhaust air to precool the 
hot fresh air. It is widely used in the residential, commercial 
and industrial buildings [8]. In hot and humid weather, the 
application of HRV can significantly improve the cooling 
performance of air-conditioner in the residential building [9]. 
More and more HVAC() bring in heat exchanger to reduce 
the heat and cooling energy consumption [10-13]. The data 
show that the use of HRV can save 33% energy consumed by 
air-conditioner cooling in the hot and humid weather [14]. 
Generally, HRV can recover 60%-90% energy in the 
exhaust air to improve energy efficiency in buildings [15]. 
There is more potential of HRV for the animal house 
application, for the reason that animal house is more energy 
intensive and needs higher ventilation rate than these 
buildings. 

HRV in rabbit house in cold climate can significantly 
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reduce the heat loss in the ventilation process and improve 
the thermal comfortable degree in rabbit house [16]. HRV can 
also be used in hot season. An integrated type heat recovery 
ventilator for residential buildings application was analysed 
in rabbit house with air-conditioner cooling. However, the 
heat recovery ventilator showed low performance in heat 
recovery efficiency and air exchange [17]. 

In this experiment, an improved heat recovery ventilator 
was used to reduce energy consumption and increase air 
exchange rate to improve the quality of indoor air in rabbit 
house with air-conditioner cooling during summer in the 
southeast China. The environmental index and energy- 
saving effect were monitored to evaluate the applicability of 
the system in this region with hot and humid climate. 

1  Methods and materials 

1.1  Experimental breeding rabbit houses  
The experiment was carried out in Yuyao city of Zhejiang 

province in the southeast China. Two confinement breeding 
rabbit houses were designed as the treatment house and 
control house, respectively. The two houses were all cooled 
by air-conditioner, while the treatment house was ventilated 
by the HRV and no ventilation was given in the control 
house. Other conditions of the two houses were the same. 
The size of the two houses was 25 m (length) ×14 m (width) × 
3.6 m (height). Four air-conditioners were installed in each 
rabbit house. They were operated during 10:00-18:00 every 
day. As the ambient temperature dropped at night, the 
natural ventilation was used in the two rabbit houses to keep 
the acceptable air quality. Both of the two rabbit houses 
were used for rex rabbit production and the rabbit density 
was 12 kg/m2. There were 330 adult rabbits and 1 331 young 
rabbits of 60 d age in the treatment house, and 342 adult 
rabbits and 1 305 young rabbits of 60 d age in the control 
house. The calculated total heat load produced by rabbits 
was 38 kW [18]. The rabbit cages were two-tire and step type. 
The manure was removed by conveyor belt under the rabbit 
cages. The experiment was carried out in the hottest season 
from Jul. to Sep. in 2013.  
1.2  Modified HRV and operation schedule of system 

Previous study showed that the integrated type HRV 
designed for the residential buildings cannot meet the 
application requirement in animal house [17]. A modified 
HRV has been used in rabbit house in winter. It made good 
performance in air exchange and energy saving[16]. The 
modified HRV was used in rabbit house with air conditioner 
cooling in this experiment.   

The HRV equipment consists of a supply fan, an 
exhaust fan, an air-to-air heat exchanger and air duct (Fig.1). 
Different from the integrated type, the modified HRV is a 
separated one with the fans and heat exchanger in different 
sites. It is better in installation, space use, and saving cost of 
equipment. Performance of HRV is affected by a lot of 
factors such as parameters of the heat exchanger (construction, 
size, heat exchange area, material and pressure drop), fans, 
air duct, ventilation rate, air temperature and humidity of 
indoor and outdoor[19]. The climate in Yuyao city is hot and 

