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Design and experiment on real-time monitoring system of  
wheat seeding 

Lu Caiyun, Fu Weiqiang, Zhao Chunjiang※, Mei Hebo, Meng Zhijun,  

Dong Jianjun, Gao Nana, Wang Xiu, Li Liwei 
(1. Beijing Research Center of Intelligent Equipment for Agriculture, Beijing 100097, China;  

2. Beijing Research Center for Information Technology in Agriculture 100097, China) 

 

Abstract: To monitor wheat planting performance on real time, a real-time monitoring system of wheat planting performance 
based on CAN bus was designed. The general structure of the system was elaborate, the hardware and software of the system was 
designed and the field experiment was conducted. The system included sensor unit for signal collecting, monitoring module, 
Controller Area Network (CAN) module and terminal, and could monitor the status of seed tube, working speed, rotation velocity 
of seed shaft. Photoelectric sensor was used to convert quantities of seed tube status into voltage signals, and hall sensor was used 
to convert quantities of wheel axis rotation velocity into pulse signals. Monitoring module judge the status of seed tube (normal, 
blocked and missing), and calculate the rotation velocity of wheel axis and seed shaft based on the signals output by sensors. At 
the same time, monitoring module calculate working speed according to the rotation velocity of wheel axis information. Then the 
information obtained by monitoring module was uploaded to terminal by CAN bus and displayed on real time on the terminal. 
The result of the experiment showed that there was no false alarm at the working speed of 10 km/h, the monitoring accuracy of 
seed tube fault status was >98%, blocked alarm response time <0.2 s, missing alarm response time <0.5 s. The system worked 
reliably and had a strong ability to anti-dusting and anti-vibration, and effectively monitored wheat planting performance. 
Keywords: sensors; design; crops; wheat planting; real-time monitoring system; photoelectric sensor; seed tube status; working 
speed 
doi：10.11975/j.issn.1002-6819.2017.02.005 

Lu Caiyun, Fu Weiqiang, Zhao Chunjiang, Mei Hebo, Meng Zhijun, Dong Jianjun, Gao Nana, Wang Xiu, Li Liwei. Design and 
experiment on real-time monitoring system of wheat seeding[J]. Transactions of the Chinese Society of Agricultural Engineering 
(Transactions of the CSAE), 2017, 33(2): 32－40. (in English with Chinese abstract)    doi：10.11975/j.issn.1002-6819.2017.02.005    
http://www.tcsae.org 

 

0  Introduction  

Precision planting is the key component of precision 
agriculture[1-3] and precision planter is the most important 
equipment for precision planting [4]. The process of precision 
planting was hermetic. It’s hard to accurately monitor the 
planting performance, such as lack of seeds, fault of 
metering, and so on, especially for large-scale planters. Bad 
performance will result in large area of missing planting due 
to great speed and large planting width[5-9]. Therefore, 
real-time monitoring system used on the planter would be 
significant. 

The research on monitoring system of precision 
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planting started from 1940s in the world, and amount of 
systems were developed[10-15], especially as the development 
of electronic information technology. China also researched 
a series of monitoring system, mainly relies on the 
technologies of photoelectric, capacitance, polyvinylidence 
fluoride (PVDF) and computer vision, etc.[16-21], such as 
piezoelectric sensor developed by Wang et al.[22], which 
could convert fall process into electric quantity, and detect 
planting parameters; Ji et al[23] designed a monitoring system 
for working performance of no-tillage precision seeder, 
which used a sensor based on photoelectricity induction of 
infrared reflection; fault monitoring system for corn 
precision planter was developed by Qi et al[24], in which a 
capacitive sensor was used to monitor the seed flow without 
changing the track of a precision planter; precision planter 
monitoring system based on capacitance developed by Zhou 
et al[25], the system converts variation of capacitance into 
frequency, and the frequency is measured to obtain the 
variation of capacitance; corn seeding quality monitoring 
system using PVDF sensor was developed by Huang et al[26]; 
Navid et al [27-29]evaluated seed metering device using image 
processing method. Photoelectric sensor has a simple 
structure and high response speed, however, its performance 
is apt to be affected by dust; capacitance sensor is apt to 
affect by temperature, and its stability performance fails to 
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reach the requirement of field operation; computer vision 
methods is strict to detecting environment, which restricts its 
application in actual production[30]. From the actual 
application, photoelectric sensor is widely used due to the 
stability and low cost. 

Traditional photoelectric sensor is apt to be affected by 
dust, to solve the problem, a new photoelectric sensor with 
reasonable allocation of photoelectric elements and analog 
output was designed to improve monitoring accuracy and 
reliability. Based on the new photoelectric sensor, a 
real-time monitoring system of wheat planting performance 
based on Controller Area Network (CAN) bus was designed 
to monitor wheat planting performance and the field 
experiment of monitoring performance was conducted. 

1  System design 

1.1  General system design 
Real-time monitoring system of wheat planting 

performance was consist of sensor unit for signal collecting, 
monitoring module, CAN bus module and terminal. Sensor 
unit for signal collecting contained photoelectric sensor for 
detecting seed tube status and hall sensor for detecting 
rotation velocity of ground wheel (Fig.1). 

 

 
Note: CAN indicated controller area network; CANH indicated controller area 
network high; CANL indicated controller area network low. 

 

Fig.1  System structure diagram of real-time monitoring system of 
wheat planting performance 

 

Photoelectric sensor was used to monitor the status of 
the seed tube. It was the core of the real-time monitoring 
system, therefore its design directly determined the 
performance of the real-time monitoring system. There were 
three status of the seed tube: 1) normal planting: seeds 
passed the seed tube normally; 2) missing planting: no seeds 
passed the seed tube; 3) blocked planting: seeds were 
blocked in the seed tube, and could not fall into the field. 

Hall sensor was used to monitor rotation velocity of 
ground wheel axis, which helped to judge the planter was 
planting or not. And the photoelectric sensor only worked 
when the rotation velocity of ground wheel was higher than 
the threshold value. The hall sensor was installed near the 

ground wheel, a certain amount of magnets were installed on 
the hub of the ground wheel. When the ground wheel rotated, 
the hall sensor output a pulse signal each time passed by the 
magnets. According to periodic method, the rotation velocity 
of the ground wheel and the working speed were calculated 
by the formula 

60N
n

TM
                （1） 

7.2π
2π

RN
v Rn

TM
        （2） 

Where n was rotation velocity of the ground wheel, r/min; v 
was working speed, km/h; N was number of pulse signals; T 
was time for N pulse signals, s; M was the number of magnet 
on the ground wheel; R was radius of the ground wheel, m. 

Monitoring module was used to judge the status of seed 
tube and calculate the rotation velocity of ground wheel and 
seed shaft based on the voltage pulse signals output by 
sensors. At the same time, monitoring module calculated 
working speed with the rotation velocity of wheel axis 
information. Data was transferred through CAN bus to the 
monitoring terminal. 

CAN bus module was used to communicate between 
monitoring module and monitoring terminal. In the research, 
CAN communication protocol was designed to ensure the 
instantaneity and reliability of data communication through 
distributed control structure based on ISO 11783. 

Monitoring terminal, installed in the tractor cab, was 
used to display the parameters uploaded from the monitoring 
module, including seed tube status, working speed and seed 
shaft rotation velocity, etc., when the seed tube was abnormal, 
an alarm would be given. 
1.2  System hardware design 
1.2.1  Wheat planter 

A local wheat planter (2BFX-24 planter produced by 
Shijiazhaung Agricultural Machinery CO., LTD) was used 
to connect to the planter system for precision planting. The 
planting shaft was driven by the ground wheel through a 
transmission device of sprocket and chains. According to 
formula (1), rotation velocity of planting shaft was calculated 
by the formula 

1n r n                （3） 

Where n1 was rotation velocity of planting shaft, r/min; r was 
the transmission ratio between planting shaft and ground 
wheel axis. 
1.2.2  Photoelectric sensor 

The photoelectric sensor was installed in the middle-lower 
part of the seed tube (Fig.2), and one sensor was used on 
each tube, for the 2BFX-24 planter used in the study, 24 
photoelectric sensors were used. 

A photoelectric sensor was composed of 4 GaAs 
infrared LEDs and 4 infrared electric triodes. Due to smaller 
wheat seeds, correlation light path was used to ensure the 
infrared electric triode received enough light from GaAs 
infrared LED. The LEDs and electric triodes were uniformly 
distributed around the seed tube (Fig.3) to monitor the whole 
zone of the cross section of seed tube. 
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1.Frame  2.Photoelectric sensor  3.Seed tube 

 

Fig.2  Photoelectric sensor installed on seed tube 

 
Note: D was the diameter of light beam, mm. 
1.Infrared electric triode  2.Light beam  3.GaAs infrared LED  4.Seed zone 

 

Fig.3  Distribution of LEDs and electric triodes on photoelectric 
sensor 

 

To ensure each seed could be detected by the sensor, 
the diameter of light beam was designed and the principle 
was shown in Fig.4. For convenient calculation, the seed 
tube and wheat seed was put in the xoy coordinate system, 
and wheat seed was assumed as ellipse, the long axis 
direction of wheat seed as x axis, the focus of wheat seed as 
origin O; hypothetical parameters was shown as following. 

 
1. Seed tube  2. Center line of light beam  3. Tangent of seed outline  4. Seed 

 

Note: L was the distance between center line of light beam and tangent line of 
seed outline, and two lines parallel, mm; D1 was the diameter of seed tube, mm; 
θ was the angle between two adjacent center lines, (°), and the lines symmetric 
distributed on two sides of x-axis; 2a was the diameter of long axis for wheat 
seed outline, mm; 2b was the diameter of short axis for wheat seed outline, mm; 
e was the distance between point C and J, mm; Point H was tangent point 
between seed tube and wheat seed, mm; Point C, put on x-axis, was the focus of 
seed tube; Point F was tangent point between tangent line 3 and wheat seed; 
Point J was the intersection point between line 3 and x-axis; Coordinate value of 
point H, C, F and J was H (a,0), C (-c,0), F (f,g) and J(-j,0), respectively. 

 
Fig.4  Design of photoelectric sensor structure 

According to elliptic equation, the formula of wheat 
seed could be shown as 

2 2

2 2
1

x y

a b
              （4） 

Formula of line 3 could be shown as 

tan ( )
2

y x j


          （5） 

According to tangent principle 

2 2
2

2 2

tan ( )
2 1

x jx

a b




         （6） 

Where x, y was the abscissa and ordinate of point on both 
seed outline and line 3; a was the radius of long axis for 
wheat seed outline, mm; b was the radius of short axis for 
wheat seed outline, mm; θ was the angle between two 
adjacent center lines, (°), and the lines symmetric distributed 
on two sides of x, mm axis; j was the distance between point 
J and origin O. 

After calculation, the following formula was obtained 

2 2 2 2 2 2

2 2 2 2 2

( tan ) 2 tan
2 2

tan 0
2

a b x a jx

a j a b

 



  

 
      （7） 

For the quadratic equation 

4 4 2

2 2 2 2 2 2

4 tan
2

4( tan )(tan ) 0
2 2

a j

a b j b



 

  

  
    （8） 

After calculation, the following formula was obtained 
2

2

2tan
2

b
j a


             （9） 

2
2

2

1 1

2 2 tan
2

D D b
e a j a a


          （10） 

Where Δ was the discriminant of quadratic equation (7); e 
was the distance between point C and J, mm; D1 was the 
diameter of seed tube, mm. 

According to Sine Law 

2 2 2 2

sin
2

1
sin sin sin cos

2 2 2 2 2

L e

D
a a b



   

 

  
  （11） 

Where L was the distance between center line of light beam 
and tangent line of seed outline, mm. 

In the research, 4 LEDs and 4 electric triodes was used, 
so θ=45°; Diameter of seed tube used on 2BFX-24 planter 
was D1=30 mm. 500 seeds was measures, and the least 
length and width was 6.4 and 3.6 mm, respectively, which 
means a=3.2 mm, and b=1.8 mm. Thus, L=2.45 mm.  

From the structure, we can know that the largest 
distance between line 2 and wheat seed 5 occurred at the 
analyzed situation. In the situation, L is the least distance 
between center line of light beam and seed, so to ensure all 
wheat seeds detected by the sensor, the beam diameter had 
to satisfy the formula (12). In the study, beam diameter was 
designed as D=5 mm. 

2D L≥              （12） 
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Where D was the diameter of light beam, mm. 
To reduce the effects of dust, analog output was used. For 

analog output photoelectric sensor, dust decreased output voltage, 
however, output voltage was stable after dust concentration 
between in and out of the seed tube getting a dynamic 
equilibrium. This kind of photoelectric sensor had the advantages 
of simple structure, low cost, fast response, surveillance accuracy 
and strong ability to anti-dusting and anti-vibration, and 
effectively monitored wheat planting performance. 
1.2.3  Monitoring module circuit 

In the design of monitoring module, AT90CAN128 

SCM produced by Atmel Company was used as micro CPU 
chip, which had advance RISC (Reduced Instruction Set 
Computer) structure, high performance with 1 MIPS/MHz 
and low power consumption. The SCM owned ADC 
function and CAN controller, which satisfied the design 
requirements. Photoelectric sensors were used to monitor 
seed tube status, and hall sensor was used to monitor 
working speed. The monitoring module circuit was 
composed of signal collecting circuit for photoelectric 
sensors, working speed monitoring circuit for hall sensor, 
and CAN communication circuit (Fig.5). 

 
Note: R1-R4 were the limiting resistors for GaAs infrared LEDs, Ω; R5-R8 were the load resistors for infrared electric triodes, Ω; U1-U4 were the voltage output by 
infrared electric triodes, V; Uout was the voltage output by photoelectric sensor, V. 

 

Fig.5  Monitoring module circuit diagram 
 

1) Signal collecting circuit diagram for photoelectric 
sensors 

Signals from photoelectric sensors was selected by 
CD4067 analogue switch, passed voltage following circuit 
and first order RC low-pass filter circuit, and transferred to 
ADC port of AT90CAN128 SCM.  

The photoelectric sensor included 4 GaAs infrared 
LEDs and 4 infrared electric triodes; the circuit was shown 
in Fig.5. R1-R4 were the limiting resistors for GaAs infrared 
LEDs, which reduced the current passed through the LEDs 
to avoid damage; R5-R8 were the load resistors for infrared 
electric triodes, which affected the accuracy and sensitivity. 
U1-U4 were the voltage output by infrared electric triodes, 

and the voltage output by photoelectric sensor (Uout) was the 
output voltage of U1, U2, U3 and U4 in parallel. According 
to Kirchhoff's current law, the voltage output by 
photoelectric sensor was calculated by the formula: 

out

1 2 3 4

4

U U U U
U

  
       （13） 

Where Uout was the voltage output by photoelectric sensor, 
V; U1-U4 were the voltage output by infrared electric 
triodes, V. 

Formula (13) showed that the voltage output by 
photoelectric sensor was the average of the voltages output 
by the 4 infrared electric triodes. 

At the blocked planting status, the light from GaAs 
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infrared LEDs was completely blocked, then the voltage 
output by photoelectric sensor was closed to 0 V; at the 
missing planting status, no seeds passed though the sensor, 
and the light from GaAs infrared LEDs was almost 
completely received by the infrared electric triodes, then the 
voltage output by photoelectric sensor was closed to 1.5 V; 
at the normal planting status, part of the light from GaAs 
infrared LEDs was blocked by the seeds, and else light 
received by the infrared electric triodes, then the voltage output 
by photoelectric sensor assumed disciplinary changes.  

Due to analog output, the voltage would reduce in a 
certain time due to the dust; however, the voltage would not 
be affected by the dust after the dust concentration up to the 
dynamic equilibrium between the seed tube and outside. 

In this study, 2BFX-24 needed 24 photoelectric sensors, 
so 24 ADC ports were needed; however, AT90CAN128 
SCM had only 8 ADC ports. Therefore, 2 CD4067 analogue 
switches were used to connect between AT90CAN128 SCM 
and photoelectric sensors, and each CD4067 analogue 
switch connected 12 photoelectric sensors. 

LM324AD passed voltage following circuit had the 
function of impedance matching and isolation buffer; first 
order RC low-pass filter circuit was used to eliminate with 
decoupling capacitance.  

2) Working speed monitoring circuit diagram for hall 
sensor  

The pulse signals produced by hall sensor transferred to 
AT90CAN128 SCM by external interrupt and timer method 
through PE4 port. Each pulse signal produced an external 
interrupt, and timer 1 was used to calculate the time of N 
pulse signals. The timer 1 couldn’t monitor pulse signals for 
a long time meant the working speed was 0, and the planter 
stopped working. 

3) CAN communication circuit diagram 
CTM8251T was selected to achieve CAN communication. 

Considered that CTM8251T had integrated all necessary 
CAN isolation, receiving and sending devices, the CAN 
communication circuit was simple. TXD connected to the 
CANTX port and RXD connected to the CANRX port of 
AT90CAN128 SCM, and CAN controller in the 
AT90CAN128 SCM controlled the receiving and sending of 
CAN information; CANH connected to the CANH of CAN 
bus, and CANL connected to the CANL of CAN bus. 
1.2.4  Monitoring terminal circuit 

In the design of monitoring terminal, AT91SAM7X256 
SCM produced by Atmel Company was used as micro CPU 
chip. The SCM owned CAN controller, which satisfied the 
design requirements. The monitoring terminal was used to 
realize the function of man-machine switching, and its 
circuit was composed of LCD display circuit, button circuit, 
and alarm circuit, CAN communication circuit and 
EEPROM memory circuit (Fig.6). 

 

Fig.6  Monitoring terminal circuit diagram 
 

1) LCD display circuit. LCD19264 display module was 
used to show characters and diagrams, and it was readable in 
bright light. To satisfy the level match with AT91SAM7X256 
SCM, 2 SN74LVC4245 two-way level conversion chips 
were used to realize the conversion of voltage between 5 V 
and 3.3 V. A SN74LVC4245 two-way level conversion chip 
was connected to PB19-PB26 ports of AT91SAM7X256 SCM, 

used to convert level of data port; another SN74LVC4245 
two-way level conversion chip was connected to PB0-PB3, 
PB7, PB9, PB12 and PA22 ports of AT91SAM7X256 SCM, 
used to convert level of control port. V0 and VEE matched 
to control the backlight and display contrast. 

2) Button circuit. The buttons contained 3 function 
buttons (SELECT, CANCEL, SET) and 4 direction buttons 
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(UP, DOWN, LEFT, RIGHT). S1, S2, S3, S4, S5, S6, S7 
represented DOWN, UP, SET, RIGHT, CANCEL, SELECT, 
LEFT and connected to PA25, PA24, PA7, PA6, PA5, PA30, 
PA23 ports of AT91SAM7X256 SCM respectively. When 
press the button, low level was output from the port. 

3) Alarm circuit. In the process of planting, buzzer was 
controlled by the level output from PA16 port of 
AT91SAM7X256 SCM and buzzer alarmed when the PA 
port at high level. 

4) CAN communication circuit. Monitoring module 
sent seed tube status and ground wheel velocity to 
monitoring terminal through CAN bus, therefore a CAN 
receiving and sending circuit was needed. In the study, 
PCA82C250 was selected to achieve CAN communication. 
TXD connected to the CANTX port and RXD connected to 
the CANRX port of AT91SAM7X256 SCM; CANH 
connected to the CANH of CAN bus, and CANL connected 
to the CANL of CAN bus. 

5) EEPROM memory circuit. CAT24C256 memory 
chip developed by Atmel was used to realize reading and 
writing, which had a good cooperation with 
AT91SAM7X256 SCM. SDA connected to the PA10 (TWD) 
port and SCL connected to the PA11 (TWCK) port of 
AT91SAM7X256 SCM. 
1.3  System software design 

The system software included monitoring module 
program and monitoring terminal program. Monitoring 
module program was written in C language, and debugged in 
AVR Studio; monitoring terminal program was written in C 
language under the Keil uVision4 for ARM v4.23 
environment, had the functions of LCD display, button 
operation, alarm, CAN communication and memory. 
Interface for on real-time monitoring system of wheat 
planting performance was shown in Fig.7. 

 
1. Set button  2. Up button  3. Down Button  4. Left button  5. Right button  
6. Cancel button  7. Select button  8. LCD display 

 

Fig.7  Interface for real-time monitoring system of wheat planting 
performance 

 

1.3.1  Monitoring module program 
Monitoring module program included seed tube status 

monitoring program (Fig.8a) and ground wheel velocity 
monitoring program (Fig.8b). Before working, system was 
initialized. For seed tube status monitoring program, 
filtering, threshold comparison and judgment continuity 
were used to monitor the seed tube status. First, collect 
sensor signal N times, and the voltage for each sampling was 
Ui (i ∈ {1,2,…,N}). Second, signals were filtered and 
compared with blocked planting threshold Ublocked, if the 
voltage of ξ×N (ξ was blocked coefficient, 0<ξ ≤ 1) 
samplings were all smaller than Ublocked, the seed tube was 

blocked planting; Or continue to third. Third, signals were 
filtered and obtained the maximum voltage difference of N 
samplings as ∆Umax=Umax–Umin. Fourth, repeat step first to 
step third, if ∆Umax was smaller than the missing threshold 
Umissing for each time, which demonstrated that the signal 
changes was small in a long time, then the seed tube status 
was missing planting; Or it was normal planting. When 
∆Umax<Umissing occurred, it may be resulted by the gap due to 
the wheat planting character, so the seed tube could not be 
judged only by comparison of ∆Umax and Umissing only once.  

 
a. Seed tube status monitoring program flow chart 

 
b. Ground wheel velocity monitoring program flow chart 

 

Note: Ui was the value of Uout read by the terminal for the number i time, V; 
Umax and Umin were the maximum and minimum value among U1 to UN, V; 
∆Umax was the difference between Umax and Umin, V; M was amount threshold of 
continuous missing planting; K was amount threshold of continuous normal 
planting. 

Fig.8  Monitoring module program flow chart 

The status was changed to missing planting by 
occurring more than M times of ∆Umax<Umissing at normal 
planting status; similarly, the status was changed to normal 
planting by occurring more than K times of ∆Umax>Umissing at 
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missing planting status. Ublocked was determined by the 
precision of photoelectric sensor; Umissing was determined by 
the precision of photoelectric sensor as well as dust effect. 

For ground wheel velocity monitoring program, 
external interrupt and timer method were used to monitor 
ground wheel velocity. Each pulse signal produced by hall 
sensor occurred an external interrupt, and timer 1 was used 
to calculate the time of N pulse signals. The timer 1 couldn’t 
monitor pulse signals for a long time when the working 
speed was 0. 

 
Fig.9  Monitoring terminal program flow chart 

 

1.3.2  Monitoring terminal program 
Before working, system was also initialized. The 

buzzer alarmed when terminal received abnormal signals 
(blocked or missing) from any row when the ground wheel 
velocity was higher than threshold. Otherwise, the buzzer 
did not alarm. This was because the seeder should stop 
planting at the edge of the planting rows, and turn to the next 
planting rows. At the time, ground wheel velocity was much 
smaller than planting velocity. No seeds passed seed tubes, 
however, alarm was not need. Aim to solve the problem, 

judgment of ground wheel velocity was added to the design 
of terminal program. Meanwhile, the buzzer alarm could be 
closed by press CANCEL. Monitoring terminal program 
flow chart was shown in Fig.9. 

2  Experiments and results 

2.1  Experiment at abnormal planting status 
To measure the performance of real-time monitoring 

system at abnormal planting status, an experiment of 
blocked and missing planting alarm was conducted on test 
bed for real-time monitoring system of wheat planting 
performance (Fig.10). The system included 6 rows. The 
experiment was conducted in low-dust and high-dust 
conditions separately. During testing, make the velocity of 
seed shaft at 20 r/min. Artificial blocked and missing 
planting status was made for 20 times respectively.  

 
1. Seed position limitation in the bin  2. Row controller  3. Monitoring 
terminal  4. Bin  5. Power Controller  6. Monitoring senor and module 

Fig.10  Test bed for real-time monitoring system of wheat 
planting performance 

 

For blocked detecting, when working stable, artificial 
blocked seed tube and check if the blocking alarm occurred 
and record response time of alarm. For missing detecting, 
when working stable, blocked the head of the seed tube, 
check if the missing alarm occurred and record response 
time of alarm. Response time refers to the time interval 
between signal from sensor sending and alarm from 
monitoring terminal occurring. The result was shown in 
Table 1. 

 

Table 1  Results of blocked detecting and missing detecting 

Low-dust High-dust 

Blocked detecting Missing detecting Blocked detecting Missing detecting 
Row No. 

Monitoring 
accuracy of 
blocked/% 

Longest blocked 
alarm response 

time/s 

Monitoring 
accuracy of 
missing/% 

Longest missing 
alarm response 

time/s 

Monitoring 
accuracy of 
blocked/% 

Longest blocked 
alarm response 

time/s 

Monitoring 
accuracy of 
missing/% 

Longest missing 
alarm response 

time/s 

1 100 <0.2 100 0.44 100 <0.2 100 0.48 

2 100 <0.2 100 0.46 100 <0.2 100 0.41 

3 100 <0.2 100 <0.39 100 <0.2 100 0.47 

4 100 <0.2 100 0.43 100 <0.2 100 0.38 

5 100 <0.2 100 0.37 100 <0.2 100 0.46 

6 100 <0.2 100 0.42 100 <0.2 100 0.35 
 

The results demonstrated that the monitoring accuracy 
of seed tube fault status was 100%, blocked alarm response 
time <0.2 s, missing alarm response time <0.5 s. 
2.2  Experiment at normal planting status 

To measure the performance of the real-time 

monitoring system, a field experiment was conducted in 
Changge, Henan Province. In the process of experiment, 
select working speed as 4, 7 and 10 km/h, and the working 
distance was about 1.5 km for each speed. To avoid the 
alarm due to lack of seeds in the seed box, the box was full 
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of seeds before planting. Recorded number of samplings and 
number of alarms, and calculated the false alarm rate. The 
results were shown in Table 2. The results demonstrated that 
the false alarm rate decreased as the working speed 
increased, and there was none false alarm when the working 
speed was up to 10 km/h. The monitoring accuracy of seed 
tube fault status was >98%. 

Table 2  Number of alarms and false alarm rate of system in 
experiment at normal planting status 

Working speed/ 
(km·h-1) 

Number of 
samplings 

Number of 
alarms 

False alarm 
rate/% 

Monitoring 
accuracy of seed 

tube fault status/% 

4 1 350 16 1.19 98.81 

7 772 3 0.39 99.61 

10 540 0 0 100 

3  Conclusions 

1) In this study, a real-time monitoring system of wheat 
planting performance based on CAN bus was designed. 
Photoelectric sensor was used to monitor seed tube status 
(normal, blocked and missing), and hall sensor was used to 
monitor the rotation velocity of wheel axis and seed shaft. The 
system included sensor unit for signal collecting, monitoring 
module, CAN module and terminal, and could monitor the 
status of seed tube, working speed and rotation velocity of 
seed shaft. The general structure of the system was elaborate, 
the hardware and software of the system was designed. 

2) The result of the experiment showed that there was 
none false alarm at the working speed of 10 km/h. The 
monitoring accuracy of seed tube fault status was >98%, 
blocked alarm response time <0.2 s, missing alarm response 
time <0.5 s. The system worked reliably and had a strong 
ability to anti-dusting and anti-vibration, and effectively 
monitored wheat planting performance. 
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Design and experiment of inclined inserted no-tillage hill seeder 
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（1. College of Mechanical and Electrical Engineering, Qingdao Agricultural University, Qingdao 266109, China; 
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Abstract：The purpose of conservation tillage is to protect soil structure, conserve water and maintain soil moisture. No-tillage 
sowing is the core of the development of conservation tillage technology. Focusing on many problems unsolved of no-tillage 
planter, such as the non-adjustable space between seeds, seeding only on a single line, high probability to be adhered and blocked, 
and poor adaptability, this paper proposes a new advanced design of no-tillage hill seeder. The hill seeder is connected to tractor 
with the suspension frame, and it can complete a seeding of three rows by three planting units at every run. Each planting unit is 
mainly composed of land wheel, seed metering device, fertilizer apparatus and 45° inclined inserted digging implement. The 
digging implement is mainly composed of parallel four-bar mechanism, slider-crank mechanism and cam mechanism. The power 
transmission route is as follows: the land wheel rotates to obtain power, drives the seed metering device and fertilizer apparatus, 
and then through the chain drive to the parallel four-bar mechanism and slider-crank mechanism, completing penetration 
reciprocating seeding and fertilizer, while driving cam mechanism controls the opening and closing movement of the duckbill. 
The design of no-tillage hill seeder has the following features. Firstly, to efficiently avoid the problems of soil blocking, soil 
attaching, difficulties in opening and so on, this new hill seeder would perform an insertion into soil at a 45 angle with a refined 
plugging unit. Secondly, this design has added configurable sprocket gears to solve the problem that the existing seeders could not 
adjust the distance between seeds. Thirdly, the design of the parallel four-bar mechanism makes the insertion of the crank blocks 
more smoothly with the unified seeding depths, at the same time the synchronization of seeding and fertilizer could be achieved. 
Additionally, all the parameters of the machine (e.g. rows spacing, plants spacing, seeding depth, fertilizer depth) are adjustable 
which could bring better adaptability. Field experiment was done in the experiment base by inclined inserted no-tillage hill seeder 
prototype. The results showed that seeding depth and fertilizer depth qualified rates were 90.52% and 91.23%, qualified rates of 
horizontal distance and vertical distance between seed and fertilizer were 95.71% and 91.65%, qualified rate of seeding 
uniformity is 92.13%, replay rate of seeding uniformity is 4.60% and leakage rate of seeding uniformity is 3.27%. The data are 
superior to the standard value, which is 85%, 15% and 8%. The research can provide a reference for the design of no-tillage 
planter. 
Keywords：agricultural machinery; design; experiments; no-tillage; hill drop seeder; cell wheels; digging implement 
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0  引  言  

China’s water resources per capita are only a quarter of 
the world’s average[1-5], which directly affects the irrigation 
of the arable land and seriously restricts the development of 
agricultural economy[6-8]. Conservation tillage can effectiv-
ely improve soil storage and moisture retention ability. It 
focuses on retaining stubble coverage, reasonable crop 
rotation, rational fertilizer and pesticides and other measures 
in order to provide an appropriate growth environment for 
crops to achieve the goal of high yield, low consumption, 
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and decreases of soil erosion[9-13]. The key application of 
conservation tillage technology is the research and 
development of no-tillage seeder. 

At present, no-tillage seeder has a pretty large market 
abroad, which is able to break stubble, open ditch, sow, 
fertilize and pesticide at the same time. The seeders abroad 
are usually heavy and in large size while equipped with 
complex soil working components[14]. As we know, no- 
tillage seeders of KMC, USDA and John-Deer are all well 
designed and practically useful, however, situations such as 
land size, soil quality, economic level and so on are totally 
different in China. Therefore, the foreign no-tillage seeders 
do not fit in China. 

Research of no-tillage seeder started relatively late in 
China. In recent years, the research has made certain 
achievements and a variety of no-tillage hill seeders have 
been developed, such as 2BFY-6 corn no-tillage fertilizing 
seeder, 2BMJF-4C tooth type pulling weeds corn no-tillage 
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seeder and 2BFY-3A2 corn fertilizing seeder, etc. Experts 
and scholars have studied and improved the key components 
of no-tillage planter, which are mainly used in maize and 
wheat seeding[15-19]. However, no-tillage seeder is still not 
widely used at present, for the opener structure could not 
fundamentally solve the congestion problem and the digging 
mechanism need to be improved. 

In this paper, a new type of no-tillage planter is 
developed, which can be adjusted spacing and seeding depth 
to meet the needs of different species. Seeding and 
fertilization work can be completed at one time. 

1  Scheme design of inclined inserted no-tillage hill 
seeder 

1.1  General structure 
To resolve the existing problems of hill seeder, a 

inclined inserted no-tillage seeder is designed, the whole 
structure is shown in fig.1a. 

 

 
 

1. Suspension bracket  2. Profiling connecting rod  3. Intermediate gear 4. Big 
gear 5. Crank adjustment bolt 6. Seed box 7. Fertilizer bucket 8. Seed bucket       
9. Delivery pipe 10. Tension wheel 11. Fertilizer box 12. Tension wheel rack  
13. Land wheel 14. Profiling wheel 15. Flexible duckbill 16. Pull rod rack    
17. Pull rod guide bushing 18. Pull rod bracket 19. Cam 20. Digging mechanism 
 

Fig.1  General structure of inclined inserted no-tillage seeder 
 

The seeder adopts suspension structure with wheeled 
tractor to support power. Working parts of the seeder mainly 
include frame, power transmission mechanism, 45° inclined 
inserted digging implement assembly, fluted roller fertilizer 
apparatus and seeding device of socket-roller, etc. 

Tractor drives land wheel rotation to drive the 
metering device and the fertilizer device and parallel four 
bar mechanism, slider crank mechanism by chain drive, 
complete the reciprocating motion into and out of the soil 

while driving cam controls the duckbill to complete seeding 
and fertilization action. 

1.2  Main technical parameters 

According to the seeding agronomic condition and 
existing standards, the main technical parameters of the hill 
seeder are shown in table1. 

 
Table 1  Main parameters of inclined inserted no-tillage seeder 

Index Parameter Index Parameter 

Speed/(m·s1) 0.6 Seeding depth/cm 3-8 

Vertical distance 
between seed and 

fertilizer 
3-4 

Horizontal distance 
between seed and 

fertilizer 
5-6 

Fertilizer depth/cm 6-12 Qualified rate/% ≥86 

Plant spacing/cm 18-30 Leakage rate/% ≤7.2 

Row spacing/cm 40-60 Working rows 3 

 

2  Design of key parts  

2.1  Structure of 45° inclined inserted digging implement 
The 45° inclined inserted digging implement is mainly 

composed of three major components: parallel four-bar 
mechanism, slider-crank mechanism and cam mechanism (as 
shown in fig. 2). 
 

 
 

1. Pins 2. Digging implement sprocket 3. Transmission chain 4. Moving frame  
5. Digging pipe guide sleeve 6. Bearing block 7. Bearing 8. Seed bucket       
9. Fertilizer bucket 10. Seeding tube 11. Fertilizer tube 12. Profiling wheel 
adjustment block 13. Scraper plate 14. Profiling wheel bracket 15. Profiling 
wheel 16. Flexible duckbill screw 17. Flexible duckbill 18. Fixing clip for seed 
and fertilizer bucket 19. Pull rod 20. Series bolts 21. Pull rod pull-off spring    
22. Pull rod bracket 23. Cam 24. Cam shaft 25. Pull rod guide bush 26. Pull rod 
linkage device 27. Digging pipe shaft 28. Lock nut for connecting rod 29. U-bolt   
30. Adjustable connecting rod 31. Adjustable crank 32. Crank fixed bolt      
33. Crank shaft 34. Intermediate gear 35. Intermediate gear shaft 36. Fixed frame 
37. Profiling connecting rod  

 

Fig.2  Structure diagram of 45° inclined  
inserted digging implement 

 

Parallel four-bar mechanism is mainly composed of 
moving frame 4, fixed frame 36 and two profiling 
connecting rods 37. Fixed frame is fixed on the rack by 
U-bolts 29, the up-profiling rod respectively hinged with the 
moving frame and fixed frame by pin shaft, the 
down-profiling rod respectively hinged with moving frame 
and fixed frame by shaft sleeve. Interference fit is used 
between the sleeve and the frame. The sleeve is clearance 
fit  with  down-profiling linkage. Digging pipe guide sleeve, 
pedestal and the profiling wheel bracket are all fixed on the 
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moving frame.  
Slider-crank mechanism is mainly composed of 

adjustable crank, connecting rod and digging pipe. The 
digging pipe consists of seeding tube and fertilizer tube, both 
tube nozzles are of 45° wedge shape. The two tubes are 
strung together by two bolts. A cushion is placed between 
the two tubes, by controlling the thickness of which can 
adjust the lateral distance between fertilizer and seed. 

Digging pipe insert into the guide sleeve, which 
constitutes slider-crank mechanism with adjustable crank 
and connecting rod. The adjustable crank has two long slots, 
which are fixed on the gear by the fixed bolt of the crank, 
and the length of the crank can be adjusted by changing the 
position of the bolt in the slot. Adjustable connecting rod is 
articulated with the digging pipe axis and crank shaft pin, 
with screw threads and lock nut on both ends, so that the 
length of connecting rod can be changed by adjusting the 
screw depth. 

The cam mechanism is mainly composed of flexible 
duckbill, pull rod, return spring of pull rod, pull rod sleeve, 
pull rod linkage, cam, cam shaft and small sprocket, etc. The 
flexible duckbill covers the digging pipe nozzle to keep soil 
out. The inner edge of the flexible duckbill is smaller than 
that of the nozzle, which can be embedded in the tube, and 
the outer edge is larger than the pipe nozzle, which can 
cover the nozzle. This structure has a good sealing effect that 
the flexible duckbill is automatically pressed on the pipe 
under the pressure of soil, so it can work with no external 
force. The end of flexible duckbill is articulated with pull 
rod that extending from the opening of digging pipe and 
articulated with pull rod linkage by the return spring and rod 
sleeve. The pull rod linkage makes the two rods can be lifted 
by the cam. The pull rod linkage has a sleeve, the inner side 
of the sleeve is made of steel pipe to reduce friction, and the 
outer sleeve is provided with rubber sleeve to prevent 
slipping with the cam. The cam is fixed at one end of the 
camshaft, and the small sprocket is fixed at the other end of 
the camshaft. The power is obtained from the upper sprocket 
by the drive chain. 
2.2  Working principle of the digging implement 

The moving frame of inclined inserted digging 
implement moves along with the seeder, and the profiling 
wheel on the moving frame does profiling movement along 
the ground surface. The crank, connecting rod and digging 
pipe are all fixed on the moving frame and do identical 
movement to ensure seeding depth in consistent. When 
working, power provided by land wheels is conveyed to the 
intermediate gear that rotates clockwise, the digging pipe is 
reciprocating under the action of slider-crank mechanism, 
and insert leaning back into soil with the angle of 45°. As the 
planter goes forward, the digging pipe is inserted once every 
distance forward. The range of reciprocating motion can be 
changed by adjusting the length of crank, and the embedded 
depth can be controlled by changing the length of con-
necting rod. The fertilizer pipe is in parallel connection with 
the seeding pipe, both of them insert into the soil at the same 
time, and there is a horizontal interval is 6 cm between them 
(that can be adjusted by the thickness of the block), and 

fertilizer pipe is 3-4 cm lower than the seeding pipe to meet 
the best fertilizer placement[20-23]. The crank-slider 
mechanism is a center-crank slider. When the crank is 
collinear with the axis of the digging pipe, the crank has 
reached the extreme position, the lower limit position is the 
seeding depth. The crank continues to rotate, digging pipe 
begin to ascend, push rod cam linkage and drive two bar 
inclined upward and traction activities nozzle rotation, 
seeding and fertilizer tube are opened for seeding and 
fertilizer. At the end of the cam push, the digging pipe 
continues to rise, the rod linkage moves away from the 
working range of the cam, and the pull rod is rapidly back 
under the action of the pull rod return spring, so as to push 
the movable nozzle to rotate reversely until the nozzle is 
tightly sealed. Because of the timely action of return spring, 
the top of the flexible duckbill is blocked by nozzle, and the 
inner of flexible duckbill is smaller than the pipe, the 
mechanism can effectively prevents clip soil and congestion 
issues. The digging pipe continues to rise, the seeding pipe 
and the fertilizer pipe are drawn out from the soil, and the 
soil is covered by the profiling wheel as the seeder moves 
forward. When the seed manure bucket rises with the 
digging pipe approaching the seeding pipe and the fertilizer 
pipe, seed and fertilizer falls and be caught respectively by 
their bucket, finally falls to the bottom of the pipe, and 
blocked by flexible duckbill to wait for the next seeding. So 
far, a work cycle has been completed[24-26]. 

The cell wheel of cell wheel seed metering device is 
divided into four sections along the axial direction, and the 
holes of different sizes are evenly distributed along the 
circumference of the different segments. The axial position 
can be adapted to the seeding of different crop seeds. 
2.3  Design and calculation of slider-crank mechanism 

The slider-crank mechanism is shown in figure 3. 
 

 
 

Note: is the angle between crank and slider motion line, (°);  is the angle 
between connecting rod and slider motion line, (°); S is the displacement of 
digging tube, mm; R is the length of crank, mm; L is the length of connecting rod, 
mm. The same below. 

 

Fig.3  Diagram of slider-crank mechanism 
 

2.3.1  The calculation of soil resistance  
The soil resistance is divided into friction resistance(P1) 

and cutting resistance(P2). The formula for calculation is as 
follows: 

1 0 1= 3.14 0.7 2650 9.8

0.04 0.05 0.11 12.88 N

P N gh dL       

  
 

 23
2 = 24 000 25 10 47.12 NP KA      

Where  is friction coefficient of steel in soil, the value 
range of  is between 0.577 and 0.721, select the  as 0.7; N 
is positive pressure of digging pipe, N;  is specific gravity 
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of soil, =2.65 mg/m3; h0 is depth to soil of digging pipe, 
h0=4 cm; d is the diameter of digging pipe, d=5 cm; L1 is 
maximum movement distance of digging pipe, L1=0.11 cm; 
K is maximum specific resistance of soil, K=24 000 N/m3; A 
is contact area between the digging pipe and soil, m3. 

Therefore, soil resistance is P= P1+ P2=60 N. 
2.3.2  Design and calculation of slider-crank mechanism  

Displacement of the digging pipe[27]is: 
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Instantaneous velocity of the digging pipe is: 
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Instantaneous acceleration of the digging pipe is: 
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Fig. 4 exhibits the force analysis of slider-crank 
institution:  
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The calculation result shows that the torque of crank 
shaft (M1) is a function of the independent variables with 
soil resistance (P), angle of pressure (α), crank length (R) 
and the length of the connecting rod (L). According to the 
actual situation of the hill seeder, taking P=60 N, αmax=66°, 
R=90 mm, L=220 mm, the maximum torque required on the 
crank shaft is obtained. That is Mmax≈6.57 N·m. 
2.4  Design and calculation of cam mechanism 

On one end of the camshaft, a driven sprocket is 
connected with the driven sprocket through a chain, and the 
driven sprocket rotates coaxially with the big gear. When the 
digging pipe moves to bottom, that position is the cam’s 
inactivity position, when it continues to rise, the cam gets 
into pushing course, promoting the linkage device to make 
flexible duckbill open, if the mouth needs to open quickly, 
the camshaft speed must be faster, the master-slave motion 

sprocket ratio of the digging device is 1/3, if the seeding row 
distance is 18 cm, the camshaft speed is 600 r/min[28-30]. 

 

 
 

Note: P is soil resistance, N; PAB is pressure of connecting rod, N; ω is angular 
velocity of crank, rad/s; N is pressure of slider, N; M1 is torque of connecting rod, 
N·mm. 
 

Fig.4  Force analysis of slider-crank mechanism 

 

 
 

Fig.5  Contour curve of cam 

 
When the crank shaft rotates to a certain angle , the cam 

pushes the linkage device to the furthest distance, the angle 

is 40°, 
0

40
126

i
 

   (i is the master-slave motion sprocket 

ratio of the digging device), so the pushing course angle of 
cam is 126° (as shown in fig.5). In the slider-crank 

mechanism, R=90 mm，L=220 mm, 0.41
R

L
   , when 

the crank turns 40°, according to the above displacement 
formula, S is 16 mm.  

By calculation when the flexible duckbill opens to the 
maximum, the linkage device needs to be pushed 9 mm. 
Therefore, push process: S1=25 mm.  