humid during summer[20]. The moisture content outdoor is 
higher than that in the rabbit house in summer, so there is no 
latent heat recover potential [10]. Therefore, a sensible heat 
exchanger was used. Considering the pressure drop (150-200 Pa) 
and flow rate (3 000 m3/h) of the HRV, the size of the heat 
exchanger was 600 mm×600 mm×700 mm, the distance 
between the plate was 4.5 mm, and the heat exchange area 
was 56 m2. The approach velocity of the heat exchanger is 
recommended to be 0.3-2.89 m/s for the application in 
residential and commercial buildings [21]. A higher approach 
velocity was designed to meet the higher ventilation rate 
requirement in rabbit house. But high approach velocity may 
have negative effect on pressure drop of the heat exchanger. 
The approach velocity of 3 and 4 m/s was tested, 
corresponding to pressure drop of 68 and 100 Pa, 
respectively. Effects of the two pressure drops on heat 
recovery efficiency and heat recovery load of the HRV were 
studied. Device operation schedule was as follow: The 
air-conditioner in control house was running from 09:00 to 
20:00, the air conditioners and the HRV in treatment house 
were running from 10:00-18:00. 

Two types of air supply were used in the experiment. 
One was uniform air distribution using Φ300 mm perforated 
cloth duct. Air delivered from 10 holes (1 m apart, 50 mm in 
diameter) on the duct. Air could also delivered by the 
infiltration of the duct surface. The other was non-uniform 
ventilation using PVC duct, air only delivered from one end 
of the duct. 

The arrangement of the equipment and monitor devices 
were showed in Fig.1. The HRV was installed in the spare 
room beside the rabbit house. The distance between the fresh 
air inlet and the exhaust air outlet was 5 m to prevent air 
flow short-circuit.  

 
 

Note:  Measure points of the indoor temperature, relative humidity and 
contaminants at height of 1.2 m, t is temperature measure points of air stream 
inside the HRV(heat recovery ventilation) device. 

Fig.1  Arrangement of rabbit house and heat recovery system 
 

A temperature and RH (relative humidity) automatic 
data logger (179-TH, Apresys, Inc., Duluth, Ga.) was used 
to collect the dry bulb temperature and relative humidity inside 
the rabbit houses, and to collect dry bulb temperature of the 
air stream inside the heat exchanger. An electrochemistry 
sensor (MIC-800, Environmental Sensors, Boca Raton, Fla.) 
and infrared sensor (7001, Telaire, Inc., Goleta, Cal.) were 
used to measure the concentrations of NH3 and CO2. An 
electronic difference-pressure meter was used to measure the 
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pressure drop of the heat exchanger. Data were collected 
from Jul to Sept in 2013. The temperature and humidity 
were measured at 10 min intervals, and the concentrations of 
NH3 and CO2 were measured at 1 h intervals. The 
measurement points and the arrangement of the devices are 
showed in Fig.1. 
1.3  Methodology 

The heat recovery efficiency is a key factor of the HRV 
performance. The calculation of the sensible heat recovery 
efficiency is showed as Eq.(1)[22]. 

 si so

si ei

t t

t t






 (1) 

where ɛ is the sensible heat efficiency; t is the temperature 
of the supply (s), exhaust (e), inlet (i) and outlet (o) airstreams, 
℃. 

Coefficient of performance (COP) of the HRV is the 
ratio of recovery heat and energy consumption of fans, as 
Eq.(2) [23]. 
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(3) 

where Cp is the specific heat of air, kJ/(kg·K); M is the capacity 
rate of the air supply, kg/s; tse is the exhaust inlet air 
temperature, ℃; W is the energy consumption of supply fan 
and exhaust fan, kJ. 

The temperature-humidity index (THI) is used to 
indicate the degree of heat stress as Eq.(4) [24]. 

 
  THI 0.31 0.31RH 14.4db dbT T       

(4) 

where Tdb is the dry bulb temperature, ℃; RH is the relative 
humidity, %. A value of THI below 27.8 is considered to 
represent absence of heat stress.  
1.4  Statistical analysis  

All statistics were conducted in means ± standard 
deviation. All means and standard deviations were analysed 
using SPSS 17. Figures were processed through Microsoft 
Excel.  

2  Results and discussions 

2.1  Cooling effect of air-conditioner 
Data was collected from the control house when air 

conditioners were running and no air exchange was offer. 
The indoor air temperature maintained 22–27 ℃ (25.2 ℃ 
on average) when the ambient air temperature varied from 
31  to 39 ℃ (35℃ on average). The average reduction of 

air temperature was 10 ℃  (P<0.05). The indoor air 
temperature was stable when the ambient air temperature 
rose (Fig.2). The hours of indoor air temperature below 28 ℃ 
covered 80% of the operation time of system. The indoor 
humidity kept in a comfortable level of 72% for rabbits.  

Unlike evaporative cooling, the air-conditioner lower 
indoor air temperature without any humidity rise. It is 
benefit to alleviate the heat stress by increasing conduction 
heat loss and evaporative heat loss. Rabbits raised in the 
comfortable thermal environment can improve the 

reproduction performance (conception rate, milk yield, litter 
size, litter weight) of female rabbits, male rabbits (semen 
characteristics) and mortality of growing rabbits [25].  

 

 
 

Fig.2  Indoor temperature changing tendency with increasing of  
outdoor temperature 

 

2.2  Ventilation effect of HRV 
Data was collected from control house and treatment 

house. The control house was cooling by air conditioner 
without air exchange. The treatment house was cooling by 
air conditioners with minimum ventilation rate using HRV. 

The heat recovery ventilator obliged the exhaust 
contaminants out of the rabbit house. In Fig.3, the 
concentrations of NH3 and CO2 rose rapidly in the two rabbit 
houses after door and windows closed. However, when the 
HRV began to operate in 10:00, the concentrations of NH3 
and CO2 were reduced by 10% and 21% within 2 h.  

 

 
 

Note: Asterisks * indicate significantly different values (P<0.05) between the 
treatment house and the control house. 

Fig.3  Variation of CO2 and NH3 concentrations in rabbit houses 
during operation process of HRV 

 

It showed that the HRV could exhaust the indoor 
contaminants effectively. Indoor air quality was crucial for 
the health and performance of rabbits. High concentration of 
NH3 could greatly weaken the upper respiratory tract and 
increase susceptibility to bacteria. Although CO2 did not 
pose a direct threat to the animal health, animals exposed in 
high CO2 level for a long period could lower immunity and 
induce inflammation in mammals[25]. Therefore, the HRV 
system can also be benefit to the rabbit health and 
performance by improving the indoor air quality. 

Inevitably, the ventilation process would bring hot fresh 
air into the rabbit house, causing indoor air temperature rise. 
The HRV was used to alleviate this effect in the experiment. 
When air-conditioners were operated alone in the two 
houses, there was no significant temperature difference 
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between the two houses. However, when the HRV began to 
operate in the treatment house, its air temperature was 1.4 ℃ 
higher than that of the control house (Fig.4).  

In normal condition, the relative humidity would 
decline when the ventilation was given, but the relative 
humidity in the treatment house was slightly higher than that 
of the control house. The air-conditioner cooling involved in 

a dehumidification process. Meanwhile, the humidity 
outdoor was higher than that indoor because of the humid 
climate in summer. The ventilation process of the HRV 
brought in more humid fresh air into the treatment rabbit 
house, which made the humidity of the treatment house 
higher than that of the control house. The variation range 
depended on the ventilation rate and the humid climate.  

 

 
 

Fig.4  Variation of air temperature, relative humidity and moisture before and during ventilation 
 

2.3  Heat stress degree 
Data was collected at the same condition of section 2.2. 

As mentioned above, the operation of the HRV caused air 
temperature rise in the treatment rabbit house. Whether it 
had negative effect on rabbit heat stress should be identified. 
The degrees of heat stress was showed by means of THI 
values[24]. Although THI in treatment house was higher than 
that of the control house, it was always below the non-heat 
stress range (THI<27.8) (Fig.5). The operation of HRV had 
minor effect on the degree of heat stress and cooling 
performance of the air-conditioner. 

 

 
 

Fig.5  Outdoor temperature and corresponding THI in  
treatment and control rabbit house 

 

Generally, the operation of HRV had negative effect on 
the cooling effect, and made the THI in treatment house 
higher than that in the control house, but it had no negative 
effect on level of heat stress on rabbits. Meanwhile, the 
ventilation significantly reduced the concentration of air 
contaminants and improved air quality in treatment house. The 
improvement of air quality was benefit to reduce mortality 
and morbidity of rabbits. In this experiment, the system 
maintained a comfortable thermal environment and 
improved the air quality in the same time. It is a good 
solution to the problem of cooling and ventilation in rabbit 
house in hot and humid climate. 