Because of the camshaft rotating speed is faster than 
the crank shaft, when the digging pipe has just left the 
deepest position, if the flexible duckbill opens immediately, 
it will push the soil at the bottom, which will increase the 
load of the cam opening and closing mechanism, which will 
cause great harm to the mechanism, so it is necessary to 
avoid the flexible duckbill to promote the soil. As a result of 
that, we designed a larger close angle:δ01=67°. 

When the cam rotates over the pushing path, the 
linkage device moves up follow the digging pipe, at the 
same time, the cam is no longer working, so, there is no 
requirement for the far repose angle and return angle of the 
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cam. But for the sake of easy manufacturing, this cam 
mechanism uses the symmetrical structure, on the basis of 
calculated return angle δ0′and far repose angle δ02′: 

δ0′=δ0=126° 
δ02=40° 

2.5  Motion state simulation of digging implement 
Pro/Engineering 5.0 is used to simulate the motion of 

45° inclined inserted digging implement to test the 
coordination of movements, as shown in Fig.6. The initial 
position of digging implement is inserted into soil, and the 
forward speed is 0.6 m/s. 

T1-T2-T3 shows that the flexible duckbill is opened for 
seeding and fertilizer under the action of the cam. T4-T5-T6 
shows the flexible duckbill closing process under the action 
of the spring pressure.  

The simulation results showed that the coordination of 
digging implement is good, and the seeding and fertilizer 
action can be completed well. 

 

  

  

  
 

Note:T1-T3 : the duckbill is opened for sowing and fertilizing under the action of 
the cam; T4-T6 : process of pushing the liver back and closing the duckbill under 
the action of spring. 
 

Fig.6  Motion state simulation of digging implement 
 

3  Design of the transmission institution 

As shown in fig. 7, three groups digging mechanism are 
installed on the frame. The walking device is composed of 
land wheel, axle and wheel frame, etc. Speed adjusting drive 
chain wheel on the camshaft connects with driven wheel on 
the intermediate shaft by the land wheel chain. The hill 
seeder transmission is made up of chain and gear trans-
mission, the transmission ratio is stable. The seed distance 
can be adjusted by changing the transmission ratio. There-
fore, the wheel speed-adjusting mechanism is added to 
change the chain position. In this way, we can make two 
wheels work with different transmission ratio to change the 
planting distance. 

 

 
 

1. Big gear 2. Intermediate gear 3. Spindle 4. Camshaft drive sprocket 5. Small 
sprocket 6. Main shaft transmission chain 7. Metering driven sprocket  
8. Metering drive sprocket 9. Spindle bearing seat of fertilizer device drive chain 
wheel 10. Fertilizer device chain 11. Driven sprocket of fertilizer device 12. 
Land wheel 13. Land wheel shaft 14. Speed adjusting drive sprocket 1  
15. Bearing 16. Cam shaft 17. Camshaft driven sprocket 18. Camshaft chains  
19. Crank shaft 20. Profiling connecting rod 21. Metering device chain 22. Speed 
adjusting drive sprocket 2 23. Chain of land wheel 24. Intermediate shaft 25. Big 
sprocket 

 

Fig.7  Transmission diagram 
 

4  Experiment and analysis 

4.1  Experiment conditions 

Operating performance test of inclined inserted 
no-tillage hill seeder was taken in Pingdu experimental base 
at Qingdao Agricultural University on June 10, 2015. The 
experimental base is located in the southeast coast of 
Shandong Province. It is a warm temperate and semi-humid 
continental monsoon climate. Test site implements no-tillage 
seeding. Soil type of the experimental base is brunisolic soil, 
and average soil water content is 12.9%. The length of tested 
area is about 110 m and width of that is 43 m. Taishan 354-H 
tractor was used as supporting power. According to the 
climate conditions, Denghai 3622 was chosen as test corn 
seeds, its 100 grain weight is 30.2 g. 

4.2  Experiment methods 

Experiment was carried out according to GB/T 6973- 
2005《Testing methods of single seed drills (precision drills) 

and NY/T 1143-2006《Technical specifications of quality 

evaluation for drills》. Let Lb be the theoretical seed distance, 
Ls is measured seed distance, Ls is qualified spacing when it 
satisfyied 0.5 Lb<Ls<1.5 Lb. The test content mainly includes 
qualified rate of the seeding depth, qualified rate of the 
fertilizer depth, the seed-fertilizer distance, qualified rate of 
seeds, the condition of seed and fertilizer that were covered, 
the effect of anti-blocking unit and so on. The depth of seed 
and fertilizer, the distance between seeds were measured 
after seeding. The experiment was repeated three times, and 
the test data were averaged.  

6 rows were randomly taken from the tractor at the 
normal operating speed of 0.6 m/s, and 20 points were 
randomly taken in the range of 50 m of each row. The test 
was conducted 5 times. 

Observe the condition of seeding and fertilizer that 
were covered and then excavated the soil to measure the 
depth and distance. The seeding depth, fertilizer depth, 
horizontal distance and vertical distance between seed and 
fertilizer, the distance between seeds were measured and 

T1 T2 

T3 T4 

T5 T6 
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recorded. 

4.3  Experiment results and analysis 

The seeding depth is 5 cm and the fertilizer depth is 8 
cm, according to the agronomic condition of local corn 
seeding. The seeding depth, fertilizer depth, qualified rate of 
seeding uniformity, replay rate of seeding uniformity and 
leakage rate of seeding uniformity are shown in Table 2. As 
it can be seen, consistency is very good. 

 
Table 2  Seed, fertilizer depth and seeding uniformity 

Average/ cm Qualified rate /% 
Item Measure

d value 
Design 
value 

Standard 
deviation 

Measure
d value 

Standard 
value 

Variation 
coefficient 

/% 

Seeding depth 5.2 3-8 0.30 90.52 ≥80 5.91 

Fertilizer depth 9.3 6-12 0.58 91.23 ≥80 6.26 
Horizontal dis- 

tance of seed and 
fertilizer 

5.7 6 0.26 95.71 ≥90 4.64 

Vertical distance of 
seed and fertilizer 

3.4 3-4 0.27 91.65 ≥90 8.01 

Qualified rate of 
seeding uniformity 

  
 

92.13 ≥85  

Replay rate of 
seeding uniformity 

  
 

4.60 ≤15  

Leakage rate of 
seeding uniformity 

  
 

3.27 ≤8  

The experiment have showed that the cam mechanism 
used in the inclined inserted no-tillage hill seeder can 
effectively solve the problem of soil clamping and 
congestion. 

5  Conclusions 

The no-tillage hill seeder can protect the soil structure, 
improve soil and water conservation ability. The design has 
made some improvements from different aspects of hill 
seeder. 

1) The inclined inserted no-tillage hill seeder is 
designed to create a completely new hole pattern that can be 
inserted into the soil at an inclination of 45°. 

2) The seeder is driven by the land wheel to crank the 
slider mechanism, and the cam mechanism is used to control 
the opening and closing of the flexible duckbill for seeding 
and fertilizer. 

3) The fertilizer position of the seeder is accurate, and 
the opening and closing mechanism of the flexible duckbill 
can prevent clogging, clay and soil inclusion to the 
maximum extent. 

4) Field experiments showed that no-tillage seeder had 
good operation effect. The qualified rate of seeding 
uniformity is 92.13%, replay rate of seeding uniformity is 
4.60% and leakage rate of seeding uniformity is 3.27%, the 
data are superior to the standard value.  
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Abstract: A proportional-integral-derivative (PID) electronic control system for seed meters was developed to improve the 

planting quality and operation efficiency of conventional planters with ground wheel and chain driven system. A PID algorithm 

was used for controlling seed plate rotation speed. In addition, the PID controller incorporated integral separation of the integral 

term to increase the response time and reduce the occurrence of overshoot when the set point was far away from the current 

rotation rate. The final tuned PID parameter values were Kp=16, Ki=0.05, and Kd=36. The response time, overshoot, and steady 
error for a seed plate rotation speed step response from 0 to 24 r/min were 0.4 s, 1.56%, and 0.75%, respectively. Experiment 
results showed that the Singulation index (SI) of seed meter could receive to 98.4%, and the Multiple index (UI) and Miss index 

(MI) were not more than 1% even at the highest planting speed of 12 km/h, which indicated that the seed meter with the 
developed control system and tuned PID parameters could obtain better planting quality and higher planting speed. 
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0  Introduction   

Precision planters are used widely in China, and the 
performance of seed meter, which is a key component of 
precision planter, affects the uniformity of seed distribution 
directly[1]. However, conventional precision planters with 
ground wheels and chains driven system bring poor planting 
quality due to slippage between wheel and ground, and chain 
instability during the process[2]. Adopting electric motor to 
replace conventional mechanical driving system to drive 
seed meters is one of methods to solve the problems. 

The agricultural machinery companies in the world, e.g. 
John Deere[3] and Horsch[4], have developed their 
characteristic driving seed meters for precision planter by 
using electric motors, and the high-technology agricultural 
machinery companies, e.g. Precision Planting[5] and Ag 
Leader[6], have also developed corresponding control system 
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for precision planters equipped with electric-driven seed 
meters in recently years. The planters with technology above 
significantly improve the planting speed to 15 km/h and 
singulation to about 98%, but their prices are very high. In 
addition, Chaney et al.[7] designed a kind of electronic 
control system for a sugarcane planter. He et al.[8] developed 
a type of seed meter based on electromagnetic vibrating 
mode, and also designed its PLC controller. Tang et al.[9] 
designed a driving system for seed meters to control the 
speed of seed plate based on the planting speed. Zhai et 
al.[10-11] developed an automated driving system of seed 
metering according to sensor signal. But these researches are 
at testing stage and not applied in the market. 

To solve issues above, this study developed a PID 
electronic control system for seed meters and conducted 
experiments to test the performance of the control system in 
the lab. 

1  Material and methods 

1.1  Components of the electronic control system 
The system consisted of five components: control box, 

touch screen display (MT4414T, Kinco Automation 
company, China), incremental encoder (TRD-2T500BF, 
Koyo Electrical Company, Japan), seed plate driving motor 
(57BL55S06, Times Brilliant Electrical Company, China), 
seed meter, as in Fig. 1. 
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Fig.1  Components of electronic control system 
 

A twelve volt power supply provides power for the 
entire control system. The seed meter adopted in this study 
was an air-pressure precision corn meter developed by Shi et 
al.[12-13], which was modified to be driven by seed plate 
driving motor. The motors are DC brushless motors, and 
each motor’s back is embedded by three Hall-effect sensors 
to measure the positions of the rotors and realize current 
switching for the rotors electronically, which eliminates 
brush maintenance of DC brush motor[14-16]. In the meantime, 
the Hall-effect sensors were used by the study to measure 
the motor rotation speed in real time for achieving 
closed-loop control[17]. The planting speed was measured by 
an incremental encoder that was mounted on the shaft of a 
ground wheel.  

0.036
D N S

V
T M

  
 


           （1） 

Where V is the planting speed, km/h; D is diameter of the 
ground wheel, cm; T is the sample period, s; N is the number 
of pulses received within the period of T; S is the wheel slip 
ratio, %; M is resolution of the encoder, pulses/r. 

A touch screen display as interface of data input/output 
used to enter planting parameters such as number of seed 
holes per disk seed spacing, S and D, and also display 
planting speed and rotation speed of seed plate. The touch 
screen display was communicated with the controller by 
RS485. The controller is the core of the system, which was 
designed to receive input data from incremental encoder and 
touch screen display and output a signal pulse with a certain 
frequency and duty cycle to adjust seed plate rotation speed 
for achieving desired seed spacing as planned. The seed 
plate rotation speed is calculated as 

5 000
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           （2） 

Where W is the seed plate rotation speed, r/min; H is the 
number of seed holes per disk; Z is the seed spacing, cm. 
1.2  PID control of seed plate rotation speed 

As PID control is a simple algorithm with high 
reliability, and commonly used in various control 
systems[18-21], a closed-loop PID is used in this study to 
control the seed plate rotation speed for improving the seed 
plate’s dynamic performance. The PID control principle was 
illustrated in Fig.2. 

 

Fig.2  Schematic diagram of PID control principle 
 

The controller computes the error between the target 
values and actual values of seed plate rotation speed at time t, 
then control the motor speed by adjusting the signal duty 
cycle. A basic PID controller in continuous time[22-23] is 
described by 

0
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Where Pw(t) is the signal duty cycle; e(t) is the error between 
the target values (W(t), r/min) and actual values (W´(t), r/min) 
of seed plate rotation speed at time t, r/min; Kp, Ki and Kd are 
the proportional, integral, and differential gain constant, 
respectively. Equation (3) is discretized as follows for 
reducing computational cost[22-23]. 
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d
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  （4） 

Here, e(k), pw(k) (r/min) are the discrete error and 
control signal’s duty cycle, respectively; k is sampling 
points. 
1.3  Setting PID parameters via step response analysis 

The present study employed a trial-and-error method to 
estimate the PID parameters by laboratory experiments. 
Given a step response in W, the step response curve was 
plotted, and the impact of each PID parameter was analyzed 
in turn through trial and error to obtain a response curve that 
provided a rapid response time and a small stable error 
within a small overshoot. The overshoot was set here to be 
within 2%, and PID parameter selection providing the 
optimal performance of the control response was based on 
an appropriate tradeoff between the minimum response time 
and the minimum stable error. 

The laboratory setup employed for tuning is illustrated 
in Fig.3. The encoder (1 in Fig.3) was mounted on the shaft 
of a meter that measures the actual value of W in real time, 
and the rotation speed signal was sent to a data acquisition 
card (2 in Fig. 3; National Instrument USB-6009). LabView 
software was installed on a PC (3 in Fig. 3) to read the signal 
from the data acquisition card, calculate the meter’s rotation 
speed, and then display it to obtain the step response of W. 
Planting parameters are entered through the touch screen 
display with Z=25 cm and V=9 km/h, resulting a target value 
of in W=24 r/min, thus, registering a step response from 0 to 
24 r/min. Zhengdan 958 maize hybrid seeds were employed 
in the calibration, and the air pressure was set at 3.0 kPa. 
The encoder’s resolution was 2 500 pulses/r, and the data 
acquisition rate was 10 Hz. 
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1.Incremental encoder  2.Data acquisition card  3.PC interface for LabView 
software 

 

Fig.3. Test setup employed for tuning PID parameters 
 

1.3.1  Setting the proportional gain constant (Kp)  
To determine Kp, we considered only proportional 

control in the trial and error experiments (i.e., Ki=Kd=0). The 
proportional term produces an output value at sampling 
point k that is proportional to e(k). The proportional response 
can be adjusted by multiplying e(k) by Kp. A high 
proportional gain results in a large change in the output for a 
given change in e(k) (i.e., e(k)−e(k−1)), and an overly high 
gain can make the system unstable. In the tuning process 
shown in Fig. 4, setting Kp=5 responded too slow, and Kp 
was then incrementally increased to 10, 15 and 20. The 
response plot for Kp=15 exhibits the beginning of overshoot, 
which is greatly increased when Kp=20. Therefore, Kp should 
be between 15 and 20. Further fine tuning obtained an optimal 
value of Kp=16, which, shown in Table 1, provides 
minimum values for both the response time and stable error. 

 

Note: Kp is the proportional gain constant. Same as below. 
Fig.4  Step response curves from Kp tuning 

Table 1  Step response results for tuning Kp (proportional 
controller only, i.e., Ki=Kd=0) 

Kp 
Indexes 

5 10 15 16 17 20 

Response time/s 1.8 1.3 0.8 0.6 0.7 1.1 

Overshoot/% 1.19 1.26 1.39 1.37 2.68 6.03 

Stable error/% 1.03 0.98 0.86 0.85 0.86 0.83 

Note: Ki is the integral gain constant; Kd is the differential gain constant, Same as 
below. 

 

1.3.2  Setting the integral gain constant (Ki) 
To determine Ki, we considered only proportional- 

integral control in the trial and error experiments (i.e., Kd= 
0), and the previously optimized value Kp=16 is employed as 
a constant. The integral term can eliminate the residual 
steady-state error that occurs with a pure proportional 
controller. However, it may slow down the system response 

and cause additional overshoot. Fig.5 presents the step 
response curves obtained for Ki values of 0.01 and 0.1 (red 
and green curves, respectively), where we observe that 
integral accumulation for even a small value of Ki=0.01 
delays the response time and increases system overshoot due 
to the initially large overshoot of 1.37% associated with 
proportional control alone. While the overshoot caused by 
the integral term would be reduced by decreasing Kp 
appropriately, this would also further increase the response 
time. Therefore, we retain a constant Kp, and employ integral 
separation[24-27] to reduce the overshoot and slow response 
caused by the integral term. This method employs a 
switching variable Xi to omit the integral term when e(k) is 
large, and to include the integral term when e(k) is small. 
The switching variable is defined as follows[28-29]. 

1 | ( )|

0 | ( )|i

e k
X

e k





  

≤
        （5） 

Here   is a threshold parameter. By setting   from 1 to 9 

when Kp=16, the value of   was determined to be 5 for its 

suitable overshoot and response time. 
The overall PID equation after introducing Xi

[28-29] is 
given as  
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[ ( ) 2 ( 1) ( 2)]
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   （6） 

Employing only the first 2 terms of Equation 6, a 
comparison between the results with and without integral 
separation given in Fig.5 showed that the added delay is 
eliminated and no overshoot occurs for Ki=0.01. However, 
Ki=0.1 induces a minor degree of overshoot, indicating that 
Ki should be between 0.01 and 0.1. The tuning results are 
listed in Table 2. Fine tuning of the integral term yields an 
optimal value Ki=0.05. Here, compared with Ki=0.01, the 
steady error is reduced to 32.5% while the response time is 
increased to only 16.7%, indicating that the performance 
with Ki=0.05 is better. Compared with proportional control 
only, the steady error is reduced to 0.56% (i.e., a 34% 
reduction). 

 
Fig.5  Step response curves from Ki tuning 

Table 2  Step response results with integral-separation 
method (proportional-integral controller only, i.e., Kd=0) 

Ki (Kp=16) 
Indexes 

0.01 0.04 0.05 0.06 0.1 
Response time/s 0.6 0.7 0.7 0.8 1.2 

Overshoot/% 1.39 1.46 1.53 1.72 5.08 
Stable error/% 0.83 0.65 0.56 0.52 0.53 



Transactions of the Chinese Society of Agricultural Engineering（http://www.tcsae.org）         Jan. 2018   

 

20 

1.3.3  Setting the differential gain constant (Kd) 
The derivative of the error predicts system behavior, 

and thus improves the settling time and stability of the 
system, but it is sensitive to system noise, and can cause 
oscillation. Holding the other values constant at Kp=16 and 
Ki=0.05 during tuning, Kd is initially selected as 10, 20, 30, 
40, and 50, and the response curves obtained are shown in 
Fig.6a. The response times tend to decrease over the initial 
range for Kd, achieving a minimum value at 40 and 50. 
However, consideration of the tuning results listed in Table 
3 indicates that the steady error also increases over the initial 

range for Kd, indicating that Kd should be less than 40. 
Through fine tuning, the optimal value of Kd=36 was 
determined. Here, compared with Kd=20, the response 
time is reduced by 20% while the steady error is increased 
by only 17.2%, indicating a better response performance 
with Kd=36. The final parameters obtained by tuning are 
Kp=16, Ki=0.05, and Kd=36. The response time, overshoot, 
and steady error obtained with these parameters are 0.4 s, 
1.56%, and 0.75%, respectively. Compared with the PI 
controller, the response time is reduced by 0.3 s, as shown 
in Fig.6b. 

 
                Note: Kd is gain constant and same as below. 

Fig.6  Step response curves from Kd tuning 
 

Table 3  Step response results for tuning Kd (full PID 
controller) 

Kd (Kp=16 and Ki=0.05) 
Indexes 

10 20 30 35 36 37 38 39 40 50 

Response time/s 0.6 0.5 0.5 0.5 0.4 0.4 0.4 0.4 0.4 0.4 

Overshoot/% 1.51 1.47 1.44 1.47 1.56 1.63 1.74 1.80 1.87 1.96 

Stable error/% 0.60 0.64 0.70 0.73 0.75 0.77 0.80 0.82 0.86 0.97 

 

1.3.4  System step response under different planting speeds 
The proposed control system is mainly employed for 

high speed planting. To validate the performance at high 
speed, step response testing for values of V of 8 km/h to 
14 km/h was conducted with Z=25 cm, and the results are 
shown in Fig.7.  

 

Fig.7  Step response curves under different planting speeds 
 

The target values of W associated with each value of V 
are given in the chart legend. At 14 km/h, the step response 
exhibits instability and the actual value of W (i.e., 35 r/min) 

did not attain the target value of 37.33 r/min . This may have 
caused by an inability of the motor to reach the target speed 
at the twelve volt power supply, which was applied based on 
the power supply voltage of the tractor. Adopting a power 
converter to transfer twelve volt to twenty-four volt is a way 
to increase speed of seed plate, but this raises the energy 
consumption and cost of the control system. But for V less 
than 14 km/h, the step response was very stable. Therefore, 
the maximum working speed of the control system can reach 
at 13 km/h, which is much too high than the working speeds 
of conventional planters. 

2  Results and discussion 

2.1  The performance of the control system 
The performance of the proposed control system was 

tested in laboratory with three replications. Zhengdan 958 
maize hybrid seeds were employed, and the air pressure was 
set at 3.0 kPa. Planting parameters were entered through the 
touch screen display with Z=25 cm, D=50 cm and three 
planting speeds (6, 9 and 12 km/h, respectively).Using a 
camera to record planting condition, as in Fig.8. 

 

 
1.Control box  2.Touch screen display  3.Seed meter  4.Light source  5.Camera 

 

Fig.8  Experiment conditions in laboratory 
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Basing on China National Standard of Test Methods of 
Single Seed Driller (GB/T 6973-2005)[30], the performance 
indexes is calculated as follows. 

1SI / 100%n N             （7） 

2UI / 100%n N             （8） 

3MI / 100%n N             （9） 

Where n1 is the number of singles, n2 is the number of 
multiples, n3 is the number of skips, and N′ is the number of 
theoretical planting seeds. SI is singulation index of seed 
meter; UI is multiple index of seed meter; MI is miss index 
of seed meter. 

The results of experiment is shown in Table 4 and Fig.9. 

Table 4  Results of experiment 

Planting speed/(km·h-1) SI/% UI/% MI/% 

6 99.07 0.93 0 

9 99.47 0.53 0 

12 98.4 0.8 0.8 

Note: SI is singulation index of seed meter; UI is multiple index of seed meter; 
MI is miss index of seed meter. The same below. 

 
Note: Columns labeled with same letters are not significantly different. 

 

Fig.9  Value of SI, UI, MI under three different planting speeds 
 

As shown in the Table 4, with the increase of the 
planting speed, the SI, UI and MI didn’t change significantly. 
The data also showed that SI increased at first and then 
decreased with the planting speed increasing, and the best 
value was 99.47% at speed of 9 km/h. UI decreased at first 
and then increased with the speed increasing, and the worst 
value was 0.93% at speed of 6 km/h. MI were both zero at 
speed of 6, 9 km/h, but the value reached 0.8% at the speed 
of 12 km/h. Analyses above showed that UI was the 
determinant factor lead to SI decreasing when at low 
planting speed (6, 9 km/h), then MI became determinant 
instead of UI at the high planting speed (12 km/h). The best 
planting performance was got at speed of 9 km/h with SI of 
99.47%, UI of 0.53% and MI of 0%. However, even at the 
highest planting speed of 12 km/h, the SI of seed meter can 
also be 98.4%, meanwhile the UI and MI were not more 
than 1%, which are far better than China National 
Standard[31]. Further analysis shown in Fig. 9 indicates that, 
when planting speed increased from 6 km/h to 9 km/h, the SI, 
UI, and MI changed only moderately. However when 
planting speed changed from 9 km/h to 12 km/h, the SI and 
MI changed appreciably. This change was possibly caused 
by the requirement of higher air pressure at higher planting 
speed. Results indicate that the seed meter with the 
developed control system and tuned PID parameters can 
obtain better planting quality and higher planting speed. 

2.2  The cost and market expectation of the control system 
Most of the components used in the control system are 

locally manufactured in China, and their costs are listed in 
the Table 5. The table indicates that, the cost of expanding 
one planting row that includes a seed plate driving motor 
and a seed meter is $321, and the control system has a 
higher performance-price ratio with the number of planting 
row increasing. The total cost of the control system for a 
four-row planter is $1800, which is considerably less than 
similar systems from abroad (for example, the cost of the 
controller alone from Precision Planting LLC is greater than 
$5000 in the Chinese market), making the system accessible 
to precision planters in developing countries and be largely 
used in the market. 

Table 5  Cost of control system for a four-row planter 

Division name Number Unit price/dollar Total price/dollar 

Control box 1 286 

Touch screen display 1 177 

Incremental encoder 1 53 

Seed plate driving motor 4 64 

Seed meter 4 257 

1 800 

3  Conclusions 

A PID electronic control system for seed meters was 
designed and evaluated in this study. Conclusions of this 
research were as follows. 

1) Using integral separation in the PID control 
algorithm reduced the issues of overshoot and delayed 
response time associated with the integral component under 
conditions when the error is large. After tuning, the final 
PID parameters obtained were Kp=16, Ki=0.05, and Kd=36. 
Under a step response in W from 0 to 24 r/min, the response 
time, overshoot, and steady error were 0.4 s, 1.56%, 0.75%, 
respectively. 

2) The experiment data showed that the SI of seed 
meter can be 98.4%, meanwhile the UI and MI are not more 
than 1% even at the highest planting speed of 12 km/h, 
which indicate that the seed meter with the developed 
control system and tuned PID parameters can obtain better 
planting quality and higher planting speed. 

3) Most of the components used in the electronic 
control system are locally manufactured in China, which is 
considerably less expensive than the similar systems abroad, 
making the system accessible to precision planters in 
developing countries. 
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Design and test of semi-feeding test-bed for peanut pod picking 
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Abstract: A semi-feeding test-bed was developed to study the working mechanism of the semi-feeding device for peanut-pod 
picking, and optimize its structure and working parameters. The test bed was mainly composed of a frame, an automatic feeding 
platform, a clamping-carrying device, a peanut pod picking device, a control system, sensors, a converter motor and a high-speed 
photography system, with many functions, such as key parameters adjustment and collection, process image acquisition, and plant 
fresh keeping. The main technical indexes of the test-bed were as follows: the pod-picking roller length was 500, 800, 1 000 mm, 
the roller diameter was 160, 200, 240 mm, the distance between the center of the back end of the roller and the clamping-carrying 
chain was 100-150 mm, the peanut pod picking device rotation rate was 200-1 000 r/min, the clamping-carrying chain velocity 
was 0.5-2.5 m/s. Based on the previous design, this paper mainly focused on the design and analysis of the pod-picking device, 
the automatic feeding platform, the control system, the clamping-carrying device and the fresh-keeping storage house and so on. 
Experiments on the plant-feeding number, the included angle between the chain and roll (hereinafter refers to briefly as the 
included angle), the power consumption, and the high-speed photography of pod picking were carried out by the semi-feeding 
test-bed, which had not been done previously. The results show that the plant-feeding number has a great effect on both the 
breakage rate and unpicked rate, while the included angle has a great effect on the unpicked rate, but a little effect on the breakage 
rate. When the picking roller are fully filled with plants at the smooth working stage, the larger the plant-feeding number is, the 
higher power consumption is. The high-speed photography experiment reveals the influence between the pod-picking blade and 
the peanut pods, the separation between pod and vine, and the internal mechanism. Overall, the test-bed can provide effective 
technical means for the further study on the mechanism of the pod-picking working. 
Keywords: crops; design; optimization; peanut; semi-feeding; pod-picking; power consumption; high-speed photography 
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0  Introduction   

Compared with the full-feeding technology for peanut 
pod picking, the semi-feeding technology is mainly applied 
to the fresh peanut picking, with many advantages, such as 
the relatively mild picking force, the lower breakage rate, 
the lower power consumption, and the fresh seedlings 
complete recovering[1-3]. The semi-feeding device is the core 
component of a semi-feeding harvester or a pod-picking 
machine. It adopts a seedling-clamping mechanism and an 
opposite rotating double-roller with a certain angle 
configuration[4-5]. When peanut plants are clamped and 
transported through the pod-picking mechanism, the separation 
of pod and seedling is completed from bottom to top by the 
continuous high-speed rotation at opposite directions of two 
sets of pod picking blades[6]. Therefore, the pod-picking device 
has an important influence on the performance of the harvester, 
such as the breakage rate and the unpicked rate. 
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Nowadays, researches worldwide on semi-feeding 
technology for peanut picking are few, and mainly focus on 
equipment development[7-14] and experimental research. 
Wang Dongwei et al.[15] optimized the structure and the 
movement parameters of peanut picking device with 
curve-surface double rollers; Su Zhan et al.[16-17] developed a 
small semi-feeding breeding device with double rolls for 
peanut picking and carried out experiments on the structure 
and parameters. Wang Xiaoyan et al.[1-4] designed a 
semi-feeding test-bed for peanut picking, carried out the 
parameter optimization test, and obtained the optimum 
combination of parameters; Lü Xiaorong et al.[18] utilized 
virtual simulation methods to test the performance of the 
peanut pod picker under different working conditions. Hu 
Zhichao et al.[8,13,19-20] developed the semi-feeding two and 
four rows combine harvesters for peanut and peanut 
semi-feeding picker. Moreover, he carried out a great deal of 
researches on semi-feeding technology for peanut pod 
picking to reduce the both rates of breakage and unpicked, to 
optimize the structural design, the structural parameters, the 
kinematic parameters, the pod-picking mechanism and so 
on[5-6,8,21-22]. So far, profound study on semi-feeding 
technology for peanut pod picking has not been found 
abroad by retrieving the foreign document of peanut 
mechanized harvesting technology research[23-27]. 

The above studies just focused on the design and partial 
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parameters optimization of semi-feeding device for peanut pod 
picking, because of the limited technical means. The 
relationships between variables, such as the plant-feeding 
number, the included angle, and operation quality have not been 
studied. The specific interaction between pod-picking blade and 
pods has not been made clear yet, which is crucial to reveal the 
mechanism of pods breakage and pods unpicked. The power 
consumption of the peanut pod picking device under 
complicated conditions has not been measured, which is of 
great significance for energy-saving, working life prediction 
and design of the device. Therefore, based on the previous 
researches, the semi-feeding test-bed with testing, adjusting and 
image collecting functions was developed. Briefly, experiments 
on the power consumption, parameters and high-speed 
photography carried out by the semi-feeding test-bed will 
provide a theoretical basis for the semi-feeding device for 
peanut-pod picking. 

1  Development of the semi-feeding test-bed 

1.1  Overall design 
On the basis of the existing semi-feeding test-bed for 

peanut pod picking[5], the development scheme of the 
semi-feeding test-bed was designed (Fig.1). An automatic 
feeding platform, a control system, a test system, a 
parameter regulating system and a fresh-keeping storage 
house were developed, and a high-speed photography 
system was selected. All of them were integrated into the 
former test-bed made by the research group.  

 

 
Fig.1  Development scheme of semi-feeding test-bed for peanut 

pod picking 
 

Based on the above, the semi-feeding test-bed was 
developed. The key technical indexes of the test-bed were as 
follows: The pod-picking roller length was 500, 800, 1 000 mm; 
The double rollers center distance was 170-220 mm; The 

rollers diameter was 160, 200, 240 mm; Distance between 
the center of the front end of the roller and the clamping 
chain was 200-300 mm; Distance between the center of the 
back end of the roller and the clamping chain was 
100-150 mm; Roller rotation rate was 200-1 000 r/min; The 
clamping chain velocity was 0.5-2.5 m/s; High speed camera 
version: FastecHispe5; Temperature range of the fresh-keeping 
storage house was 0-15 ℃.  

The designed automatic feeding platform could be used 
to simulate the working conditions of the prior level of the 
conveying component during the combined harvesting 
operation. The three converter motors were respectively 
connected to the automatic feeding platform, the 
clamping-carrying device and the peanut pod-picking device. 
Each motor was attached with a speed sensor. Meanwhile, a 
torque sensor was mounted on the peanut pod picking device. 
All the sensors were connected with the control system to 
realize the independent regulation of the speed of the three 
moving devices and the torque test. The peanut pod picking 
device was arranged on an independent movable frame, and 
the movable frame was connected with a fixed frame, so that 
the integral adjustment of the picking device and the 
independent change and step-less adjustment of the picking 
roller could be realized. The high speed photography camera 
could be fixed at the end of the entry, the middle of the 
fracture section and the end of the exit, of the rollers, which 
was convenient to record the interaction of the pod-picking 
blades and peanut plants, analyze the separation of pod and 
seedling, and reveal the influence mechanism of operation 
quality.  

Our research group had carefully designed and 
researched the peanut pod-picking rollers in the previous 
study. Therefore, this paper mainly focused on the design 
and analysis of the automatic feeding platform, clamping- 
carrying device and control system.  
1.2  Design of the peanut pod-picking roller 

According to the previous research result[5], the 
structure form and structure parameters of the peanut 
pod-picking roller were set as follows: the picking roller and 
the clamping chain were configured at a certain angle; the 
form of pod-picking blade was arc type; the blade numbers 
of one roller were four; the roller adopted the structure of 
“moving sleeve static” to prevent the film from winding. In 
order to study the influence on operation quality by different 
parameters of the roller, various types of rollers were 
designed, and double rolls center distance and the roller 
angle could be adjusted.  
1.3  Automatic feeding platform design 
1.3.1  Overall design 

The structure of the automatic feeding platform was 
shown in Fig.2. The automatic feeding platform adopted the 
horizontal belt conveyor with a closed loop. When the roller 
rotated, the belt kept a continuous annular movement by 
friction. The peanut plants were continuously fed into the 
feeding frame and fall to the conveyor belt. Under the 
influence of the belt friction, the plants were transported 
along with the conveyor belt. In order to improve the 
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adaptability of feeding platform, the overall angle of the 
feeding platform was adjustable. As shown in Fig.2, the 
main parameters of the automatic feeding platform were as 
follows: Conveying length L=1 500 mm; Conveying width 
B=470 mm; Conveying velocity V=0.5-2.5 m/s; Drive roller 
size is Φ200 mm×1 500 mm; Conveying angle δ=0-10°; 
Feeding frame height H=230 mm.  

 
1.Active roller  2.Conveyer belt  3.Peanut plant  4.Tension roller  5.Lower 
roller  6.Frame  7.Feeding frame 
Note: L was conveying length, mm; B was conveying width, mm; V was 
conveying velocity, m·s-1; δ was conveying angle, (°); H was feeding frame 
height, mm. 

Fig.2  Structure diagram of automatic feeding platform 
 

1.3.2  Motion analysis  
As shown in Fig.3, the quality of the peanut plant was 

assumed to be m, the initial speed of the plants arriving at 
the conveyor belt was V0 (V0 horizontal contained angle was 
γ). Suppose that the conveyor length was L, the dip angle 
was δ, and the belt velocity was V. When the plants were 
about to move to the conveyor belt, the velocity of the plants 
relative to the conveyor belt was Vγ, the projection of Vγ in 
the conveying direction and vertical direction of the 
conveyor belt was Vγx and Vγy respectively, then:  

0 cos( )xV V V             （1） 

)+sin(= 0 δγVV y          （2） 

 
Note: m was the weight of the feeding peanut plant, g; V0 was the initial speed of 
the plants arriving at the conveyor belt, m·s-1; γ was V0 horizontal contained 
angle (°); ax was the acceleration of the plants reached on the conveyor belt, m·s-²; 
F was the friction of the plants reached on the conveyor belt, N; N was the 
supporting force of the plants reached on the conveyor belt, N; g was 
gravitational acceleration, g=9.81 m·s-². 

 

Fig.3  Feeding movement analysis 
 

According to Formula (1) and (2), when Vγx was not 
equal to zero, there must be a relative slip between the plants 
and the conveyor belt. The relative slipping process was 

exactly the acceleration process, while the Vγy resulted in the 
plants shocking on the conveyor belt. The above conditions 
aggravated the wear of the working surface of the conveyor 
belt and reduced the strength. The force analysis of the 
plants during acceleration was shown in Fig.3, the relative 
sliding acceleration of the plants could be obtained 
according to the force balance condition, such as Formula 
(3). The distance that the plants completed the acceleration 
process was l0, and the plants were unstable during the 
acceleration process.  

( cos sin )xa g f             （3） 

Where f was friction coefficient between plant and conveyor 
belt; ax was the acceleration of the plants reached on the 
conveyor belt, m/s²; g was gravitational acceleration, g= 
9.81 m/s2. 
1.3.3  Main parameters optimization 

As shown in Fig.4, the plants should have maintained 
the same posture when they entered the clamping-carrying 
chain from the conveyor. However, as we had known from 
1.3.2, there was a relative slippage of the plants at the 
conveyor table, which might cause the peanut plants to tilt 
on the conveyor table. The inclination of the plants was 
related to the speed of entry into the conveyor belt 
(determined by H) and the conveying distance L. Therefore, 
the effect of plant inclination should be considered to 
improve the join effect of the plants from the conveyor belt 
into the clamping-carrying chain when designing H and L. 

 
Note: y was plants inclination angle of arrival at the feeding entrance, (°). 

 

 

Fig.4  Plant attitude tilt analysis 
 

The definition of objective function: y=f(H, L). The 
smaller the y was, the higher the feeding quality was. The 
test of each set of parameters was carried out 10 times, 
taking the average value.  

H and L were optimized by folio optimum seeking 
method, as shown in Fig.5. According to previous tests, the 
range of H changed from 150 to 330 mm, and the range of L 
changed from 900 to 1 700 mm. H was fixed at 230 mm 
firstly, and the A1 point was found as the better one by 0.618 
point method, L=1 500 mm. Then the upper and lower 
folded, L was fixed at 1 300 mm, the B1 point was found as 
the better one by 0.618 point method. The A1 was found 
better than the B1 point by comparing the two points, so the 
lower half was abandoned. Then the upper and lower of 
remaining part folded. L was fixed at 1 500 mm, the A1 was 
better also. Therefore, the A1 point was what we want. H was 
230 mm and L was 1 500 mm. 
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Fig.5  Folding optimum method 
 

1.4  Design of clamping-carrying device 
1.4.1  Overall design 

The structure of the clamping-carrying device was 
shown in Fig.6. The triangular area was formed among the 
clamping chain, the conveyor belt and the pressure plate, 
which was called “vine merging zone”. The plants were 
grabbed by the clamping chain of the “vine merging zone” 
and clamped and rearward conveyed at the clamping point 
position. The following conditions should be met when 
designing the clamping-carrying device: First, feeding, 
grabbing, clamping and conveying were smooth and reliable; 
Second, after the plants were clamped and transported into 
the peanut pod picking device, broken stems, blocking and 
sliding vines should not appear; Third, the device should be 
able to adapt to changes of plant moisture content and thickness. 
The main factors affecting the clamping-carrying performance 
were clamping chain type, geometric parameters of the triangle 
and the velocity of the clamping chain. 

 
1.Drive sprocket  2.Clamping-carrying chain  3.Clamping device  4.Automatic 
tensioning device  5.Driven sprocket  6.Clamping point  7.Triangular area 
 

Note: La was the maximum opening distance of the “vine merging zone”, mm; µ 
was the angle between the clamping chain and the conveyor belt, (°); Lb was the 
distance between the clamping point and the front end of clamping chain, mm. 

 

Fig.6  Structure diagram of clamping-carrying device 

1.4.2  Design of the triangular area 
The key design parameters of the triangular area were 

shown in Fig.6. La was determined by the current peanut 
agronomic and biological characteristics, and the 
plant-feeding numbers, the design value was equal to 350 
mm. The two parameters µ and Lb interrelated. The larger 
the µ was, the less the Lb was, and the clamping point would 
move forward. The less the µ was, the larger the Lb was, the 
clamping point would move backward. In the “vine merging 
zone”, the clamping chain pressed the plants in the vertical 
direction, and pushed the plants forward in the horizontal 
direction. At the feeding entrance, the vine merging time 
should be as short as possible, while the feeding plants 
should be transported backward as soon as possible. By 
comparing and analyzing the two parameters µ and Lb, the 
larger the µ was, the less the Lb was, the shorter the retention 
time was, when the plants enter the “vine merging zone”. 

Through the test, the parameters could be set as: µ=85°, 
Lb=130 mm. 
1.4.3  Parameter design of toothed chain 

The toothed chain was used as the conveyor chain of 
the test-bed. The experiment showed that the addendum 
angle and the tooth height had obvious influence on the 
probability of broken stems, blocking and sliding vines. 
Therefore, the critical parameters of the toothed chain could 
be selected by using the evaluation index of the numbers of 
the clamping failures, in details: The toothed chain pitch K 
was set as 33 mm. Three series of addendum angle were 60°, 
70°, and 90°. Two series of tooth height were 10, 15 mm. 
The influence of the addendum angle and the tooth height on 
the clamping performance was investigated by the bench test. 
Six different parameters combinations were used for the bench 
test. The results showed that the number of toothed chain 
failures was the largest when the addendum angle was 60° and 
the tooth height was 15 mm; The number was the least when 
the addendum angle was 90° and the tooth height was 10 mm. 
Therefore, the addendum angle 90° and the tooth height 10 mm 
were selected, which could effectively guarantee the 
clamping-carrying device working smoothly and reliably. 

As shown in Fig.7, the movement of the 
clamping-carrying chain grabbing the plants was analyzed. 
In addition, the velocity resolution of the random point D in 
the grabbing segment was carried out. When the μ value 
(mentioned above) was determined, both conveyor belt 
forward velocity and clamping chain velocity should meet 
Formula 4 in order to guarantee the peanut plants grabbed in 
the triangle area and delivered them back in time. 

sa cos VμV ≥             （4） 

Where Va was the linear velocity of the point D, m/s; Vs was 
the forward velocity of the conveyor belt, m/s; µ was the 
angle between the clamping chain and the conveyor belt, (°). 

 
Note: Va was the linear velocity of the point D, m·s-1; Vs was the forward velocity 
of the conveyor belt, m·s-1.  

 

Fig.7  Movement analysis of clamping-carrying chain grabbing 
plant 

1.5  Other systems design 
1.5.1  Control system design 

The controller of the control system was SIEMENS 
S71200PLC, and the driver was G120C with Ethernet 
communication. The implementation motor was SIEMENS 
BEIDE, a three-phase asynchronous motor. The control 
panel was made of SIEMENS KTP, a delicate touch screen 
with Ethernet interface. The communication system adopted 
SIEMENS PN protocol and PROFINET interface. The 
control system was shown in Fig.8. 
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1.Control panel  2.G120C driver  3.S71200PLC  4.Circuit breaker  5.Air switch  
6.Torque sensor receiving terminal  7.Relay  8.Power supply  9.Transformer 

 

Fig.8  Control system of test-bed 
 

1.5.2  Fresh-keeping storage house design 
In order to prolong the test period, prevent the peanut 

from spoiling that would influence the test result, a kind of 
fresh-keeping storage house was designed to keep peanut 
plant fresh. The fresh-keeping storage house parameters 

were as follows: the temperature range was 0-15 ℃; the 
compressor refrigerating capacity was 5 kW; the 
temperature and humidity were controlled by microcomputer; 
the green cryogen was adopted; the dimensions of the 
storage house was 3 000 mm×2 000 mm×2 000 mm. 

2  Experiment study 

2.1  Experiment purposes 
Previously we had done a part of the studies on 

semi-feeding device for peanut pod picking[2,5,6,21]. This 
paper mainly studied on the effect of the two factors, the 
plant-feeding number and the included angle, which was not 
covered in previous study, on the working index upon the 
semi-feeding test-bed. A solid ground for the further 
research of the multiple parameters optimization test on the 
semi-feeding test bed could be provided by studying the 
influence of the above two factors on the operation index 
and combining with the previous research. Moreover, the 
influence of the plant-feeding number on power 
consumption was carried out, which provided the basis for 
the optimization design of the peanut pod-picking roller. The 
high-speed photography test was also carried out to reveal 
the process of pod-picking blade and pods. 
2.2  Test parameters and materials 

Tests was carried out by the test-bed mention above, as 
shown in the Fig.9. The other test parameters were set 
during the test. The speed of the pod-picking roller was 
500 r/min. The length of the pod-picking roller was 
1 300 mm. The velocity of the clamping-carrying chain was 
1 m/s. The velocity of the automatic feeding platform was 
80 mm/s. The double rolls center distance was 200 mm. 
When the power consumption test was carried out, the 

included angle was set as 15. When the single factor test 
about the plant-feeding number was carried out, the included 

angle was set as 15. When the single factor test about the 
included angle was carried out, the plant-feeding number 

was set as 12 plants/s. The peanut varieties were Yuhua 
No.7, Haihua No.1, Zhanyou 75, and Tianfu No. 9.  

 
1.Clamping-carrying device  2.Peanut pod-picking device  3.Frame  4.High-speed 
photography system  5.Test and analysis system  6.Light source  7.Automatic 
feeding platform  8.Control cabinet  9.Speed sensor  10.Torque sensor  
11.Converter motor  12.Manipulation system 

 

Fig.9  Semi-feeding test-bed for peanut pod picking 
 

2.3  Test index 
1) Power consumption 
The power consumption of the pod-picking roller 

referred to the average power consumption at smooth 
working stage when the pod-picking roller was completely 
filled with plants. 

9 549

N T
P


               （5） 

Where P was the power consumption of the pod-picking 
roller, kW; N was the real-time speed of the roller by the 
sensors, r/min; T was the torque of the roller by the sensors, 
N·m. 

2) Unpicked rate 
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Where Y1 was unpicked rate, %; m1 was weight of the plants 
been not picked up by the peanut pod-picking roller, g; m2 
was gross weight of harvested pods by the peanut 
pod-picking roller, g. 

3) Breakage rate 
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        （7） 

Where Y2 was breakage rate, %; m3 was weight of broken 
pods, g; m4 was weight of good pods, g. 
2.4  Power consumption test 

The quadratic fitting and regression analysis of the test 
results (shown in Table 1) were carried out by SPSS. The 
relationship between the plant-feeding number and the 
power consumption was a highly positive correlation, and 
the quadratic fitting effect was good. P<0.01 (Significance 
level) showed that the influence of the plant-feeding number 
on power consumption was very significant. As seen in 
Table 1, when the roller was fully filled with plants at 
smooth working stage, with the increase of the plant-feeding 
number, the power consumption increased. Take Yuhua 
No.7 for example. The power consumption of 24 plants/s 
(the plant-feeding number) was 0.43 kW higher than that of 
6 plants/s, increasing about 43%. 
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Table 1  Test result of power consumption of pod-picking 
roller 

Plant-feeding 
numbers/(plants·s-1) 

Yuhua 
No.7/kW 

Haihua 
No.1/kW 

Zhanyou 
75/kW 

Tianfu No. 
9/kW 

6 0.60 0.69 0.75 0.785 

8 0.63 0.71 0.79 0.817 
10 0.71 0.75 0.85 0.895 

12 0.73 0.78 0.91 0.937 
14 0.76 0.80 0.94 0.963 

16 0.83 0.87 0.98 1.021 
18 0.86 0.91 1.05 1.141 

20 0.91 0.96 1.12 1.241 
22 0.96 1.03 1.23 1.304 

24 1.05 1.12 1.27 1.388 

R2 0.990 0.996 0.992 0.990 

Adjusted R2 0.987 0.995 0.990 0.987 
F 324 859 456 352 

P     

Note: P<0.01 is very significant, ; P>0.05 is not significant; R2 reflects the 
fitting effect of dependent variable P; Adjusted R2 reflects the percentage of an 
independent variable that explains the dependent variable P. Same as below. 
When the power consumption test was carried out, the included angle was set as 
15. 

2.5  Single factor test 
The test results were shown in Table 2. The quadratic 

fitting and regression analysis were carried out by SPSS. As 
shown in Table 2, both the relationship between the 
plant-feeding numbers and the pod-unpicked rate, and the 
relationship between the plant-feeding number and the 
pod-breakage rate were the highly positive correlation. The 
quadratic fitting effect was good. P<0.01 showed that the 
influence of the plant-feeding number on the pod-unpicked 
rate and the pod-breakage rate was very significant; The 
relationship between the included angle and the 
pod-unpicked rate was a highly positive correlation, and the 
quadratic fitting effect was good. P<0.01 showed that the 
influence of the included angle on the pod-unpicked rate was 
very significant. The relationship between the included angle 
and the pod-breakage rate was not a correlation. P>0.05 
showed that the influence of the included angle on the 
pod-breakage rate was not significant. 

Table 2  Single factor test results 

Yuhua No.7 Haihua No.1 Zhanyou 75 Tianfu No. 9 
Factors 

Y1/% Y2/% Y1/% Y2/% Y1/% Y2/% Y1/% Y2/% 

6 plants·s-1 0.81 0.27 0.57 0.14 0.89 0.51 1.34 1.28 

8 plants·s-1 0.94 0.35 0.71 0.26 1.04 0.68 1.36 1.50 

10 plants·s-1 1.09 0.51 0.81 0.38 1.22 1.00 1.61 1.90 

12 plants·s-1 1.27 0.89 0.99 0.69 1.44 1.42 1.95 1.99 

14 plants·s-1 1.36 1.34 1.12 0.94 1.56 1.73 2.15 2.59 

16 plants·s-1 1.62 1.81 1.28 1.09 1.87 2.35 2.40 2.82 

18 plants·s-1 2.01 2.04 1.49 1.43 2.34 2.67 3.00 2.94 

20 plants·s-1 2.45 2.28 1.67 1.55 2.87 3.01 3.41 3.31 

22 plants·s-1 2.68 2.67 1.90 1.90 3.17 3.55 3.74 4.08 

24 plants·s-1 3.04 3.15 2.31 2.39 3.63 4.22 3.99 4.39 

R2 0.993 0.989 0.995 0.992 0.994 0.996 0.988 0.984 

Adjusted R2 0.991 0.985 0.993 0.989 0.993 0.995 0.985 0.98 

F 511 307 634 420 623 865 297 219 

Plant-feeding 
number 

P         

13º 4.79 2.21 5.27 2.43 3.83 1.77 5.80 2.67 

14º 4.21 1.98 5.05 2.18 3.41 1.39 5.56 2.40 

15º 3.87 2.41 4.45 2.92 3.17 2.12 4.90 3.21 

16º 3.57 1.93 4.21 2.41 3.00 1.45 5.06 3.14 

17º 3.41 2.32 3.55 2.41 2.56 1.86 4.29 3.26 

18º 3.05 1.87 2.75 1.68 2.07 1.27 3.57 2.19 

19º 2.74 2.05 2.60 2.15 1.78 1.58 3.25 2.69 

20º 2.49 1.75 1.99 1.40 1.49 1.05 2.79 1.96 

21º 1.75 2.11 1.59 1.94 0.95 1.27 2.55 2.48 

22º 1.52 1.57 1.22 1.65 0.87 0.94 1.82 2.47 

R2 0.984 0.397 0.990 0.524 0.991 0.540 0.982 0.326 

Adjusted R2 0.980 0.225 0.987 0.388 0.988 0.409 0.977 0.018 

F 222 2.303 356 3.850 387 4.115 194 1.081 

Included angle 
between chain and 

roll 

P  0.170  0.075  0.066  0.390 

Note: When the single factor test about the plant-feeding number was carried out, the included angle was set as 15; When the single factor test about the included angle 
was carried out, the plant-feeding number was set as 12 plants·s-1; Y1 was unpicked rate, %; Y2 was breakage rate, %. 

 

As shown in Table 2, the pods unpicked rate gradually 
increased with the increase of the plant feeding number. The 
pods breakage rate increased with the increase of the 

plant-feeding number. The possible reasons were as follows: 
1) when the processing period and the peanut pod-picking 
frequency were unchanged at the pod-picking segment, with 
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the increase of the plant-feeding number, plants overstocked, 
and the number of pods required for being picked on the 
pod-picking blade of unit length increased in unit time. 
However, the clamping chain velocity was constant, that 
caused the inner pods remaining unpicked when the crowded 
plants passed through processing area, and then the pods 
unpicked rate increased. 2) The center distance of the double 
rolls kept constant, therefore the staggered space of the 
pod-picking blades remained unchanged. With the increase 
of the plant-feeding number, the volume per unit occupied 
by the plants decreased relatively that made plants cluster 
together tightly. Then the probability of damage of pods 
increased, which resulted in the increase of the pods 
breakage rate. 

As shown in Table 2, the pods unpicked rate gradually 
increased with the decrease of the included angle. The possible 
reasons were as follows: with the decrease of the included angle, 
the pod picking effective range of the roller was reduced, and 
the peanut pods beyond the pod picking effective area could not 
been picked up at the pod picking stage, which resulted in the 
increase of the pods unpicked rate. Different peanut varieties 
has different plant layer thickness, pod number and pod range, 
therefore, under the same experimental conditions, the pods 
breakage rate and pods unpicked rate of different peanut 
varieties were different. 
2.6  High-speed photography test 

The research showed that the high speed photography 
technology could reveal the working mechanism of the main 
working parts of agricultural machinery[28-31]. In this paper, 
high speed photography technology was used to observe and 
analyze the process of peanut pod picking, the feeding and 
picking process, and the material status after picking. 

Fig.10 showed the 4 images in the high speed video 
taken from the pod-picking blades and pods (the sequence is 
1-4). The circle and rectangle in Fig.10 were used to mark 
the currently referenced pod and podding segment. After the 
pods entered the pod picking area, the pods, roots, and pod 
stalk mixed and overlapped together. The pod segment did 
not present a steady rectilinear motion, but was surging up 
from side to side. The pod layer became fluffy by the 
surging movement, when the outer pods was impacted by 
the pod-picking blade, the pod segment was instantly 
compressed, and the outer part of pods separated from the 
pod stalk. Meanwhile, soil, broken roots, broken branches 
and other debris were generated. After the first impact, pods 
were not immediately separated from the pod stalk. The 
pods slid across the outer edge of the pod-picking blade 
swing and turning because of inertia. Then the pods were 
impacted by the next pod-picking blade. The above process 
repeated constantly. After over two times, the pods separated 
from the pod stalk. As the outer pods were separated and fell, 
the thickness of the pod layer became thin, and the inner pod 
repeated the above process. During the pod-picking process, 
different positions and angles caused great differences in 
initial speed and direction of pods movement. 

   
                a. First image             b. Second image 

 

   
                c. Third image             d. Fourth image 

 

Fig.10  High speed photography of pod-picking blade and pods 
 

Fig.11 showed the 6 images in the high speed video of 
a pod-picking cycle (the sequence is 1-6). The first picture 
was the position of the plant before feeding. The plants were 
in vertical feeding status, and entered the picking entrance 
orderly. The second picture was the feeding position of the 
plants. When the plants entered the pod-picking area from 
the feeding entrance, the roots of the plants contacted with 
the 2 rollers first, then plants attitude changed. Under the 
impact of the roller, the broken root and soil were thrown 
along the tangent direction between the two rollers. The 
third picture was the first pod-picking operation after pods 
entering the rollers. For different peanut varieties, the initial 
position of pod picking occurred was different in the rollers. 
The moment when pods at the bottom of the plants contacted 
with the two rollers, the pods were impacted with the high 
speed rotation pod-picking blade and separated from the 
plants immediately. The pods separated would be 
accelerated downward along the roller in the approximate 
tangential direction. The fourth picture was the stable 
pod-picking stage after the plants entered the pod picking 
effective area. The pods entered the rollers in turn from bottom 
to top. The pods were separated from the pod stalk by the 
impact of the pod-picking blade, and mixed with broken 
branches, and broken soil, which were inter-impact during falling 
down, therefore the pods spattered out of the tangential direction 
of the two rollers. The fifth picture was the pod-picking 
completing stage of pods on the upper part of plants. All pods 
entered the rollers and completed the separation.  

   
        a. First image        b. Second image       c. Third image 

   
        d. Fourth image       e. Fifth image         f. Sixth image 

 

Fig.11  High speed photography of one picking cycle 
 

The sixth picture was the pod-picking completing stage. 
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Under the effect of anti-winding device, the plants were 
disengaged from the pod-picking device smoothly. During a 
pod-picking cycle, picture 1 and 2 formed the plant feeding 
stage, picture 3 to 5 formed the pod-picking stage, picture 6 
formed the stage in which the plants were separated from the 
roller. It could be seen that the working process 
corresponding to each stage was consistent with the 
theoretical design.  

3  Conclusion and discussion 

1) The semi-feeding test-bed for peanut pod picking 
was developed, which had the functions of key parameters 
adjustment and collection, process image acquisition and 
plant fresh keeping. The semi-feeding test-bed was mainly 
composed of a frame, an automatic feeding platform, a 
clamping- carrying device, a peanut pod-picking device, a 
control system, sensors, a converter motor and a high-speed 
photography system. This paper focuses on the design and 
analysis of the automatic feeding platform, the clamping- 
carrying device and the control system. 

2) The key technical indexes of the semi-feeding 
test-bed are as follows: the pod-picking roller length was 
500, 800, 1 000 mm; the double rollers center distance was 
170-220 mm; the rollers diameter was 160, 200, 240 mm; 
the distance between the centers of the front end of the roller 
and the clamping chain was 200-300 mm; the distance 
between the centers of the back end of the roller and the 
clamping chain was 100-150 mm; the roller rotation rate was 
200-1 000 r/min; the clamping chain velocity was 
0.5-2.5 m/s; the high speed camera version: FastecHispe 5. 

3) On the test-bed, single factor test of the plant-feeding 
number and the included angle and power consumption 
showed that the plant-feeding number had a great effect on 
the pods breakage rate and unpicked rate. The included 
angle had a great effect on the pods unpicked rate, but a little 
effect on the pods breakage rate; High-speed photography 
experiments revealed the process of pod-picking blade on 
the peanut pod series, pod vine separation and internal 
mechanism; The semi-feeding test-bed for peanut pod 
picking could provide effective technical means for further 
studies on the mechanism of the pod-picking working. 

The influence factors of the breakage rate and unpicked 
rate of semi-feeding device for peanut pod picking are as 
follows: The plant-feeding number, the included angle, the 
clamping and transporting velocity, the linear velocity of the 
peanut pod picking blade, the roller length, the automatic 
feeding platform velocity, the center distance of the double 
rolls and so on. Therefore, single factor tests, not covered in 
the previous study, on the effect of the plant-feeding number 
and the included angle, and on the working index upon the 
semi-feeding test-bed, could provide the basis for the 
multiple parameter optimization experiment with the aim of 
controlling the breakage rate and unpicked rate. 

In addition to working and structure parameters, the 
breakage rate and unpicked rate of semi-feeding device for 
peanut pod picking are also related to the connection 
strength between peanut steam and stalk, the connection 

strength between peanut pod and stalk, and the compressive 
force of pods. However, the three factors mentioned above 
are also determined by the other complex factors such as 
variety and maturity. In order to reveal the change 
mechanisms of the breakage rate and unpicked rate, the 
systematic studies about the above peanut biomechanical 
characteristics will be carried out by the high-speed 
photography test in the future. 
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Relationship between frequency spectrum characteristics and 
vibration responses of Ginkgo biloba trees during mechanical 

harvesting operation 

Lin Huan, Xu Linyun※, Zhou Hongping, Xuan Yan, Jia Zhicheng, Chen Qing 
(College of Mechanical and Electronic Engineering, Nanjing Forestry University, Nanjing 210037, China) 

 

Abstract: Mechanical harvesting is the most effective method for the forest fruit harvesting. Under forced vibration, the removal 
of fruits is affected by not only the excitation amplitude, frequency, and duration, but also the morphology and inherent frequency 

spectrum characteristics of the fruit tree itself. In order to discover the relationship between the frequency spectrum characteristics 
and the vibration responses and attain the difference among the vibration responses in different directions, the frequency spectrum 

of a small Y-shaped Ginkgo biloba tree in different directions was tested under the impact excitation in the laboratory. Then the 
spatial acceleration response under the harmonic excitation was detected at the frequency of the peak and trough points in the 

frequency spectrum curves. Results of this study indicate that there was a corresponding relation between the frequency spectrum 
characteristics and vibration responses. Strong vibration response couldn’t be induced by the fundamental frequency and the 

frequency lower than 10.00 Hz. The maximal amplitudes could be tested at the resonant frequency but the values were small at 
low frequency and increased as the excitation frequency increased. When the excitation frequency was higher than 25.00 Hz, 
stronger acceleration response couldn’t be induced again. The optimal excitation frequency was 23.75 Hz for the small Y-shaped 

Ginkgo biloba tree. At the same testing position, vibration responses in three directions exhibited the similar characteristics but 
different amplitudes. The acceleration amplitude in the direction parallel to the growing orientation of trees increased significantly 

as the testing position was located away from the excitation point. At the same time, this direction was the dominant direction 
during the process of the vibration response transmission. This suggests that during the mechanical harvesting of forest fruits, the 

frequency spectrum of trees could be firstly tested to obtain the resonant frequency. Then trees could be excited under the certain 
resonant frequency to achieve strong vibration response. Higher excitation frequency didn’t necessarily induce stronger vibration 

response. There was difference among different directions at the same testing position and fruits on different positions could be 
removed by the inertial force in different directions.  
Keywords: mechanization; vibrations; harvesting; acceleration; frequency spectrum; Ginkgo biloba 
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0  Introduction   

Ginkgo biloba is one of the oldest species of tree dating 
back 300 million years. The seed has the high value of 
edible and medicine[1-4]. The planting area in China is about 
1 213 million hm2 and accounts for 90% of the world’s 
Ginkgo biloba resources. Because the harvesting time is 
intensive and the availability of skilled labor is uncertain, 
harvesting operation is seen as one of the most 
time-consuming and labor-intensive operations in forest fruit 
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production[5-7]. Current harvest techniques mainly use the 
mechanical vibration to shake the fruit trees. The advantage 
of the vibratory harvest is that the mature fruits could be 
separated quickly and efficiently[8-10]. During the vibratory 
harvest, vibratory energy is transmitted to fruiting limbs and 
then converted into the inertial force on fruit-stems. Fruits 
removal will occur when the inertial force exceeds the 
bonding force between the stem and fruit[11-14]. 

In order to improve the removal efficiency of forest 
fruits and reduce the damage to the trunk, many researchers 
conducted experiments on the harvest of mango, lime, 
apricot, et al[15-17]. Many tests and analyses reflected that 
excitation amplitude, frequency, duration and position 
affected the removal efficiency and fruit damage of 
fruits[18-22]. In addition, Mateev et al[23] established a 
probabilistic model describing mathematically the vibratory 
fruit removal under different specified harvest conditions 
and validated the precision of the model. Wang et al[24] 
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established the mathematic model between the excitation 
amplitude, frequency, position and the removal efficiency of 
blackcurrant.  

The removal of fruits is affected by not only the 
excitation amplitude, frequency, and duration, but also the 
morphology and inherent dynamic characteristics of the fruit 
tree itself. Fruit tree generally grows into the 
branch-on-branch structure and the limb vibration induced 
by the external force is often unevenly distributed on 
different parts of the tree[25]. Therefore, the tree model was 
developed by a simulation tool and the dynamics analysis 
was solved by the finite element software (ANSYS 
Workbench)[26-28]. Wang et al[29] attained the modal 
parameters of blackcurrant branches by using the stepping 
sinusoidal excitation, one-point excitation and multi-point 
acceleration response method. During the process of 
vibration energy transmission, the resonant frequencies of 
fruit trees could be identified by seeking the peak 
displacement or acceleration amplitude of limbs under 
different vibration frequencies. Then the dynamic responses 
of the trees and the relative kinetic energy ratio were tested 
under the specific resonant frequencies[30-34]. However, few 
experiments were conducted on the inherent frequency 
spectrum characteristics of Ginkgo biloba trees. At the same 
time, the dynamic responses of Ginkgo biloba trees excited 
at the frequency of the peak and trough points in frequency 
spectrum curves have not been detected. Although the 
spectral analysis method was the conventional method 
during the signal analysis, the frequency response 
characteristics between the anisotropic live trees and the 
isotropous metal components had no comparability.  

Therefore, the current work was to discover the 
relationship between the frequency spectrum characteristics 
and the vibration responses by determining the acceleration 
responses in spatial directions under the impact and 
harmonic excitations on a Ginkgo biloba tree. 

1  Materials and methods 

1.1  Experimental materials and distribution of testing 
positions 

A small Chinese Ginkgo biloba tree was selected as the 
experimental specimen from Nanjing Forestry University 
(Nanjing, Jiangsu Province, China, 32.1°N, 118.8°E). As 
shown in Fig. 1, it mainly consisted of a trunk A, two first 
branches B1 and B2 originating from the trunk. Both the 
branches were almost located in the same perpendicular 
plane. During the experiment, the root segment below 
position A0 was fixed vertically using clamps to ground. 
Testing positions A1 was located at the crotch node and the 
other testing positions were averagely arranged according to 
the length of each branch. Every testing position was marked 
by a white circle. The major branch indexes and their 
geometric parameters were listed in Table 1. The experiment 
was conducted immediately after the tree specimen was 
delivered to the laboratory (16th-18th March, 2017). The 
relative humidity of the laboratory was maintained at 60% 
and the temperature was controlled at 25 ℃. 

 
Note: A is trunk of the Ginkgo biloba tree; A1 is testing position; B1 and B2 are 
two first branches originating from the trunk A. 

 

Fig.1  Illustration of geometric model for Ginkgo biloba tree 
specimen and schematic diagram of data acquisition setup 

Table 1  Dimension parameters of a Ginkgo biloba tree 

Branch rank 
Testing 
position 

Segment Length/mm 
Average 

diameter/mm 

Trunk A A1 A0-A1 980 51.4 

B11 B11-A1 656 25.4 

B12 B12-B11 656 23.4 B1 

B13 B13-B12 656 19.0 

B21 B21-A1 633 25.0 

B22 B22-B21 633 22.4 

First 
branches 

B2 

B23 B23-B22 633 12.8 
 

1.2  Method of testing the fundamental frequency and 
damping ratio 

The fundamental frequency could be concluded by the 
pull-release test. Testing equipment included a laser 
displacement sensor (OD-P85W20I0, SICK-Sensor Intelligence, 
Waldkirch, Germany), a 12 V steady voltage supply 
(YU1220, Guangzhou Meanwell Electronic Product Co., Ltd. 
Guangzhou, China), a data acquisition device (HRU-420E, 
Shanghai Horizon Electronic Technology Co., Ltd. Shanghai, 
China), and a vibration testing and analysis software 
(HRsoft-DW V1.3, Shanghai Horizon Electronic 
Technology Co., Ltd. Shanghai, China). A rope was tied on 
the trunk, then pulled and released to exert the step force on 
the tree specimen. The laser focused on a position 200 mm 
below the crotch node A1. The fundamental frequency ω0, 
and damping ratio ξ could be calculated by equation (1) and 
(2), respectively.  
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Where P1 and Pn+1 are the first and (n+1) peak values, t1 and 
tn+1 are the corresponding time to reach these two peaks in 
the displacement attenuation curve (Fig.2). 
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Note: P1 and Pn+1 are the first and (n+1) peak values, t1 and tn+1 are the 
corresponding time to reach these two peaks in the displacement attenuation 
curve. 

Fig.2  Displacement as a function of time under step force 
 

1.3  Method of testing the frequency spectrum characteristics 
and vibration 

The frequency spectrum characteristics of tree specimen 
were induced by the impacting force produced by an impact 
hammer (LC-02A, Jiangsu Sinocera Piezotronics Inc, 
Yangzhou, China). By computing the power spectrum with the 
recording and analyzing software (CRAS V7.1, The First Test 
Software Engineering, Co., Ltd, Nanjing, China), the frequency 
under the peak and trough points could be indicated.  

The vibration response testing equipment consisted of a 
single-eccentric type excitation motor (Puta Vibrating Motor, 
Xin Jia Hong Technology Co., Ltd. Shenzhen, China), a 
frequency converter (JVFT-S5, Jinhui Instrumentation, Co., 
Ltd. Shenzhen, China), four triple-axis accelerometers 
(CA-YD-141, Jiangsu Sinocera Piezotronics Inc, Yangzhou, 
China), two charge amplifiers (YE5853A, Jiangsu Sinocera 
Piezotronics Inc, Yangzhou, China), and three data 
acquisition units (NI cDAQ-9174, The National Instrument 
Co., Ltd, USA).  

The excitation motor was fixed at a position 400 mm 
below the crotch node A1. The growing orientation of tree 
sample was treated as z-direction. The direction parallel to 
the rotating center of the motor and the center of the tree 
sample was treated as x-direction. As shown in Fig. 1, 
y-direction was vertical to these two directions. The 
triple-axis accelerometer could record the acceleration 
signals in three directions under impact and harmonic 
excitations. During the experiment, when the treatments of 
four testing positions were completed, the accelerometers 
were moved to the next four testing positions until all 
positions were completed. The same treatment of each 
testing position was repeated three times. 

To describe the transmission characteristics of the 
dynamic response along the branches on the Ginkgo biloba 
tree, the dynamic acceleration transmission ratio (DATR) 
was defined using the following equation[35]. 
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Where kt(i-j) is the DATR of the testing position i in 
j-direction, ai-j is the acceleration of the testing position i in 
j-direction, a0-j is the acceleration of the reference position in 
j-direction. In this paper, the testing position A1 was 
regarded as the reference position. 

2  Results and discussion 

2.1  Frequency spectrum characteristics 
For the Ginkgo biloba tree illustrated in Fig. 1, through 

pull-release test, the fundamental frequency was 1.88 Hz and 
damping ratio was 0.05 by calculation of equations (1) and 
(2) when n was selected as 10 in Fig.2.  

By the impact excitation test, the acceleration curve as a 
function of time could be attained. The power spectrum curves 
were shown in Fig.3 by the frequency spectrum treatment. 
Since the appropriate excitation frequency was generally 10-30 
Hz for the fruit harvesting[23-24,36], the maximum analysis 
bandwidth in the power spectrum was 30 Hz.  

 
Fig.3  Power spectrum of testing position A1 

 

In accordance with the pull-release test, the first 
resonant frequency was also 1.88 Hz for the power spectrum 
curves in three directions from Fig.3. The following 
common resonant frequencies were 6.25, 12.50, 21.25 and 
23.75 Hz. For the power spectrum in x-direction, the curve 
also presented the peak point at 27.50 Hz. Both the curves in 
y-direction and z-direction showed another obvious peak 
point at 28.75 Hz. This revealed that there was consistency 
among the frequency spectrum characteristics in different 
directions at the same testing position.  
2.2  Acceleration amplitude under harmonic excitation 

There were still slight peak and trough points on the 
power spectrum curves in three directions. In order to study 
the relationship between the frequency spectrum characteristics 
and the vibration responses, tree specimen was excited under 
the frequency where the apparent and slight peak and trough 
peaks occurred in the power spectrum curves.  

Testing position A1 located at the top of the trunk and 
was the crotch node between branches B1 and B2. As shown 
in Fig.4, the vibration responses at the fundamental 
frequency 1.88 Hz were weak in three directions and the 
lowest value 0.17 m/s2 occurred in y-direction. At the 
resonant frequency 6.25 Hz, the maximal values in three 
directions were respectively 5.14, 5.71 and 1.04 m/s2. 
However, the values were only 0.74-2.32 m/s2 at 10.00 Hz, 
where the trough point occurred in the power spectrum 
curves (Fig.3). At the third resonant frequency 12.50 Hz, 
vibration responses were strengthened again. Meanwhile, the 
value in x-direction was 2.7 times larger than that in 
z-direction. As the frequency increased continuously, the 
acceleration amplitudes in three directions presented 
gradually increasing trend and exhibited the maximal values 
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46.60, 40.12 and 28.94 m/s2 at the fifth resonant frequency 
23.75 Hz. When the frequency increased to 25.00 Hz, the 
acceleration amplitudes decreased obviously and almost 
remained unchanged under higher frequency. A possible 
reason for this was that the vibratory energy was weak at 
25.00 Hz due to the existence of the trough point in the 
power spectrum. Although there was another resonant 
frequency 27.50 Hz, stronger acceleration response couldn’t 
be induced again.  

 
Fig.4  Acceleration amplitude of testing position A1 

 

As shown in Fig. 5a, the vibration responses on branch 
B1 were also weak at the resonant frequencies 1.88 and 
6.25 Hz. At 10.00 Hz, the acceleration amplitudes exhibited 
the minimal values in consistence with the characteristics of 
the testing position A1. The maximal values also occurred at 
the third resonant frequency 12.50 Hz. Meanwhile, the 
values 10.38, 10.33 and 12.82 m/s2 at the testing position B11 

were much smaller than those at the latter two testing 
positions shown in Fig.5a. As the frequency increased, the 
acceleration amplitudes generally presented decreasing trend. 
However, when the frequency was higher than 17.50 Hz, all 
the values increased sharply and attained another maximal 
values at the fifth resonant frequency 23.75 Hz. At the 
testing position B11, the acceleration amplitudes in three 
directions were 157.44, 118.04 and 115.82 m/s2. However, 
at the testing positions B12 and B13, the values in y-direction 
were only 64.90 and 95.67 m/s2. By contrast, the values in 
z-direction attained the maximums 161.09 and 180.94 m/s2. 
Similarly to the testing position A1, the acceleration 
responses decreased at 25.00 Hz and didn’t change 
obviously at higher frequency. 

 

Fig.5  Acceleration amplitudes of testing positions on branches B1 and B2  
 

Similarly to the testing position A1 and branch B1, the 
vibration responses on branch B2 were also weak at the low 
resonant frequencies 1.88 and 6.25 Hz (Fig. 5b). At 10.00 
Hz, all the values were small except for the value 26.80 m/s2 

in z-direction at the testing position B23. The acceleration 
amplitudes of three testing positions peaked at the third 
resonant frequency 12.50 Hz. In addition, the largest value 
occurred in x-direction at the testing position B21 but in 
z-direction at the testing positions B22 and B23 (Fig.5b). At 
the frequency band 12.50-17.50 Hz, the acceleration 

amplitudes were small and exhibited the minimums at 
15.00 Hz. As the frequency increased continuously, the 
acceleration amplitudes increased significantly and attained 
the maximums at the resonant frequency 23.75 Hz. At the 
testing position B21, the values in three directions were 
137.05, 103.34 and 126.43 m/s2. For the following testing 
positions B22 and B23, the values in x-direction and 
y-direction didn’t fluctuate a lot while the values in 
z-direction increased sharply to 287.32 and 247.22 m/s2. 
Compared with the acceleration amplitudes in z-direction on 
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branch B1, the values were larger on branch B2. At the 
following frequencies, the vibration responses generally 
presented decreasing trend. Although at the resonant 
frequency 27.50 Hz, greater acceleration amplitude couldn’t 
be detected again.  

Therefore, there was a correspondence between the 
frequency spectrum characteristics and the vibration 
responses. The maximal amplitudes could be induced by the 
resonant frequency but the values were small at low 
frequency and increased as the excitation frequency 
increased. However, at the frequency higher than 25.00 Hz, 
stronger acceleration response couldn’t be induced again. In 
this study, the optimal excitation frequency was 23.75 Hz 
for the Ginkgo biloba tree. The vibration responses in three 
directions exhibited the similar characteristics but different 
acceleration amplitudes on the tree specimen. The values in 
z-direction were small at the testing positions near the crotch 
node but increased significantly at the latter two testing 
positions on branches. This reflected that fruits on different 
positions were removed by the traction force in different 
directions.  
2.3  Dynamic acceleration transmission characteristics 

In order to study the transmission characteristics of the 
dynamic response and the difference among three directions, 
the DATR was calculated by equation (3). Only the 
acceleration amplitudes under two resonant frequencies 
12.50 and 23.75 Hz were analyzed because they were 
identified as the most effective bands of excitation.  

As shown in Table 2, at 12.50 Hz, there were some 
DATRs in x-direction and y-direction were lower than 1.00, 
reflecting the attenuation of the vibration response. The 
minimum 0.39 in x-direction and 0.42 in y-direction 
appeared at the testing position B11 and B12, respectively. As 
the testing position was located away from the crotch node, 
the values in x-direction and y-direction generally exhibited 
slight increase. By contrast, all the DATRs in z-direction 
were greater than 1.00. The values increased slowly along 
branch B1 but sharply along branch B2. In addition, the 
maximum reached 9.61 at the testing position B23.  

Table 2  Obtained dynamic acceleration transmission ratio in 
three directions at different resonant frequencies 

Testing position Resonant 
frequency/Hz 

Direction 
B13 B12 B11 A1 B21 B22 B23 

x 1.67 1.81 0.39 1.00 0.70 0.98 1.20 

y 0.94 0.42 0.49 1.00 0.62 1.22 1.91 12.50 

z 3.74 3.72 1.76 1.00 1.75 7.48 9.61 

x 2.88 3.16 3.38 1.00 2.94 2.40 1.74 

y 2.38 1.62 2.94 1.00 2.55 3.05 2.65 23.75 

z 6.25 5.57 4.00 1.00 4.37 9.93 8.54 

 

At the high resonant frequency 23.75 Hz, the values in 
x-direction and y-direction were 1.62-3.38, which were 
larger than the values at 12.50 Hz. As the testing position 
was located away from the crotch node, the values in 
x-direction and y-direction generally exhibited slight 
decrease. However, in z-direction, the DATRs increased 

significantly along two branches. Since the value at the 
testing position B23 slightly reduced, the maximum 9.93 
occurred at the testing position B22. Similarly to the 
characteristics at 12.50 Hz, branch B2 had greater DATR 
than that on branch B1. 

The increase in excitation frequency was beneficial to 
improve the efficiency of vibration response transmission. 
The effect of the testing position on the DATR was weak in 
x-direction and y-direction but strong in z-direction. 
Meanwhile, there were greater DATR and increase 
amplitude in z-direction. A possible reason for this was that 
the crotch angle between the testing positions increased 
along the growing direction of branches and strengthened 
the vibration response in z-direction. Therefore, the dynamic 
response transmitted to branches was mainly in z-direction.   

3  Conclusion and discussion 

Test with the impact excitation and pull-release test 
revealed the same fundamental frequency 1.88 Hz for the 
tree specimen. At the same testing position, the frequency 
spectrum characteristics in different directions exhibited the 
consistency.  

Generally, there was a corresponding relation between 
the frequency spectrum characteristics and vibration 
responses. Strong vibration response couldn’t be induced by 
the fundamental frequency and the frequency lower than 
10.00 Hz. The maximal amplitudes could be tested at the 
resonant frequency but the values were small at low 
frequency and increased as the excitation frequency 
increased. At the frequency higher than 25.00 Hz, stronger 
acceleration response couldn’t be induced again. The 
maximums occurred at the resonant frequency 23.75 Hz. 
This suggested that during the mechanical harvesting of 
fruits, the frequency spectrum of trees could be firstly tested 
to obtain the resonant frequency higher than 20.00 Hz but 
lower than 25.00 Hz. Then trees could be excited under the 
certain resonant frequency to achieve strong vibration 
response. Higher excitation frequency didn’t necessarily 
induce stronger vibration response. 

The vibration responses in three directions exhibited 
the similar characteristics but different acceleration 
amplitudes on the tree specimen. At the testing positions 
near the crotch node, there was almost no difference among 
the acceleration amplitudes in three directions. However, at 
other testing positions, the value in z-direction was much 
larger than the values in x-direction and y-direction. During 
the process of the vibration response transmission, the 
acceleration response in z-direction was gradually 
strengthened while the values of x-direction and y-direction 
almost remained unchanged. This reflected that z-direction 
was the dominant direction and fruits on the top of branches 
could be removed by the traction force in z-direction. 

The morphology of trees mainly contains monopodial 
branching and sympodial branching. The Y-shaped tree was 
representative. In future research, trees with other shapes 
could be tested to verify if the results of this study were 
universal. 



  

 

37 

Lin Huan et al. Relationship between frequency spectrum characteristics and vibration 
responses of Ginkgo biloba trees during mechanical harvesting operation 

[Reference] 
[1] Sierpina V S, Wollschlaeger B, Blumenthal M. Ginkgo 

biloba[J]. American Family Physician, 2003, 68(5): 923－

926. 

[2] Zhang Hui, Wang Zhang, Xu Shiying. Optimization of 

processing parameters for cloudy ginkgo (Ginkgo biloba 

Linn.) juice[J]. Journal of Food Engineering, 2007, 80: 

1226－1232.  

[3] Diamond B J, Shiflett S C, Feiwel N, et al. Ginkgo biloba 

extract: Mechanisms and clinical indications[J]. Archives of 

Physical Medicine and Rehabilitation, 2000, 81(5): 668－678. 

[4] Guo Jing, Wang Guibin, Feng Chaonian, et al. The model 

classification and comprehensive benefits evaluation of 

ginkgo under-forestry economy[J]. Journal of Central South 

University of Forestry & Technology, 2017, 3(1): 118－122. 

[5] Sanders K F. Orange harvesting systems review[J]. 

Biosystems Engineering, 2005, 90(2): 115－125.  

[6] Chen Du, Du Xiaoqiang, Wang Shumao, et al. Mechanism of 

vibratory fruit harvest and review of current advance[J]. 

Transactions of the Chinese Society of Agricultural Engineering 

(Transactions of the CSAE), 2011, 27(8): 195－200.  

[7] Gupta S K, Ehsani R, Kim N H. Optimization of a citrus 

canopy shaker harvesting system: Mechanistic tree damage 

and fruit detachment models[J]. Transactions of the ASABE, 

2016, 59(4): 761－776. 

[8] Wang Changqin, Xu Linyun, Zhou Hongping, et al. 

Development and experiment of eccentric-type vibratory 

harvester for forest-fruits[J]. Transactions of the Chinese 

Society of Agricultural Engineering (Transactions of the 

CSAE), 2012, 28(16): 10－16.  

[9] Peterson D L. Harvest mechanization progress and prospects 

for fresh market quality deciduous tree fruits[J]. HortTech, 

2005, 15(1): 72－75. 

[10] Du Xiaoqiang, Ni Ke’nan, Pan Ke, et al. Parameter 

optimization of stroke-adjustable and monodirectional pulling 

fruit harvester[J]. Transactions of the Chinese Society of 

Agricultural Engineering (Transactions of the CSAE), 2014, 

30(16): 26－32. 

[11] Blanco-Roldán G L, Gil-Ribes J A, Kouraba K, et al. Effects 

of trunk shaker duration and repetitions on removal 

efficiency for the harvesting of oil olives[J]. Applied 

Engineering in Agriculture, 2009, 25(3): 329－334. 

[12] San Yunlong, Niu Changhe, Qiao Yuanyuan. Development 

of fruit mechanized harvest and its relevant research[J]. 

Xinjiang Agricultural Sciences, 2013, 50(3): 499－508.  

[13] Torregrosa A, Albert F, Aleixos N, et al. Analysis of the 

detachment of citrus fruits by vibration using artificial 

vision[J]. Biosystems Engineering, 2014, 119(3): 1－12. 

[14] Du Xiaoqiang, Li Songtao, He Leiying, et al. Optimal design 

and experiment on vibratory fruit harvesting mechanism with 

three-dimensional excitation[J]. Transactions of the Chinese 

Society of Agricultural Engineering (Transactions of the 

CSAE), 2017, 33(16): 48－55. 

[15] Loghavi M, Mohseni S H. The effects of shaking frequency 

and amplitude on detachment of lime fruit[J]. Iran Agricultural 

Research, 2006, 24(2): 27－38.  

[16] Erdoğan D, Güner M, Dursun E, et al. Mechanical harvesting 

of apricots[J]. Biosystems Engineering, 2003, 85(1): 19－28.  

[17] Torregrosa A, Ortí E, Martín B, et al. Mechanical harvesting 

of oranges and mandarins in Spain[J]. Biosystems 

Engineering, 2009, 104(1): 18－24.  

[18] He Miao, Kan Za, Li Chengsong, et al. Mechanism analysis 

and experiment on vibration harvesting of wolfberry[J]. 

Transactions of the Chinese Society of Agricultural 

Engineering (Transactions of the CSAE), 2017, 33(11): 47－

53. 

[19] Zhou J, He L, Zhang Q, et al. Evaluation of the influence of 

shaking frequency and duration in mechanical harvest of 

sweet cherry[J]. Applied Engineering in Agriculture, 

2013, 29(5): 607－612.  

[20] Zhou J, He L, Zhang Q, et al. Effect of excitation position of 

a handheld shaker on fruit removal efficiency and damage in 

mechanical harvesting of sweet cherry[J]. Biosystems 

Engineering, 2014, 125(9): 36－44.  

[21] Láng Z. A one degree of freedom damped fruit tree model[J]. 

Transactions of the ASABE, 2008, 51(3): 823－829.  

[22] Pezzi F, Caprara C. Mechanical grape harvesting: 

Investigation of the transmission of vibrations[J]. Biosystems 

Engineering, 2009, 103(3): 281－286.  

[23] Mateev L, Kostadinov G. Probabilistic model of fruit 

removal during vibratory morello harvesting[J]. Biosystems 

Engineering, 2004, 87(4): 425－435.  

[24] Wang Yecheng, Chen Haitao, Lin Qing. Optimization of 

parameters of blackcurrant harvesting mechanism[J]. 

Transactions of the Chinese Society of Agricultural 

Engineering (Transactions of the CSAE), 2009, 25(3): 79－

83.  

[25] D’Agostino A, Giametta F, Giametta G, et al. Preliminary 

tests to assess the dynamics of the vibrations transmitted on 

olive trees by mechanized harvest by shakers[J]. Acta 

Horticulturae, 2008, 791: 285－295.  

[26] Horvath E, Sitkei G. Energy consumption of selected tree 

shakers under different operational conditions[J]. Journal of 

Agricultural Engineering Research, 2001, 80(2): 191－199.  

[27] Savary S K J U, Ehsani R, Schueller J K, et al. Simulation 

study of citrus tree canopy motion during harvesting using a 



Transactions of the Chinese Society of Agricultural Engineering（http://www.tcsae.org）         Jan. 2018   

 

38 

canopy shaker[J]. Transactions of the ASABE, 2010, 53(5): 

1373－1381.  

[28] Wu Chuanyu, He Leiying, Du Xiaoqiang, et al. 3D 

reconstruction of Chinese hickory tree for dynamics 

analysis[J]. Biosystems Engineering, 2014, 119(3): 69－79. 

[29] Wang Yecheng, Chen Haitao, Qiu Lichun. Modal experiment 

analysis on blackcurrant branches[J]. Transactions of the 

Chinese Society of Agricultural Engineering (Transactions of 

the CSAE), 2011, 27(Supp. 2): 45－49. 

[30] He Long, Zhou Jianfeng, Du Xiaoqiang, et al. Energy 

efficacy analysis of a mechanical shaker in sweet cherry 

harvesting[J]. Biosystems Engineering, 2013, 116(4): 309－

315. 

[31] Du Xiaoqiang, Chen Du, Zhang Qin, et al. Dynamic response 

of sweet cherry tress under vibratory excitations[J]. 

Biosystems Engineering, 2012(111): 305－314.  

[32] Du Xiaoqiang, Chen Du, Zhang Qing, et al. Response of 

UFO (upright fruiting offshoots) on cherry trees to 

mechanical harvest by dynamic vibratory excitation[J]. 

Transactions of the ASABE, 2013, 56(2): 345－354.  

[33] Liu Zilong, Wang Chunyao, Wei Tingpeng, et al. The 

research of fruit trees dynamic characteristics with impact 

vibration[J]. Journal of Xinjiang University: Natural Science 

Edition, 2016, 33(6): 495－499. 