2.4  Energy conservation performance of HRV 
Data of the HRV was collected from the treatment 

house at the same condition as section 2.2. 
The sensible heat efficiency of the HRV was 63.3% on 

average, and it met the requirement in GB/T21087- 
2007(>60%)[26]. The result showed that the sensible heat 
efficiency didn’t have significant relationship with the 
indoor and outdoor air temperature (Fig.6a), which was 
similar to the former study[27]. The value of sensible heat 
efficiency indicated that the HRV was well designed and the 
device parameters were reasonable. 

The heat recovery load was mainly influenced by 
temperature difference between indoor and outdoor (Fig.6b). 
Therefore, whether the HRV was economic to operate 
largely depended on the indoor and outdoor temperature. 

The COP of the HRV was 3.5 on average. Considering 
the energy consumption of the air-conditioner 31.25 kW, the 
heat recovery load of the HRV 5.4 kW, and the fan power of 
the HRV 1.2 kW, the net heat conservation of the HRV was 
3.2 kW. It meant that the application of HRV could save 
10.2% of the energy consumption of air-conditioner cooling.  

The first grade energy efficiency of air-conditioner 
needs to meet a COP value not less than 3.6 [28]. The fan 
power of the HRV was 0.8 kW, and the flow rate of the 
HRV was 1.0 kg/s. Only when the temperature difference 
between indoor and outdoor was not less than 5.1 ℃, the 
HRV was considered to be efficient as a first grade energy 
efficiency air-conditioner. It was recommended to operate the 
HRV during the daytime when the difference of indoor and 
outdoor temperature was high in summer. Temperature 
difference between indoor and outdoor was low during night 
in summer, it was not economic to operate the HRV. According 
to the climate data of Yuyao, the available time for HRV 
application was 501 h, the calculated annual electricity 
saving was 4.6 kWh for every square meter of rabbit house. 
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Fig.6  Relationship between sensible effectiveness and indoor air 
temperature and relationship between heat recovery load and 

temperature difference between indoor and outdoor 
 

2.5  Effect of pressure drop on performance of HRV 
The pressure of 100 and 68 Pa were tested to learn its 

effect on the sensible efficiency and heat recovery load in 
the experiment. The fresh air temperature decline of the 
lower pressure drop was 0.4℃ higher than that of the higher 
pressure drop. And the sensible efficiency of lower pressure 
drop was 5% higher than that of the higher pressure drop. It 
indicated that the lower pressure drop was more capable of 
cooling fresh air (Table 1). Former study showed that the 
heat recovery efficiency would decrease 10% for every 20 
Pa pressure drop increase [29]. Therefore, control the pressure 
drop of heat exchanger in low level was very important on 
HRV performance. 
 

Table 1  Performance of HRV in two levels of pressure drop 

Approach 
velocity/(m·s1) 

Pressure 
drop/Pa 

Supply air temperature 
decline/℃ 

Sensible heat 
effectiveness/% 

Heat recovery 
load/kW 

4 100 4.04 61.5 5.97 

3 68 4.46 66.1 5.47 

 

2.6  Influence of duct air organization on indoor air 
temperature 

Two types of air duct and ventilation organization were 
used for the HRV in the experiment. The first one was the 
cloth duct with perforated surface for air release (uniform 
ventilation), and the other one was the plastic duct air was 
distributed from the end of the duct (non-uniform ventilation).  

The uniform ventilation had a better performance on 
cooling than the non-uniform ventilation when the weather 
was cool. As the outdoor temperature rise, the difference 

between the two ventilation organizations became smaller 
(Fig.8).  

 

 
 

Fig.7  Effects of two types of duct and air distribution  
modes on indoor air temperature 

3  Conclusions 

The modified heat recovery ventilator can significantly 
improve air quality in rabbit house without causing higher 
level of heat stress in humid and hot climate in southeast 
China. It is more efficient in air exchanger and energy 
saving than that in the previous studies for summer 
application in rabbit house.  

The HRV is energy efficient, which can save 10.2% of 
the air-conditioner energy consumption. It contributes to 
solve the problem of high energy consumption for air 
conditioner cooling application in rabbit house. The HRV is 
economic to operate when the temperature difference 
between indoor and outdoor is not less than 5.1 ℃. It has 
promising potential in other hot climate area in China. The 
pressure drop and air flow organization can be further 
analysed to improve the heat recovery ventilation 
performance. 
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Abstract: The microbial varieties of 5 biogas digesters (A08, A09, A010, A011, and A012) were investigated using 
high-throughput sequencing in different regions in Xinjiang. The operational taxonomic units (OTU) number of bacterial in the 
OTU cluster analysis of 5 biogas digesters was 2 105, and their identical OTU number was 225. The total OTU number of fungal 
was 2 224, and their identical OTU number was 178.The main types of biogas slurry samples, A08, A09, and A010, with cow 
manure as substrate were Bacteroidetes, Firmicutes, and Proteobacteria. The sample A011 with chicken manure as the substrate 
was mainly Bacteroides and Firmicutes, and the relative abundance was 58.5% and 23.8%, respectively. The sample A012 with 
pig manure as substrate was similar to the sample A09 with cow manure as substrate. The first dominant group was Firmicutes, 
the second dominant group was Bacteroides, and the third one was Proteobacteria. The main fungi in the 5 biogas slurry samples 
were Ascomycota and Basidiomycota at the phylum level, in which the relative abundance of Ascomycota accounted for the 
majority, reached 72.7%–83.3%, with a relatively abundant level of Basidiomycetes at 4.3%–7.3%. The Xinjiang biogas digesters 
contained an extremely abundant number of microbial strains, and the microbial distributions of the different samples were 
different, which provided theory evidence for the preparation of high efficiency biogas fermenting agents. 
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0  Introduction  

China has abundant biomass resources, including residues 
and byproducts from agricultural and forestry industry as 
well as urban biodegradable wastes in cities[1-2]. Agricultural 
waste accounts for 21% of China’s total biomass energy, 
which including cellulose biomass, such as straw and 
livestock manure as well as wastes from fruits and 
vegetables during storage, transportation, and processing 
processes[3-6].These biomass resources have a high level of 
organic matter and are useful in producing biogas, 
fertilization and feed processing[7-8]. However, these 
resources have not been effectively utilized, as most crop 
straws are directly burned or discarded, causing serious air 
pollution and a waste of resources[9]. By using waste such as 
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feces, and biogas projects can not only solve the problem of 
waste recycling, but also avoid environmental problems and 
wastage of resources. It can also adjust energy structure, 
reduce consumption of fossil energy, and lead to the 
development of clean energy. The new breakthrough in the 
biogas project would prompt coordinated development of 
agriculture, aquaculture, and recycling of biomass resources in 
China, which is of great significance to the sustainable 
development of agriculture[10-13]. 

Biogas projects are the most important solution to fecal 
pollution and straw waste[14-18]. In addition to the raw 
materials, an efficient biogas microbial population plays a 
main role in the stable and efficient operation of the biogas 
digesters[19-22]. The biogas fermentation process is an 
extremely complex process, which includes the hydrolysis, 
acid production, and methanogenesis stages. The microbial 
community shows various structures in different stages. 
Therefore, it is necessary to use modern molecular biology 
techniques to further study the microbial community during 
the fermentation process[23-24]. High-throughput sequencing 
technology is the most popular generation sequencing 
technology. It has a unique advantage when analyzing 
microbial community structure. A library can be constructed 
and sequenced according to the total DNA directly obtained 
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from the environmental samples[25].Estimating the species 
composition of the microbial communities using the sequencing 
data from the 16S rRNA gene can more accurately reveal the 
intricacy and variety of the microbial community in its 
in-situ environment[26-29].The high throughput sequencing of 
the biogas fermentation process by Song et al.[30] showes 
that the microbial population is transferred from methicillin 
producing methanogen to the nutrient methanogen. Feng   
et al[31] mixed straw and chicken manure during the biogas 
fermentation process and through the high throughput 
sequencing analysis showed that the main microorganisms in 
the co-digestion process were Bacteroides and Firmicutes.  