[34] Lu Fei, Wang Chunyao, Luo Jianqing, et al. Vibration harvesting 

experiment on crabapple trees[J]. Jiangsu Agricultural Science, 

2017, 45(2): 207－210. 

[35] Du Xiaoqiang, Wu Chuanyu, He Leiying, et al. Dynamic 

characteristics of dwarf Chinese hickory trees under impact 

excitations[J]. International Journal of Agricultural and 

Biological Engineering, 2015, 8(1): 17－25.  

[36] Salamon Z. Mechanical harvest of Black Currants and their 

sensitivity to damage[J]. Acta Horticulturae, 1993, 352: 

109－112. 

 



   Transactions of the Chinese Society of Agricultural Engineering               Jan. 2018     39   

 

Soil quality as affected by long-term cattle manure application in 
solonetzic soils of Songnen Plain 
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Abstract: Poor soil structural properties and nutrient status, and low enzyme activities are common in the solonetz. This is caused 
by excessive exchangeable Na+ and high soil pH value in soils. Long-term application of cattle manure is an important 
management practice that can affect soil quality in the solonetzic soils. Experiments were carried out in a randomized complete 
block design comprising 5 treatments according to the cattle manure application history: Corns (Zea mays L.) with manure 
applied for 2, 6, 13, and 18 years were used as the experimental treatments and corn without manure application was used as a 
control treatment. Soil physic-chemical properties and enzyme activities were measured across all treatments. The effects of 
long-term manure application on soil quality were assessed using factor analysis. Results indicated that long-term manure 
application significantly improved soil physic-chemical properties and enhanced soil enzyme activities. Two factors were selected 
for the measured soil attributes, which were “soil structural properties” (Factor 1) and “saline-alkaline properties” (Factor 2), 
respectively. Compared to untreated soils, soils treated with manure for 13 and 18 years were characterized by improved soil 
structural properties (Factor 1) and decreased soil saline-alkaline properties (Factor 2), while soils treated with manure for 2 and 6 
years were characterized by decreased soil saline-alkaline properties (Factor 2). Soil quality was increased with the number of 
years of manure application judging from the soil quality indices, with the highest value observed for 18 years of manure 
application. We conclude that soil structural and saline-alkaline properties are the key factors that limit soil quality, and 
promotion of soil quality is characterized by the decrease in bulk density, pH value and electrical conductivity in the solonetz, 
especially for bulk density.  
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0  Introduction   

Soil is a key natural resource that provides several 
important ecosystem functions, including a medium for plant 
growth, regulation and partition of water flow in the 
environment and an environmental buffer[1]. Soil quality 
refers to the capacity of the soil to sustain productivity and 
maintain environmental quality and has three distinct 
components: chemical, physical, and biological. However, a 
significant decline in soil quality has occurred worldwide by 
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adverse changes in its physical, chemical and biological 
properties[2], which results in arable land becoming 
unsuitable agriculture use.  

Salt-affected soils are formed in arid or semi-arid areas 
of the world and are widely distributed in Europe, North 
America, South America, Asia and Australia, such as Russia, 
United States, India and China, etc[3]. China has a large area 
of salt-affected soil resource. Salt-affected soils are mainly 
concentrated in inland basins and alluvial plains in the arid 
and semi-arid regions of northern China, and coastal plains 
in humid and semi-humid monsoon region. The soluble salts 
accumulated in these soils have a negative influence on soil 
properties, enzyme activities and plant growth. Furthermore, 
the ability of plants to uptake water is reduced by the 
osmotic potential of these soils[4-5] and plant nutrition deficit 
can be caused by the low availability of nutrients, such as P, 
Fe, Zn, and Mn[6]. Most of the Songnen Plain in northeastern 
China is characterized by typical sodic soils and low crop 
productivity due to degradation of soil physic-chemical 
properties and microbiological processes. 

Sustainability of agricultural systems, in developing 

·Soil and Water Engineering· 
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countries, has been considered as an important issue[7]. In 
China, the largest developing country all over the world, 
there is a sharp contradiction between reduction of arable 
land and growth of population in recent years. However, 
salt-affected soils are considered as reserved land resources, 
and are likely to be the future growing point of the national 
agricultural economy of China.  

Gong et al.[8] pointed out that reasonable land use 
practices and scientific management patterns can improve 
and maintain soil quality in the human-disturbed land-use 
systems. Soil amendment with manure is a common habitual 
practice in order to improve soil fertility and productivity, 
particularly in agroecosystems with naturally low soil 
organic matter (SOM) that are very susceptible to soil 
degradation[9]. The improvement in SOM can be achieved 
through the use of organic amendments. Application of 
organic amendments is a reliable management practice to 
improve soil quality[10]. Liu et al.[11] reported that long-term 
additions of organic manure have the most beneficial effects 
on grain yield and soil quality in dry land of north China. 
The achievement has been made in improvement and 
utilization of salt-affected soils by organic manure applied to 
soils. Yang et al.[12] conducted a field experiment of sodic 
soil improvement using organic manure application, and 
found a decrease in soil pH value and an increase in total N, 
P and K contents, SOM and crop yield.  

Sustainable agricultural production requires prudent 
management backed by reliable information that accurately 
illustrates the complex relationships between land management 
practices and soil quality trends[13]. Soil physical, chemical 
and biological properties, known as soil quality indicators, 
are used to soil quality assessment and these measured soil 
attributes are used to detect changes in soils as a result of 
soil management practices[14-16]. This study aimed to assess 
the effects of long-term cattle manure application on soil 
quality in the solonetz of the Songnen Plain in Northeast 
China. Furthermore, we also ascertain how the long-term 
manure application affects soil quality caused by key soil 
attributes in the solonetz. 

1  Material and methods 

1.1  Study site 
The study was performed in a long-term experimental 

field of salinization soil amelioration, established in 
Songnen Plain in 1995, located in the Yongle Village of 
Zhaozhou county, Heilongjiang Province, China (longitude 
125.06° E, latitude 45.4° N, and altitude 149 m). The site is 
in a temperate zone with a continental monsoon climate. The 
mean annual precipitation in the area is 434.5 mm, occurring 
mostly in summer. The mean annual evaporation is 
1 800.0 mm and the mean annual temperature is 3.7 ℃. The 
topography in the area is a plain terrain. The quaternary 
fluvio-lacustrine deposits are the main soil parent materials. 
Soil horizons are weakly developed and the natric horizon is 
within the upper 100 cm of the soil profile in the area. The 

soil type in the area is classified as solonetz based on the 
FAO World Reference Base for Soil Resources[17] and the 
soil texture is clay according to the International Society of 
Soil Science classification (26.2% sand, 21.5% silt, 52.3% 
clay). Before soil reclamation, the landscape was a meadow 
steppe, and alkaline spots without vegetation were distributed 
sporadically in its natural state. Soil physic-chemical 
properties prior to experimentation in the study area at the 
0-20 cm depth were illustrated as follows: Soil pH value was 
9.56; electrical conductivity (EC) was 6.23 dS/m; SOM was 
10.95 g/kg; soil total nitrogen (TN) and phosphorus (TP) 
were 0.37 and 0.25 g/kg, respectively; available N, P and K 
were 39.11, 12.08 and 125.18 mg/kg, respectively; bulk 
density (b) was 1.35 g/cm3; total porosity (ft) was 49.06%; 
water-holding capacity (WHC) was 18.23%. 
1.2  Experimental design 

In the long-term experimental field trial of salinization 
soil amelioration that was used as the current study site, 
ridge tillage combined with cattle manure at the rate of 
10 000 kg/hm2 on oven-dry weight basis was carried out 
annually in late April. Basic properties of manure illustrated 
that it had 342.63 g/kg OM, 12.01 g/kg N, 11.34 g/kg P and 
14.92 g/kg K on oven-dry weight basis (data from 2013 
experimentation). Based on the history of manure 
application, 5 treatments were defined in a randomized 
complete block design with 3 replicates in late April of 2013. 
These treatments included corn (Zea mays L.) without 
manure application as a control treatment (CK) and corn 
with manure application for 2 year (Y2), 6 years (Y6), 
13 years (Y13), and 18 years (Y18). Urea (N=46%) was 
applied as a top dressing to corn in the elongation stage at 
the rate of 400 kg/hm2. 
1.3  Soil sampling 

Soils were sampled at the 0−20 cm depth in each plot in 
October of 2013 after the corn harvest. Each sample was a 
composite of soils taken from 5 points for soil chemical 

properties. Moist soil samples were stored at 4 ℃ prior to 
analysis of enzyme activities. Cores with volume of 100 cm3 
were performed and replicated 5 times for soil physical 
properties. 
1.4  Laboratory methods 

Soil samples were air-dried, pushed though a 1 mm 
diameter sieve and stored at room temperature prior to 
analysis of chemical properties. Soil pH value and EC were 
measured at 1:5 soil-to-water ratio using pH-meter electrode 
and conductivity meter, respectively. SOM was determined 
by dichromate oxidation with heating (K2Cr2O7–H2SO4)

[18]. 
TN was determined using the flow analyzer procedure. TP 
was determined using colorimetric analysis at 700 nm after 
treatment with HClO4–H2SO4. Available N was determined 
using the method described by Lu[18]. Available P was 
determined by NaHCO3 extraction and subsequent 
colorimetric analysis at 700 nm. Available K was 
determined using atomic absorbance after extraction with 
1 mol/L NH4OAC. ρb was measured using core method by 

undisturbed soil cores and dried for 48 h at 105 ℃. WHC 
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was measured using the gravimetric method by equilibrating 
the soil with water through capillary action[19]. ft was 
calculated using bulk density (ρb) and particle density (ρd) 
according to the equation: ft=(1−ρb/ρd)×100%, where ρd= 
2.65 g/cm3[20]. Urease, phosphatase and catalase activities 
were determined using the methods described by Zhou et al.[21] 
and Li et al.[22] Invertase activity was determined using the 
method of Guan[23]. 
1.5  Statistical analysis 

All the statistical analyses were carried out using SPSS 
17.0 for Windows software. Significant differences of all the 
measured soil attributes and soil quality indices (SQIs) 
among treatments were tested with one-way analysis of 
variance (ANOVA) followed by least significant differences 
(LSD) at P<0.05. 

Factors were extracted from original variables for 
assessing soil quality by factor analysis, using covariance 
and correlation matrix, which interpreted amounts of raw 
data[24-25]. By the correlation matrix, factors with eigenvalues 
>1 were retained and maximized using varimax rotation 
correlation between factors and measured soil attributes[18]. 
For this assessment, the measured soil attributes were 
selected across all treatments. 

SQI was determined by 3 steps, which were (1) 
definition of a minimum data set (MDS) that represented 
soil function, (2) score assignation to each MDS indicator 
based on mathematical functions and (3) MDS indicators 
scores integration in a comparative index. We selected 
significant variables to step in the MDS formation using 
factor analysis and defined principal components (factors) 
for a data set as linear combinations of variables. Principal 
components (factors) with eigenvalue >1 and explained at 
least 5% of the variation of the data were examined[26-27]. We 
defined the absolute values with 10% of the highest factor 
loading as the highly weighted factor loadings, and only 
retained variables with highly weighted factor loadings in 
the MDS. When retained variables were more than one in a 
single principal component (factor), multivariate correlation 
coefficients were used to determine if the variables could be 
considered redundant, and eliminated from the MDS[28]. If 
the highly weighted variables were correlated, then each was 
important and was retained in the MDS. Well-correlated 
highly weighted variables were redundant, and only variable 
with the highest factor loading was retained in the MDS[29]. 

Each MDS indicator was transformed using linear 
scoring technique. The variable scores, ranging from 0 to 1, 
were assigned to the MDS indicators depending on “more 
is better” or “less is better” function. A certain amount (%) 
of the variation was explained by each principal component 
(factor) in the total data set. This percentage as the weight, 
standardized to unity, was assigned to variables chosen 
under a given principal component (factor)[23]. The 
weighted MDS variable scores were summed and the 
equation was calculated as: 

SQI= i

n

i
i SW 

1

            （1） 

where Si is score assigned to each variable; Wi is weighing 
factor derived from factor analysis. 

2  Results 

2.1  Soil physic-chemical properties 
Soil pH value was alkaline across all treatments, 

ranging from 10.51 in the CK treatment to 8.26 in the Y6 
treatment, and was significantly higher in the CK treatment 
compared with the other treatments (P<0.05). No significant 
difference was observed for soil pH value among the Y6, 
Y13 and Y18 treatments. Similar to EC, the highest EC was 
observed in the CK treatment, and was significantly higher 
than that in the treatments with manure application (P<0.05). 
However, no significant difference was observed for EC in 
soils treated with manure (Table 1). 

No significant difference was observed for b across all 
treatment, although it was lower in the Y18 treatment. WHC 
was significantly higher in the Y18 treatment compared with 
the other treatment except for the Y6 and Y13 treatments 
(P<0.05), whereas no significant difference was observed 
for WHC among the CK, Y2, Y6 and Y13 treatments. 
Similarly, there was no significant difference among the CK, 
Y2, Y6 and Y13 treatments as well as the Y13 and Y18 
treatments for ft (Table 1). 

The highest SOM and TN were observed in the Y18 
treatment, whereas the lowest were in the CK treatment, 
respectively. SOM and TN were significantly higher in the 
Y18 treatment than those in the other treatments except for 
the Y13 treatment, respectively (P<0.05). The highest 
available N was also found in the Y18 treatment, and was 
significantly higher in the Y18 treatment than that in the 
other treatments (P<0.05). Significant difference was also 
observer for available N among the rest of treatments 
(P<0.05). TP and available P were significantly higher in the 
treatments with manure application than those in the CK 
treatment except for the Y2 treatment (P<0.05), respectively. 
Available K in the treatments with manure application was 
4.66-54.10 mg/kg higher than that in the CK treatment, and 
was significantly higher in the Y18 treatment than that in the 
Y2, Y6 and CK treatments (P<0.05). 
2.2  Soil enzyme activities 

Soil enzyme activities were significantly (P<0.05) 
affected by manure application in the Y2, Y6, Y13 and Y18 
treatments. Urease activity was significantly higher in the 
treatments with manure application compared with the CK 
treatment. Invertase activity was the highest in the Y6 
treatment, followed by the Y2, Y13 and Y18 treatments, the 
lowest was in the CK treatment. Invertase activity was 
significantly higher in the Y6 treatment than that in the Y18 
and CK treatments. Catalase activity was significantly 
higher in the Y13 treatment than that in the other treatments, 
except for the Y18 treatment. Phosphatase activity was 
significantly higher in the Y18 treatment than that in the Y2 
and CK treatments and did not significantly differ from the 
Y6, Y13 and Y18 treatments (Table 1). 
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Table 1  Mean values ± standard deviations of soil properties under different treatments for long-term experimentation (P<0.05) 

Treatments 
Soil properties 

CK Y2 Y6 Y13 Y18 

pH value 10.51±0.12a 9.25±0.56b 8.26±0.15c 8.62±0.11c 8.52±0.08c 

EC/(dS·m-1) 2.04±0.64a 0.47±0.19b 0.43±0.07b 0.18±0.04b 0.17±0.02b 

b/(g·cm-3) 1.29±0.15a 1.27±0.14a 1.27±0.05a 1.23±0.03a 1.21±0.11a 

ft/% 50.82±1.95b 51.95±0.95b 52.08±1.36b 53.46±0.76ab 54.34±0.75a 

WHC/% 20.84±2.11b 21.40±0.59b 22.12±2.03ab 23.62±1.22ab 24.66±1.43a 

SOM/(g·kg-1) 11.92±2.01c 32.32±10.63b 33.23±2.17b 40.20±2.01ab 42.95±4.06a 

TN/(g·kg-1) 0.59±0.06c 1.51±0.12b 1.71±0.11b 1.98±0.12ab 2.18±0.11a 

Available N/(mg·kg-1) 52.51±2.52e 85.85±2.26d 131.29±2.50c 161.44±3.38b 182.98±5.08a 

TP/(g·kg-1) 0.39±0.06c 0.48±0.05c 0.62±0.09b 0.73±0.11a 0.79±0.09a 

Available P/(mg·kg-1) 14.15±1.05c 18.68±0.98c 27.66±1.15b 38.05±1.81a 44.49±2.10a 

Available K/(mg·kg-1) 212.67±12.34c 217.33±8.02bc 236.33±8.08b 253.67±15.53ab 266.77±14.01a 

Urease/(mg·kg-1·h-1 NH4
+-N) 0.46±0.15c 1.77±0.09b 2.20±0.23b 3.13±0.09a 3.16±0.11a 

Invertase/(mg·g-1·d-1 glucose) 6.03±0.77c 26.70±3.83ab 30.11±2.93a 26.08±5.99ab 21.36±3.46b 

Catalase/(mL·g-1 KMnO4) 0.81±0.10c 1.39±0.19b 0.83±0.14c 1.78±0.19a 1.71±0.07a 

Phosphatase/(mg·kg-1·h-1 phenol) 0.07±0.04b 0.14±0.08b 0.18±0.02a 0.19±0.05a 0.21±0.02a 

Note: CK, corn without cattle manure application; Y2, corn with cattle manure application for 2 years; Y6, corn with cattle manure application for 6 years; Y13, corn 
with cattle manure application for 13 years; Y18, corn with cattle manure application for 18 years. EC, electrical conductivity; ρb, bulk density; WHC, water-holding 
capacity; ƒt, total porosity; SOM, soil organic matter; TN, total nitrogen; TP, total phosphorus. Mean values in the same row followed by the same letter are not 
significantly different using LSD test at P<0.05. Same as below. 

 
2.3  Results of factor analysis 

In factor analysis of 15 soil properties, the first 2 factors 
with eigenvalue>1 explained 85.13% of the total variance of 
data (Table 2). Factor analysis showed that the first and most 
important factor (Factor 1) explained 71.73% of total variance 
(Table 2) and only had a highly positive factor loading from ft 
(Table 3). Moderately positive factor loadings for Factor 1 were 
observed from WHC, available N, P and K (Table 3). It also 
had negative factor loadings from b (the minimum value), EC 

and pH (Table 3). Factor 1 was in response to soil structural 
properties. Factor 2 accounted for 13.40% of total variance 
(Table 2), and only had the highest negative factor loading from 
pH value as well as the highest positive factor loading from 
invertase activity, respectively (Table 3). Similarly, moderately 
positive and negative factor loadings were also observed from 
SOM, TN and urease activity as well as EC, respectively (Table 
3). This suggested that Factor 2 mainly explained the variances 
in soil saline-alkaline properties. 

Table 2  Total variance explained among soil quality parameters under different treatments for long-term experimentation 

Initial eigenvalues Extraction sums of squared loadings Rotation sums of squared loadings 
Component 

Total 
Proportion of 
Variance/%  

Cumulative/% Total 
Proportion of 
Variance/% 

Cumulative/% Total 
Proportion of 
Variance/% 

Cumulative/% 

1 10.76 71.73 71.73 10.76 71.73 71.73 6.77 45.11 45.11 

2 2.01 13.40 85.13 2.01 13.40 85.13 6.00 40.02 85.13 

3 0.62         

 
Table 3  Component matrix and communality for soil 

properties of retained factors under different treatments for 
long-term experimentation 

Component 
Attribute 

Factor 1 Factor 2 
Communality 

pH -0.32 -0.92 0.93 
EC -0.37 -0.85 0.86 

b -0.93 -0.07 0.87 
ft 0.93 0.07 0.87 

WHC 0.77 0.24 0.65 
SOM 0.53 0.79 0.91 
TN 0.59 0.79 0.97 

Available N 0.75 0.64 0.97 
TP 0.66 0.65 0.86 

Available P 0.79 0.55 0.92 
Available K 0.84 0.40 0.81 

Urease 0.65 0.74 0.97 
Invertase -0.22 0.90 0.88 
Catalase 0.68 0.43 0.64 

Phosphatase 0.62 0.53 0.67 

 

A high communality for soil properties suggested that 
the factor explained a high portion of variance. Thus, it 
would obtain higher performance in comparison with a 
lower communality[30]. The communities of >0.90 were pH 
value, SOM, TN, available N and P as well as urease activity; 
>0.80 were EC, b, ft, TP, available K and invertase activity; 
<0.70 were WHC, catalase and phosphatase activities, 
respectively (Table 3). 
2.4  Soil quality assessment 

Two factors with eigenvalues>1 were retained from 15 
measured soil attributes by factor analysis at 0-20 cm soil depth, 
and related to one or more functions of soil features. Assessing 
the effects of long-term manure application on extracted 2 
factors with eigenvalues>1, factor scores were calculated using 
the resulting component scores coefficient matrix and 
standardized variables, and clustered for homogeneous groups 
in response to the number of years of manure application. 
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Distribution of different treatments in the first 2 factors 
with eigenvalues>1 was shown in Fig.1. Across all 
treatments, 3 distinct groups of soils were identified. The 
Y13 and Y18 treatments were clustered into Group 1 due to 
improved soil structural properties (Factor 1) and decreased 
soil saline-alkaline properties (Factor 2) in soils treated with 
long-term manure application than those in untreated soils 
(CK). Group 2 included the Y2 and Y6 treatments due to 
decreased soil saline-alkaline properties in these treatments 
than those in the CK treatment. Group 3 only consisted of 
the CK treatment. Thus, the number of years of manure 
application significantly affected separating groups based on 
improved soil structural properties and decreased soil 
saline-alkaline properties. 

 

Fig.1  Grouping of soils by soil structural (Factor 1) and 
saline-alkaline properties (Factor 2) under different treatments for 

long-term experimentation 
 

2.5  Soil quality index 
Highly weighted variables were obtained using factor 

analysis, which were ρb, ft, EC, pH value, available K and 
invertase activity (Table 3). In Factor 1, the highly weighted 
variables were ρb, ƒt and available K, and were significantly 
correlated (P<0.05, Table 4). Thus, ρb was firstly retained in 
MDS due to absolute value of the highest factor loading and 
its importance in soil structural properties (Table 3). In 
Factor 2, EC, pH value and invertase activity were highly 
weighted (Table 3), whereas pH value was significantly 
related to EC and invertase activity, respectively (Table 4). 
Thus, pH value was chosen into MDS owing to absolute 
value of the highest factor loading and its importance in soil 
saline-alkaline properties (Table 3). The recent study 
reported when EC was as an important soil quality indicator 
in soils with high pH value (>7.5), the variations in EC were 
likely to reflect management decision[31]. In our study, soil 
pH value was alkaline (pH>8.0) and variations in EC ranged 
from 0.17 to 2.04 dS/m across all treatments. Thus, EC was 
also selected to MDS. In general, SOM is considered as the 
universal indicator of soil quality[32]. Simultaneously, 
long-term manure application significantly affected SOM 
owing to input of C in the soils. For this reason, SOM was 
also selected to MDS although its factor loading was less 
than absolute value within 10% of the highest factor loading. 
The final MDS consisted of pH value, ρb, EC and SOM 
based on logic and interpretability of variables. 

In order to synthesize all the information provided by 
selected variables and to assess the soil quality, SQIs were 
calculated using Eq.(1) under different treatments for 
long-term experimentation. In our study, ρb was the 
predominant attribute for SQI across all treatments, followed 
by EC and SOM, the contribution of pH value towards SQIs 
was the lowest. This suggested that ρb was the dominant 
variable affecting soil quality in the solonetz. 

Table 4  Correlation matrix among soil quality parameters under different treatments for long-term experimentation 

 pH EC b t WHC SOM TN Available N TP Available P Available K Urease Invertase Catalase Phosphatase 

pH 1.00               

EC 0.86** 1.00              

b 0.37 0.47 1.00             

t -0.37 -0.47 -0.99** 1.00            

WHC -0.50 -0.40 -0.69** 0.69** 1.00           

SOM -0.87** -0.87** -0.54* 0.54* 0.65** 1.00          

TN -0.90** -0.92** -0.62* 0.62* 0.66** 0.95** 1.00         

Available N -0.82** -0.79** -0.71** 0.71** 0.72** 0.87** 0.93** 1.00        

TP -0.78** -0.72** -0.59* 0.59* 0.62* 0.82** 0.89** 0.95** 1.00       

Available P -0.73** -0.71** -0.71** 0.71** 0.70** 0.83** 0.89** 0.98** 0.97** 1.00      

Available K -0.62* -0.67** -0.76** 0.76** 0.55* 0.67** 0.76** 0.90** 0.82** 0.90** 1.00     

Urease -0.85** -0.86** -0.62* 0.62* 0.65** 0.92** 0.96** 0.96** 0.93** 0.94** 0.84** 1.00    

Invertase -0.78** -0.71** -0.04 0.04 0.09 0.60* 0.41 0.41 0.42 0.29 0.15 0.53* 1.00   

Catalase -0.48 -0.63* -0.59* 0.59* 0.58* 0.78** 0.73** 0.73** 0.72** 0.75** 0.66** 0.82** 0.19 1.00  

Phosphatase -0.78** -0.61* -0.52* 0.52* 0.69** 0.76** 0.81** 0.81** 0.72** 0.77** 0.72** 0.75** 0.24 0.55* 1.00 

Note: ** means correlation is significant at the 0.01 level (two tailed); * means correlation is significant at the 0.05 level (two tailed) 
 

SQI ranged from 0.85 in the Y18 treatment to 0.25 in 
the CK treatment, and was significantly higher in the Y18 
treatment than that in the CK, Y2 and Y6 treatments 
(P<0.05, Fig.2). Judging from SQIs, soil quality increased in 
sequence of the CK, Y2, Y6, Y13 and Y18 treatments due to 

an increase in SQIs with better soil properties or functions 
(Fig.2). This suggested that soil quality increased with the 
number of years of manure application in the solonetz of the 
study area, which resulted from the better soil quality or 
greater performance of soil function with long-term manure 
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application. This was likely due to that annual manure 
application resulted in better soil structural properties (ρb) 
and the decrease in soil saline-alkaline properties (EC and 
pH value). 

 
Note: Mean values with the same letters are not significantly different using LSD 
test at P<0.05. 

 

Fig.2  Soil quality indices under different treatments for long-term 
experimentation 

3  Discussion 

In the study area, solonetz is a degraded soil and has 
poor soil properties prior to long-term manure application 
experimentation, such as high soil pH value (>8.0), high salt 
content (EC>2.0 dS/m) as well as poor soil physical 
properties, nutrient status and enzyme activities. In our study, 
manure applied to solonetz significantly improved soil 
quality by increasing SOM[33] as well as improving soil 
physic-chemical properties and enzyme activities[34-36]. 

The result from correlation analysis indicated that SOM 
was significantly correlated to all the measured soil 
attributes (P<0.05; Table 4). Thus, SOM is a key attribute of 
soil quality owing to its important sink and source of main 
plant and microbial nutrients, and it significantly influences 
soil physical, chemical and biological functions[37]. 

The large input of C was supplied from long-term 
manure application, which could cause a significant increase 
in SOM in soils treated with manure compared with 
untreated soils. This accumulation of SOM is likely a result 
of the direct manure application, the increased amount of 
roots and crop residues and higher humification rate 
constant[38-39], whereas effects of chemical fertilizer on SOM 
are related to the amount of biomass C produced or returned 
to soils and its humification rate[40]. 

Based on the properties of manure and the amount of 
manure applied to field on dry weight basis, soils received a 
large of macronutrients annually, such as N, P and K. This 
suggested that annual manure application caused significant 
increase in TN, available N, TP, available P and available K 
in soils treated with manure compared with untreated soils. 
Simultaneously, SOM could provide a large pool of 
macronutrients, which also caused an increase in 
macronutrients in the solonetz. In addition, urease catalyzes 
the hydrolysis of urea to CO2 and NH3

[11], and plays an 
important role in the N cycling[41]. Phosphatase supplies plant 
uptake of P by releasing PO4

3+ from immobile organic P[11]. 
b is an indicator of soil physical condition, and is 

related to soil porosity, hydraulic conductivity, compaction, 

and SOM etc. Significant correlations were observed 
between b, ft, WHC and SOM by correlation analysis, 
respectively (P<0.05; Table 4). Reduction of b in manured 
soils is probably due to soil aggregation with more root 
biomass by manure application[42], dilution effect of adding 
less dense organic manure[37] as well as high SOM which led 
to better soil aeration[43]. Furthermore, crop residues return 
and roots input to surface soil could result in a decrease in ρb 
associated with an increase in ft

[39] as well as an increase in 
WHC through soil C input[28]. This suggested that an 
increase in SOM can result in greater soil porosity and better 
soil structure[44-45]. 

A decrease in soil pH value with continued annual 
manure application is attributed to nitrification of NH4

+ and 
organic acid that derived from the decomposition of the 
organic manure fraction[46]. Furthermore, EC was 
significantly decreased with soil pH value decreasing 
(r=0.86; P<0.01; Table 4) because of the reduction of 
soluble salts, especially Na+, resulted from its leaching from 
topsoil due to improvements in soil structural properties, 
probably. 

Soil enzyme involves in soil nutrient transformation, 
and its activity is considered as a key indicator of soil 
quality and is mainly affected by microbial activities, SOM, 
and plant growth[47-49]. In our study, soil enzyme activities, 
including urease, catalase, phosphatase and invertase, were 
significantly higher in soils treated with manure than those 
in untreated soils. An increase in soil enzyme activities in 
soils treated with manure was attributed to greater input of C 
from manure application over the years as well as root 
biomass and crop residues due to better crop productivity. 
Correlation analysis illustrated that soil enzyme activities 
were positively and significantly related to SOM (P<0.05; 
Table 4). This suggested that SOM was determinant attribute 
affecting soil enzyme activities due to SOM supplying soil 
enzymes of substrates, enhancing microbial activity and 
protecting soil enzymes by forming complexes with clay and 
humus[11,50]. We observed that soil enzyme activities were 
also positively and significantly correlated with each other in 
long-term manure application. This suggested that all the 
measured soil enzyme activities were closely interrelated 
and could be potential indicators for the fertilization effects 
on soil quality[51]. 

4  Conclusions 

Long-term application of cattle manure on solonetz 
significantly improved soil physic-chemical properties and 
enhanced soil enzyme activities. “Soil structural properties” 
(Factor 1) and “soil saline-alkaline properties” (Factor 2) 
were obtained using factor analysis, respectively. Based on 
homogeneous group, improved soil structural properties 
(Factor 1) and decreased soil saline-alkaline properties 
(Factor 2) were in response to the number of years of 
manure application. Soil quality was increased with the 
number of years of manure application judging from the SQI 
values. We conclude that soil structural and saline-alkaline 
properties are the key factors that limit soil quality, and 
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promotion of soil quality is characterized by decrease in b, 
pH value and EC in the solonetz, especially for b.  
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Abstrast：In order to optimize the infrastructure resource of agricultural cloud video platform efficiently, the virtual machine (VM) 
placement algorithms need to know the current and future efficiency of VM resource as accurately as possible for potential 
actions, such as service deployment, VM deployment, migration or cancellation. However, the data available for analysis are 
limited, as the samples used for prediction are usually very small. In the study, a sliding window model that considering time 
factor was designed to learn from small set of data. More importantly, the existing prediction algorithms still have much room to 
reduce the error. So a sliding window based mathematical method was provided to calculate the aforementioned forecasts, which 
was combined with PLS and semi-supervised learning (semi-supervised partial least squares, SS-PLS). The feasibility and 
advantages were analyzed in VM load forecasting based on SS-PLS method. Compared with auto regression moving average 
(ARMA), experimental results showed that the sliding window based model combined with SS-PLS made noticeable 
improvements to the forecasting accuracies, with root mean square error (RMSE) improved 5.47% to 1.777 86, mean absolute 
error (MAE) improved 6.37% to 1.331 2, and mean absolute percentage error (MAPE) improved 6.12% to 0.238 36, respectively. 
The results demonstrated that the proposed algorithm based on semi-supervised partial least squares is accurate in forecasting 
virtual machine load is effective in terms of the forecast accuracy. 
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0  Introduction 
Considering how to advance agricultural science and 

technology is one of the most important measures to 
promote agricultural development in China. The video  
streaming media format applied in agricultural science 
and technology can be broadcast live or provide 
on-demand through the Internet, which is convenient and 
more easily to accept by farmers. The platform of 
agricultural cloud video [1] used an effective solution to 
the problem of price and maintenance, but it also 
encountered some problems. The promotion of agricultural 
science and technology generally is based on the crop 
growth cycle and focused on specific time of the year, 
which cause the problem of video resource accessed 
over-concentrated in short-term. In order to guarantee the 
quality of video platform during the peak access period, 
the usual practice is to increase the number of servers. 
However, there are very few users to access these 
resources at night and a large number of servers are idle, 
leading to low utilization rate. In addition, the large 
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number of servers also brought high energy consumption 
to the computer room. Virtual machine resource 
scheduling and allocation based on virtual resource load 
forecasting is an ideal method to solve the above  
problems when applied in agricultural cloud video 
platform. And the closer of the virtual machine load 
forecast to the real load value, the less number of dynamic 
resource scheduling occurred, which can reduce the 
performance loss when the dynamic allocation is not 
timely at the time of the video peak access or long-term idle. 

Partial least squares regression (PLSR) is a statistical 
method that has some relations to principal components 
regression, multiple linear regression and canonical correlation 
analysis. Instead of finding hyperplanes of minimum 
variance between the response and independent variables, it 
finds a linear regression model by projecting the predicted 
variables and the observable variables to a new space. For 
the reason that both the X-axis and Y-axis data are projected 
to new spaces, partial least squares (PLS) is known as 
bilinear factor model. In actual application, PLS has been of 
increasing concern in the forecasting research due to its 
characteristic such as strong interpretability, support of 
multi-variable regression, convenience and efficiency [2]. 

Semi-supervised learning (SSL), as a powerful tool to  
learn from a small number of labeled data and a large 
number of unlabeled data, has been of growing interest in 
the machine learning research[3-5]. Semi-supervised makes 
learning full use of large amounts of unlabeled samples to 
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make up the insufficiency of labeled samples[6]. It is difficult 
to obtain a large number of accurate labeled samples when 
using a small amount of labeled samples or a large number 
of inaccurate samples[7]. In addition, the virtual machine 
(VM) load prediction system usually depends on small data 
sets[8], so large data sets of observation results are usually 
not available. Therefore, it is difficult to find robust results 
using prediction methods that depend on large data sets, 
such as time series models, data mining techniques and BP 
neural network. Thus, SS-PLS is suitable for short-term load 
forecasting (STLF) in VM. 

Virtualization is a fundamental technique that can be 
used to creat multiple simulating virtual machines (VMs) on 
the cluster of high performance network servers and 
providing on-demand services to users via these virtual 
machines[9-12]. A VM is a software implementation of a 
machine (i.e., a computer) that executes programs like a 
physical machine, which provides a complete system 
platform that supports the execution of a complete operating 
system (OS)[13]. Usually in the Iaas environment, VM 
consolidation action is taken to meet the quality of service 
(QoS) to guarantee the SLA (service level agreements), such 
as load balancing, auto scaling and green energy-saving. 
However, whether the action should be taken or not is based 
on the prediction result of the VM load[14-15]. To this end, 
people put forward many different methodologies for the 
prediction, including time series prediction, back- 
propagation (BP) neural network, gray forecasting model 
and the hidden Markov model (HMM) by Khan[16]. The 
method (i.e., HMM) introduced by Khan was only 
concerned with the time-domain correlation of the virtual 
machine loads. Zhang Beibei et al[17] proposed a nonlinear 
fitting BP neural network forecasting model, which needed 
to provide a training set for its network training and at the 
same time, the algorithm relies on its training set which 
converges very slowly and is particularly proned to incurring 
local minimization. Roy et al[18] proposed an ARMA (auto 
regression moving average) model, which was used to 
predict the load of virtual machines in order to optimize the 
allocation of resources. Zheng Pengfei et al[19] proposed an 
improved autoregressive integrated moving average 
(ARIMA) model, which was widely used in financial fields, 
with advantages of simple, accurate, and short-term prediction 
results. Jiang Guoxing et al [20] applied PLS in short-term 
climate forecasts and the results were accurate and stable. 
Liang Miao et al[6] applied semi-supervised partial least 
squares (SS-PLS) in tobacco sensory evaluation model in 
near infrared spectroscopy, the model could significantly be 
improved from the original model after optimization. 

In this context, taking into account the limitations of the 
current available tools, this paper aims at tackling the 
following innovations. Firstly, a mechanism of sliding- 
window model[21] was developed to get the workload data in 
real time, which could update the data quickly to make more 
accurate predictions. Secondly, developing a mechanism 
applied semi-supervised partial least squares (SS-PLS), 
which could learn from small data sets and considering time 
factors, could assess and optimize the prediction results of 
future load of VM. 

Thus, the purpose of this research is to establish an 
optimization model based on small data sets, intended to 

amend or correct prediction to help engineers and decision 
makers to make better decisions under non-deterministic 
conditions.  

1  Material and methods 

1.1  Sliding-window model 
The sliding-window model proposed in this paper is 

represented in the Fig.1[22-23]. In this paper, using the data of 
the first 7 days as the historical data, and then use it to 
predict the data of the 8th days. Real-time online learning is 
based on sliding-window model. When a new sample data is 
added to the training set, the original training set and the 
new sample data are retrained. In the actual virtual machine 
load forecasting, the forecasting value is added to the real 
value data set to predict the value of the next day. As shown 
in Fig.1, the sliding-window model can collect and update 
the data in real time, included the basic small data sets, the 
external validation set and uncorrected sample set. Then 
each sliding completes a partial least squares prediction 
based on the collected data.  

 

 
 

Fig.1  Schematic diagram of sliding window where  
T1 represents the time of T0’s next window sliding and  

T2 represents the time of T1’s next window sliding 
 

The data sets are defined as follows: 
1) Basic small data sets: The basic small data sets work 

as the training set which collected the latest and newest data 
once per second by the sliding-window model from the 
virtual machine. And every 20 s is a window size. The 
collected data include CPU, memory and network bandwidth 
of the VM. 

2) External validation set: The data set as the true and 
accurate data used as a check data to detect the predicted 
level. 

3) Uncorrected sample set: This set is used as unlabeled 
data set. In this paper ARMA (auto regression moving 
average)[17] algorithm was used as a predictive model to 
predict VM load in the next time. If the result of the 
prediction exist errors, then uses SS-PLS algorithm to 
correct them. 

In practice, the window model slide forward along the 
time axis, each time the window moving forward, the model 
have to finish the data updating, then correcting unlabeled 
data set with SS-PLS. In this process, the real-time data 
collected will be added to the training set, after that the 
model will re-training with the updated training set. This 
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method can maintain the real-time learning abilities of the 
model and improve the prediction accuracy. 

 

1.2   Data model 
Agricultural cloud video systems[1] is an important tool 

for agricultural universities and research institutes to carry 
out diversified, personalized and intellectualized activity of 
agricultural technology extension and agricultural information 
services. The system uses OpenStack as cloud platform 
which can virtualizes and integrates a variety of physical 
resources then provide reliable cloud services and API to 
users, including the cloud video virtual machine cluster, then 
users can obtain platform data through its open interface. 

Time series model of ARMA[18] was used to deal with 
the history data of the past 7 days, then the processing result 
was taken as an "Uncorrected sample set" in sliding window 
model. Specifically, it could smooth the data of past 7 days 
by the ARMA; the smoothing results could be used as the 
content of “Uncorrected sample set”. Equation (1) shows 
detail of the data smoothing. Equation (2) and (3) give the 
calculation logic.    
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Where Ynew is used to specify the smoothing results;  is 
used to specify the deviative degree of the smoothing results 
on the latest recent monitoring values. Yn is used to specify 
the latest results; k is used to specify the number of the past 
results; Δn is used to specify the range of load variation; φ is 
used to specify the deviative degree of extreme cases in 
which defined its value as 0. 

For extreme cases (i.e., video resource accessed 
over-concentrated in short-term), the error of n may be is 
the biggest. In this case the value of β equals to the original 
value which is defined as 0. 

The sliding-window model process the history data of 
the past 7 days in every window sliding time, and update the 
"Uncorrected sample set" with the processing result which 
can ensure that each prediction could have latest data. If the 
data set for the basic small sample selected is inappropriate, 
then the accuracy of the fitted values and correction value 
from “Basic small data sets” is unwarrantable, and the model 
results cannot be optimized or reduce the error effectively. If 
the sample sets are too small, then the data will be under- 
represented, On the contrary, the data contains too much 
noise so that the prediction cannot get the ideal results. 

This study took samples of different sizes to do the 
experiment and compares the RMSE (root mean squared 
error) of each sample, and then selected the smallest RMSE 
of the prediction results. And finally selected 30 samples as 
the size of “Basic small data sets”, selected 60 samples as 
the size of “Uncorrected sample set”. 

1.3 SS-PLS algorithm description 
This algorithm uses the memory, CPU, network 

bandwidth of the virtual machine as the variables to establish 
multivariate partial least squares regression model. This 
model can extract several new variables named component 
from the multiple variables that with the best explanatory 
ability of the predicting variables, and it can make regression 
modeling avoid the instability of the forecasting result 
caused by each variable correlation. Meanwhile, the 
algorithm together with the semi-supervised self training 
concept takes the basic small data sets as the labeled 
sample[24] and the uncorrected sample set as the unlabeled 
samples to correct of the load data, selects the best corrected 
sample adding into the model, then repeats this process 
iteratively to complete the semi-supervised learning. 

Through the SS-PLS algorithm, it can correct the 
prediction and optimize results if consider the 
representativeness by using the latest and newest “Basic 
small data set“and reduce the error of “Uncorrected sample 
set” at the same time. 

The process of the SS-PLS algorithm flowchart is 
shown in Fig.2. 

 

 
 

Note: X is the first half of “Basic small data sets”, as independent variables. In 
experiment X = X(x1, x2, x3), which x1, x2, x3 stands for the memory, CPU, 
network bandwidth of the virtual machine. Y is the latter half of “Basic small 
data sets”, as dependent variables. In experiment Y = Y (y1, y2, y3), which y1, y2, 
y3 stands for the processing results of PLS model. X0 is the independent variable 
in “Uncorrected sample set”. Y0 is the dependent variable in “Uncorrected 
sample set”. T1 is the result of using the predicted value P1 to correcting the 
reference value Y0. Tn is the result of using the Nth correction result Pn to correct 
Tn1. En is the internal cross-validation error. N is the number of iterations, in 
experiment N takes the value of 5; Em is the minimum internal cross-validation 
error. 

Fig.2  Semi-supervised partial least squares algorithm flowchart 
 

1) Using the independent variable X and the dependent 
variable Y from “Basic small data sets” to establish PLS 
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model Y = F(X). Where X and Y are multidimensional 
vectors. 

2) If the “Uncorrected sample set” is not empty and 
contains sample (X0, Y0), jumps to step 3. Otherwise, all the 
samples have been corrected then jump to step 10. 

3) Calculating the predicted value of the new sample 
P1=F (X0) and the smoothing data T1 = 0.8P1 + 0.2Y0. 

4) Adding (X0, T1) to (X, Y), then rebuilding PLS model 
Y=F1(X). 

5) Using the new model to calculate Pi = F1 (X0), Ti= 
0.8 Pi + 0.2 Ti1 (i≥ 2). 

6) Using Internal cross-validation method to calculate 
the matrixEn with the latest PLS model. 

7) Repeat step 5 and 6 for N times, then jumps to step 8). 
8) Calculating Em = min (En), and replace the variable 

Tm with Tn (Tm and Em have the same subscript). 
9) Jump to step 2. 
10) End. 

Where, X is the first half of “Basic small data sets”, as 
independent variables. In experiment X = X(x1, x2, x3), which 
x1, x2, x3 stands for the memory, CPU, network bandwidth of 
the virtual machine. Y is the latter half of “Basic small data 
sets”, as dependent variables. In experiment Y = Y (y1, y2, y3), 
which y1, y2, y3 stands for the processing results of PLS 
model. X0 is the independent variable in “Uncorrected 
sample set”. Y0 is the dependent variable in “Uncorrected 
sample set”. T1 is the result of using the predicted value P1 
to correcting the reference value Y0. Tn is the result of using 
the Nth correction result Pn to correct Tn1. En is the internal 
cross-validation error. N is the number of iterations, in 
experiment N takes the value of 5. Em is the minimum 
internal cross-validation error En. 