Most of the predecessors simulated the biogas fermentation 
process in the laboratory and performed high-throughput 
diversity sequencing. In this study, five biogas digesters 
were used as research objects, and the high throughput 
molecular technique was used to analyze the bacterial and 
fungal diversity in the 5 sampling points. The diversity and 
function of the dominant bacteria and fungi under different 
substrate conditions were studied, which provided theory 
evidence for the preparation of biogas fermentation in 
Xinjiang. 

1  Materials and methods 

1.1  Biogas digesters and samples 
Five samples of biogas slurry fermented for 15 days 

were collected from different digesters of Xinjiang in July 
2018. The biogas slurry sample A08 was collected from the 
biogas digester in the town of Shuixigou, Urumqi county; 
the biogas slurry sample A09 was from the biogas digester in 
the town of Santai in Jimsar county; the biogas slurry sample 
A010 was from CGN(China General Nuclear Power Group) 
biogas digester in Hutubi county; the biogas slurry sample 
A011 was from Tianlang biogas digester in Yining; and the 
biogas slurry sample A012 was from Yijiang biogas digester 
in Kurle. The Shuixigou biogas digester is a small household 
one and built in a greenhouse. The other 4 sampling points 
are large and medium-sized biogas demonstration projects. 
The basic information on the sampling points was shown in 
Table 1. The activated biogas slurry sample was stored at  

–80 ℃ in 50 mL centrifuge tubes. Table 1 showes the data 
obtained from this process, which are the parameters of the 
process.  

 
Table 1  Essential information of 5 biogas digesters 

Sampling point Code Size/m3 Indoor/Outdoor Substrate Biogas status Latitude and longitude 

Biogas digester in Shuixigou town, Urumqi county A08 8 Indoor Cattle manure Normal 43°27N, 87°30E 

Biogas digester in Santai town of Jimsar county A09 4 000 Outdoor Cattle manure Normal 44°50N, 88°55E 

CGN biogas digester in Hutubi county A010 36 000 Outdoor Cattle manure Normal 44°17N, 87°10E 

Tianlang biogas digester in Yining A011 5 000 Outdoor Chicken manure Normal 43°50N, 81°26E 

Yijiang biogas digester in Kurle A012 1 000 Outdoor Pig manure Normal 41°46N, 85°56E 

Note: China General Nuclear Power Group (CGN). 

 
1.2  DNA extraction and polymerase chain reaction (PCR) 

The PowerSoil DNA isolation kit (MO BIO-Laboratories, 
USA) was used to extract the complete set of DNA samples. 
The region of 16S rRNA V3+V4 was amplified using the 

forward primer 338F(5-ACTCCTACGGGAGGCAGCA-3) 
and the reverse primer 806R(5-GGACTACHVGGGT-

WTCTAAT-3). The 16S rRNA internal transcribed spacer 
(ITS) area was amplified using the forward primer ITS1F 

(5-CTTGGTCATTTAGAGGAAGTAA-3) and the reverse 

primer ITS2R(5-GCTGCGTTCTTCATCGATGC-3). The 
40-60 ng DNA template, 0.2 μL High GC Enhancer, 10 μL 
Buffer, 1 μL dNTP(Deoxy-ribonucleoside Triphosphate),  
10 μL Buffer, and 1.5 μL of each primer were found in each 

PCR reaction. It began at 95 ℃  for 5 min and then 

followed by 15 cycles at 95 ℃ for 1 min, 50 ℃ for 1 min, 

and 72 ℃ for 1 min, and a final extension at 72 ℃ for 7 min, 

to achieve amplification. The QIAquick purification kit was 
used to purify the PCR products.  
1.3  Illumina paired-end sequencing 

BT (Biomarker Technologies, Beijing, China) was used 
to sequence and merge the PCR products using Pandaseq 
and Illumina paired end protocol[32]. 

1.4  Sequence analysis 
Sequences with high quality were clustered into 

different operational taxonomic units (OTU) defined based 
on 97% similarity, and they were aligned with the Silva and 
Unitereference gene database (http://www.arb-silva.de/)[33]. 
The rarefaction curves used to analyze abundance of bacteria 
in all the samples were made by Mothur (V.1.11.0)[34]. Alpha 
diversity defined by Simpson and Shannon indices, Chao1 
richness, and Coverage was used to assess variety of bacteria 
and fungi within a given sample[35]. Principal component 
analysis (PCA) was also performed to assess the bacterial 
composition of samples[36-37]. 

2  Results and discussion 

2.1  Characteristics of sample sequence tags 
A total amount of 382 374 bacteria tags and 371 179 

fungi tags were obtained from 5 samples after the quality 
control, including trimming, paired-reads assembly, and 
quality screening of raw reads obtained by Illumina 
MiSeqsequencing, with an average of 59 576 bacteria tags 
and 72 744 fungi tags per sample. The Chao1 richness 
estimators, Simpson, and Shannon index were calculated 
based on 3% genetic distance for the samples (Table 2). As 
seen in Table 2, for the bacterial number of Chao1 richness 
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estimators and Shannon index peaked in sample A012, while 
the Simpson index was the lowest in sample A012. Analysis 
for the fungal number of Chao1 richness estimators and the 
Shannon index were all the highest in sample A011, while 
the Simpson index was the lowest in sample A011. All the 
coverage values were greater than 0.99, indicating that the 
results of this index sequence could well reflect the true 
bacterial and fungal conditions in the samples. Commonly, a 
higher Simpson index means less variety in a sample. So, the 
A012 samples had the most abundant bacterial diversity and 
the A011 samples had the most abundant fungal diversity. 

 

Table 2  Analysis on bacterial and fungal  
diversity index of different samples 

Microorganism species Samples Chao1 Simpson Shannon Coverage 

A08 1 451.069 0.075 4.269 0.995 

A09 1 577.945 0.046 4.528 0.993 

A010 1 132.776 0.112 3.879 0.995 

A011 1 093.337 0.112 3.471 0.995 

Bacterial 

A012 1 657.355 0.018 5.042 0.993 

A08 882.105 0.029 4.862 0.999 

A09 695.647 0.072 4.257 0.999 

A010 853.556 0.124 3.951 0.999 

A011 926 0.026 5.171 0.999 

Fungal 

A012 799 0.032 4.820 0.999 

 

2.2  Taxonomic complexity of microbial community 
Fig. 1 shows rarefaction analysis results based on the 

OTU with 97% similarity, indicating that the recovered 
sequences adequately showed the variety in the bacterial and 
fungal communities through all of the samples because the 
rarefaction was approximated to an asymptote. The degree 
of bacterial abundance was A012 > A09 > A08 > A010 > 
A011 and the degree of fungal abundance was A011 > A08 
> A010 > A012 > A09. 

The distribution of OTU throughout the samples was 
assessed through a Venn diagram. Fig. 2a shows that in total, 
1172, 1252, 878, 747, and 1305 bacterial OTUs were 
obtained from the samples A08, A09, A010, A011, and A012, 
respectively, within which total number was 2 105 and 225 
OTUs were present in all the 5 utilized fermentation starter 
samples. Fig. 2b shows that in total, 856, 678, 831, 899 and 
784 fungal OTUs were obtained from the samples A08, A09, 
A010, A011, and A012, respectively, within which total 
number was 2 224 and 178 OTUs were present in all the 5 
utilized fermentation starter samples. 

 

 
 

Note: Operational taxonomic units (OTU). 

Fig.1  Rarefaction curves of bacterial and fungal in 5 samples 
 

 

 
 

Fig.2  Venn diagram of bacterial and fungal OTU numbers based on 16SrRNA gene sequence in biogas slurry 
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As shown in Fig. 3, the main bacterial community of 
the biogas slurry samples A08, A09, and A010 with cow 
manure as substrate were Bacteroidetes, Firmicutes, and 
Proteobacteria. The first dominant group in A08 and A010 
was Bacteroidetes, the second group was Firmicutes, the 
third group was Proteobacteria. The first dominant group in 
A09 was Firmicutes, the second dominant group was 
Bacteroidetes, the third dominant group was Proteobacteria, 
and the fourth dominant group was Synergistetes. The 
sample A011 with chicken manure as the substrate was 
mainly Bacteroidetes and Firmicutes, with relative abundance 
of 58.5% and 23.8%, respectively. Sample A012 with pig 
manure as substrate was similar to sample A09 with cow 
manure as substrate. The main fungal community proportions 
of the 5 samples at the phylum level were similar, the main 
phylum level of fungal were Ascomycota and Basidiomycota; 
the relative abundance of Ascomycota was 72.7%–83.3%, 
while the Basidiomycota was 4.3%–7.3%. 