2  Results 

2.1  Experiment settings 
The sliding window model as shown in Fig.1 was 

designed to implement the data collection and forecasting. 
The window moving forward along the time axis per second 
and each coordinate system is the symbol that needs to be 
predicted for a virtual machine. When the forecast results 
exceed the VM load thresholds, the model will turn to the 
virtual machine overload or underload processing program, 
such as load balancing, virtual machine migration and close 
physical machines[25-26]. 

A series of experiments were conducted to verify the 
proposed load prediction method. Experiments were based 
on recent historical data of CPU, memory and network 
bandwidth collected from 5 random virtual machines of the 
agricultural cloud video system [1]. Firstly, a sample size of 
30 recent historical data used as the initial training set (i.e., 
basic small data sets), a sample size of 60 historical data 
used as the uncorrected sample set and a sample size of 30 
future data which has not yet occurred but can be getting on 
the next moment as the external validation set. Using this 
predictor, predictions of load level changes for these 5 VMs 
were made in the predictable algorithm while getting the 
external validation set. After each round of prediction, add 

the data from the current interval into the training set, and 
incrementally update the predictor, which will then be used 
in the next round. 
2.2  Model assessment 

The key factor in determining the accuracy of the 
algorithm and verify the performance of the algorithm is the 
prediction model. Firstly, compare the effectiveness of the 
SS-PLS and ARMA[18] by applying the two prediction model 
to predict the data of 5 random VMs from the agricultural 
cloud video system.  

Dalrymple[27] reported a survey indicating that accuracy 
is the most important criterion when selecting a forecasting 
strategy, while Yokum et al[28] also noted that accuracy is the 
most important criterion when measuring forecasting ability. 
In this experiment, 3 measurements were chosed to evaluate 
the forecasting results, namely the root mean squared error 
(RMSE), mean absolute error (MAE), and mean absolute 
percentage error (MAPE), which are calculated   as[29-30]: 
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Where m is the sum of testing samples; ˆix  and ix  are the 

predicted and actual values of the ith testing sample, 
respectively; ei is the difference between the predicted and 
actual values. 

Table 1 compares the prediction errors between SS- 
PLS and ARMA forecasting models. As shown in Table 1, 
the forecasting result of SS-PLS is better than ARMA. After 
optimization, the error was reduced by more than 6%. 
 
Table 1 Prediction error comparison of the SS-PLS and ARMA 

SS-PLS ARMA Virtual  
machine RMSE MAE MAPE/% RMSE MAE MAPE/% 

VM1 1.567 3 1.006 4 0.117 6 1.670 8 1.082 1 0.126 4 

VM2 2.362 1 1.751 4 0.148 0 2.500 6 1.885 6 0.159 3 

VM3 1.940 1 1.756 8 0.636 2 2.057 4 1.866 0 0.675 7 

VM4 1.555 7 1.038 7 0.131 6 1.631 6 1.104 9 0.140 0 

VM5 1.464 1 1.102 7 0.158 4 1.543 2 1.170 4 0.168 1 

Average 1.777 86 1.331 20 0.238 36 1.880 70 1.421 805 0.253 89 

Improvement/% 5.47 6.37 6.12    

Note: SS-PLS stands for semi-supervised partial least squares; ARMA stands for 
auto regression moving average; RMSE stands for root mean square error; MAE 
stands for mean absolute error; MAPE stands for mean absolute percentage error. 

 
Secondly, the optimality of SS-PLS was evaluated. 

Apply the SS-PLS to correct the prediction value of ARMA 
algorithm. Figure 3 shows the curve of error between the 
VM real value and the ARMA algorithm prediction result 
optimized by SS-PLS. From Fig.3, it was concluded that the 
error can be controlled between -1 and 0.4 and have little 
fluctuation. Therefore, by using the semi-supervised partial 
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least squares algorithm proposed in this paper to correct the 
VM resource prediction results, it can optimize the original 
forecasting model and reflect workload changes of each 
virtual machine effectively, which makes the prediction 
result closer to the real value. 

 

 
 

Fig.3  Error curve between the prediction value  
of ARMA algorithm corrected by SS-PLS and the  

VM real value within 100 s 
 

3  Discussion and conclusions 

In order to control operating costs in an effective 
manner, enterprises require appropriate forecasting technology, 
especially under the condition that the VM load prediction 
system usually depend on small data sets, and large 
observations data are not available in the VM load 
prediction system, thus resulting in a less robust results 
while using prediction methods depended on large dataset. 
Besides, the sample sizes are restricted by considerations of 
cost, time and accuracy, and only insufficient information 
can be used to acquire knowledge. As such, traditional 
forecasting methods are not well appropriate for small 
datasets. Therefore, it is very important to develop a better 
small dataset learning method to get more accurate forecasts. 

This paper proposed a new improve procedure to 
overcome the problems of incomplete data and insufficient 
accuracy in the virtual machine load prediction. Sliding 
window model and SS-PLS method were used to correct the 
forecasting results, which can optimize the original 
prediction results effectively with the error reduced by more 
than 6%. At the same time, it can well response the changing 
trend of workload of each virtual machine and making 
predictions closer to the real value. 

The feasibility of using SS-PLS is also discussed to 
optimize the prediction value of other algorithm, such as 
ARMA. After the optimization, the predicted error of the 
ARMA can be controlled between 1 and 0.4. The results 
indicate that this optimization have better prospects in 
virtual machine resource forecasting. 

However, there are some problems as following: 
1) In practice, it is found the existence of overfitting risk 

in semi-supervised learning method in practice. Although the 
prediction result has the capable to reflect the trend of VM 
workload, there are some connections between correction 
results and the correlation of the independent variables. That 
is, the higher the correlation of the independent variables, 
the smaller prediction error and better forecast ability is, and 
vice versa. 

2) The algorithm has a low accuracy and speed in 
workload forecasting while handling the massive high- 

dimensional data. 
In future work, we will be interesting to reduce the risk 

of overfitting and improve the accuracy of forecasting, to 
improve the accuracy and speed in handling with the 
massive high-dimensional data. 
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Abstract: In order to build a path loss model and optimize the deployment of ZigBee nodes, in this study, how the characteristic 
affecting the wireless signal propagation in pig farm environment is evaluated. The research is based on ZigBee wireless sensor 
network technology. Depend on the environment of pig farm, we consider piggery wall and plant growing between piggeries as 
the two mainly barriers which affect the wireless signal propagation greatly. During the research, packet loss rate (PLR) of 
wireless signal and received signal strength indicator (RSSI) are the most important parameters being used to evaluate 
transmission characteristics. We chose direct ray model as the basic path loss model and designed three groups of experiment to 
measure the parameters used in the model. Firstly, we tested RSSI value changed with the distance between transmitter and 
receiver in the case of no obstacle for 12 times. Based on the data obtained by regression analysis, the path loss exponent value 
was 2.02 and the correlation coefficient was higher than 0.9. Secondly, the influence of barrier was taken in count. The thickness 
of piggery wall was 0.4 m and the antenna height was set at 1.2 m for avoiding the effect of other obstacles. By increasing the 
number of wall, the rate of packet loss obviously changed. Result showed that one or two walls have no influence on PLR value, 
but it turns to 17.75% when the number of walls increases to 3 and when the number of walls added to 5, with PLR value reaches 
100%. The influence of wall is transformed into the wall attenuation factor that added into the path loss model, and its value is 
computed to be 2.64. There are plants growing between the piggeries, which can be divided into three groups, 40, 80 and 120 cm. 
We set 4 groups of antenna heights for each kind of plant, which is depending on their own height. At each antenna height, we 
tested RSSI value with the changes of distance between transmitter and receiver, and then get the varying pattern of plant 
attenuation factor with the antenna height based on the regression analysis. Results showed that plant attenuation factor decreased 
with the rising of the height of installing antenna. Finally, prediction path loss model with the wall attenuation factor 2.64 and the 
plant attenuation factor, we use multi stage function to express when the plant height is 40, 80 and 120 cm, were obtained. In 
order to test the accuracy and practicability of the model, the integrated experiments with both wall and plant as the barriers in the 
pig farm environment were investigated, and the model was verified according to the field-test result. In the model, the path loss 
exponent is 2.02 and the basic path loss value is 63.602 dBm and other parameters change with the plant height or antenna height. 
The model is a comprehensive model that can be used for predicting the path loss value of ZigBee wireless signal in the pig farm 
environment. On the basic of the prediction path loss model, we can optimize the node deployment for increasing the network 
coverage rate and connectivity. 
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0  Introduction   

The wireless sensor network are gradually affecting the 
traditional businesses, which could collect information and 
be controlled automatically[1]. In pig breeding farms, one 
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recent approach is to collect the movement information of 
pigs via motion sensors for knowing the health of pigs[2], 
and gather the real-time collected information by using 
ZigBee communication channel[3]. 

The deployment of ZigBee access points[4] is important 
to availability and stability of ZigBee connection in the pig 
farm. Take the Beijing Resource Group’s pig breeding farm 
as an example. Pigs can move freely in the all room, as well 
as in the interval space between two rooms. The walls[5] and 
the plants[6] are all barriers that affect the transmission of 
wireless signal. In order to guarantee the connection of 
wireless network, the 2.4 GHz ZigBee wireless signal fades 
in the pig farm environment should be studied.  

Therefore, in this paper, we conduct experimental study 
on the signal fading in the pig farm environment. Especially, 
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we chose the direct ray model to analyze the parameters of 
network. The path loss exponent n, reference path loss 
PL(d0), wall attenuation factor AF1, plant attenuation factor 
AF2 and the antenna height were evaluated, and then the 
effectiveness of all parameters through the integrated 
experiments were determined. 

In this study, we evaluated the wireless signal 
propagation model in the pig breeding farm, and the 
important parameters were obtained by experiment to 
complete such model. Secondly, via further experiments, we 
prove the effectiveness of such model. 

1  Path loss model and parameter measurement 

There have been many existing works studying wireless 
sensor network (WSN) based on ZigBee technology that used 
in different environment as a system[7-9]. Depend on 
application environment, there also have different suitable 
models[10], for example, the parameters of Hata-Okumura 
model are various in city center and countryside. Here we 
first introduce path loss model, and assess how it adapts to 
environments with barriers.  

 

Fig.1  Pig breeding farm of Beijing Resource Group 
 

Fig.1 shows the working environment. WSN based on 
ZigBee technology in the pig breeding farm is shown in 
Fig.2. There are three kinds of functional module in the farm, 
the scales module, the environmental monitoring module 
and the heat detection module. All these modules were 
controlled by STM32W108 chip made by our lab. The 
modules can test the RSSI value and show the result on the 
LED screen. These modules collect data with different 
sensors connected with the terminal nodes and the server 
receives all data by ZigBee wireless signal. 
1.1  Path loss model 

Power loss is the major path loss caused by propagation 
medium and barriers when the wireless signal transmits from 
the transmitter to the receiver[11]. Instinctively, such value 
increases with the distance between transmitter and receiver 
(T-R distance)[12]. Two path loss models were employed to 
study how path loss changes, the theoretical model and the 
empirical model[13]. The theoretical model is inferred from 
physical theory of electromagnetic wave propagation and the 
empirical model comes from mathematical analysis of the 
onsite measurements. Equation (1) is the typical empirical 
model used in WSN[14], and it indicates that the path loss 
value changes with distance in logarithmic decrement, 
following the radio propagation rules. 

0
0

PL( ) PL( ) 10 lg
d

d d n
d

    
 

        （1） 

Where d is the distance, m; PL(d) is the path loss associated 
with the distance d, dBm; d0 is the constant distance (usually 
set to 1 m)[15], and PL(d0) is the path loss measured when the 
T-R distance is d0. n is the path loss exponent which 
indicates how rapidly path loss increases with distance, and 
n varies in different environments[16].  

 

Fig.2  Transmission of signal in pig farm 
 

Equation (1) adapts to the environment that has no 
barriers blocking the propagation of wireless signals and 
causing path loss as well, however, pig farm has barriers, 
such as walls and plants[17]. So we chose the direct ray 
model[18], which was used for non line of sight (NLOS), and 
it based on equation (1) with extra attenuation factors added 
for calculating the path loss. The function is given by 

0
0

PL( ) PL( ) 10 lg OBS AFi ii

d
d d n

d
     
 

    （2） 

Where OBSi value is 1 or 0 when there is obstacle or not; 
AFi stands for attenuation factor caused by different kinds of 
barriers, dBm. 
1.2  Parameter measurement 

There have been various studies on measuring the 
wireless transmission characteristics in different environments. 
Commonly, they use RSSI (received signal strength 
indicator) to curve the value of path loss[19-23]. 

Hebel et al[24] aimed at formulating the effects of the 
change in crop canopy heights. Results indicated that the 
degree of attenuation and signal strength both depended on 
the loss of line of sight and the height lower than Fresnel 
zone radius. And it inspired us of how to test the path loss 
when the plants blocking the propagation. The study of 
Zhang[25] showed that the effect of multiple diffraction 
caused by buildings and trees was significant, especially 
when the height of antenna was lower than the buildings and 
trees. This conclusion can help us to find the appropriate 
location for placing the antenna in the pig farm. In the 
confined animal feeding house, the free space, animal cages, 
animal presence, and concrete floor separations were 
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considered as barriers[26]. Darr et al[26] measured RSSI value 
of each situation separately and analyzed the reason of 
signal fading, however, they failed to formulate a model that 
can express the effect of all the factors.  

Different from existing works, our paper mainly focus 
on measuring the signal propagation characteristics in pig 
farm. In the coming section, we will further introduce our 
methodology and experimental results. 

2  Methods 

We took pig breeding farm of Beijing Resource Group 
as an example to measure the path loss characteristics of 
ZigBee wireless signal (2.4 GHz). Fig.3 showed the 
structure of the pig farm and the default deployment of the 
ZigBee access points. Overall, there are 20 parallel piggeries, 
and each piggery is a rectangle that has 40 m in length and 
12 m in width. Brick walls of piggery are 0.4 m in thickness 
and 5.0 m in height. Between the two walls of adjacent 
piggery, there are dense and high plants. 

 

Fig.3  Piggery structure 
 

To measure the path loss exponent n in equation (1), 
the parameters were measured as follow.  

Fig.4 showed the design line of the whole experiment. 
We designed the experiments based on the path loss model. 
The influence factors during the tests and the effective 
parameters showed in Fig.4 as well. 
2.1  Measuring path loss exponent 

According to reference [24], when there is no other 
barrier between the transmitter and the receiver, the path loss 
is mainly caused by T-R distance. Therefore, we varied the 
T-R distance, and measured the RSSI values for calculating 
the path loss exponent n, which is the foundation of building 
applicable path loss model in pig breeding environment.  

We designed 12 sets of test on the condition that no 
barriers exist in the real environment, transmitted 100 data in 
each set. The transmitter was settled at one side of the 
piggery, and the receiver was moved in a straight line 
increasing from 3 m to 36 m, with the antenna height of 
1.2 m. 

The real path loss in the test is 

PL=Pt−Pr                （3） 

Where Pt is transmitted power and Pr is received power. 
Both Pt and Pr are measured by dBm and PL by dB. The 
transmitted power of module used in the test was 20 dBm, 
which is unadjustable. 

 
Note: Where OBSi value is 1 or 0 when there is obstacle or not; AFi stands for 
attenuation factor caused by different kinds of barriers, dBm; PL(d) is the path 
loss associated with the distance d, dBm; PL(d0) is the path loss measured when 
the T-R distance is d0. 

Fig.4  Experiment route 
 

2.2  Measuring influence of walls to path loss 
Walls surrounding the piggery would create substantial 

attenuation to undermine signal transmission. In this study, the 
influence of walls on wireless signal transmission was assess. 

Value of path loss rate (PLR) is the index which 
directly reflects stability and reliability of WSN. We put the 
transmitter and the receiver on both sides of a piggery wall 
separately, and observed the transmission quality by 
recording the PLR of receiver. The height of antenna was 
1.2 m to avoid the influence of other barriers. Before the 
experiment, the location of transmitter was settled. To find 
out the appropriate area that radio signal can be received, the 
distance between receiver and wall were changed, and the 
suitable distance was 1.0 m. 
2.3  Experiment on influence of different height plant 

There are trees, grasses, corn and pumpkins growing 
between the piggeries. The height of plant, which can be 
divided into three groups, 30-50, 80-100 and 120-150 cm, 
could affect the transmission of ZigBee wireless signal. In 
order to guarantee the validity of the test, the following 
factors must be considered when we select the test plants: 
uniform of planting density and height, and enough range of 
measurement. Then three typical kinds of height were 
picked, 40, 80 and 120 cm. As is known from chapter 3.2, 
the height of antenna also affects the quality of signal 
receiving, so 4 different heights of antenna were set for 
different plants, which are shown in Table 1. 

Table 1  Antenna height at different plant heights 
Plant 

height/cm 
40  80 120 

Antenna 
height/cm 

0, 20, 40,60 40,60,80,120 40,80, 120, 160 

 

Three sets of measurement were conducted for each 
antenna height, in which there were 100 data of RSSI value. 
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The location of transmitter was settled in the plant and the 
T-R distance increased from 0 to 36 m by 6 m. The antenna 
height changed four times depended on the value in Table 4 
at every 6 m. 

3  Results and analysis 

3.1  Regression parameters of path loss model under no 
barrier situation 

Based on equation (1), n can be calculated by linear 
regression of least square and statistical software SPSS 19 
was used to do the linear regression analysis. The result is 
shown in Table 2. 

Table 2  Regression parameters of path loss model under no 
barrier situation 

PL(d0) n Standard deviation  R2 Sig. 

63.602 2.02 2.687 0.915 <0.001 

 

It can be seen from this regression analysis result that 
the real exponent n in the pig breeding farm is 2.02, closed 
to the typical value of free space path loss model. The 
parameter σ is the standard deviation. The value of PL(d0) in 
the model is 63.602 dB. The determination coefficient R2 is 
higher than 0.9 and  is lower than 0.05, thus both 
remarkable value differences support our model. 
3.2  Effects of walls on path loss rate 
3.2.1  Effect of walls on radio signal 

With 100 data in each set and 10 sets of data, 1000 data 
were measured at each point to calculate the average value 
of PLR. Result of PLR is shown in Table 3. 

Table 3  Path loss rate (PLR) values with varies of wall 
number 

Wall number Distance/m PLR/% 

1 2 0 

2 14 0 

3 26 17.75 

4 38 44.92 

5 50 100 

 

Table 3 summarizes the average PLR value with 
different number of walls and it indicates that wall 
influenced the spread of ZigBee wireless signal. As the 
result shows, PLR value is zero when one or two walls are 
set between transmitter and receiver, but increases nearly 20% 
when the number of walls increases to 3. Clearly, effective 
communication is significantly undermined when the number 
of walls added to 4, with PLR value exceeds 40%, and fully 
terminated by 5 walls, with PLR reaches 100%. 
3.2.2  Effect of antenna height on path loss rate 

On the basis of previous experiment, the height of 
antenna is 1.2 m, and then we adjust it to 5 m, same as the 
wall, to research the relationship between antenna height and 
the PLR. If PLR value is lower than 10%, which is the most 
for effective communication, the height would be decreased 
by 0.5 m to find the threshold height that makes PLR less 
than 10%. If PLR value is higher than 10%, the height 

would be increased by 0.5 m till PLR value is less than 10% 
to find the lowest height. We repeatedly increased the 
number of wall every time after we obtained the minimum 
and maximum height of antenna for a fixed number of wall. 

Table 4 shows that the PLR value increases with the 
increasing of antenna height. The rationale behind this result 
is that the impact of barriers, which resist the wireless signal, 
is undermined when the antenna height is raised. Comparing 
Table 2 with Table 3, wall has significant negative effect on 
wireless communication. If antenna height is lower than the 
wall because PLR remains at 100% whether the antenna 
height is 1.2 or 5 m and PLR decreases to zero when the 
antenna height is increased to 5.5 m. The application of this 
experiment result is that we should set the antenna height 
rationally to reduce the numbers of ZigBee route nodes in 
the WSN and save costs. 

Table 4  Influence of antenna height on ZigBee transmission 
by path loss rate 

% 
Wall numbers Antenna 

height/m 6  7  8  9  10  12  14  

5 100 N.A N.A N.A N.A N.A N.A 

5.5 0 75 100 N.A N.A N.A N.A 

6 N.A 0 0 0 0 47 N.A 

6.5 N.A N.A N.A N.A N.A 13 N.A 

7 N.A N.A N.A N.A N.A 0 0 

Note: N.A means not available.  
 

 
3.2.3  Attenuation factor of wall 

According to Equation (2), an extra attenuation factor 
should be added into path loss model when the effect of wall 
is considered as a barrier. The following equation highlights 
the attenuation of wireless signals resulted by wall[27]. AF1 is 
short for the Attenuation Factor of wall and it works for 
reducing the deviation of machine tested value and the 
predicted value, so it counts in dB. 

0 1
0

PL( ) PL( ) 10 lg AF
d

d d n l
d

     
 

    （4） 

Where l is the number of walls, we got the values of path 
loss exponent n and PL(d0) in Table 1 and obtain the value 
of PL(d) by realistic tests. So AF1 can be computed at 
2.64 dB. 
3.3  Influence of different height plant 

The relationship between RSSI value and T-R distance 
is shown in Fig.5. RSSI value decreases with the increase of 
T-R distance in Fig.5 a, b and c, which is same as the trend 
of free space propagation model. The trend of each kind 
antenna height is in the picture as well for showing their 
mathematical characteristic. RSSI value falls rapidly till no 
signal can be received when antenna height is lower than 
plant height. Contrasting with the three figures, the decay 
speed of RSSI value gets slow when the antenna height is 
higher than plant, and that is because the plant’s blocking 
effect reduces with the increasing of antenna height. We 
fitted the predicted value and the tested at the same antenna 
height and showed the result in Fig.5. 
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Fig.5  Received signal strength indicator (RSSI) of different plant height changing with distances 

 

Similar to wall barrier, the attenuation factor AF2 can 
be calculated on the basis of equation (2) by using the data 
tested when there is only the plant as a barrier. 

0 2
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PL( ) PL( ) 10 lg AF
d

d d n
d

    
 

       （5） 

There are two variables during the experiment, T-R 
distance and antenna height, so their relationships with 
attenuation factor were considered separately. 

Fig.6 shows the affecting factors of attenuation factor 
with the limited apart. The relationship between antenna 
height and attenuation factor is shown in Fig.6 a when the 
plant height is 40 cm and the T-R distance is 6 m. The 
relationship between T-R distance and attenuation factor is 
shown in Fig.6 b when the plant height is 80 cm and the 
antenna height is 60 cm. 

 

Fig.6  Factors affecting AF2 
 

Attenuation factor reduces with the rising of antenna 
height in Fig.6 a, but it does not show a regular change with 
the increasing of T-R distance in Fig.6 b. Such situation also 
showed when variables took other values. So it can be seen, 
as the property of plant itself, the attenuation factor has no 
direct relation with the T-R distance, but it has a certain 
correlation with antenna height.  

It indicates that the attenuation of the wireless signal 
gradually decreases with the increased antenna height. So 
the height of antenna is used to represent the attenuation 
factor AF2 of different height of plant. The result after the 
analysis of regression is shown in Table 5. 

Table 5  Regression parameter of relation between antenna 
height and attenuation factor 

Plant 
height/cm 

Constant Coefficient σ R2 Sig. 

40 26.856 -0.354 3.460 0.796 <0.001 

80 26.679 -0.248 3.630 0.805 <0.001 

120 26.048 -0.226 5.263 0.758 <0.001 

 

Equation (6) is the result of Table 8 showing in another 
form and it can be applied to the path loss model calculating. 

2

0.354 26.856 40 cm Plant height

AF ( )[dB] 0.248 26.679 80 cm Plant height

0.226 26.048 120 cm Plant height

h

h h

h

 
  
 

（6） 

4  Confirmatory experiments 

4.1  Attenuation factor of wall 
According to chapter 3.2.3, the AF1 was obtained to 

make the path loss model more accurate than equation (1). It 
can be verified depending on the empirical model and the 
practical measured data. When the T-R distance is 10 and 20 
m, the actual values that we tested in the pig breeding farm 
are 87.02 and 98.57 dB respectively. 

There is one wall between the transmitter and the 
receiver when the distance is 10 m, the AF1 is 2.64 dB and 
the PL(1) is 63.602 dB.  

The path loss is computed on the basis of equation (4), 
the value should be 

PL(10)[dB]=PL(1)[dB]+10 2.02 lg(10)+1 2.64

=86.47 dB

  
 

Similarly, there are two walls when the distance is 20 m, 
then the path loss should be 

PL(20)[dB]=PL(1)[dB]+10 2.02 lg(20)+2 2.64

=95.20 dB

  
 

Comparing the actual values and the prediction values, 
the forecast error are 0.55 and 3.37 dB, which are in the 
range of acceptable error, so the path loss prediction model 
with AF1 is comparatively accurate. 
4.2  Mixture experiment of wall and plant 

The attenuation factor of the wall AF1 and the plant 
attenuation factor AF2 were obtained on the basis of 
experiment that wall and plant were barriers. The integrated 
path loss prediction model can be set up for pig breeding 
environment depending on equation (2), and the equation for 
calculating is given by 

0 1 2
0

PL( ) PL( ) 10 lg AF +AF
d

d d n l
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    （7） 

According to the equation (7), we can easily predict the 
path loss values even when both wall and plant are barriers. 
In this way, the integrated prediction model can be a guide 
for arranging terminal nodes and route nodes in WSN 
reasonably. 

We continued to test three more groups to verify the 
accuracy of the path loss model. There are two walls and the 
plant growing between them in each test, and the height of 
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plant, which is 40, 80 and 120 cm, is different in the three 
tests. And four kinds of antenna height were set up like 
former. The interval of two walls is 12 m and the distance 
from each node (transmitter and receiver) to the wall is 1 m, 
so the T-R distance is 14 m. The attenuation factor AF1 is 
2.64 dB. Two sets of data were sent at each antenna height 

during the test, and 100 data for each set. The RSSI values 
were recorded. 

The comparison of the real measured data and the 
prediction values is shown in Table 6. When the prediction 
values exceed 112 dBm, the wireless signal cannot be received 
in the real experiment because of the sensitivity of receiver. 

Table 6  Comparison of prediction model and real test 

Relative error of test values/%  
Plant height/cm Antenna height/cm Prediction value/dBm Average of test/dBm 

Maximum Minimum Average 

0 118.93 N.A N.A N.A N.A 
20 111.85 N.A N.A N.A N.A 
40 104.77 108.89 5.22 3.51 4.11 

40 

60 97.69 106.02 10.30 6.59 8.32 
40 108.84 109.67 2.54 0.83 0.83 
60 103.88 108.95 7.12 3.41 5.07 
80 98.92 102.11 5.62 0.91 3.19 

80 

120 89.00 99.49 12.00 7.29 10.49 
40 109.09 N.A N.A N.A N.A 
80 100.05 108.11 10.95 5.24 8.06 
120 91.01 100.29 9.99 7.28 9.28 

120 

160 81.97 91.94 12.03 6.32 9.97 

 

Classifying the data displayed in Table 6 by the height 
of plant is aimed at observing the relationship between RSSI 
values and antenna height, and the result is shown in Fig.7. 
All the prediction values are smaller than the test data, and it 
may due to the calculation deviation of the attenuation factor 
AF1. The similar situation is observed when wall is the only 
barrier. This indicates that correction is needed for the 
prediction model. 

 
Fig.7  Comparison of path loss(PL) prediction model and real test 

 

4.3  Discussion and evaluation 
The errors are inevitable during the progress of 

calculating the parameters and it is common that the 
parameters are different from other researches because the 
test environment is various. 

In this paper, the path loss exponent n is 2.02 and that is 
a little less than others in such environment. The possible 
reason of that may be as follows: Firstly the indoor exponent 

n is a little smaller than outside environment; Secondly the 
structure of the test piggery is narrow, and the transmission 
path of radio signal is line of sight; Thirdly the wireless 
signal can be reflected from the ceiling[28]. 

Besides, the Wall attenuation factor (WAF) is 
depending on the material of wall. The value of soft partition 
is smaller than that of concrete wall[29]. The WAF in 
reference [30] is 3.1 dB, and in reference [18] it is 1.39 dB 
for soft partition and 2.38 dB for concrete wall. The WAF in 
this paper is 2.64 dB for brick wall, which shows that it is in 
the normal range. 

5  Conclusions 

This study assessed the ZigBee wireless signal 
propagation characteristic in the pig breeding environment, 
and the path loss prediction model was generated. The wall 
and plant were major barriers for path loss. The relationship 
between whole WAF and wall numbers is linear, and the 
plants attenuation factor of different height plants reduces 
with the antenna height rising. Finally, the attenuation factor 
of the wall and plant attenuation factor are added into the 
empirical model for predicting the path loss value, and the 
model is verified by the actual test and gets rectified. The 
final prediction path loss model with the wall attenuation 
factor 2.64 and the plant attenuation factor, we use multi 
stage function to express when the plant height is 40, 80 and 
120 cm, were obtained, and the path loss exponent n is 2.02 
and the basic path loss value is 63.602 dBm and other 
parameters change with the plant height or antenna height. It 
can predict the path loss of any two nodes in the pig 
breeding farm, so that we can easily determine the location 
of terminal node or routing node and the height of antenna 
for saving the cost and optimizing the network topology.  
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CO2 and NH3 emissions and water consumption at mechanically 
ventilated finishing pig house in Beijing equipped with pull-plug 

manure removal system 

Wang Meizhi1,2, Liu Jijun1,2, Zhao Wanying1,2, Chen Zhaohui1,2, Ren Kang3,  
Cui Xiaodong3, Wang Gang4, Wu Zhonghong1,2※ 

(1.College of Animal Science, China Agricultural University, Beijing 100193, China;  2.State Key Laboratory of Animal Nutrition, Beijing 

100193, China;  3.The Animal Husbandry Station of Beijing, Beijing 100029, China;  4.National Astronomical Observatories, Chinese 
Academy of Sciences, Beijing 100012, China) 

 

Abstract: In the present study a field experiment was conducted to quantify CO2 and NH3 emissions and water consumption from 
25th July, 2015 to 11th August, 2015 (18 days) during summer in a finishing pig house in Beijing equipped with a pull-plug manure 
removal system and a curtain tunnel mechanical ventilation system. NH3 emission rates were (23.4±11.0) g/(d·500 kg), and NH3 
emission rates ranged from 4.3 to 49.5 g/(d·500 kg). Ammonia emission rates at 08:00 and 14:00 were significantly higher than 
those at 10:00, 12:00, 16:00 and 18:00 (P<0.001), presumably due to manure removal by workers lowering emissions. The 
average CO2 emission rate was (2.73±0.78) g/(d·500 kg), and maximum and minimum rates were 5.00 and 1.00 g/(d·500 kg), 
respectively. The average daily mean emission rate with a maximum frequency of 44% was 2.5-3 g/(d·500 kg), and  around 92% 
of average daily emission rates were less than 4.0 kg/(d·500 kg). Daytime CO2 emissions peak was at 12:00. Maximum, minimum 
and average water consumption rates including the water pad on a per pig per day basis were 90.0, 19.6 and 47.0 L/(d·pig), 
respectively. These results establish baseline CO2 and NH3 emissions and water consumption values for pig production facilities 
of this type in China. 
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0  Introduction   

Agriculture, forestry, and other land use sectors were 
responsible approaching a quarter (10-12 Gt/a) of 
anthropogenic greenhouse gas (GHG) emissions, mainly 
from deforestation and agricultural emissions from livestock, 
soil and nutrient management[1]. Animal agriculture was an 
important source of GHG emissions[2], and CO2 was the 
dominant source of GHG[3]. There were three main sources 
of CO2 from pig houses. In addition to the exhalation of 
animals[4]  and release from manure[5], combustion heaters 
using propane, natural gas and coal were used in colder 
regions and emit CO2. Animal respiration was by far the 
greatest source of CO2 emissions associated with pig 
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production and the rearing of other animals, and accounted 
for 50% to 60% of carbon intake. Emissions of methane 
(CH4) from pig production were primarily derived from 
manure, and the amounts derived from the animals directly 
were minor in comparison[6]. Carbon dioxide was not only 
the main source of GHG, but was also a toxic gas that 
affected people living in the surrounding areas[7]. Carbon 
dioxide could be used as a tracer gas estimating ventilation 
in pig houses[8]. 

Intensive pig operations were a major source of 
atmospheric ammonia (NH3)

[9] that readily reacted with 
other substances in the atmosphere to form ammonium 
(NH+

4). Following emission, ammonia would be deposited 
on land and in water bodies in areas surrounding livestock 
operations, which could have profound effects on natural 
ecosystems[10]. However, NH3 could also enhance the 
scattering of incoming solar radiation and contribute to 
atmospheric cooling[11] by altering the physical properties of 
aerosols[12] and clouds[13]. Ammonia was also a toxic gas that 
irritated the respiratory tract at concentrations exceeding 
15×10-6[14], and it contributed to the formation of 
atmospheric haze in some areas such as Beijing, in which 
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peak levels were recorded in 2013. In addition to Beijing, 
Tianjin and Hebei provinces, haze was now an issue in 
Southern China. Recent in vitro and animal studies showed 
that the combined exposure to air pollutants and allergens 
would have a synergistic or additive effect on asthma and 
allergies[15]. Furthermore, substantial epidemiological 
evidence now suggested that fine particulate matter (PM2.5) 
was associated with an increased risk of cardiovascular 
outcomes[16-17]. Ammonia was also an important pollutant 
gas that accelerated fine particulate formation in the 
atmosphere, and contributed to indirect emissions of nitrous 
oxide[2]. In 2014, the number of pigs in China was estimated 
to be 465.827 million, with 1.796 million in Beijing alone[18]. 
In China, hardly any livestock farms had in place adequate 
land and infrastructure for directly disposing of manure and 
utilizing wastewater, and this was an increasing problem that 
put pressure on pig production. Since the 1980s, pig farms in 
Beijing had utilized periodic ‘flush’ or deep-pit manure 
storage systems for waste removal, but the cost of energy 
had prevented most pig farmers from achieving adequate 
ventilation, which had resulted in poor indoor air quality in 
pig houses and consequent effects on the vision and 
respiratory capacity of workers. In addition, Beijing 
experienced regular water shortages, and many pig farms 
lacked sufficient land to apply manure and wastewater. 
From 2013 to 2015, “flush” and deep-pit manure storage 
systems had been remolded into dry removal manure 
systems through subsidies from local government[19]. Due to 
the increasing of labor costs, the removal of dry manure by 
workers was being replaced by automatic scrapers and 
pull-plug systems, but some systems had no pit fan 
ventilation included. 

The objectives of the present study were to quantify 
CO2 and NH3 emissions and water consumption during the 
summer in a finishing pig house equipped with a pull-plug 
manure removal system and curtain tunnel mechanical 
ventilation system, but no pit fan ventilation in a pig farm in 
Beijing, China. The results were compared with the existing 
literature to determine the reduction potential of CO2 and 
NH3 emissions and water consumption. The results would 
establish baseline CO2 and NH3 emissions and water 
consumption values for swine production in China. 

1  Material and methods 

1.1  Experimental pig house characteristics 
A finishing pig house with dimensions of 60.4×8.9× 

3.55 m3(L×W×H) was selected as the monitoring site in 
Daxing District, Beijing, China. The house ceiling height 
was 2.5 m and the ceiling material was steel. The pig house 
was oriented west to east. Pens were separated by solid 
metal railing and the dimension of each pen was 7.40 m 
(L)× 4.70 m (W)×1.0 m (H).There were 20 windows in the 
south wall and 20 windows in the north wall, each of which 
was 1.5 m wide and 1.5 m high, and all windows were made 
of plastic and steel with a single glass pane. There was one 
door in the east wall of the house. The four walls of the 
finishing pig house were made of 240 mm wide bricks, and 

the roof was made of 100 mm thick colored steel 
laminboard. 

Two thirds of the floor of each pen was fully slatted, 
and one third was solid concrete. The opening ratios of the 
fully slatted floor were 19%. Workers cleaned manure on the 
solid floor, and allowed it to fall through the slats into the 
manure pit below twice per day. Manure was generally 
removed between 08:00 and 08:30 in the morning, and 
between 14:00 and 14:30 in the afternoon. There were two 
bowl drinkers and one feeder in each pen, and an inspection 
alley of 1.0 m wide. Underneath the fully slatted floor, four 
manure pits with deep of 0.7 m were built for the 12 pens. 
Manure was emptied using the pull-plug system when the 
manure pit was nearly full. Pigs were moved into the pig 
house on 20th July, 2015 after the floor was flushed with 
water for one week, and the volume of the water flushed into 
the manure pit was 12.08 m3 according to the water meter 
readings. 

There were four single-speed ventilation fans in the 
western wall of the pig house, consisting of two model 
APP-36FCCN fans (Fan 1 and Fan 4) and two model 
APP-24FCCN fans (Fan 2 and Fan 3), all of which were 
manufactured by the GSI Group in Shanghai, China. In the 
east wall of the pig house, there was a water pad, which was 
3.9 m wide, 1.8 m high and 0.15 m thick. During the 
experimental period, all four fans were on continuously and 
the water pad was watered from 10:00 to 18:00 every day. 
1.2  Animals and feed 

The experimental pig house could accommodate about 
408 pigs. For this trial, 97 Large White or Landrace 
finishing pigs were moved in the house on 20th July, 2015. 
Pigs were placed in 10 of the 12 pens at a density of 10 pigs 
per pen. The two pens in the east and west ends were not 
used. The average body weight of the finishing pigs was 110 
kg per pig when they were moved into the test house and the 
end body weight was 122.6 kg per pig. Feed and water were 
supplied ad libitum. The diet shown in Table 1 was fed 
throughout the experimental period. 

Table 1  Composition of experimental diet 
% 

Crude 
protein 

Crude ash 
Crude 
fiber 

Calcium 
Total 

phosphorus 
NaCl Lysine 

Moisture 
content 

≥15 ≤8 ≤8 ≥0.5 ≥0.35 0.2~1.0 ≥0.8 ≤14 

 

1.3  Measurements 
1.3.1  Fan ventilation rate 

To obtain the ventilation rate of the 2 types of fans in 
the experimental pig house, 2 simple test systems were used 
to measure airflow. 5 anemometers were moved up and 
down manually, and test systems of fan 1 and 2 were placed 
downstream of fan 1 and 2, respectively. The fan 1 test 
system consisted of a 1 080 mm (width) × 1 150 mm (height) 
× 550 mm (thickness) galvanized sheet base frame, a 1 080 mm 
(width)×1 150 mm (height)×200 mm (thickness) anemometer 
mounting frame, and a horizontal rack made from 15 mm × 
15 mm square aluminum tube that contained the 5 
anemometers. Anemometers were moved up and down at a 
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distance of 39 cm from the blades, and were positioned 9 cm 
away from the downstream frame border. The Fan 2 test 
system consisted of a 780 mm (width) × 800 mm (height) × 
350 mm (thickness) galvanized sheet base frame and a 
780 mm (width) × 800 mm (height) × 200 mm (thickness) 
anemometer mounting frame. The distance between the 
anemometers and the blades was 31 cm in this case, and 
anemometers were again positioned 9 cm away from the 
frame border. The vertical position of the aluminum tube 
containing the anemometers was changed while monitoring 
the wind speed at different points within the test system. The 
average wind speed of the cross section of the fan test 
system frame was calculated and multiplied with the 
opening area of the test system to obtain the ventilation rates 
of the 2 fan types. 5 new universal wind speed recorders 
(Model WFWZY-1, Tian Jian Hua Yi Instrument 
Technology Development Co. Ltd, Beijing, China, Accuracy 
of ±0.05 m/s) were used to measure the wind speed. The 
recorders were calibrated by the manufacturer before 
shipment. The interval of wind speed data acquisition was 
set at 30 s. The residence time at each position for the test 
rod was 10 min, enabling the collection of 25 measuring 
point data points for fan 1, and 20 for fan 2 made on 24th 
July, 2015. 
1.3.2  Building airflow  

The ventilation rate was the sum of airflow rates for 
all four operating fans. There were two fan types, and 
each type included two fans. Airflow was only tested for 
one fan of each type, and only the rotational speed was 
tested for the other. For fans of the same type, the airflow 
rate was calculated as a function of the rotational speed 
(Eq.(1)) as described previously in Heber et al.[20] and 
Blunden et al.[21]. 

Q1/N1=Q2/N2             （1） 

Where Q1, Q2= airflow rate for fan 1 (fan 2) and fan 4 (fan 3), 
respectively, m3/s, and N1, N2=fan rotational speed for fan 1 
(fan 2) and fan 4 (fan 3), respectively, r/min. 

In this study, the airflow rate from each fan type was 
tested in situ using a simplified fan test system as described 
above. A rotational speed test instrument automatically 
tested the fan speed. The instrument used a diffuse 
reflection-type photoelectric switch speed sensor, a AT89C51 
core microprocessor to process the signal transmitted by the 
sensor, and a digital tube to display the results, the accuracy of 
the speed testor was less than ±2/3 r/min. 

The principle of the rotational speed test instrument 
was as follows: When the photoelectric switch detected a 
target object, a hopping signal was generated, which trigged 
the MCU (Microcontroller Unit) external interrupt, then one 
‘1’ was added to the variable number in the interrupt 
function. Meanwhile, the MCU timer was turned on and the 
numbers of “1” as the number variables were added in one 
minute. In the end, the test speed tester displayed the speed 
(r/min) on the LED digital tube. Details of the fan 
ventilation rate test are shown in Fig.1. 

      
           a. In situ fan test system     b. In situ fan speed test 

 

Fig.1  In situ fan ventilation rate test 
 

There were 4 fans (numbered 1-4 from north to south) 
in the western wall of the pig house, in which fans 1 and 4 
were the same model, and fans 2 and 3 were the other model. 
The ventilation rates of fans 1 and 2 were obtained by 
multiplying the average wind speed and the area of the cross 
section of the frame of the simple fan test system, and the 
ventilation rates of fans 4 and 3 were subsequently 
calculated using eq.(1). 

The pig house ventilation rate was then calculated as 
the sum of the 4 fan ventilation rates using eq. (2) 

Qtotal=QFan1+QFan2+QFan3+QFan4      （2） 
Where Qtotal is the pig house ventilation rate when all 4 fans 
were all on, and QFan1, QFan2, QFan3 and QFan4 are the 
ventilation rate for fans 1-4, respectively. Because it is very 
difficult to obtain an accurate ventilation rate[22], in the 
present work Qtotal was used to estimate the total emissions 
rate from the pig house. Table 2 shows the rotational speed 
of each fan in the western wall, and the ventilation rates of 
the four fans. 

Table 2  Ventilation rates of 4 fans 

Fan 
number 

Average wind 
speed in cross 
section/(m·s-1) 

Area of 
cross 

section/m2 

Fan rotational 
speed/(r·min-1) 

Fan 
ventilation 

rate/(m3·h-1) 

1 4.67 1.242 753 20881 

2 4.69 0.624 1507 10536 

3  0.624 1324 9256 

4  1.242 749 20770 

 

The pig house ventilation rate was the sum of the 4 fan 
ventilation rates, therefore, 

Qtotal=QFan1+QFan2+QFan3+QFan4=61 443 m3/h 

Accurate ventilation rate data are essential for 
maximizing the quality of aerial emissions measurements. 
Existing methods for ventilation rate measurement include 
the fan testing report method, the velocity traverse method, 
the CO2 mass balance method, the tracer gas method, and 
the heat balance method. However, it can be very difficult to 
obtain an accurate ventilation rate using these methods[22]. 
Direct, continuous measurement of the building ventilation 
rate can be challenging and impractical under certain 
circumstances, such as a naturally ventilated animal housing 
or when there are a large number of ventilation fans present 
in the building. In the present study, we used the velocity 
traverse method to measure ventilation in the pig house, and 
the Qtotal value was then used to calculate the emission rate. 
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1.3.3  Gas sampling and regular monitoring 
The carbon dioxide concentration at the building air 

exhaust was continuously monitored using a carbon dioxide 
self-recording instrument (Model EZY-1S, Tian Jian Hua Yi 
Instrument Technology Development Co. Ltd, Beijing, 
China, Accuracy being ±75×10-6) at 30 min intervals 
throughout the experiment. The instrument was calibrated by 
the manufacturer before shipment. 

The outdoor CO2 concentration was measured using a 
CO2 monitor equipped with a dual-beam infrared absorption 
sensor (Telaire 7001, GE, Billerica, MA, USA, Accuracy is 
±50×10-6). Before the experiment, the handheld monitor was 
checked and calibrated using the CO2 standard calibration at 
the National Institute of Metrology, China.  

The concentration of CO2 at the inlet was measured 
manually at 08:00, 10:00, 12:00, 14:00, 16:00 and 18:00 
every day, and the CO2 concentration at other times was 
obtained by interpolation. The concentration of CO2 at the 
outlet was measured automatically and hourly.  

The concentration of NH3 at the outlet and inlet was 
measured at 08:00, 10:00, 12:00, 14:00, 16:00 and 18:00 every 
day during the experimental periodusing an Ammonia Gas 
Detector (Model GT901, Shenzhen Ke Er Nuo Electronic 
Technology Co, Ltd. China, Accuracy being ≤±3%) that was 
checked and calibrated by the manufacturer before use. 

A differential pressure gauge (KIMO MP100, KIMO 
instrument, France, Accuracy being ±2 Pa) was simultaneously 
used to measure the differential pressure between indoors 
and outdoors. A barometer (PR10-2A, Beijing Great 
Western Technology Co, Ltd. China, Accuracy being 
±1.5 hPa) was used to measure the atmospheric pressure. The 
differential pressure gauge in the pig house was tested on 
24th July, 2015. The differential pressure of the exhaust in 
the pig house was between 77.4 and 92.8 Pa during the 
ventilation rate testing period. The barometric pressure, the 
CO2 concentration at the exhaust and inlet, and the NH3 
concentration at the exhaust and inlet were all measured 
from 7th July, 2015 to 8th August, 2015. 
1.3.4  Temperature and relative humidity 

Two temperature/RH loggers (179A-TH, Apresys 
Precision Optical Co, Ltd. Shanghai, China, with probes 
manufactured in Switzerland, Accuracy of ±0.2℃) were 
used to measure temperature and relative humidity at the 
exhaust sampling location, and the average value from both 
loggers was calculated. A further three temperature/relative 
humidity loggers of the same type were used to measure 
temperature and relative humidity outside the pig house, and 
the average value from all three loggers was calculated. An 
additional 12 temperature/relative humidity loggers of the 
same type were placed 0.9 m above the floor and used to 
monitor the temperature/relative humidity in the pig house. 
The distribution of monitoring points was shown in Fig.2. 

 
Fig.2  Overhead view of sampling and measurement locations 

All temperature/relative humidity loggers outdoors or 
inside the pig house were set to record data hourly between 
08:00 on 24th July, 2015 and 18:00 on 11th August, 2015. 

Fig.3 shows the temperature and relative humidity both 
in and outside the pig house. The ambient temperature 
ranged between 17.1 and 41.0 ℃, and the temperature inside 

the pig house was between 21.3 and 31.7 ℃. The ambient 
relative humidity was between 33.6% and 100%, and the 
relative humidity inside the pig house was between 65.5% 
and 99.2%. 

 
Fig.3 Temperature and relative humidity in and outside pig house 

 

1.3.5  Emission calculation 
The pig house emission rate (ER) was obtained simply 

by multiplying the volume of air exiting the pig house per 
unit time by the difference in gas concentration in air at the 
inlet and exhaust. Gas emission rates were calculated using 
eq.(3). Since the concentration of NH3 and CO2 were 
volumetric (10-6), the ideal gas law was used to convert 10-6 
into mass concentration using eq.(2) as described 
previously[23]. The pig house emissions were divided by the 
live mass density to normalize emissions to site-specific 
characteristics. 

EGAS=[Qo
(273 )

o

o

P M

R T
)](Co−Ci)      （3） 

Where EGAS=the pig house emission rate (ER), mg/s; Qo= 
the pig house outlet airflow rate at To, m3/s, and Po= the 
pressure at the exhaust sampling location, atm; M=the gas 
molecular weight, g/mol; R=the universal gas constant 
(0.08206 L·atm/(mol·K); To=the temperature at the exhaust 
sampling location, ℃ ; Co=the gas concentration at the 
exhaust (10-6) and Ci= the gas concentration at the inlet 
(10-6). 

When calculating the CO2 emission rate, the 
concentration of CO2 measured hourly at the inlet and outlet 
were used to calculate the overall emission rate using eq.(3). 
1.3.6  Water consumption measurement 

To measure the total water consumption of the finishing 
pig house, a water meter was installed at the inlet of the 
water supply tube, and another was installed at the branch 
water supply tube for the water pad. The reading from the 
water meter installed at the water supply tube included 
readings from the water meter installed at the branch water 
supply tube for the water pad, and the rate of water 
discharged from drinkers, dripped from tubes and drinkers, 
and flushed daily. Daily water consumption was divided by 
the total number of pigs to obtain the consumption per pig 
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per day. Water consumption data were acquired from 22nd 
July, 24th July  to 1st August, and from 2nd August to 11th 
August in 2015 (19 days in total). 

2  Results and discussion 

2.1  Analysis of daily NH3 emission rate 
The concentration of NH3 at the inlet and outlet (Fig.4a) 

and the ammonia emission rates (Fig.4b) were plotted. The 
NH3 concentration at the outlet and inlet were 
(2.4-12.5)×10-6 and (0.3-3.9)×10-6, respectively, and the 
average NH3 emission rate was (23.4±11.0) g/(d·500 kg). 

 

Fig.4  NH3 concentration at outlet and inlet of finishing pig house 
 

Table 3 shows the daily mean±standard deviation, 
maximum, minimum for the NH3 emission rate from 25th 
July, 2015 to 11th August, 2015 (18 days), presented on both 
pig-specific and live mass-specific bases, and Table 4 
summarizes studies monitoring NH3 emissions from 
different swine sources.  

Table 3 Statistics of daily NH3 emission rates 

Emission rate/(g·d-1·pig-1) Emission rate/(g·d-1·(500 kg-1)) 
Time 

Max Average ± SD Min Max Average ± SD Min 

8:00 10.8 72.9±2.9 2.3 49.5 31.7±14.7 10.5 

10:00 8.4 5.3±2.3 0.9 38.3 24.2±11.6 4.3 

12:00 9.8 5.3±2.6 1.4 44.5 24.3±13.1 6.2 

14:00 10.3 5.6±2.1 3.1 46.7 25.4±10.3 14.2 

16:00 6.1 4.1±1.4 2.2 27.9 18.7±6.9 9.9 

18:00 5.4 3.4±1.3 1.3 24.6 15.5±6.3 5.8 
 

In this study, the emission rate for NH3 was 
4.3-49.5 g/(d·500 kg) and 0.9-10.8 g/(d·pig). The maximum 
value was 10.0% higher than the emission rate of 
45.0 g/(d·500 kg), and the minimum value was 81.5% lower 
than the emission rate of 23.2 g/(d·500 kg) reported by 
Philippe et al.[24] in a high-fiber diet experiment finishing pig 
room in Belgium. The maximum value of 10.8 g/(d·pig) was 
51.0%-125% higher than the highest emission rate measured 
by Ngwabie et al.[25-28]. The minimum value of 0.9 g/(d·pig) 
was 79.1%-84.0% lower than the lowest emission rate 
measured by Ngwabie et al.[25-28]. The main factors 
influencing NH3 production are the floor type, the manure 
removal system, the climatic conditions inside the building, 
the dietary composition, and the feed efficiency of 
animals[29]. Slurry acidification can also dramatically reduce 
the emission of NH3

[30]. 
The differences in the NH3 emission rates between our 

results and those of previous studies may reflect the effects 

of various factors, and suggests there remains some potential 
for NH3 reduction in pig house systems in Beijing, China, 
through adopting systems of the type studied in the present 
work. It has been reported that slurry temperature can also 
explain most of the variability in NH3 emissions from 
finishing pig houses, since lower slurry temperature may 
reduce NH3 emissions or compensate for the effects of a 
higher ventilation rate. Increasing the surface area of the 
slurry and the floor opening area increases the air exchange 
rate in the slurry pit, resulting in a higher NH3 emission 
rate[31]. 

For slatted floor systems, most previous studies 
reported lower emissions with a partly slatted floor provided 
the solid floor area is kept clean. Climate conditions inside 
the building also influence the emissions, which were 
positively correlated with ambient temperature and 
ventilation rate in a previous study[29]. The maximum, 
average and minimum NH3 emission rates at 08:00 and 
14:00 were all significantly higher than the emission rates at 
10:00, 12:00, 16:00 and 18:00 (P<0.001).  

The hourly indoor and outdoor temperatures measured 
over the course of the experiment are shown in Fig.3. 
Climate conditions inside the building also influence the 
emissions, which were positively correlated with the 
ambient temperature and ventilation rate in a previous 
study[29]. In the present work, the ventilation rate was 
considered to be constant. Interestingly, the hourly 
temperature at 08:00 was not the highest recorded, 
suggesting the highest hourly NH3 emission rates observed 
at this time were not directly caused by high temperature and 
high ventilation rates. Manure was generally removed 
between 08:00 and 08:30, and from 14:00 to 14:30, 
suggesting manure removal by workers was probably the 
primary factor. This finding is consistent with previous 
reports that partly slatted floor systems generally achieve 
lower emissions provided the solid floor area remains 
clean[29]. Transferring manure from the solid floor to the 
slatted floor and allowing it to drop into the pit beneath the 
slatted floor reduces the manure surface area and 
consequently reduces the NH3 emission rate. Therefore, 
keeping the solid floor free from manure either by cleaning 
or by training pigs to defecate on the slatted floor could 
significantly reduce NH3 emissions. 
2.2  Analysis of daily CO2 emission rate 

The concentration of CO2 at the inlet and outlet (Fig.5a) 
and the CO2 emission rates (Fig.5b) were plotted for data 
collected between 08:00 on 25th July  and 07:00 on 27th 
July, 08:00 on 28th July 08:00 and 07:00 on 30th July, 08:00 
on 31th July and 07:00 on 3rd August, 08:00 on 4th August  
and 07:00 on 5th August, 11:00 on 6th August  and 07:00 on 
8th August, and 08:00 on 9th August and 07:00 on 11th 
August  (all in 2015). The CO2 concentration at the outlet 
and inlet ranged from (563-861)×10-6 and (401-564)×10-6, 
respectively (Fig.5a). The average daily CO2 emission rate 
was (2.73±0.78) kg/(d·500 kg), the maximum CO2 emission 
rate was 5.00 kg/(d·500 kg), and the minimum CO2 emission 
rate was 1.00 kg/(d·500 kg) (Fig.5b). 
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Fig.5  CO2 concentration and CO2 emission rate at outlet and inlet 
of finishing pig house 

 

Table 4 summarizes studies monitoring the emission of 
CO2 from different sources and includes emissions from pig 
barns at different phases, for which CO2 emission rates of 
3.3 to 39.5 kg/(d·500 kg) are typical for finishing pig barns. 
The CO2 emission rate measured in the present study was 
low compared with these previous studies as described in 
Table 4. 

The total number of valid CO2 emission rate data points 
was 285 across the entire experimental period. The 
frequency distribution of the average daily mean emission 
rate is shown in Fig.6. The average daily emission rate with 

a maximum frequency of 44% was 2.5-3 kg/(d·500kg), and 
92% of the average daily emission rates were less than 
4.0 kg/(d·500 kg). 

Previous work has demonstrated that the weight of 
animals affects carbon dioxide emissions. Thorbek et al.[40] 
reported CO2 levels of 1.0 kg/d for 30 kg of live weight and 
2.0 kg/d for 85 kg of live weight for pigs reared under 
ordinary feeding conditions. Costa et al.[32] considered that 
the higher weight of fatteners, in comparison with weaners, 
associated to the high animal activity occurring in the 
fattening room, especially during feeding times, resulted in a 
higher CO2 emission rate. This figure was reported in units 
of kg/(d·pig), but if the units are changed to kg/(d·500 kg), 
the results instead show that the greater the pig weight, the 
lower the CO2 emission rate. In the present study, the 
finishing pig initial weight was 110 kg/pig, compared with 
less than 110 kg weight of finishing pig reported for most 
previous studies (Table 4). The CO2 emission rate reported 
in the present work was also lower than that reported 
previously for similar studies. Furthermore, the CO2 
emission rate was clearly linked with the pig house structure 
and ventilation system, which presumably affects the activity of 
the animals and thus affects the CO2 emission rate. 

Table 4 Summary of NH3 and CO2 emissions from different swine sources 

Measurement description Country 
Environmental 
characteristic 

Pig weight/kg NH3 emission rate 
CO2 emission 

rate/(kg·d-1·(500 kg)-1) 
Reference 

Hoop finishing house China Spring, summer 27-102 
100-148 (g·d-1·(500 kg)-1), 

16.0-29.4 (g·d-1·pig-1) 
10.6-12.0 Dong et al.[3] 

Mechanically ventilated 
houses 

Italy Three seasons 
7-35 for weaning, 

35-market for finishing 
- 

8.3-17.2 for finishing, 
2.7-8.1 for weaning,  

0.8-1.9 for farrowing, 
6.5-10.6 for gestation 

Costa et al.[32] 

Mechanically ventilated 
finishing houses 

USA 22.7-23.2 indoor 23.9-113 - 14.2-17.5 Ni et al.[33] 

Naturally ventilation houses China 
Three days in May, 
Jul, Sept, Nov, Jan 

and Mar 

17-22 for nursery, and 
42-90 for 

growing-finishing 
- 

16.7 (growing-finishing), 
29.7 (nursery), 
7.5 (farrowing),  
5.9 (gestation) 

Dong et al.[34] 

Mechanically ventilated 
finishing houses 

Denmark Autumn 31.9-87.1 1.0-4.2 (g·d-1·pig-1) 
0.38-1.5 (kg·d-1·pig-1) 

3.3-12.9 
Osada et al.[35] 

Feeding trial gestating sows Belgium 
16.3-20.8 ℃ indoor, 

4-16.0 ℃outside 
201-257 10.5-24.0 (g·d-1·(500 kg)-1) 5.3-6.6 Philippe et al.[36] 

Feeding trial finishing houses USA 18.3-25.6 ℃ indoor 25-109 35.9-81.1 (g·d-1·(500 kg)-1) 12.0-20.2 Li et al.[37] 

Mechanically ventilated 
weaned houses 

Belgium 
23.0-23.7 ℃ indoor, 

18.9 ℃ corridor 
14.6-17.1 9.9-55.5 (g·d-1·(500 kg)-1) 13.7-15.5 Nicks et al.[38] 

Mechanically ventilated 
finishing houses 

Canada One year 53.9-78.3 40.5-154.7(g·d-1·(500 kg)-1) 18.5-27.8 Sun et al.[22] 

Mechanically ventilated 
farrowing houses 

Italy 
14.85 ℃,outside,  
24.3 ℃ indoor 

- 31.2-44.7 (g·d-1·(500 kg)-1) 15.6-17.3 Guarino et al.[39] 

Fattening pigs with partial pit 
ventilation systems 

Denmark 
summer + autumn, 

winter 
29.6-121.0 4.6-6.5 (g·d-1·pig-1) 10.5-12.6 Zong et al.[25] 

Experimental rooms with 
exhaust fans 

Belgium 
5.8-15.5 ℃, outside 
19.3-21.3 ℃,indoor 

35.2-117.1 

27.2-36.5 (g·d-1·(500 kg)-1) 
for gestation sows,  

23.2-45.0 (g·d-1·(500 kg)-1) 
for fattening pig 

6 for gestation,  
9.1 for finishing 

Philippe et al.[24] 

Fattening pigs with partial pit 
ventilation systems Denmark summer 30-111.8 5.63-7.15 (g·d-1·pig-1) 3.3-39.5 Zong et al.[27] 

Channel and side wall Belgium Winter, summer 21-114.3 4.4-6.0 (g·d-1·pig-1) 1.2-1.5 (kg·d-1·pig-1) Ransbeeck et al.[28] 

Mechanically ventilated 
finishing house 

  110-122.6 
0.9-10.8 (g·d-1·pig-1) 

4.3-49.5 (g·d-1·(500 kg)-1) 
1.0-5.0 The present study 
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Fig.6 Frequency and cumulative frequency distribution of daily 
mean CO2 emission rate for test finishing house (n = 285) 

 

2.3  Diurnal rhythm CO2 emission rate of finishing pigs 
As shown in Fig.7, the CO2 emission rate peaked once 

per day. Similarly, one peak was reported in the diurnal 
rhythm of CO2 production by fattening pigs fed ad libitum 
when exposed to daylight via windows[41]. The weight of 
pigs in the CIGR[41] study was 86 kg per pig, and the CO2 

emission rate peaked at 15:00, compared with 110 kg per pig 
and a peak at 12:00 in the present study. The differences 
may be due to variation in pig weight, geographical area, or 
other factors that may affect the diurnal rhythm of pig 
activity and thus the peak time of CO2 emissions. 

 

Fig.7 Diurnal rhythm of CO2 emission rate 
 

2.4  Analysis of water consumption 
Water consumption measurements (Fig.8) gave maximum 

and minimum values of 8.7 and 1.9 m3/d, respectively, and 
the maximum water consumption by the water pad was 
6.3 m3/d (Fig.8a). On a per pig per day basis, maximum, 
minimum and average water consumption rates including 
the water pad were 90.0, 19.6 and (47.0±20.2) L/(d·pig), 
respectively, and the maximum, minimum and average 
water consumption rates excluding the water pad were 60.3, 
8.0 and (29.1±13.7) L/(d·pig), respectively (Fig.8b). A 
finishing pig water consumption rate of 11.4 L/(d·pig) was 
obtained from the Structures and Environment Handbook[42], 
indicating great potential for water conservation in pig 
houses of the type in the present study. 

 

 

Fig.8 Water consumption 

The total water consumption from the pig house 
included water used in flushing, discharged from drinkers, 
used in the water pad, and dripped from water tubes and 
drinkers, some of which could be prevented. In the present 
work, only water discharged from drinkers, used in the water 
pad and dripped from water tubes was monitored. During the 
experimental period, the pig house was not flushed, 
therefore water consumption comprised only the water pad 
and that dripped from water tubes and drinkers. 

The volume of a single water drip in the experimental 
pig house ranges from 0.18-0.20 mL. The quantity of drips 
was also calculated, and the total water consumption from 
dripped water tubes and drinkers was 125.5 L/d. Water 
consumption figures have been reported previously by Li et 
al.[43-46], all of whom stated that most of the water discharged 
from drinkers was consumed directly by pigs, but more than 
27% dripped to the floor and mixed with manure, urine and 
wastewater. In pig houses such as our experimental site in 
Beijing, China, it will be difficult to improve wastewater 
efficiency because pig farms generally do not have enough 
agricultural land for wastewater processing and disposal. It 
is therefore important to reduce water consumption from pig 
farms in this area. The water consumption value (average 
water consumption excluding water pad) was 
(29.1±13.7) L/(d·pig) in the present study, which is greater 
than the US reference figure of 11.4 L/(d·pig), indicating 
great potential for improved water conservation in pig 
houses in Beijing, China. 

3  Conclusions 

The NH3 emission rates in the present study were 
4.3-49.5, 0.9-10.8 and (23.4±11.0) g/(d·500 kg). The maximum 
value is higher than those reported in comparable previous 
studies, and the minimum value is lower, suggesting there 
remains room to reduce NH3 emissions in pig house systems 
in Beijing, China. 

NH3 emission rates at 08:00 and 14:00 were 
significantly higher than those at 10:00, 12:00, 16:00 and 
18:00 (P<0.001), presumably due to manure removal by 
workers, which appeared to have a pronounced effect on 
reducing the NH3 emission rate. 

The average CO2 emission rate for the test finishing 
house was (2.73±0.78) kg/(d·500 kg). The maximum CO2 
emission rate was 5.00 kg/(d·500 kg), and the minimum CO2 
emission rate was 1.00 kg/(d·500 kg). The average daily 
mean emission rate with a maximum frequency of 44% was 
2.5-3 kg/(d·500kg), and 92% of average daily emission rates 
were less than 4.0 kg/(d·500 kg). The CO2 emission rate 
obtained in the present work is low compared with values 
reported previously in comparable studies. The CO2 

emission rate during the day peaked once at 12:00 in the 
present study, consistent with the single peak reported for 
previous studies, but the peak was 3 h earlier in the present 
work.  

Maximum and minimum water consumption values 
including the water pad were 8.7 and 1.9 m3/d, respectively, 
and the maximum water consumption used by the water pad 
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was 6.3 m3/d. The maximum, minimum and average water 
consumption values including the water pad on a per pig per 
day basis were 90.0, 19.6 and (47.0±20.2) L/(d·pig), 
respectively, and the maximum, minimum and average water 
consumption values excluding the water pad were 60.3, 8.0 
and (29.1±13.7) L/(d·pig), respectively. These results clearly 
show that there remains great potential for improving water 
conservation in pig houses of the type used in this study. 
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Water consumption and wastage of nursery pig with different 
drinkers at different water pressures in summer 
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Abstract: An experiment was conducted to investigate the influence of different drinkers and water pressure on water 
consumption and wastage by nursery pigs in summer. In the experiment, water consumption and wastage were recorded in minute 
over 5 d. Period 1 compared water consumption and wastage between bowl and swing drinkers at water pressures of 0.10, 0.15 
and 0.20 MPa with 10 pigs (body weight 6.1-20.1 kg) in each pen. Period 2 compared water consumption and wastage between 
swing drinkers with blades and standard swing drinkers at water pressure of 0.10 MPa with 5 pigs (body weight 17.5-24.6 kg) in 
each pen. Water consumption of each pig from the bowl drinker at water pressures of 0.1, 0.15 and 0.20 MPa was 16.2±3.0, 
30.3±8.1 and 38.3± 4.8 L/d; and from the swing drinker was 5.7±1.0, 8.7±1.9 and 10.3± 0.4 L/d, respectively. Predicted 
wastage/consumption from the bowl drinker at water pressures of 0.1, 0.15 and 0.20 MPa was 83.3%, 85.1% and 85.4%, 
respectively. Wastage/consumption from the swing drinker at water pressures of 0.1, 0.15 and 0.20 MPa was 54.4%, 48.3% and 
45.6%, respectively. Water consumption from swing drinker with blades was not significantly higher (11.3±1.7 L/d) than from 
standard swing drinker (9.4±1.0 L/d). Wastage/consumption from swing drinker with blades (60.2%) was higher than from 
standard swing drinker (46.8%). Therefore, to reduce water consumption and wastage, water flow rate should be regulated. In 
summer, the bowl drinker can lead to more water consumption and wastage than the swing drinker. Swing drinker with blades was 
not better than the standard swing drinker to reduce water wastage. 
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0  Introduction   

China currently has a serious water shortage[1]. The 

heavy use of water and large quantity of slurry produced on 

pig units are important components of the environmental and 

cost issues related to intensive pork production[2]. Concerns 

over water use by the livestock industry, combined with the 

rising cost of manure management, has increased interest in 

reducing water consumption by pigs without compromising 

animal well-being or growth performance[3].  

Water has received less attention than any other 

nutrient[4-5]. During the growing-finishing period, water 

consumption ranges from 3.78 to 7.37 L/d for each pig in the 

thermoneutral zone[2-3,6-7]. For each nursery pig, water 

consumption from different drinkers ranges from 0.77 to 6.1 L/d 

in an environmentally-controlled room[2,8-11]. Growing- 
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finishing pigs may waste up to 60% of water from a 

poorly-managed nipple drinker[12]. Various environmental 

and physiological factors[13-14] affect water consumption. 

Although most nursery pig rooms in northern China are 

heated in winter, few of them are cooled in summer. Water 

consumption of different drinkers by nursery pigs in 

northern China in winter had been studied[15]. 

This study therefore investigated water consumption 

and wastage from different drinkers in nursery pig rooms in 

non-environmentally-controlled houses in summer. The 

experiment was conducted to determine 1) water consumption 

and wastage from the bowl drinker and the swing drinker in 

summer at different water pressures; 2) water consumption 

and wastage from the swing drinker and swing drinker with 

blades in summer at water pressure of 0.1 MPa. 

1  Materials and methods 

Animal care procedures followed the Guide for the 

technical regulations for commercial pig production for 

intensive pig production[16]. The data were analyzed with 

Excel 2010 and SPSS 17.0. Figure 1 shows the 3 types of 

drinkers used in the experiment.  
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Fig.1  Three types of drinkers 
 

The experiment was conducted under hot weather 
condition in a nursery pig room (42.0 m×9.3 m×2.9 m, 
L×W×H) in a pig farm in Shunyi District, Beijing, China. 
The experimental room was naturally ventilated and oriented 
west to east. There were 14 windows (1.5 m wide×2.0 m tall) 
in the south wall and 14 windows (0.8 m wide×1.0 m tall) in 
the north wall. All windows were made up of plastic and 
steel with a single glass pane. There was 1 door (0.9 m wide 
×2.1 m tall) in the west wall of the house. The 4 walls of the 
room were made up of bricks 370 mm thick and plastic 
extruded board 90 mm thick. The pitched roof was made up 
of colored steel laminboard 100 mm thick and there was no 
ceiling. Two thirds of the floor was solid concrete and one 
third was fully slatted. 

The animals were tested in 2 specially-equipped pens. 
Each 2.1 m×1.8 m test pen had a plastic-coated expanded 
metal net bed raised 0.40 m above the room floor. The swing 
drinker (Model: Nipple drinker for nursery pigs, Yinglian 
Mechanical equipment Co., Ltd., Zhengzhou, Henan 
Province, China) was made up of a flexible tube, a nipple 
drinker and a steel tube, steel chain was needed to strengthen 
the swing drinker system when it was used to finishing pigs 
(Fig.1a). The height of the swing drinker was 5 cm above 
the shoulder height of the smallest pig in the pen, according 
to recommendations by Brumm[17] and Gonyou[18]. Shoulder 
height in mm was calculated as 150×body weight 
(BW)0.33[19]. Bowl drinker (Model: Bowl drinker for nursery 
pigs) (Fig.1b) was from Beijing Jingpeng Huanyu Animal 
Husbandry Science and Technology Co., Ltd, Beijing, China. 
This type of bowl drinker requires the pig to press its snout 
against the valve to release the water. Swing with blades 
drinker (Model: Swing with blades drinker for nursery pigs) 
(Fig.1c) was from Hanshu Commodity Inc., Qingdao, 
Shandong Province, China. The swing drinker with blades 
was positioned 5 cm above the shoulder height of the 
smallest pig in the pen. This type of drinker was like the 
construction of the swing drinker and it was made up of two 
nipple drinkers (one was blocked in this experiment), blades 
added to the two sides of the nipple drinker were designed to 
protect other pigs from side aggression. 

A previous study suggested that the height of the lip of 
the bowl should be 40% of the height of the smallest pig[18]. 
Another study on weaning pigs positioned the bowls 
approximately 10 cm above the floor[20]; for growing- 
finishing pigs, bowls were placed 25 cm above the floor[21]. 

In this study, the bowl drinker was positioned 15 cm above 
the pen floor. Each pen contained a single water drinker and 
a single feeder providing 5 eating spaces for the pigs. 

The animals used were healthy and showed no 
lameness at the start of the experiment. The pigs were given 
ad libitum access to nutritionally balanced dry diet which is 
composed of 60% corn and 40% concentrated feed. The 
composition of concentrated feed is as follows: crude protein 
17.48%, ash 7.18%, crude fiber 4.16%, calcium 0.81%, total 
phosphorus 0.36%, NaCl 0.6%, lysine 1.26%, moisture 
content 13.8%, digestive energy 13.39 MJ/kg. Manure was 
generally removed at 08:00 and 17:00 every day.  

Water pressure to the water lines was controlled by a 
water pressure control system made up of a booster pump, 
an inverter and a pressure gage. Two water meters 
(DMF-1-3-B, Beijing Sincerity Automatic Equipment Co. 
Ltd. Beijing, China) that could assess flow rates up to 
8 000 mL/min were installed in the water lines above the 2 
drinkers. The water meters were calibrated to verify 
accuracy at the start of the experiment by the instrument 
factory, and then were connected to a data logger (Model 
PLC S7-200, Siemens Electronics, Japan) to record water 
consumption. A tray (35 cm×45 cm×12 cm) was mounted 
directly below the west pen floor. Similarly, a further tray 
(60 cm×50 cm× 12 cm) was mounted directly below the east 
pen floor. Waste water from the 2 trays was funneled into 2 
waste water measuring systems. This system (Model RN1, 
Shanghai Ruixin Science and Technology Development Co., 
Ltd., Shanghai, China) was made up of an electronic 
pluviograph and a rain data logger. The rain gauge used the 
tipping bucket principle. Water wastage was measured and 
logged in 1-min collections. These data (in mm) were 
converted to mL according to the collecting area of the rain 
gauge. Actual flow rates were measured and logged as 1-min 
collections. 

Feed intake was determined by comparing the weight 
of feed added to the feeder with the weight of feed 
remaining at the end of each period, and feed wastage below 
each pen was weighed at 08:00 and 17:00 every day. 

The behavior of the pigs in the 2 test pens was recorded 
between 14:00 on August 2 and 18:00 on August 4; and 
between 18:00 on August 14 and 07:00 on August 17. The 
pigs were videotaped from directly above the pens using 2 
cameras (Model SSC-CB565R, Hangzhou Hikvision Digital 
Technology Co., Ltd., Hangzhou, China) and a digital video 
recorder (Model DS-8104HF-ST, Hangzhou Hikvision 
Digital Technology Co.). 

The temperature and relative humidity (RH) was 
measured by temperature and RH loggers (179A-TH, 
Apresys Precision Optical Co., Ltd., Shanghai, China). The 
temperature and RH of the interior of the pig room was 
taken as the mean of 2 loggers placed inside the room, and 
the exterior values taken as the mean of 2 loggers placed 
outside. The loggers were all placed 1.5 m above the room 
floor or ground, and all loggers were set to record data at 
half-hourly intervals. 
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1.1  Monitoring of water use (Period 1) 
There were 10 pigs in each test pen. 20 pigs were 

allowed for 3 d to adapt to the test pens before the first 
period (The test pigs were transferred to the test pens on July 
1, 2016). Period 1 was from July 4 to August 4, 2016. The 
ages of the pigs were recorded and the pigs in each pen were 
weighed at the start and end of Period 1. In this period the 
bowl drinker was situated in the west pen, the swing drinker 
was situated in the east pen and the experiment was 
conducted to compare water consumption and water wastage 
between bowl drinker and swing drinker at water pressures 
of 0.10, 0.15 and 0.20 MPa, respectively. 
1.2  Monitoring of water use (Period 2) 

The bowl drinker in the west pen was changed to a 
swing drinker with blades on August 4. The group of 20 pigs 
was reduced to 10 pigs (Because when the period 2 began 
the pigs had grown up and there was no room for 10 pigs to 
lie down in 1 pen), with 5 pigs using one swing drinker and 
5 pigs using one swing drinker with blades. The age and 
weight of the pigs were recorded at the start and end of this 
period. Water consumption and wastage was measured from 
08:00 on August 11 to 18:00 on August 16 at a water 
pressure of 0.10 MPa. In this period, the experiment 
compared water consumption and wastage between the 
swing drinker and the swing drinker with blades. 

2  Results 

2.1  Temperature and body weight 
In the summer experiment, the highest indoor and 

outdoor temperatures were 33.3 and 39.6 ℃, respectively; 

the average indoor and outdoor temperature were 27.6±2.4 ℃ 

and 27.6±4.5 ℃, respectively; and the lowest temperature were 

22.6 ℃ and 19.9 ℃, respectively (Fig.2). Details about the 
nursery pigs in this experiment were listed in Table 1. 

 

 

Fig.2  Indoor and outdoor temperatures 

Table 1  Performance of nursery pigs 

Period Drinker 
Experiment 

stage 
Age/d Date 

Body 
weight/ 

(kg·pig-1) 

Pigs per 
pen 

Gain: 
feed 

Initial 30 07-01 6.1 Swing 
Final 64 08-04 18.8±4.72a 

10 0.52 

Initial 30 07-01 6.4 
1 

Bowl 
Final 64 08-04 20.1±4.50a 

10 0.52 

Initial 68 08-08 17.5±3.02a Swing 
Final 77 08-16 23.2±4.73a 

5 0.54 

Initial 68 08-08 18.2±1.48a 2 Swing 
with 

blades 
Final 77 08-16 24.6±3.04a 

5 0.57 

Note: Same lowercase letters indicate no significant difference between 
treatments in the same period at 0.05 level; the initial body weight was weighed 
by 10 pigs in one pen while the final body weight was weighed one by one. Data 
shown as mean ± SD. The same below. 

 

2.2  Daily water consumption and wastage 
Water consumption rates of each pig from the bowl 

drinker at water pressures of 0.1, 0.15 and 0.20 MPa were 
16.2±3.0, 30.3±8.1 and 38.3±4.8 L/d; water consumption 
rates from the swing drinker were 5.7±1.0, 8.7±1.9 and 
10.3±0.4 L/d, respectively. Water consumption from the 
bowl drinker was significantly higher than from the swing 
drinker (P<0.05). The higher the water pressure, the higher 
the water consumption from the bowl drinker significantly 
(P<0.05). The higher the water pressure, the higher the water 
consumption from the swing drinker significantly at water 
pressure of 0.1 MPa compared with 0.15 MPa and 0.1 MPa 
compared with 0.2 MPa (P<0.05). Although the water 
consumption from the swing drinker at water pressure of 0.2 
MPa was higher than that under 0.15 MPa, the difference 
was not significant (P>0.05) (Table 2). 

Waste water was almost completely collected from the 
swing drinker, whereas waste water was only partly 
collected from the bowl drinker since the pigs played with 
the water and distributed it widely. Wastage rates from the 
swing drinker of each pig at water pressures of 0.1, 0.15 and 
0.20 MPa were 3.1±0.8, 4.2±0.8 and 4.7±0.5 L/d, respectively. 
Wastage rates from the bowl drinker were significantly 
higher (P<0.05): 6.9±1.4, 10.0±2.8 and 20.1±4.7 L/d, 
respectively. Assuming that intake from the bowl drinker 
was the same as from the swing drinker, predicted wastage 
from the bowl drinker was 13.5±3.3, 25.8±6.6 and 
32.7±4.4 L/d at water pressures of 0.1, 0.15 and 0.20 MPa, 
respectively. Therefore, measured wastage/water consumption 
of the bowl drinker at water pressures of 0.1, 0.15 and 0.20 
MPa was 42.6%, 33.0% and 52.5%, respectively; predicted 
wastage/water consumption was 83.3%, 85.1% and 85.4%, 
respectively. Wastage/water consumption from the swing 
drinker at water pressures of 0.1, 0.15 and 0.20 MPa was 
54.4%, 48.3% and 45.6%, respectively (Table 2). 

 

Table 2  Daily water consumption and wastage of each nursery pig from drinkers at different water pressures 

Water consumption/(L·d-1) Water wastage/(L·d-1) Intake/(L·d-1) Wastage/water consumption Water 
pressure/MPa Bowl Swing Bowl measured Bowl predicted Swing Swing Bowl measured/% Bowl predicted/% Swing/% 

0.1 16.2±3.0aA 5.7±1.0aB 6.9±1.4aA 13.5±3.3aA 3.1±0.8aB 2.7±0.4a 42.6 83.3 54.4 

0.15 30.3±8.1bA 8.7±1.9bB 10.0±2.8aA 25.8±6.6bA 4.2±0.8abB 4.5±1.7b 33.0 85.1 48.3 

0.2 38.3±4.8cA 10.3±0.4bB 20.1±4.7bA 32.7±4.4bA 4.7±0.5bB 5.6±0.5b 52.5 85.4 45.6 

Note: Different uppercase letters indicate a significant difference in the same row (P<0.05); different lowercase letters indicate a significant difference in the same 
column (P<0.05). 

 



  

 

73 

Wang Meizhi et al. Water consumption and wastage of nursery pig with 
different drinkers at different water pressures in summer 

It can be seen from Table 3 that water consumption 
from a swing drinker with blades (11.3±1.7 L/d) was higher 
than from a swing drinker without blades (9.4±1.0 L/d), but 
this difference was not significant. Wastage from a swing 
drinker with blades (6.8±1.1 L/d) was significantly higher 
than from a standard swing drinker (4.4±1.5 L/d) (P<0.05). 
There was no significant difference in terms of intake. 
Wastage/water consumption (60.2%) from a swing drinker 
with blades was higher than that from a standard swing 
drinker (46.8%). 

Table 3  Daily water consumption and wastage of each 
nursery pig from swing drinker with blades and standard 

swing drinker at water pressure of 0.1 MPa 

Index Drinker Value 

Swing with blades 11.3±1.7A 
Water consumption/(L·d-1) 

Swing 9.4±1.0A 

Swing with blades 6.8±1.1A 
Water wastage/(L·d-1) 

Swing 4.4±1.5B 

Swing with blades 4.5±1.0A 
Intake/(L·d-1) 

Swing 5.1±1.1A 

Swing with blades 60.2% Wastage/water 
consumption Swing 46.8% 

Note: Different uppercase letters indicate a significant difference between 
treatments (P<0.05). 

 

2.3  Water consumption and wastage per minute 
In period 1, maximum water consumption in one 

minute from the bowl drinker at water pressures of 0.10, 
0.15 and 0.2 MPa was 3 962, 5 018 and 5 425 mL/min, 
respectively (Table 4). Maximum water consumption in one 
minute from the swing drinker was 1 398, 1 757 and 
2 174 mL/min, respectively. The higher the water pressure, 
the higher the maximum water consumption in one minute 
from both types of drinker. Maximum water consumption in 
one minute from the bowl drinker was higher than from the 
swing drinker at the same water pressure. 

Table 4  Maximum water consumption and wastage flow rate 
in one minute 

Water consumption/wastage/(mL·min-1) 
Period 

Water 
pressure/MPa Bowl Swing Swing with blades 

0.1 3 962/393 1 398/468  

0.15 5 018/760 1 757/342  1 

0.2 5 425/923 2 174/393  

2 0.1  1 361/323 1 530/364 
 

 

According to Li et al.[2], the mean duration per drink 
was approximately 20 s, there would be time interval 
between two times of drinking in one minute, so the real 
water flow rate from both bowl and swing drinkers in this 
paper was not less than the maximum water consumption in 
one minute measured in this study. The real flow rates of 
bowl and swing drinkers were measured manually to be 4 
385 ± 159 and 5 042±98 mL/min, respectively, at water 
pressure of 0.1 MPa. 

In the bowl drinker, a higher water pressure was 
associated with a higher maximum wastage flow rate 
measured in one minute; but this result was not observed in 

the swing drinker. Maximum water consumption flow rate 
from the swing drinker with blades was higher 
(1 530 mL/min) than from the swing drinker (1 361 mL/min) 
at water pressure of 0.1 MPa. 
2.4  Drinking behavior with different drinkers 

To assess the influence of drinker type on water 
consumption, one picture of drinking behavior was selected 
from the videotape (Fig.3). The picture showed that in the 
bowl drinker pen, a greater number of pigs gathered near the 
drinker than the pigs in the swing drinker pen. 

 

Fig.3  Drinking behavior 
 

Data numbers of water consumption flow rate in minute 
recorded and frequency of pigs touching the drinker were 
listed in Table 5. It can be seen that at water pressure of 0.1, 
0.15 and 0.2 MPa the frequency of pigs touching the bowl 
drinker was greater (22.1%, 36.3% and 39.3%) than that of 
pigs touching the swing drinker (20.1%, 20.1% and 22.2%), 
respectively. The frequency of pigs touching the swing 
drinker with blades was greater (19.8%) than that of pigs 
touching the standard swing drinker (17.8%) at water 
pressure of 0.1MPa. similarly, water consumption from the 
swing drinker with blades was higher than that from the 
standard swing drinker.  

Table 5  Percentage of water consumption in one minute in 
summer 

Water 
pressure/ 

MPa 
Drinker 

Number of 
non-zero 

data 

Number of 
zero data 

Total data 
number 

Percentage 
of non-zero 

data/% 

Swing 1 445 5 746 7 191 20.1 
0.1 

Bowl 1 588 5 306 7 194 22.1 

Swing 1 418 5 650 7 068 20.1 
0.15 

Bowl 2 561 4 503 7 064 36.3 

Swing 1 594 5 593 7 187 22.2 
0.2 

Bowl 2 821 4 366 7 187 39.3 

Swing with 
blades 

1 401 5 657 7 058 19.8 
0.1 

Swing 1 256 5 802 7 058 17.8 

3  Discussion 

Various environmental[13] and physiological factors[14] 
affect water consumption. Under a water pressure of 
0.1 MPa, water consumption of each pig from the bowl 
drinker in summer (16.2±3.0 L/d) was higher than in winter 
(7.5±0.5 L/d) [15]. Wastage/water consumption from both 
bowl (83.3%, predicted) and swing drinkers (54.4%) in 
summer were higher than in winter at a water pressure of 
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0.1 MPa (15.2% for bowl and 17.6% for swing drinkers)[15]. 
Compared with wastage/water consumption from the swing 
drinker in winter (17.6%)[15], the summer rate was higher 
(46.8%). Water consumption and wastage/water consumption 
in summer were greater than in previous studies that used 
environmentally-controlled pig rooms. Maybe it due to that 
the pigs in hot environment will need more water to alleviate 
heat stress. The present study found higher water 
consumption and wastage in the hot summer than in the cold 
winter, which is consistent with a previous study in Brazil 
where water consumption in the warm season was 14% 
higher than in winter[21].  

Water intake data in this paper were compared with 
data from other reference to be sure of their reliability. 
Water requirement of nursery pig was 3.785 L/d[22]. For 
11-25 kg pigs, feed was recommended by NRC2012[23] to be 
0.953 kg/d. According to ratio of water to feed and the ratio 
of water to BW in summer environment reported by 
Brooks[4], the feed recommended by NRC2012[23] and the 
pig BW of 20.1 kg in the end of Period 1 and BW of 24.6 kg 
in the end of Period 2, it was calculated that water intake 
range was 1.525-4.765 L/d in summer environment. In this 
study, the water intake was 4.5±1.7 L/d at water pressure of 
0.1 MPa in Period 1 and 4.5±1.0 L/d in Period 2, should be 
enough for pigs. 

Water flow rate will influence performance of pigs and 
water consumption. For weaned pigs, daily gain with water 
flow rate being 1 100 mL/min was more than that with water 
flow rate of 600 mL/min when the ambient temperature was 
35 ℃[4]. It was recommended that water flow rate should be 
1 400 mL/min in summer and 1 000 mL/min in spring in 
finishing pig houses in Tianjin China, respectively[24]. Water 
flow rate was recommended to be 500-700 mL/min[25-27] for 
nursery pigs. In this paper, the water flow rate at 0.1, 0.15 
and 0.2 MPa was higher than the data reported and 
recommended by the reference above, therefore, the water 
flow rates needed to be regulated. 