As shown in Fig. 4, the main bacterial community of 
the biogas slurry samples A08, A010, and A012 were 
vadinBC27_wastewater-sludge_group. The first dominant 
group in A09 was Sporosarcina. The sample A011 with 

chicken manure as the substrate was mainly Bacteroides and 
Proteiniphilum, with relative abundance of 37.3% and 9.7%, 
respectively. Sample A012 with pig manure as substrate was 
similar to sample A09 with cow manure as substrate. The 
main fungal community proportions of the biogas slurry 
samples A08, A09, and A010 were Tuber, and the first 
dominant group in A011 and A012 was Ramichloridium. 
2.3  Community comparisons 

As shown in Fig.5, the microbial communities of 
different samples were remarkably different according to the 
PCA analysis. As seen in Fig. 5a, 43.22% and 35.72% were 
the amounts of the cumulative variance of species in the first 
two axes, respectively. Moreover, 78.94% of the species’ 
variance was explained by these two axes. The 5 samples 
were clearly separated from each other according to the PCA 
analysis. Fig. 5b shows that 79.56% and 17.75% were the 
amounts of cumulative variance of species in the first two 
axes, respectively. Furthermore, 97.31% of the species’ 
variance was explained by these two axes. As a result, 
samples A08, A011, and A012 were clustered together, while 
samples A09 and A010 were clearly separated from the other 
3 samples.

 

 
Fig.3  Relative abundance of bacterial and fungal community proportions at phylum level 

 

 
 

Fig.4  Relative abundance of bacterial and fungal community proportions at genus level 
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The analysis of the heatmap of a microbial 
community[38] allowed for assessment of the similarities and 
differences in the bacterial (a) and fungal (b) community 
structures in Fig. 6. Red color and blue color represent the 
microbial abundance. The deeper the red, the higher the 
abundance, and the darker the blue, the lower the abundance. 
Fig. 6a shows the bacterial clustering analysis heatmap 
based on the genus level. A08 and A010 had higher 
similarity while A09 and A011 had higher similarity and 

these 4 samples were clustered into a large group; A011 was 
clustered into a single group, which was clustered into the 
same level as the 4 samples above. Fig. 6b shows the fungal 
clustering analysis heatmap based on the genus level. A011 
and A012 had higher similarity and was clustered into 1 
group with A09; A08 was clustered into one group with the 
3 samples above; and A010 was clustered into 1 group alone, 
which was clustered into the same level with the four 
samples above. 

 

 
 

Fig.5  PCA analysis of multiple samples according to bacterial and fungal diversity 
 

 
 

Fig.6  Clustering analysis heatmap based on genus level of bacterial and fungal  
 

3  Conclusion 

This research pioneers the demonstration of bacterial 
and fungal diversity and composition of 5 biogas slurry 
samples utilizing the high throughput sequencing method. 
The main types of biogas slurry samples A08, A09, and 
A010 with cow manure as substrate were Bacteroidetes, 
Firmicutes, and Proteobacteria. The sample A011 with 
chicken manure as the substrate was mainly Bacteroides and 
Firmicutes, and the relative abundance was 58.5% and 23.8%, 
respectively. Sample A012 with pig manure as substrate was 
similar to sample A09 with cow manure as substrate. The 
first dominant group was Firmicutes, the second group was 

Bacteroides, the third group was Proteobacteria, and the 
fourth major group of bacteria was Synergistetes. The main 
fungi in the 5 biogas slurry samples were Ascomycota and 
Basidiomycota at the phylum level, in which the relative 
abundance of Ascomycota accounted for the majority, 
reached 72.7%–83.3%, with a relatively abundant level of 
Basidiomycetes at 4.3%–7.3%. 

In this study, the microbial community structure 
changes in biogas fermentation in different biogas digesters 
were studied to reveal the characteristics of the microbial 
community structure in the biogas fermentation digesters, 
which provided theory evidence for the preparation of high 
efficiency biogas fermentation agent. 
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