Theoretically, for the same type of drinker, the higher 
the water pressure the higher the water flow rate from the 
drinker. But to the water consumption and water wastage, 
not the same result for different type of drinkers. In this 
paper, for the swing drinker, there was no significant 
difference between water consumption and wastage at water 
pressure of 0.15 MPa and those at water pressure of 0.2 MPa. 
High water flow rate with high water pressure will dash 
against the mouth of pigs and make the pigs 
uncomfortable[24], perhaps the flow rate from the swing 
drinker at water pressure of 0.2 MPa had made the pigs 
uncomfortable. But for the bowl drinker, even though the 
water flow rate was high, the flow rate will not dash against 
the mouth of pigs, the pigs drink water from the bowl of the 
drinker, so the higher the water pressure, the higher the 
water consumption from the bowl drinker (P<0.05). 

In a summer environment without cooling, the bowl 
drinker can lead to more water consumption and wastage 
than the swing drinker. This could be because the 
conformation of the bowl drinker allows the pigs to play 

with and waste the water more easily than the swing drinker. 
However, the swing drinker was not easy for the pigs to play 
with because there was a flexible tube in the system of 
swing drinker. Therefore, to save water in nursery pig 
production, the pig room environment should be controlled 
during hot season. If this is not possible, swing drinkers 
should be used in preference to bowl drinkers and swing 
drinker with blades was not better than swing drinker 
without blades to save water. 

4  Conclusions 

1) In summer, water consumption from the bowl 
drinker was higher than that from the swing drinker at the 
same water pressure. 

2) The higher the water pressure, the higher the water 
consumption from both the bowl and swing drinkers.  

3) Swing drinker with blades was not better than swing 
drinker without blades to save water.  

4) To reduce water consumption and wastage, water 
flow rate should be regulated. 
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Plant growth and development of pepper seedlings under different 
photoperiods and photon flux ratios of red and blue LEDs 
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Abstract: Pepper seedlings were grown for 30 d with 58±1 μmol/(m2·s) light intensity under different photoperiod (day/night) of 
24 h (P24,14 h/10 h), 12 h(P12,7 h/5 h) and 6 h (P6,3.5 h/2.5 h), and different photon flux ratios of red and blue light of 7(7RB) and 
1(RB). The measurements included plant morphology, growth, the chlorophyll content, photosynthesis and chlorophyll 
fluorescence. Pepper seedlings under P12-7RB showed the highest shoot dry weight and the largest leaf area. The relative growth 
rates (RGR) and specific leaf area (SLA) ratio of P6-RB were 55.88% and 23.62% higher than P24-RB, respectively. P6-RB showed 
higher quantum efficiency of Photosystem II (ΦPSII) (0.68 mol/(m2·s)) and lower non-photochemical quenching (NPQ) 
(0.17 μmol/mol) compared with P24-RB, although P6-RB and P24-RB had no significant difference among photosynthesis (Pn), 
stomatal conductance (Gs), CO2 absorption (Ci) and transpiration (Tr). There was no significant difference in terms of chlorophyll 
contents among the P6, P12 and P24 treatments. Seedlings of RB had significantly better photosynthetic performance compared 
with those of 7RB. Experiments showed that peppers could adapt to unnatural different photoperiods. The light parameter P6-RB 
was beneficial to the growth of pepper seedlings and could be efficiently used in plant factory. The results provide a theoretical basis 
for long photoperiod applications in a closed system. 
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0  Introduction   

Plant development and physiology are significantly 
modulated by the light environment, affecting photosynthesis 
and photomorphogenesis. Modern agriculture takes 
advantage of light-emitting diodes (LEDs) to provide the 
growth of crops with an ideal light environment. LEDs can 
be selected for a particular spectral composition and produce 
high light levels with low radiant heat output[1]. Recently, 
LEDs have been considered as potentially useful for 
supplemental lighting in greenhouse[2-3]. Vegetable seedlings 
grown under artificial lighting exhibit increased growth[4]. 
With plant factory development, the concept of a “closed 
system” had been proposed[5]; therefore, an artificial light 
system could completely replace solar radiation. Most 
studies focus on a high light intensity to maintain the health 
and high quality of crops. For example, young tomato plants 
have been reported to exhibit better photosynthetic capacity 
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under 300 µmol/(m2·s)[6]. Quinoa has been produced as a 
leaf vegetable using a 16 h/8 h (day/night) photoperiod with 
a photosynthetic photon flux density (PPFD) of 143 µmol/(m2·s) 

in a closed-type plant factory system[7]. Some researchers 
have made use of different genotypes to improve the effects 
of low light intensity on pepper growth[8]. However, few 
researchers have explored the combination between 
photoperiods and spectrum to strengthen the advantages of 
artificial light systems and decrease the electricity 
consumption due to high-intensity light. It is important that a 
high economic benefit is obtained from a weak light 
environment in plant factories, allowing plant factories to 
develop sustainably.  

Daily fluctuations in natural day/night cycles cause the 
general growth photoperiodism of plants. The photoperiod is 
a signal for plant growth processes, including the detection 
of a light signal by the leaves, the entrainment of circadian 
rhythms, and the production of a mobile signal that is 
transmitted throughout the plant[9]. Previous studies 
extended the photoperiod in a weak light environment to 
boost DLIs (day light integrals), which could replace the 
high-intensity light. Few studies have focused on the 
distribution modes of DLIs over a 24 h period, which may 
be a new approach to improve pepper growth. Instead, 
studies have focused on short photoperiods and pepper 



  

 

77 

Yang Zhenchao et al. Plant growth and development of pepper seedlings under 
different photoperiods and photon flux ratios of red and blue LEDs 

seedlings and their relationships. The reason is that pepper 
(Capsicum annuum L.) is a non-photoperiod-sensitive 
species[10], which can be used to explore the effects some 
unnatural photoperiods on growth and development under 
low light intensity. Moreover, pepper may avoid the negative 
effects resulting from the disorders of the circadian clock.  

Light acts as major energy sources for plant 
photosynthesis. R light acquires the highest relative quantum 
yield from the PAR spectrum (400-700 nm), and its 
spectrum is closer to the chlorophyll absorption peaks[11]. 
Smith reported that plants grown under R light could 
respond to shade to capture photons efficiently under low 
irradiance[12]. B light is benefit to normal plant development, 
including chloroplast development, chlorophyll synthesis, 
and stomatal opening. The combined RB spectrum is 
considered to be an effective lighting source for growing 
many plant species in controlled environments. Ouzounis, et 
al. indicated that the effect of blue supplementary light was 
dependent on the lettuce cultivar[13]. The effect of B light on 
plant development may be restricted by different species. 
This raises the question of whether suitable photon flux 
ratios of RB LEDs maintain the photo-physiological 
responses of pepper seedlings under low light intensity. 

To study the effects of low light intensity and the 
growth of pepper seedlings, we considered it is crucial to 
investigate the effects of different photoperiods combined 
with different photon flux ratios of R and B LEDs on the 
morphological and physiological acclimation of pepper 
seedlings. Measuring leaf data demonstrated this importance 
because the leaf is a specialized photosynthetic organ. Its 
development is affected by the balance between energy 
absorption and the utilization of the photosynthetic 
apparatus. The objective of this study was to determine 
whether a high light intensity could be substituted by a 
combination of a short photoperiod and the specific 
spectrum, which could save energy in plant factories and 
alleviate global warming. In a weak light environment, it 
was explored whether different photoperiods and suitable 
photon flux ratios of red and blue LEDs could benefit pepper 
plant growth.  

1  Materials and methods 

1.1  Lighting, photoperiods and treatment design 
Pepper seedlings were grown under light provided by 

light emitting diodes (LEDs) placed 15 cm horizontally 
above the bench top in a controlled environment, imitating 
the weak light of protected cultivation. All of the combined 
LEDs had uniform red and blue spectra. The spectral 
distributions of the blue (peak at 460 nm) and red (peak at 
658 nm) light were measured using a miniature fiber optic 
spectrometer (StellarNet, Inc. Florida, USA) at a 15 cm 
distance above the bench top. The spectral energy distribution 
scans of the LEDs were recorded from 400-700 nm in 1 nm 
increments. The treatments consisted of two R: B ratios (7:1 
and 1:1) under the same PPFD of (58±1) μmol/(m2·s) (Fig.1). 
The three photoperiods used were 24 h (P24, 14 h/10 h, 
light/dark), 12 h (P12, 7 h/5 h) and 6 h (P6, 3.5 h/2.5 h). The 

6 different treatments used identical daily light integrals 
(DLIs) during each 24 h period (Fig.2). All of the treatments 
maintained the same light intensity and were arranged in 
separate plots with different light environments. 

 
Note: 7RB, RB represent ratio of red linght to blue light is 7 and 1 respectively. 
The same as below. 

 

Fig.1  Spectral distribution of test plate 
 

P6-7RB 1/4DLI  1/4DLI  1/4DLI  1/4DLI  
           6 h           12 h           18 h           24 h 

P6-RB 1/4DLI  1/4DLI  1/4DLI  1/4DLI  
           6 h           12 h           18 h           24 h 

P12-7RB 1/2DLI  1/2DLI  
                       12 h                           24 h 

P12-RB 1/2DLI  1/2DLI  
                       12 h                           24 h 

P24-7RB DLI  
                                   14 h               24 h 

P24-RB DLI  
                                   14 h               24 h 

Note: P6, P12 and P24 represent the photoperiod of 6, 12 and 24 h, respectively. 
P6 (light/dark) is 3.5 h/2.5 h. P12 (light/dark) is 7 h/5 h. P24 (light/dark) is 
14 h/10 h. DLI is day light integral. 

 

Fig.2  Schematic diagram of diurnal changes and ratio of red light 
to blue light in different treatments. 

 

1.2  Plant material and growth conditions 
The pepper seedlings were planted in plastic pots 

containing a mixture of peat and vermiculite (3:1, 
volume/volume). When the second leaves were fully 
expanded, the experiment was started. A total of 150 tomato 
seedlings were randomized into 6 groups and were placed 
under 6 different light treatments for 30 d. Pepper plants 
were placed in the same greenhouse and maintained under 
identical growth conditions and methods. The third fully 
expanded leaf counted from the top of the plant was used for 
all measurements. All treatments and assays were repeated 
three times.  

There was ventilation source in the culture room, so the 
CO2 level was the same as the CO2 level of the external 
atmosphere. The relative humidity (RH) was maintained at 
65%, and the temperature was maintained at 25 ℃/20 ℃ 
(12 h/12 h). The nutrient solution used was Arnon and 
Hoagland’s solution. During the first 10 d of growth, a 
quarter-strength nutrient solution was used; the solution 
conductivity was maintained at 0.856 dS/m. From day 11, 
the concentration of the nutrient solution was maintained at 
half strength, and the conductivity was maintained at 
1.473 dS/m. The pH value was maintained between 6.0 and 6.5. 
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1.3  Measurements and calculations 
1.3.1  Growth and biomass parameter measurements 

Growth characteristics, such as plant height, stem 
diameter, fresh weight and dry weight (shoot and root), were 
measured once every 5 d during the 30-day experiment. 
Plant height was measured using a ruler (cm). Stem diameter 
was measured using digital calipers (mm). Plant shoots were 
removed from the roots by cutting the hypocotyl at the 
substrate surface line, and the fresh mass and dry mass were 
measured using an electronic balance (0.001 g). Total leaf 
area (cm2) was measured using an area meter (AAM-9; 
HayashiDenko Co., Ltd., Tokyo, Japan). Plant shoots and 
roots were placed in paper envelopes and transferred to a 

drying oven at 105 ℃ for 30 min and then 75 ℃ for at least 
48 h to obtain the dry weight.  
1.3.2  Growth analysis of pepper seedling shoots 

Growth analysis of shoots (leaves and stem) was 
carried out using the dry weight (DW, g) of each organ and 
the total leaf area. Parameters, i.e., relative growth rate 
(RGR, g/(g·d)), net assimilation rate (NAR, g/(m2·d)), leaf 
area ratio (LAR, m2/g), leaf weight ratio (LWR, g/g), and 
specific leaf area (SLA, m2/g), were calculated using the 
following formulas[14 -15]:  

RGR=(lnW2−lnW1)/(t2−t1)         （1） 

NAR=(lnA2−lnA1)/(A2−A1)×(W2−W1)/(t2−t1)   （2） 

LAR=(A2−A1)/(lnA2−lnA1)×(lnW2−lnW1)/(W2−W1)  （3） 

LWR=(L2−L1)/(lnL2−lnL1)×(lnW2−lnW1)/(W2−W1)  （4） 

SLA=(A2−A1)/(lnA2−lnA1)×(lnL2−lnL1)/(L2−L1)  （5） 
Where W1 and W2 were shoot DW (g), A1 and A2 were total 
leaf area (m2), and L1 and L2 were leaf dry weight at t1 and t2 
(15 and 30 d after seeding), respectively. 
1.3.3  Chlorophyll content measurements 

Chlorophyll was extracted from three mature leaves of 
different plants in each treatment 30 d after seeding (DAS). 
Fresh leaf tissue (0.06 g) was extracted in 15 ml of 95% 

ethanol for 48 h at 4 ℃. The absorbance of the extraction 
solution at 665 nm (OD665), 649nm (OD649) and 470 nm 
(OD470) was measured using a UV-3802 UV/VIS 
spectrophotometer (Unico. Shanghai, China). The chlorophyll 
content was calculated using the following formulas[16] 

Chl a (mg/g)=(13.95OD665−6.88OD649)V/1 000 W （6） 

Chl b (mg/g)=(24.96OD649−7.32OD663)V/1 000W （7） 

Chl (a+b) (mg/g)=Chl a+Chl b      （8） 

Car (mg/g)=(1 000OD470−2.05Chl a−114.80Chl b)V/ 

(245×1 000 W)              （9） 

Where Chl a was chlorophyll a, Chl b was chlorophyll b, Car 
was carotenoids, mg/g; V was volume, L; and W was leaf fresh 
weight, mg. 
1.3.4  Photosynthesis parameter measurements 

The photosynthetic rate, stomatal conductance, CO2 
assimilation rate and transpiration rate were measured using 
a portable photosynthesis instrument (LI-6400, LI-COR, 
USA) at 30 DAS. Light intensity was the same as the growth 

irradiance 58 μmol/ (m2·s), and the experimental conditions, 
i.e., the leaf temperature, CO2 concentration and relative 

humidity (RH), were set at 25 ℃, 400 μmol/(m2·s) and 65%, 
respectively.  
1.3.5  Chlorophyll fluorescence parameter measurement  

In Stage II, chlorophyll fluorescence was measured at 
30 DAS using a portable fluorometer PAM2500 (Walz, 
Effeltrich, Germany) operated by PAMWin-3 software. To 
standardize the measuring conditions and ensure that all of 
the photosynthesis system II (PSII) reaction centers were 
open when the maximal photochemical quenching was 
determined, plants were dark-adapted for 30 min prior to the 
evaluations. Pepper leaves were randomly selected for the 
measurement of variable fluorescence(Fv), maximum 
fluorescence(Fm), maximum photochemical efficiency of 
PSII (Fv/Fm), quantum efficiency of PSII (ΦPSII), 
non-photochemical quenching (NPQ), photochemical 
quenching (qP) and the electron transport rate (ETR). 
Measurements were conducted on the vigorously growing, 
fourth leaf from the top (3 measurements per treatment). 
1.4  Statistical analysis 

All measurements were evaluated for significance using 
two-way analysis of variance (ANOVA), followed by the 
least significant difference (LSD) test at the P<0.05 level. 
All statistical analyses were conducted using SPSS 16.0 
(SPSS, Inc., Japan). 

2  Results and analysis 

2.1  Plant morphology and growth characteristics 
The effect of the photoperiods and spectra on pepper 

seedlings morphology showed distinct growth responses to 
different treatments (Table 1). In addition to the healthy 
index, there was no significant effect of the interaction 
between photoperiods and spectra. The plant height, stem 
diameter, root fresh weight, shoot and root dry weight were 
obviously affected by the R:B ratios. Regardless of different 
photoperiods, pepper seedlings treated with 7RB all showed 
that they had better plant morphology and growth 
characteristics compared with those treated with RB, 
especially P12-7RB. This treatment was observed highest 
plant height (16.88 cm), stem diameter (3.19 mm), shoot and 
root dry weight (0.544 and 0.094 g). In terms of healthy 
index, the seedlings of P12-7RB (0.12) and P24-7RB (0.13) 
were significantly higher than those of other treatments. 

Yorio et al. reported a higher dry matter accumulation in 
lettuce grown under red light supplemented with blue light 
compared with lettuce grown under red light alone[17]. Su et al. 
reported an increased leaf number and chlorophyll content of 
cucumber seedlings grown under red light 100 μmol/(m2·s)[18]. 
For cucumber seedlings, 7% blue light (93% R) at an irradiance 
of 100 μmol/(m2·s) was adequate to prevent any dysfunctional 
photosynthesis and triggered a high photosynthetic capacity 
and developmental characteristics[19]. As Table 1 shown, a 
high proportion of R light (7RB) positively affected the 
morphology and biomass of pepper seedlings. 
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Table 1  Effect of photoperiods and R:B ratios on plant morphology and growth characteristics of pepper plants exposed to weak light 
Treatment Plant height/cm Stem diameter/mm Shoot dry weight/g Root fresh weight/g Root dry weight/g Healthy index 

P6-7RB 16.05±0.176 ab 3.19±0.064 ab 0.44 ±0.011 b 1.04±0.079 ab 0.08±0.003 ab 0.10±0.003 b 

P6-RB 14.48±0.144 cd 3.03±0.053 bc 0.38±0.024 c 0.89±0.075 bc 0.06±0.006 cd 0.09±0.004 b 

P12-7RB 16.88±0.450 a 3.19±0.575 ab 0.54±0.013 a 1.13±0.039 a 0.09±0.002 a 0.12±0.002 a 

P12-RB 15.03±0.075 bc 2.93±0.039 c 0.43±0.019 bc 0.85±0.012 c 0.08±0.004 bc 0.10±0.006 b 

P24-7RB 15.20±0.625 bc 3.30±0.059 a 0.51±0.029 a 0.93±0.034 bc 0.09±0.003 a 0.13±0.003 a 

P24-RB 13.85±0.272 d 3.15±0.078 ab 0.38±0.014 c 0.64±0.054 d 0.06±0.006 d 0.10±0.006 b 

Photoperiod * N.S. N.S. N.S. N.S. N.S. 

R:B ratios * * * * * N.S. 

Photoperiod×R:B ratios N.S. N.S. N.S. N.S. N.S. * 

Note: P6, P12 and P24 represent the photoperiod of 6, 12 and 24 h, respectively. P6 (light /dark) was 3.5 h /2.5 h. P12 (light /dark) was 7 h /5 h. P24 (light /dark) was 14 
h /10 h. 7RB represents the ratio of red and blue is 7. RB represents the ratio of red and blue is 1. Photoperiod×R:B ratios represents interaction between photoperiod and 
R: B ratio. The lowercase letters in each column represent the multiple comparison results of the 0.05 level. “*” represents significant difference, N.S. means 
non-significance, the same as below. 

 

The healthy index and the total leaf area were affected 
by the interaction between the photoperiods and the R: B 
ratios; the best growth performance was observed in the 
P12-7RB treatment. The result also demonstrated that a high 
proportion of R light (7RB) might result in expanding leaf 
area towards capturing more light. In terms of different 
photoperiods, the healthy index of P12-7RB was 20% higher 
than that of P6-7RB and the total leaf area of P12-7RB was 
25.9% higher than that of P24-7RB. Kang et al. reported that 
lettuce planted with P12 (9 h/3 h, light/dark) showed lower 
biomass and leaf area compared with P8 (6 h/2 h, light/dark) 
exposed to light intensity above 200 μmol/(m2·s)[20]. This 
meant that the combination between light intensity and 
photoperiod might have a strong correlation. P12 allowed 
plants exposed to low light intensity to improve their growth. 
Also, lettuce plants might have a different response to short 

photoperiods (9 h/3 h and 7 h/5 h) from pepper plants. P12 
might be helpful to accumulate biomass compared with the 
natural P24 and the shortest P6 in this study.  
2.2  Shoot growth analysis 

Based on the data presented in Table 2, only the 
interaction of the total leaf area and leaf weight ratio (LWR) 
reached a significant level. There was no significant difference 
in R:B ratios treatment. Photoperiod treatment only had reached 
a significant level on specific leaf area (SLA).  

P12-7RB had the highest total leaf area (160.17 cm2). 
P6-RB had the largest LAR (380.50 cm2/g) among all the 
treatments. Seedlings under P6 had higher SLA compared 
with those under P12 and P24. The relative growth rates 
(RGR) and specific leaf area (SLA) ratio of P6-RB were 
55.88% and 23.62% higher than that of P24-RB, 
respectively. 

Table 2  Effect of photoperiods and R:B ratios on leaf area parameters of pepper seedlings exposed to weak light for 15 d 

Treatment 
Total leaf area 

/cm2 
Relative growth rate 
(RGR)/(mg·g-1·d-1) 

Leaf area ratio 
(LAR)/(cm2·g-1) 

Leaf weight ratio 
 (LWR)/(mg·g-1) 

Specific leaf area 
(SLA)/(cm2·g-1) 

P6-7RB 132.97±5.826 b 0.041±0.006 ab 331.43±14.650 ab 0.56±0.011 c 590.98±24.73 a 

P6-RB 124.68±7.667 b 0.053±0.008 a 380.50±30.117 a 0.66±0.019 a 582.31±58.09 a 

P12-7RB 160.17±5.506 a 0.046±0.001 ab 318.13±13.720 b 0.58±0.003 c 547.96±22.52 ab 

P12-RB 118.90±4.519 bc 0.052±0.006 a 317.21±8.012 b 0.62±0.008 ab 509.98±19.36 ab 

P24-7RB 127.22±2.964 b 0.045±0.005 ab 284.90±17.872 b 0.62±0.004 b 460.23±27.23 b 

P24-RB 105.68±1.501 c 0.034±0.006 b 302.56±6.147 b 0.64±0.010 ab 471.06±11.35 b 

Photoperiod  
R:B ratios 

Photoperiod×R:B ratios 

N.S. 
N.S. 

* 

N.S. 
N.S. 
N.S. 

N.S. 
N.S. 
N.S. 

N.S. 
N.S. 

* 

* 
N.S. 
N.S. 

 
In terms of shoots growth analysis, wasabi seedlings 

treated with R LEDs increased their leaf area and dry weight, 
while SLA was increased in the blue LED treatment[21]. 
Shimazaki, et al. showed that blue light could stimulate 
photosynthesis through the induction of stomatal opening or 
through morphological adjustments[22]. The similar results 
were observed in this study (Table 2). This implied that the 
equal R:B ratio (RB) might regulate pepper seedlings 
development in a weak light environment instead of 
accumulating more biomass compared with those treated 
with 7RB. Jang et al. reported that high-quality grafted 
pepper transplants could be obtained by healing and 
acclimatization under RB LEDs[23]. B light also helped 

pepper plants to adapt to a water deficit[24]. A high 
proportion of blue light under low light conditions induces 
stress-related responses[25]. As shown in table 2, The RGR, 
LAR and LWR of P6-RB were increased by 15.2%, 19.6% 
and 13.8%, respectively, compared with P12-7RB. The LAR, 
LWR and SLA of P6-RB were higher 20.0%, 6.5% and 
14.2% than those of P12-RB. 
2.3  Chlorophyll contents 

As shown in Table 3, there was no significant 
difference in the Chl a contents, Chl（a+b）contents and Car 
contents between the six treatments. P24-7RB was the 
highest Chl b content among all the treatments. P12-7RB 
leaved the highest Chl (a/b) ratio. 
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Table 3  Effect of photoperiods and R:B ratios on light-absorbing pigment of pepper seedlings exposed to weak light 

Treatment 
Chlorophyll a 

(Chl a) (mg·g-1) 
Chlorophyll b 

(Chl b)/(mg·g-1) 
Chlorophyll a+b 

(Chl (a+b))/(mg·g-1) 
Chlorophyll a/b 

(Chl (a/ b))/(mg·g-1) 
Carotenoids 

(Car)/(mg·g-1) 

P6-7RB 1.82±0.136 a 0.76±0.054 ab 2.57±0.190 a 2.40±0.012 c 0.28±0.020 a 

P6-RB 2.03±0.243 a 0.81±0.089 ab 2.84±0.332 a 2.49±0.025 ab 0.33±0.031 a 

P12-7RB 1.73±0.282 a 0.69±0.114 b 2.42±0.396 a 2.53±0.029 a 0.29±0.044 a 

P12-RB 1.73±0.139 a 0.73±0.059 ab 2.52±0.198 a 2.44±0.005 bc 0.32±0.012 a 

P24-7RB 2.34±0.350 a 1.01±0.159 a 3.35±0.510 a 2.34±0.026 d 0.38±0.062 a 

P24-RB 2.32±0.233 a 0.99±0.102 ab 3.31±0.335 a 2.33±0.005 d 0.39±0.043 a 

Photoperiod * * * N.S. * 

R:B ratios N.S. N.S. N.S. N.S. N.S. 

Photoperiod×R:B ratios N.S. N.S. N.S. N.S. N.S. 

 

The Chl a, Chl (a+b) and Car contents of the pepper 
seedlings had no significant difference among the whole 
treatments. Cope et al. reported that pepper seedlings were 
more photo-biologically sensitive than older plants [26]. As a 
result of pepper seedlings, a non-photoperiod-sensitive 
species, the relationship between the Chl contents and the 
circadian clock not played an essential role. This 
demonstrated that the pepper seedlings treated with P6 and 
P12 could maintain the healthy growth compared with those 
treated with P24.  

Lin, et al. reported that combinations of R and B LEDs 
light had no significant effects on the Chl content of 
lettuce[27]. By contrast, the red and green leaf lettuce 
cultivars under high ratios of blue LEDs light had 
significantly higher chlorophyll content compared without 
blue light[28]. This study showed that R: B ratios had no 
significant effects on Chl and Car contents among treatments. 
These results suggested that the spectrum did not have 
identical impacts on Chl contents based on different species 
and cultivars. The Chl (a/b) ratios were higher in P12-7RB 
and lower in P24-7RB due to the lower Chl b contents of 

P12-7RB and the higher values of P24-7RB. Tanaka and 
Tanaka reported that LHC associated with Chl b is more 
resistant to proteolysis during leaf senescence[29]. This 
suggested that the natural 24 h photoperiod (P24) might 
have a positive correlation with increases in plant growth. It 
also might explain that pepper seedlings treated with P24 
had slightly higher Chl and Car contents than those treated 
with P6 and P12.  
2.4  Leaf photosynthesis 

As shown in Table 4, pepper seedlings treated with RB 
had higher photosynthesis (Pn), stomatal conductance (Gs) 
and transpiration (Tr), especially those in the P12-RB and 
P24-RB treatments. For example, seedlings in the P24-RB 
treatment had Pn of 2.32 μmol/(m2·s) , Gs of 0.21 mol/(m2·s) 
and Tr of 2.74 mol/(m2·s). By contrast, seedlings in the 
P24-7RB treatment had the lower Pn of 1.75 μmol/(m2·s), Gs 
(0.13 mol/(m2·s)) and Tr (2.02 mol/(m2·s)). It was also 
proved that the R: B ratios had a significant effect on the Pn, 
Gs and Tr of the leaves. Although seedlings treated with P6 
had a lower CO2 absorption (Ci), the photoperiods, R:B 
ratios and their interactions did not reach significant levels.  

Table 4  Effect of photoperiods and R:B ratios on photosynthesis system parameters of pepper plants exposed to weak light 

Treatment 
Photosynthesis (Pn) 

/(μmol·(m-2·s-1)) 
Stomatal conductance (Gs)/ 

(mol·(m-2·s-1)) 
CO2 absorption (Ci)/ 

(μmol·mol-1) 
Transpiration (Tr)/ 

(mol·(m-2·s-1)) 

P6-7RB 1.53±0.180 b 0.08±0.019 c 321.12±16.640 b 1.34±0.282 d 

P6-RB 2.17±0.021 a 0.11±0.0003 b 333.45±6.142 b 1.91±0.002 c 

P12-7RB 1.58±0.008 b 0.14±0.001 b 374.98±11.860 a 2.30±0.009 bc 

P12-RB 2.28±0.005 a 0.21±0.001 a 358.58±5.243 a 2.61±0.005 ab 

P24-7RB 1.75±0.014 b 0.13±0.010 b 367.67±3.781 a 2.02±0.130 c 

P24-RB 2.32±0.029 a 0.21±0.001 a 373.39±8.998 a 2.74±0.004 a 

Photoperiod N.S. N.S. N.S. * 

R:B ratios * * N.S. * 

Photoperiod×R:B ratios N.S. N.S. N.S. N.S. 

 

Respective of the leaf photosynthetic parameters, 
pepper seedlings were significantly affected by R:B ratios. 
The RB treatments had better physical activities and 
photosynthetic characteristics than 7RB treatments. The 
cucumbers grown under B monochromatic light also had 
higher Gs compared with other monochromatic light 
provided[30]. This result was similar to the pepper seedlings 
treated with RB. There was no significant difference among 
P6-RB, P12-RB and P24-RB in terms of Pn, Ci and Tr, 
although P12-RB and P24-RB had higher Gs than P6-RB. 

This showed that pepper seedlings treated with RB 
performed great photosynthetic characteristics instead of 
7RB. Different photoperiods of all the treatments were 
observed with slight differences.  
2.5  Chlorophyll fluorescence 

As shown in table 5, there were no significant treatment 
differences with respect to Fv/Fm. Seedlings under P6-RB 
and P12-RB had high ΦPSII (0.68 and 0.68 mol/(m2·s), 
respectively) and qP (0.95 and 0.95, respectively) values, and 
both treatments resulted in relatively low NPQ. Seedlings 
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treated with P24-RB had the highest NPQ (0.32 μmol/mol). 
The ETR of the seedlings in the P12-RB treatment was 
significantly higher than in the P24-7RB and P24-RB 
treatments. The interactions between photoperiods and RB 
ratios were significant with respect to NPQ. P6-RB showed 

higher quantum efficiency of Photosystem II (ΦPSII) 
(0.68 mol/(m2s)) and lower non-photochemical quenching 
(NPQ) (0.17 μmol/mol) compared with P24-RB. ΦPSII 
was significantly affected by photoperiod in the different 
treatments.  

Table 5  Effect of photoperiods and R:B ratios on chlorophyll fluorescence parameters of pepper seedlings exposed to weak light 

Treatment 
Maximum photochemical 

efficiency of PSII 
(Fv/Fm) 

Quantum efficiency of 
PSII (ΦPSII)/ 
(mol·(m-2·s-1)) 

Non-photochemical 
quenching (NPQ)/ 

(μmol·mol-1) 

Photochemical 
quenching (qP) 

Electron transport rate 
(ETR)/% 

P6-7RB 0.79±0.003 a 0.67±0.003 ab 0.21±0.0065 bc 0.94±0.003 ab 31.33±0.33 ab 

P6-RB 0.78±0.003a 0.68±0.001 a 0.17±0.010 c 0.95±0.006 a 31.33±0.67 ab 

P12-7RB 0.77±0.001 a 0.65±0.014 c 0.26±0.0155 ab 0.91±0.016 b 31.00±0.57 ab 

P12-RB 0.79±0.008 a 0.68±0.001 a 0.22±0.026 bc 0.95±0.006 a 32.00±0.00 a 

P24-7RB 0.77±0.012 a 0.65±0.004 bc 0.18±0.041 c 0.93±0.001 ab 30.33±0.33 b 

P24-RB 0.78±0.001 a 0.65±0.001 c 0.32±0.009 a 0.94±0.004 ab 30.67±0.33 b 

Photoperiod N.S. * N.S. N.S. N.S. 

R:B ratios N.S. N.S. N.S. N.S. N.S. 

Photoperiod×R:B ratios N.S. N.S. * N.S. N.S. 

Note: Fv was variable fluorescence; Fm was maximum fluorescence. 

The good growth performance had positive correlations 
with seedlings growth and photosynthetic parameters. Due 
to high Pn and ΦPSII values, for example, the RGR, LAR, 
LWR and SLA of seedlings increased significantly in the 
P6-RB treatment. Blue light was more important for the 
efficient function of PSII compared with R light [31]. 
Moreover, pepper seedlings treated with P6-RB had low 
values of NPQ. The ETR of seedlings in the P6 and P12 
treatment were significantly higher than those in P24, 
whereas seedlings in the P6-RB and P6-7RB treatments had 
the same ETR values. Therefore, pepper seedlings treated 
with P6 had better photosynthesis. P6 might allowed for 
more efficient photosynthesis and healthier photosynthetic 
apparatus under low light intensity. 

In terms of the different photoperiods, pepper being a 
non-photoperiod-sensitive species might make different 
responses to P6, P12 and P24 in spite of seedlings exposed 
to the same DLIs. The shorter photoperiods (P6 and P12) 
had a positive correlation with photosynthetic efficiency and 
accumulation in a weak light environment. The different 
distributions of DLIs might be an approach to improve 
pepper seedlings growth and development, although the low 
irradiance might lead to an unsustainable energy yield[32]. A 
good light recipe for lettuce growth was a combination of 
290 μmol/(m2·s) and a 6 h/2 h photoperiod[20]. A short 
photoperiod might act a combination with a high light 
intensity to increase lettuce growth, while it might also 
improve the development of pepper seedlings exposed to RB 
light in a weak light environment. 

The maximum photochemical efficiency of PSII 
(Fv/Fm) values less than 0.83 are normally associated with 
damage or long-term down-regulation of PSII in response to 
stress[33-34]. This suggested that pepper seedlings of P6 and 
P12 exhibited little negative growth and development, 
although they were treated with the unnatural circadian 
clocks in the same DLIs compared with P24. The 
importance of blue light to acclimate spinach to a relatively 
low light intensity at the chloroplast level[35]. Moreover, blue 

light satisfied the requirement of cucumber seedlings under 
weak light 50 µmol/(m2·s)[36]. Therefore, instead of 
increasing biomass, RB treatments having a high proportion 
B light improved pepper seedlings internal development in 
the environment with low light intensity. A suitable 
proportion of B light might balance the requirements of 
biomass and adjustment for the low light intensity. 

3  Conclusion 

In summary, some results were gotten as follows:  
1) Under 12h photoperiod and the red-blue ratio of 7, 

pepper seedlings got a larger stem diameter (3.19 mm), a 
higher shoot dry weight (0.54 g) and a higher root fresh 
weight (1.13 g).  

2) Regardless of the photoperiod, the photosynthetic 
rate is mainly affected by the red-blue ratio.  

3) Different photoperiods had no obviously effect on 
the chlorophyll contents. It showed that pepper could adapt 
unnatural photoperiods (P6 and P12).  

4) The distributions of same day light integrals had 
different effects on the pepper seedlings. And, pepper 
seedlings growth was the best under the treatment of 6 h 
photoperiod and red-blue ratio of 1. 
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Effect of UV-B radiation treatments on growth, physiology and 
antioxidant systems of cucumber seedlings in artificial climate 

chamber 
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Abstract: Ultraviolet radiation (UV-B) radiation is a key environmental signal for plant growth and development. An excess or 
lack of UV-B can affect plant resistance, yield and quality. However, the appropriate dose of UV-B for cucumber seedlings growth 
in plant factories is not well understood. In this study, the effect of different doses of UV-B radiation on the growth, physiology 
and antioxidant systems of cucumber seedlings in an artificial climate chamber was studied. The results showed that UV-B 
radiation effectively inhibited the elongation of cucumber seedlings by 4.2%-32.0% and decreased soluble protein content in 
cucumber leaves by 14.2%-28.2%. 3.33 μmol/(m2·s) UV-B promoted stem diameter growth, soluble sugar content, total ascorbic 
acid and the superoxide dismutase, peroxidase and catalase activities in cucumber leaves by 13.6%-22.3%, 22.7%-56.7%, 
16.9%-23.2%, 23.8%-25.9%, 34.1%-50.4% and 27.4%-36.4%, respectively. However, this UV-B dose had no influence on the net 
photosynthetic rate of cucumber leaves. Therefore, we conclude that 3.33 μmol/(m2·s) UV-B is beneficial for growth and increases 
the resistance of cucumber seedlings in an artificial climate chamber. This study is hoped to provides a theoretical basis for 
cucumber and other seedling growth under UV-B treatments. 
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0  Introduction   

Light is necessary for plant life, serving as both an 
energy source for photosynthesis and a signal for 
development and growth. Furthermore, light quality is a 
crucial variable for the growth and development of plants, 
and among the different light wavelengths, UV-B 
(280 315 nm) is a particularly important environmental factor. 

Many studies have reported that excess UV-B has a 
negative effect on the growth and physiological metabolism 
of crops, including corn, wheat, rice, and soybeans[1-3]. 
However, due to the covering materials (e.g., plastic film or 
glass) used in different light shields and filters 
(photosynthetic active radiation transmittance is 80-90% and 
UV-B transmittance is 15-30%), standard light components 
are not sufficient for greenhouse vegetable cultivation[4-5]. 
Under such circumstances, vegetable can display excessive 
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growth[6], weak growth, poor resistance[7], low yield[8] and 
poor quality[8-10]. 

Recently, several studies have examined the effects of 
supplemental UV-B on vegetable quality under greenhouse 
conditions. These studies showed that UV-B can induce 
secondary metabolites, which are beneficial for both plants 
and humans. Wang et al. reported that 0.22 μmol/(m2·s) of 
supplemental UV-B radiation could improve fruit quality in 
tomatoes in winter plastic greenhouses[4]. Luthriaand Krizek 
reported that phenolic acid content in tomatoes was 
approximately 20% higher under +UV conditions compared 
with UV conditions[11]. Chen et al. reported that 
6.91-10.37 μmol/(m2·s) supplemental UV-B radiation could 
increase ascorbic acid (AsA) content in pakchoi leaves[8]. 
Hou et al. reported the effect of 4.15 μmol/(m2·s) UV-B on 
photosynthesis and antioxidant enzyme activity in cucumber 
seedlings[12-13]. Sun et al. reported the effect of 0.86 and 
4.15 μmol/(m2·s) UV-B on the growth and photosynthesis of 
cucumber seedlings, but the results were not consistent with 
those of previous reports[12,14]. 

Plant factories are believed to solve the problems of 
cultivated land limitation and enable vegetable to grow all 
year. Plant factories can be established by controlling 
temperature, nutrient supply, light quality and other factors. 
At present, red light and blue light are widely used in plant 
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factories[15-16]. However, the effect of different doses of 
UV-B radiation on the growth and antioxidant systems of 
cucumber seedlings in plant factories has been poorly 
described. 

In the present study, we determined the effects of 
different doses of UV-B radiation on the growth, physiology 
and antioxidant systems of cucumber seedlings, and we 
aimed to determine the dose of UV-B that is beneficial for 
cucumber seedling growth in plant factories. 

1  Materials and methods 

1.1  Plant materials and growth conditions 
Cucumber seeds (Cucumis sativus L. cv. Chinese long 

9930) were germinated on September 28, 2015. The 
germinated seeds were transferred to a greenhouse at the 
Institute of Vegetables and Flowers at the Chinese Academy 
of Agricultural Sciences (Beijing, China, 39.9°N, 116.5°E). 
Uniform seedlings were transplanted into 7 L pots filled 
with commercial substrate (Shandong, China) when the third 
leaf had expanded. When the sixth leaf had expanded, the 
plants were moved to a controlled chamber with a 14 h 
photoperiod, 28/20 ℃ , 60% relative humidity and 120 
μmol/(m2·s) photon flux density (400-700 nm) supplemented 
with high-pressure sodium lamps from 6:00 AM to 8:00 PM. 
The experiment was a completely randomized block design 
with three replicates. Except for the treatment content, the 
same local management practices were applied in all 
treatments. 
1.2  Experimental design 

After the cucumber seedlings were moved to a 
controlled chamber under 14 h photoperiod, 28/20 ℃, 60% 
relative humidity and 120 μmol/(m2·s) photon flux density 
(400-700 nm) supplemented with high-pressure sodium 
lamps from 6:00 AM to 8:00 PM for three days (on October 
26, 2015), they were exposed to biologically effective UV-B 
irradiance for 4 h (11:00 AM-2:00 PM). The experiments 
included 5 different doses: 0(CK), 1.67(T1), 3.33(T2), 5.01(T3) 
and 6.67(T4) μmol/(m2·s) (Table 1). The supplemental 
UV-B was applied using Philips TL20 W/01 RS tubes 
(311-313 nm spectrum peak, Philips) (Fig.1). The tubes 
were suspended at different distances above the plant canopy 
so that the doses of UV-B radiation could be adjusted every 
3 days. Samples were collected on 0 d (October 26, 2015), 
7 d (November 2, 2015), 14 d (November 9, 2015), 21 d 
(November 16, 2015) and 28 d (November 23, 2015) after 
the treatment. 
1.3  Growth parameters 

The growth parameters of 4 independent cucumber 
seedlings for each treatment were determined on 0, 7, 14, 21 
and 28 d after the start of the treatment[17]. Plant height was 
measured from the base of the stem to the tip of the stem. 
Stem diameter was measured at the base of the stem using a 
caliper. The second, third and fourth leaves counted from 
bottom to top were selected to determine leaf photosynthesis 
parameters using a LI-6400 portable photosynthesis system 
(Li-Cor 6400XT, Lincoln, NE, USA). Measurements were 
taken in a controlled chamber within a 2 h interval 

(08:00-10:00), and red and blue LEDs were selected as the 
light source. The set values of photosynthetic photon flux 
density, CO2 concentration (Ca), air temperature, relative 
humidity (RH) and air flow rate inside sample chamber were 
800 μmol/(m2·s), 400 μmol/s, 28 ℃, 60% and 400 μmol/s, 
respectively.  

Table 1  Experimental treatments 

Treatment 
Supplemental UV-B dose/ 

(μmol·(m-2·s-1)) 
Supplemental UV-B time 

(hour per day) 

CK 0 4 (11:00 AM-2:00 PM) 

T1 1.67 4 (11:00 AM-2:00 PM) 

T2 3.33 4 (11:00 AM-2:00 PM) 

T3 5.01 4 (11:00 AM-2:00 PM) 

T4 6.67 4 (11:00 AM-2:00 PM) 

 

Fig.1  Spectrum of the Philips TL20 W/01 RS tubes 
 

The dry weight of 3 independent cucumber seedlings 
for each treatment was determined 28 d after the start of the 
treatment[18]. Plant samples were dried in an oven at 105 ℃ 

for at least 30 min and then stored at 80 ℃for at least 4 days 
before being weighed. 
1.4  Physiological parameter measurements 

For measurement of physiological responses, three 
fully expanded leaves were collected from each plant, and 
the leaves of three plants were mixed as one replicate. The 
collected leaves were measured immediately and stored at 
4 ℃ for no more than 24 h. Soluble protein concentration 
was determined using a Coomassie brilliant blue staining 
protein assay kit (Suzhou, China). Soluble sugar, hydrogen 
peroxide (H2O2) and malondialdehyde (MDA) content were 
measured according to the methods of Wang[6]. 
1.5  Antioxidant system measurements 

For analysis of antioxidant system responses, the 
sampling method is consistent with 2.4. The collected leaves 
were immediately frozen in liquid nitrogen and stored at 
-80 ℃ until analysis. Superoxide dismutase (SOD) activity 
was assayed using the nitro blue tetrazolium (NBT) 
inhibition protocol designed by Wang[6]. Peroxidase (POD) 
activity was determined using a POD assay kit (Suzhou, 
China). Catalase (CAT) activity was determined using a 
CAT assay kit (Suzhou, China). Total AsA content was 
assayed using the spectrophotometric method described by 
Wang[6]. 
1.6  Statistical analysis 

The data were analyzed using the statistical analysis 
software program SPSS. Statistically significant differences 
among means were determined using Duncan’s multiple 
range test at a significance level of P<0.05. 
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2  Results 

2.1  Effects of different doses of UV-B radiation on the 
growth characteristics of cucumber seedlings 

The growth characteristics of the cucumber seedling 
under different doses of UV-B radiation are shown in Fig 2. 
plant height decreased as UV-B radiation dose and treatment 
time increased. Specifically, plant height decreased by 
4.2%-16.0%, 12.2%-22.6%, 18.9%-24.0% and 27.0%-32.0% 
for T1, T2, T3 and T4, respectively (Fig. 2a). Stem diameter 
in the T2 group was significantly increased from days7 to 28 
and was significantly increased on day 7 for T1 and T3 
(Fig.2b).  

We found that the net photosynthesis in cucumber 
leaves under low and medium doses of UV-B radiation (1.67 
or 3.33 μmol/(m2·s)) did not change significantly between 
days 14 and 28, whereas photosynthesis was significantly 
reduced under high doses of UV-B radiation (5.01 or 
6.67 μmol/(m2·s)) between days 7 and 28 (Fig.2c). However, 
the effects of different doses of UV-B radiation on the dry 
weight of the cucumber seedlings were minimal (Fig.2d).  

 
Note: Mean values with the same letters are not significantly different using 
Duncan’s multiple range test at P<0.05, the same below. 

 

Fig.2  Effects of different UV-B radiation doses on plant height, 
stem diameter, net photosynthetic rate and dry weight 

 

2.2  Effects of different doses of UV-B radiation on the 
physiological characteristics of cucumber seedlings 

The physiological characteristics of the cucumber 
seedlings under different doses of UV-B radiation are shown 
in Figure 3. The results demonstrated that the soluble protein 
content of cucumber seedling leaves exposed to UV-B 
radiation decreased (Fig.3a). The level of soluble sugar in 
the T2 treatment group was higher than the control from day 
7 to 28, whereas the level of soluble sugar for the T4 
treatment group was lower than the control from day 7 to 28. 
In addition, the soluble sugar content of the T3 treatment 
group was higher than the control from day 7 to 14, although 
it was lower than the control on day 28. Overall, these 
results indicate that 3.33 μmol/(m2·s) UV-B radiation is 
beneficial for the accumulation of soluble sugars in 
cucumber seedling leaves. 

The levels of H2O2 and MDA showed similar trends 
(Fig.3c, d). The content of H2O2 in T1, T3 and T4 was 

significantly higher than that in the control during the whole 
treatment period, and the content of T2 H2O2 was not 
significantly different from that of CK. In addition, the 
content of H2O2 in T4 was significantly higher than that in 
other treatments. In plants, MDA is the most abundant 
aldehydic lipid breakdown product. The level of MDA in T3 
and T4 was higher than that in the control, and the level of 
MDA in T2 was lower than that in the control on day 7. The 
level of MDA in T1, T2, T3 and T4 was significantly higher 
than that in the control on day 14. The level of MDA in T3 
and T4 was significantly higher than that in the control, and 
the content of MDA in T2 was not significantly different 
from that in the control from day 21 to 28 (Fig.3d). 

 

Fig.3  Effects of different UV-B radiation doses on soluble content, 
soluble sugar content, hydrogen peroxide content and 

malondialdehyde content 
 

2.3  Effects of different doses of UV-B radiation on the 
antioxidant systems of cucumber seedlings 

We found that UV-B radiation could change superoxide 
dismutase (SOD), peroxidase (POD) and catalase (CAT) 
activities in cucumber seedling leaves (Fig.4).  

 
Fig.4  Effects of different UV-B radiation doses on activity of 

SOD, POD, CAT and total AsA content 
 

SOD, POD and CAT activities in the T1, T2 and T3 
treatment groups were markedly increased compared with 
the control on day 7, whereas SOD and POD activities in 
theT4 treatment group were significantly decreased on day 
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7(Fig.4a, b). By contrast, SOD, POD and CAT activities in 
seedlings exposed to the low and medium doses of UV-B 
radiation (T1 and T2) increased, while the 5.01 μmol/(m2·s) 
UV-B treatment (T3) resulted in no significant changes. The 
6.67 μmol/(m2·s) UV-B radiation treatment decreased SOD 
and POD activities in leaves compared with the control. 
Furthermore, total AsA content in the cucumber seedling 
leaves was significantly higher in the T1, T2 and T3 
treatment groups compared with the control. However, at the 
highest dose of UV-B radiation, the total AsA content 
decreased significantly. 

3  Discussion 

Several studies have shown that UV-B radiation 
inhibits plant elongation[19]. As expected, the elongation of 
cucumber seedlings was effectively inhibited by UV-B 
radiation in our study. The effects of UV-B radiation on 
plant stem diameters[20], net photosynthesis[21] and dry 
weight[22] have also been reported. We also found that 
medium intensity UV-B (3.33 μmol/(m2·s)) favored stem 
diameter growth, whereas high intensity UV-B (5.54 or 
6.67 μmol/(m2·s)) led to decrease net photosynthesis 
significantly. By contrast, low and medium intensity UV-B 
(1.67 or 3.33 μmol/(m2·s)) did not affect net photosynthesis. 
We found low, medium and high intensity UV-B radiation 
did not affect the dry weight of the plants, we speculate that 
there was no significant difference due to too short treatment 
time. 

UV-B radiation can damage biological macromolecules 
such as proteins and DNA[23-25]. In our study, the results 
showed that UV-B radiation reduced soluble protein content 
in cucumber leaves. Previous studies have also indicated that 
UV-B radiation can reduce soluble sugar content in plant 
tissues. We found that soluble sugar content increased under 
low and medium intensity UV-B radiation (1.67 or 
3.33 μmol/(m2·s)) and decreased under the higher intensity 
UV-B treatments (particularly the 6.67 μmol/(m2·s) UV-B 
treatment).  

Jenkins reported that UV-B promoted the synthesis of 
H2O2 in plants[26]. Our results showed that three doses of 
UV-B radiation induced H2O2, synthesis, except for the 
medium intensity UV-B (3.33 μmol/(m2·s)). We hypothesized 
that UV-B could increase H2O2 content. However, 
3.33 μmol/(m2·s) activated antioxidant systems and 
increased SOD, POD, CAT activities, and thus, H2O2 
content under 3.33 μmol/(m2·s) UV-B showed no differences 
compared to the control. In addition, we found that the SOD, 
CAT and POD enzyme activities increased significantly 
under 3.33 μmol/(m2·s) UV-B. MDA levels are an indicator 
of the extent of membrane lipid peroxidation in plants. In 
general, MDA content in most UV-B radiation-treated 
seedlings was higher than in the control group, with the 
exception of the T2 group (3.33 μmol/(m2·s) UV-B 
treatment), consistent with the changes in H2O2 content. 
These results indicated that membrane damage occurred in 
cucumber seedlings under 1.67, 5.01 and 6.67 μmol/(m2·s) 
UV-B. 

Reactive oxygen species (ROS), such as H2O2, are 
important signal molecules that induce multiple responses, 
both biotic and abiotic, in plants following environmental 
stress[27-28]. Following an increase in the ROS concentration, 
the antioxidant system will be activated in plants to 
eliminate excessive ROS. However, when the ROS levels 
are too high, these molecules will cause irreversible damage 
to plants[29-30]. In the present study, the activities of the SOD, 
CAT and POD enzymes, which are involved in the 
antioxidant defense system, increased significantly under 
1.67 and 3.33 μmol/(m2·s) UV-B radiation. Similarly, AsA, a 
non-enzymatic antioxidant molecule, also showed increased 
levels under 1.67, 3.33 and 5.01 μmol/(m2·s) UV-B radiation. 
By contrast, the activities of the antioxidant enzymes and 
AsA levels decreased under 6.67 μmol/(m2·s) UV-B, this 
perhaps indicating that the antioxidant system had broken 
down. In summary, our results suggest that cucumber 
seedlings are not injured by 3.33 μmol/(m2·s) UV-B and in 
fact show increased resistance based on the induction of 
secondary metabolites and activation of the antioxidant 
system. In addition, 1.67 μmol/(m2·s) UV-B caused 
repairable damage to cucumber seedlings. By contrast, we 
observed clear evidence of damage in plants treated with 
high intensity UV-B. 

In general, we found that low and medium intensity 
UV-B treatments are beneficial to plant growth due to 
enhanced resistance, whereas high intensity UV-B can 
damage macromolecules such as proteins and nucleic acids. 
Therefore, it is necessary to provide a suitable dose of UV-B 
radiation for vegetable production under greenhouse 
conditions. 

In this report, the effects of different doses UV-B on 
the physiological characteristics of cucumber seedlings were 
studied. A further study could assess the effects of long-term 
UV-B on the yield and quality of cucumbers and determine 
the appropriate UV-B intensity for different cucumber 
growing periods. These findings are of important practical 
value. And how does UV-B activate the antioxidant system 
(such as ascorbic acid metabolism) in leaves, whether it is 
related to reactive oxygen species, and we are doing further 
research. 

4  Conclusions 

UV-B is a key environmental signal for plant growth 
and development. An excess or lack of UV-B can affect 
plant resistance. However, the appropriate dose of UV-B for 
cucumber seedlings growth in plant factories is not well 
understood. The major aim of the current study was to 
determine the suitable UV-B doses for cucumber growth in a 
plant factory. This study showed that the growth of 
cucumber seedlings is promoted by 3.33 μmol/(m2·s) UV-B, 
and 3.33 μmol/(m2·s) UV-B increased the antioxidase 
activities and AsA content of cucumber seedlings. By contrast, 
these characteristics were inhibited by 6.67 μmol/(m2·s) UV-B. 
Furthermore, 3.33 μmol/(m2·s) UV-B had no significant 
influence on H2O2 and MDA content in cucumber leaves, 
whereas 5.01 or 6.67 μmol/(m2·s) UV-B led to an increase in 
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MDA and H2O2 levels. The results of this study indicate that 
3.33 μmol/(m2·s) UV-B promoted the growth and improved 
the stress resistance of cucumber plants in a plant factory. 
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Abstract: Designation of basic vegetable land aims to improve production capacity and ensure a balanced supply of vegetables in 
urban areas. This research built a comprehensive evaluation model of arable land selected for basic vegetable production in the 
Pinggu District of Beijing in order to provide a scientific basis for allocating basic vegetable land in metropolitan suburb. The 
results showed that: 1) the primary needs of arable land quality for vegetable production and the policy requirement of the state 
and the Ministry of Agriculture for basic vegetable production were the fully considered in the comprehensive quality evaluation 
of arable land allocated. This focused on four aspects: land quality, ecological adaptability, space stability, road accessibility and 
planting habit, including the supply and need of water resource, main water source protection zone and other indexes; 2) based on 
the results of the above evaluation, the possible areas of arable land in Pinggu District were divided into the most suitable areas 
(>82), suitable areas (>75-82), sub-suitable areas (>67-75) and unsuitable areas (≤67). Among which the most suitable area was 
the initial choice for basic vegetable production, an area of 3 472.33 hm2, which was mainly located in Donggaocun Town, 
Xiagezhuang Town, Shandongzhuang Town and Daxingzhuang Town around the Pinggu new town. Suitable area and sub-suitable 
areas were potential reserve areas for basic vegetable production. 3) It is suggested that by focusing on the construction of a 
“Non-Staple Food Project” in Beijing, the hierarchical construction and protection of basic vegetable land should be enhanced to 
form a vegetable production pattern with outdoor vegetable, facility vegetable and vegetable park mutually complementing with 
each other. 
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0  Introduction   

Vegetable is one of the most important basic foods for 
people’s nutrition balance and daily diet[1]. With the growth 
of population in metropolitan areas and the upgrade of 
consumption structure, the demand for vegetable will 
continue to increase[2]. In recent years, low self-sufficiency 
for vegetables in large and medium-sized cities, among a 
series of other problems existing in the production, 
circulation and sale[3-4], has aroused extensive attention in 
the government and educational circles[5-7]. Especially in 
suburb of metropolis with a strained man-land relationship 
as well as rapid decrease of arable land, the extension of 
urban center to suburb results in a constant reduction and 
transfer of vegetable field in suburb, which not only 
influences urban vegetable supply, but also causes the loss 

                                                           
Received date：2017-05-19    Revised date：2017-08-24  

Foundation item：The Science and Technology Innovation Capacity Building 

Project of Beijing Academy of Agriculture and Forestry Sciences (KJCX20170503); 
National Natural Science Foundation of China (41201173) 

Biography：Liu Yu, Ph. D, associate professor, majoring in land use, regional 

agriculture and rural development. Email: Liuyu@nercita.org.cn 

※Corresponding author：Pan Yuchun, researcher, majoring in spatial analysis 

and distributed geographic information system (GIS). Email: Panyc@nercita.org.cn 

of agricultural infrastructure investment. The “National 
Vegetable Industry Development Plan (2011-2020)” 
clarifies that vegetable production bases in metropolitan 
cities shall be rationally laid out to improve self-sufficiency 
and emergency supply capacity. It states that a multi-level 
layout for commercial vegetable production at short, 
intermediate and long distance areas for large, medium and 
small sized cities, and a complete systematic network for 
multi-direction flow for vegetable delivery and distribution 
are an effective approach to ensure balanced vegetable 
supply around the year[8]. Therefore, it is necessary to 
determine the minimum required conservation of perennial 
vegetable land and designate it to ensure the stable and 
balanced supply of vegetables in metropolitan cities by 
improving vegetable production capacity. 

The rational arrangement of basic vegetable land 
involves the local natural resources, society, economy, 
technology and so on. It can lead to area reconstruction and 
is also a process of industrial optimization[9]. In recent years, 
domestic research on vegetable production focused on the 
spatial distribution, evolution characteristics, formation 
mechanism and policy response at macro level. The 
organization of vegetable production base at micro level is 
obviously insufficient[2,9-11]. Tianjin, Hohhot, Baotou and 

·Land Consolidation and Rehabilitation Engineering· 



  

 

91 

Liu Yu et al. Comprehensive quality evaluation on arable land allocated for 
basic vegetable production in metropolitan suburb 

other cities have successively issued and implemented 
“Regulations on Protection and Management of Basic 
vegetable land” to further regulate their management and 
protection, but there is insufficient quantitative research on 
their designation. However, much research has been carried 
out in China centering on the standard, designation, 
construction, management and protection of basic 
farmland[12-14], and the technical methodology of designation 
is relatively mature. Considering that the requirements of 
vegetable production for land resource, water resource, labor 
skill, road access and ecological environment are apparently 
higher than for the production of general agricultural 
products[15-19], which means that vegetable planting faces 
greater restriction[20], there are some differences in the 
evaluation criteria of basic vegetable land. Moreover, some 
scholars study the designation of basic vegetable production 
from the aspects of resources and farmers' decision-making 
behavior[15,21]. Hence, establishing systematic designation 
method referring to relevant assessment is an important task 
to be urgently studied.  

In accordance with the “Comments on Integrating 
Development of ‘Non-Staple Food Project’ Construction in 
Beijing to Ensure Market Supply and Basically Stable Price” 
and the “Comments on Structure Adjustment and Mode 
Transformation to Develop Efficient and Water-saving 
Agriculture (J.F. No. [2014]16)”, the minimum conservation 
of basic vegetable land in Beijing is 46 667 hm2, giving an 
average annual self-sufficiency ratio of vegetable production 
at around 35%. Centering on this objective, Beijing is 
aiming to create a main vegetable producing region, 
focusing on the “Wanmu Town, Qianmu Village and Baimu 
Park” regional integration and promotion project for 
vegetable industry, directing vegetable planting to suitable 
producing areas. Considering this, and combined with the 
requirements of current relevant policies, a systematic 
comprehensive quality evaluation method of basic vegetable 
land in suburbs of metropolitan areas is designed on the 
basis of defining the characteristics of basic vegetable land, 
in the hope of providing a scientific basis for the designation 
of basic vegetable land and enriching the quality evaluation 
research of arable land. 

1  Data sources and research methods 

1.1  General conditions of the study area and data 
resources 

Pinggu District is located at the intersection of the 
south foot of Yanshan mountain and the north of the 
Huang-Huai-Hai Plain. It is surrounded by mountain in the 
north, east and south, and embraces a plain valley in the 
middle, covering an area of 948.35 km2. Pinggu District is 
an ecological conservation area, with 62.7% forest coverage 
in 2012, and 68.1% woody plant cover. The area of arable 
land is 12 293 hm2, mainly distributed in Donggaocun Town, 
Mafang Town, Yukou Town, Xiagezhuang Town and 
Machangying Town. It belongs to a warm temperate 
continental monsoon climate, having abundant sunshine, 
clear seasons and suitable climate condition to plant various 

vegetable. The district has a long history of vegetable 
planting, and the planting area and gross output have been 
remarkably increased in recent years (Fig.1). Vegetable 
production gradually transfers from the past “family garden” 
to urban agriculture business and it has become a significant 
cause of farmers’ income growth. 

Main data resources: arable land data from “Land Use 
Status Database of Pinggu District in 2012”; regulation zone 
and basic geographic information from database of Overall 
planning of land utilization of Pinggu District (2006-2020); 
topsoil surface, soil organic matter, drainage condition, 
irrigation condition, profile pattern and arable land quality 
indicators data from “Achievement of Agricultural Land 
Appraisal in Pinggu District”; water resource situation in 
Pinggu District from distribution diagram of groundwater 
overdraft areas and emergency water source distribution 
diagram in Pinggu District; extract gradient information 
from the DEM data; vegetable planting area and other social 
economic data from “Statistic Yearbook of Pinggu District 
in 2013” and “Beijing Regional Statistical Yearbook 2013”. 

 

Fig.1  Vegetable yield and its proportion in Pinggu District 
compared to Beijing City 

 

1.2  Comprehensive quality evaluation indexes of basic 
vegetable land 

Referring to the “Regulations of Tianjin Municipality 
on Protection and Management of Basic vegetable land”, 
“Regulations of Hohhot City on Protection and Management 
of Basic vegetable land”, “Regulations of Baotou City on 
Protection and Management of Basic vegetable land”, and 
combined the definition of basic farmland, basic vegetable 
land is defined as: existing vegetable field engaged in 
vegetable production in the long term and reserve vegetable 
land planned for development approved and determined by 
people’s government based on urban and rural people’s 
demand for vegetable and prediction of the development 
tendency of construction land. Protected area of basic 
vegetable land includes the commercial vegetable land 
already cultivated, newly-cultivated perennial vegetable- 
specific land and land for vegetable scientific research, 
teaching, demonstration and selective breeding. Generally, 
basic vegetable land shall meet the following conditions: 
high soil quality and ideal farmland infrastructure; near to 
the vegetable consumer market and with convenient 
transportation; favorable ecological environment, fewer 
natural hazards and without pollution sources that may 
influence vegetable quality. Basic vegetable land in 
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metropolitan suburbs is a special type of arable land, so it 
must pay more attention to the inheritance and difference in 
the construction of index system. On the one hand, the index 
system must absorb and draw lessons from the existing 
research on delineation of permanent basic farmland; on the 
other hand, it also reflects the differentiation requirements of 
basic vegetable land location. Abiding by the criteria 
selection principle of “dominance, comparability and 
feasibility”, designation index system of basic vegetable 
land is established from 4 aspects, such as land quality, 
ecological adaptability, space stability, and road accessibility 
and planting habits.  
1.2.1  Land quality 

Favorable land quality and ideal farmland infrastructure 
form the basis of sustainable high and stable yield of 
vegetables. The soil bulk density, irrigation and drainage, 
pH value and other soil physicochemical indices have 
important effects on the growth of vegetable. Compared 
with general agricultural products planting, water demand 
during the growth of vegetable is larger and the 
requirements of irrigation and drainage is higher[22-23], so the 
completion of irrigation facilities is the paramount 
consideration when basic vegetable land are laid out. 
Referring to the Achievement of Agricultural Land Appraisal 
in Pinggu District, and in combination of the requirements 
of vegetable planting for arable land quality, this research 
selected indexes such as topsoil surface, soil organic matter, 
drainage condition, irrigation condition and profile pattern. 
Limited by the data, the index of soil bulk density was not 
selected; the soil pH value in Pinggu changed little and it 
was not bound to the traditional vegetable production, so this 
index was not selected. 
1.2.2  Ecological adaptability 

Generally, ecological adaptability includes two aspects: 
first, the ability of vegetable land to maintain ecological 
balance and to resist natural disasters, i.e. seen from the 
influence of external environment on vegetable planting, 
vegetable bases shall be in the areas with favorable 
ecological condition and strong sustainable production 
capacity (this research employed gradient and sensitivity of 
geological disasters as two indexes); second, the influence of 
vegetable production on the surrounding ecological 
environment, i.e. the rational layout of basic vegetable land 
shall ensure that long-term vegetable planting have no or 
little adverse impact on the surrounding environment. In the 
process of vegetable growth, the management of vegetable 
land is much more exquisite than grain land and the input of 
fertilizer and pesticide are apparently higher than grain land, 
and the risk of environment pollution thereby is higher[24-25], 
so the areas such as potable water source regions and backup 
water source regions shall not be designated as basic 
vegetable land if possible, and arable land far away from 
potable water source protection areas are designated as 
preferred basic vegetable land. In addition, the “Comments 
on Structure Adjustment and Mode Transformation to 
Develop Efficient and Water-saving Agriculture and the 
Implementation Plan of Agricultural Structure Adjustment in 

Groundwater Overdraft Areas of Beijing Municipality” 
clarifies that in severe groundwater overdraft areas and 
important water source reserves, agricultural structure is 
adjusted to facilitate agricultural water-saving and maintain 
groundwater. Therefore, on equal condition, arable land in 
non-overdraft area of water resource is designated as 
preferred basic vegetable land. 
1.2.3  Space stability 

The construction cost of basic vegetable land, 
especially greenhouse vegetable land, is relatively high. 
Therefore, the stability of basic vegetable field should be 
emphasized in field arrangement so as to avoid infrastructure 
losses caused by the transferring of vegetable land[20]. 
Moreover, basic vegetable land is dedicated land for 
commercial vegetable planting, and mainly provides 
products to residents outside the planting areas. So the 
continuity and scale of vegetable land shall be carefully 
analyzed, which is not only favorable for the large-scale 
production of vegetables, but also may avoid non-agriculture 
occupation of vegetable land with the urban expansion. This 
paper selects 4 factors to indicate the space stability of 
arable land, including continuity level, neighboring land use 
type, land regularity and planting constraint.  

1) The higher the continuity level of the same type land 
is, the more stable the land is. The paper uses planning 
methods based on GIS and mathematical morphology[26] and 
calculates the level of field continuity. 2) The neighboring 
land use type can reflect the continuity of land use to some 
extent. More neighboring arable land indicates the higher 
suitability of their use type[12,27]. The paper uses K ratio to 
reflect neighboring land use type. K stands for the ratio of 
common length of neighboring land to the whole land’s 
perimeter. The bigger the K is, the more suitable it is to be 
arranged as vegetable land. 3) Land regularity is important 
for the large-scale, high-efficiency and standard planting. 
The paper employs fractal dimension of landscape ecology[28] 
to reflect the regularity of one land. The theoretical range of 
this index is from 1.0 to 2.0. The smaller the index is, the 
more regular the field becomes, and more suitable it is as 
vegetable land. 4) The site selection of one vegetable base 
must meet the regulation requirement of land use. It must be 
located outside the planning area for urban construction. 
1.2.4  Road accessibility and planting habits  

Favorable road accessibility is important for farmers to 
buy production materials and sell products. Moreover, fresh 
vegetable is easy to decay, not suitable for long distance 
transportation, and has high natural risks and market risks[29]. 
These features require a deep consideration on the road 
accessibility of basic vegetable land[29]. This paper employs 
two indicators to reflect the location condition of arable land. 
They are the influence level of central town (the distance 
between arable land patch and the central town) and the 
farming convenience (the distance between arable land patch 
and the main road). On equal condition, the arable land 
closer to central towns and main roads is preferential to be 
chosen as basic vegetable land. As to the arable land patch 
that is influenced by different towns and country roads, 
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conduct value assignment to the one being influenced most 
by referring to the attenuation method stipulated in 
“Regulations for classification on agriculture land”[30].  

The planting decision of farmers is a process required 
continuous learning and lots of experience[31-32]. Farmers’ 
communication and demonstration on planting technology as 
well as the government’s instruction and guidance on 
planting and selling skills are helpful to improve farmers’ 
motivation and to enhance the comprehensive benefits of 
planting vegetable[15]. Therefore, the current vegetable 
planting scale will significantly influence future vegetable 
planting. The paper selected planting area proportion (regional 
vegetable planting area/total regional crop sown area) and 
available vegetable land proportion (regional available 
vegetable land/ total regional arable land area) indirectly reflect 
farmers’ planting habits. In some regions, field with higher 
proportion of vegetable planting area and available vegetable 
land is chosen as preferred basic vegetable land. 
1.3  Quantitative method of basic vegetable land 

We determined the standardized score and weight of 
the land quality indicator according to the “Regulation for 

gradation on agriculture land quality”[33] and existing 
research results. And we adopt expert scoring method to 
grade and quantize the rest indicators (Table 1). The paper 
used Delphi method to determine the weight of indicators, 
and used weight-point method to calculate scores of every 
criterion layer of potential basic vegetable land. In order to 
reduce the influence of every criterion layer to arable land 
quality by weight, it applied geometric method to calculate 
the comprehensive quality evaluation score AQj of every 
potential vegetable land. 
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In the formula, Fjk is the comprehensive evaluation 
score of No. k criterion layer of evaluation unit j; Aijk is the 
standardized score for No. i valuation indicator of No. k 
criterion layer; Wik is the weight for No. i valuation indicator 
of No. k criterion layer, and n is the valuation indicator of 
No. k criterion layer. 

Table 1  Index weights, classification standardizations and scores in basic vegetable land quality evaluation 

Indicator grading standard Criterion 
Layer Indicator layer 

100 90 80 70 60 50 40 30 
Weight 

Topsoil texture Light loam Medium 
loam Sandy soil Heavy loam Clay Sandy - Grit 0.227 

Soil organic matter/% >4 >3-4 >2-3 >1-2 >0.6-1.0 ≤0.6 - - 0.148 

Drainage condition First grade Second 
grade - Third grade - - Fourth grade - 0.170 

Irrigation condition Fully satisfied Basically 
satisfied - Generally 

satisfied - No irrigation - - 0.284 
Land quality 

Profile pattern 

Light loam, 
medium loam, 

clay bottom light 
loam, clay body 

light loam 

- 

Light loam 
with clay, sand 

bottom light 
loam 

Even sandy 
loam, light 
loam with 

gravel, sand 
bottom 

sandy loam, 
sand body 

sandy loam 

Gravel bottom 
sandy loam, 
gravel body 
sandy loam, 

gravel sandy soil 

- Gravel - 0.170 

Landform slope/(°) ≤2 >2-5 >5-8 - >8-15 - - >15 0.350 

Sensitivity of 
geological disaster 

Non easy- 
happening - Low easy- 

happening - Medium 
easy-happening - - Easy- 

happening 0.250 

Drinking water 
reserve Third level - Second level - - First level - - 0.200 

Ecological 
adaptability 

Groundwater status Non-overdraft 
area - - - - General- 

overdraft area - - 0.200 

Land continuity  
level >1.11 - >0.6-1.11 - >0.28-0.6 - >0.03-0.28 ≤0.03 0.300 

Neighbor land use 
type/hm2 >0.8 >0.6-0.8 - >0.35-0.6 - >0.15-0.35 - ≤0.15 0.250 

Land regularity ≤1.02 >1.02-1.06 - >1.06-1.1 - >1.10-1.50 - >1.50 0.250 
Space 

stability 

Regulation zone of 
land use 

Forbidden 
constructing 

region 
- 

Limited 
constructing 

region 
- - - 

Conditioned 
constructing 

region 
- 0.200 

Influence level of 
town/km ≤2 >2-4 >4-8 - >8-12 - >12 - 0.300 

Distance to main road ≤0.5 >0.5-1.5 >1.5-2.5 - >2.5-3.5 - - >3.5-5.0 0.267 

Proportion of 
vegetable planting 

area/% 
>0.40 - >0.3-0.4 - >0.2-0.3 - >0.1-0.2 ≤0.1 0.233 

Road 
accessibility 
and planting 

habits 
Proportion of 

available vegetable 
land/% 

>0.6 >0.6-0.4 - >0.2-0.4 - >0.1-0.2 - ≤0.1 0.200 

 

2  Results and analysis 

2.1  Evaluation results of criterion layer 
The quality score of land in Pinggu District is between 

62 and 97 points (Fig.2a). Among them, the land with 86 
points and above are mainly distributed in the south and 
north of Jinhaihu Town and Machangying Town featuring 
with flat land, deep effective soil layer, moderate soil texture 



Transactions of the Chinese Society of Agricultural Engineering（http://www.tcsae.org）         Jan. 2018   

 

94 

of plowed layer, ideal farmland facilities, high-quality land, 
which are suitable for vegetable cultivation.  

The score of ecological adaptability is between 55 and 
100 points (Fig.2b), and land with higher points are mainly 
distributed in the west, northwest and south of Pinggu new 
town and concentrated in the third-grade drinking water 
conservation district and underground water non-overdraft 
area, featured with flat land and fewer geological disasters. 
The arable land patches that are scattered in mountain area 
with high incidence of geological hazards in Pinggu District 

and plain area with large slope gets very low score and some 
are even below 65, possessing weaker ecological suitability.  

The score of space stability is from 29 to 96 points 
(Fig.2c), presenting a distribution pattern of “high in the 
south and west, low in the north and east”. Most land in 
Xiagezhuang Town and Donggaocun Town is of high 
regularity and connect with each other closely, located in the 
construction forbidden area of land use and governance 
zoning, so their space stability is higher than that in other 
areas.  

 

 

Fig.2  Results of criteria layer indicators in Pinggu District 
 

The score of road accessibility and planting habit is 
from 45 to 100 points (Fig.2d), and fields with 86 points and 
above are mainly distributed in villages and towns around 
Pinggu Town that are closed to the Pinggu new town, 

featuring with convenient transportation and habit of 
vegetable cultivation; yet fields in Yukou Town, 
Machangying Town and Mafang Town get lower points. 
Above all, Donggaocun Town and Xiagezhuang Town enjoy 
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abundant agricultural resource and long vegetable 
cultivation history, and show obvious advantages driven by 
large-scale vegetable-specialized villages and agricultural 
park with high-level facilities. 
2.2  Comprehensive quality evaluation of vegetable land 

The comprehensive valuation scores of arable land 
patches in Pinggu District were calculated based on equation 
(2), and then the arable land patches were divide into 4 types 
of areas (Fig.3) by Natural Breaks (Jenks) method in 
ArcGIS10.2 based on the calculation results. 
2.2.1  Most suitable area 

This area has comprehensive evaluation scores above 
82, covering an area of 3 472.33 hm2, which accounts for 
28.25% of total arable area in Pinggu District; the average 
area of arable land patches is 6.19 hm2, which has the largest 
average area of arable land patch. This type of arable land is 
mainly distributed in the south and east of Pinggu new town, 
especially in Donggaocun Town and Xiagezhuang Town. 
Considering the soil texture of plowed layer in arable land, 
the thickness of effective soil layer and soil profile construct, 
they are suitable for vegetable planting, and the irrigation 
infrastructures are favorable as well; for the gentle slope of 
arable land, extremely low incidence of geological hazards, 
concentrated distribution and regular shape, the land is 
suitable for large-scale cultivation. In addition, this area has 
obvious location advantages such as that the arable land is 
close to Pinggu new town and major roads, and far away 
from emergency water source region. Moreover, the land 
also belongs to the third-grade region of Pinggu drinking 
water conservation district, which are the firstly assigned 
area of basic vegetable land. 

 

Fig.3  Classification of basic vegetable land in Pinggu District 

 
2.2.2  Suitable area 

This type of arable land has comprehensive evaluation 
scores between 75 and 82, covering an area of 5 186.28 hm2, 
which accounts for 42.19% of total arable land area in 
Pinggu District; the average area of arable land patch is 5.93 

hm2, ranking only second to that in the most suitable area. 
This type of arable land is generally distributed in northeast 
of new Pinggu District and some villages in southwest, 
mainly including Yukou Town, Machangying Town, 
Mafang Town and Xiagezhuang Town. The arable land is 
featured with parcels in high quality and fine regularity, low 
incidence of geological hazards and convenient 
transportation, and also close to second-grade water 
reservation region. Compared with the most suitable area, 
this type of area has less grouped parcel and is further away 
from Pinggu urban area, which could be taken as the second 
choice of basic vegetable land. 
2.2.3  Sub-suitable area 

This type of arable land has comprehensive evaluation 
scores between 67 and 75, covering an area of 2 860.86 hm2; 
the average area of arable land patches is small, only 5.12 
hm2. This type of arable land is distributed around the 
suitable area, but more scattered, which mainly includes 
Jinhaihu Town, Wangxinzhuang Town, Yukou Town, 
Machangying Town and other towns. This area possesses 
larger gradients that requires more work for land-leveling, 
poor access and land regularity, which goes against 
large-scale cultivation. Plus the inconvenient transportation 
and distance from Pinggu new town and Beijing urban areas, 
receiving a lower comprehensive evaluation score, which 
could only be used as the back-up area for basic vegetable 
land. 
2.2.4  Unsuitable area 

This type of arable land has comprehensive evaluation 
score of less than 67, covering an area of 773.91 hm2, and 
the average area of arable land patch is much less than that 
in other type areas, distributing mainly in Jinhaihu Town, 
Xiong’erzhai Town, Zhenluoying Town, Dahuashan Town 
and other towns with higher terrain, which is highly 
scattered in spatial distribution. These areas possess high 
incidence of geological hazards, poor topsoil texture, low 
organic content, far distance from Pinggu new town, 
inconvenient transportation and other unfavorable factors, 
which should not be used as basic vegetable land. 

The grading result of the comprehensive quality 
evaluation is consistent with the plans for the vegetable 
industry described in the “Development Program of Modern 
Agriculture in Pinggu District in the ‘Twelfth Five-year 
Plan’ Period”. Moreover, this research is conducted based on 
the arable land patches in the “Land Use Status Database of 
Pinggu District in 2012”, which is more beneficial to the 
division of the basic vegetable land. 
2.3  Differentiated construction of the basic vegetable land 

Basic vegetable land in metropolitan suburbs has the 
dual function of guaranteeing vegetable supply for the local 
region and supplying commercial vegetable for urban 
residents[11,13]. Therefore, basic vegetable land in Pinggu 
District is designated based on the evaluation results of the 
comprehensive quality of land as well as the existing layout 
of greenhouse vegetable and the development orientation of 
the social economy, and the basic vegetable land in Pinggu 
District shall be divided into 3 levels: city-level basic 
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vegetable land mainly supplies fresh vegetables for Beijing 
city; district-level basic vegetable land mainly guarantees 
vegetable supply for Pinggu new town and Pinggu 
development zone, and town-level basic vegetable land 
mainly ensures local vegetable supply.  

As for the city-level and district-level basic vegetable 
land, with the construction of “Non-Staple Food Project”, 
efforts should be made to improve the emergency reserve 
base construction of vegetable for the city through such 
comprehensive measures as optimizing the seed quality and 
enhancing the scientific management of vegetable farmers; 
with the objective of high production, high quality, high 
efficiency, ecology and safety, accelerate the modernization 
and restructuring of low-efficiency vegetable land by new 
management entities, to build high-quality vegetable 
industry with good structure, complete functionality, safety 
and reliability. There also needs to mechanize greenhouse 
vegetable production, popularize new vegetable breeds and 
new planting modes suitable to mechanized operation so as 
to create a modern production base for vegetables. It is also 
important to collect vegetable production information to 
enable integrated management of vegetable production, 
supply and marketing. 

In the town-level basic vegetable land, effort should be 
exerted to increase the scale production of vegetables in 
major villages and to cultivate a regional vegetable 
production base with high-quality characteristics. 
Meanwhile, construct a batch of high-standard, high-level, 
high-grade and ecological urban vegetable gardens that 
integrate the functions of tourism, sightseeing, relaxation, 
experience and picking, so as to supplement local tourist 
attractions and famous scenic spots, as well as to increase 
the additional value of products. 

3  Conclusion and discussion 

This research provides a comprehensive quality 
evaluation method of the basic vegetable land in the 
metropolitan suburbs under a new background. The method 
has been demonstrated in the Pinggu District, and the main 
conclusions are as follows:  

1) The evaluation model for the designation of basic 
vegetable land in Pinggu has 17 indicators from 4 aspects, 
which fully takes the basic need of vegetable production for 
arable land quality into account, reflecting the requirements 
of the country and Ministry of Agriculture on the basic 
vegetable land.  

2) The arable land patches in Pinggu district are divided 
into 4 types based on the evaluation result of the 
comprehensive quality of arable land. Most suitable area is 
3 472.33 hm2, accounting for 28.25% of total arable area in 
Pinggu District, and is the prior choice of the basic vegetable 
land in Pinggu. The relatively suitable area ranks the second, 
covering an area of 5 186.28 hm2, accounting for 42.19% of 
the total arable area. The arable land in the sub-suitable area 
can be used as the reserved area for basic vegetable land. For 
the high incidence of geological hazards, poor topsoil 
texture, low organic content, far distance from Pinggu new 

town, inconvenient transportation and other unfavorable 
criteria, the arable land in unsuitable area should not be used 
as basic vegetable land.  

3) It is suggested that by focusing on the construction 
of a “Non-Staple Food Project” in Beijing, the government’s 
construction and protection of basic vegetable production 
forms a coordinated policy with outdoor vegetable 
production, availability of fresh vegetables and a green 
environment complementing each other. 

As most metropolitan suburbs are close to industrial 
areas and trunk roads, they are vulnerable to the “three 
pollutants” generated by plants and mines, daily-life waste 
in city, pesticide and chemical fertilizer, etc. Pollution 
problems faced by soil and the groundwater system it is 
closely related to may affect the safe production of 
vegetables greatly. This research does not include the 
environmental quality index of arable land because of 
limited data information. Furthermore, long-term excessive 
use of chemical fertilizer speeds up the deterioration of soil, 
while applying organic fertilizer can improve soil structure 
and vegetable quality, thus the availability of organic 
fertilizer is an important index that should also be 
considered during the arrangement of basic vegetable field. 
Hence, as data resource increases, research deepens and 
technical means improves, establishing a more 
comprehensive and systematic evaluation index system for 
the designation of basic vegetable land is the key point for 
the further research. Moreover, how to balance the 
centralized layout and dispersed production of vegetable, in 
other words, how to balance vegetable supply from outside 
the region and self-supply inside the region, also remains to 
be further considered. 
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Abstract: To ensure a good reputation for the producers and to guarantee the basic quality of wine for the consumers, an 
electronic tongue (E-tongue) coupled with a chemometric method was applied to rapidly discriminate the wine age of Chinese 
rice wine. Amino acid profiles analyzed by an amino acid analyzer together with principal component analysis (PCA) was used 
for validation of the wine age of the Chinese rice wine samples sourced from 1-year, 3-year, and 5-year. E-tongue responses 
collected by a potentiometric E-tongue together with discriminant analysis (DA) were used for the rapid discrimination of the 
wine age. The correlation between the E-tongue responses and the amino acid profiles was established by partial least squares 
regression (PLSR). The results showed that the calibration and validation samples were all correctly discriminated by the 
E-tongue coupled with DA. The E-tongue could be used for screening isoleucine (Ile), aspartic acid (Asp), tyrosine (Tyr), and 
valine (Val), with a residual predictive deviation (RPD) of greater than 2.0. The results indicated that using an E-tongue combined 
with DA was a reliable method for the discrimination of the wine age of Chinese rice wines. 
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0  Introduction 

The wine aging process has the potential to improve 
wine quality over time. Most grape wines are aged in oak 
barrels prior to bottling, allowing them to mature. For 
similar reasons, Chinese rice wines are stored in ceramic 
pottery to age. During the aging process, air penetrates 
through the mud seal of the ceramic pottery and aids in 
many reactions[1]. The aged Chinese rice wines have a 
smoother, mellower, and richer mouthfeel and more harmonious 
flavor than non-aged wines[2]. Compared with grape wines, 
Chinese rice wine is fermented by rice, wheat Qu (the source 
of the microorganisms and crude enzymes), and yeast[3]. The 
brewing craft includes steeping rice, steaming rice, stirring, 
fermenting with wheat Qu and yeast, squeezing, aging in 
pottery, and bottling. The unique materials and brewing craft 
lead to a low alcohol content and an abundance of amino 
acids, proteins, oligosaccharides, and vitamins[4].  

To guarantee the basic quality of wine for consumers 
and to ensure a good reputation for the producers, wine laws 
are strict on wine age labeling. For wine age or vintage year 
determination, sensory evaluation is commonly used. 
However, panelists must be well trained and highly 
experienced to successfully evaluate the wine age. Instrumental 
methods have been utilized for wine age or vintage year 
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discrimination to distinguish certain chemical features, such 
as phenolic compounds[5], amino acids, pigment composition[6], 
flavonoids[7], acid[8], and volatile compounds[9]. The chemical 
features are analyzed by high performance liquid 
chromatography and gas chromatography/mass spectrometry. 
Amino acids not only correlate with nutritional value[10], but 
also contribute to the characteristic taste of wine[11]. The type 
and amount of amino acids present influence the taste of the 
wine[12]. Therefore, many attempts have been conducted to 
use amino acid profiles for the discrimination of wines, such 
as to classify white wines by variety, geographical origin, 
and vintage year[13], and to correlate amino acids and storage 
time of white wines, red wines, ice wines, and sparkling 
wines[14]. Additionally, amino acid profiles have been used 
to classify rice wines according to aging time and brand[15] 
and to distinguish Merlot and Torrontés wines[16]. These 
methods are of high accuracy. However, they require 
extensive sample preparation and expensive instrumentation. 

The electronic tongue (E-tongue) is an analytical 
instrument that mimics the human sense of taste. It uses 
nonspecific chemical sensors with a partial specificity to 
differentiate compounds in a solution[17]. Due to its simple 
and rapid use, E-tongue has been used for the discrimination 
of wines according to vintage year or wine age[18], geographical 
origin[19], and variety[20]. The studies of Rudnitskaya et al.[18] 
showed that the Port wine age was correctly predicted using 
an E-tongue. However, there was no comparison with the 
traditional analysis results. 

In the current study, the amino acid profiles analyzed 
by high performance liquid chromatography together with 

·Agricultural Produce Processing Engineering· 
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principal component analysis (PCA) were applied for 
validation of the wine age of the Chinese rice wine samples. 
The taste fingerprint collected by a potentiometric E-tongue 
together with discriminant analysis (DA) were used to rapidly 
classify Chinese rice wines by wine age (1-year, 3-year, and 
5-year). The correlation between the amino acid profiles and 
E-tongue responses was established by partial least squares 
regression (PLSR). 

2  Materials and methods 

2.1  Chinese rice wine samples 
Three wine age sample groups (1-year, 3-year, and 5- 

year) were collected from one brewery in Shanghai, China. 
There were 13, 12, and 7 samples for the three groups, 
respectively. Among the 32 samples, 6 samples were 
randomly selected to be validation samples (2 samples from 
each wine age year group); the other 26 samples were used 
as calibration samples. The three wine age groups were 
selected from different production dates. 
2.2  Amino acid analysis  

The amino acid profiles of the Chinese rice wines were 
analyzed by a Hitachi 835-50 amino acid analyzer (Hitachi, 
Tokyo, Japan). The amino acids were aspartic acid (Asp), 
glutamic acid (Glu), asparagine (Asn), serine (Ser), glutamine 
(Gln), histidine (His), glycine (Gly), threonine (Thr), 
arginine (Arg), alanine (Ala), tyrosine (Tyr), cysteine (Cys), 
valine (Val), methionine (Met), tryptophan (Trp), phenylalanine 
(Phe), isoleucine (Ile), leucine (Leu), lysine (Lys), and 
proline (Pro). They were separated on a #2619 Hitachi 
ion-exchange resin (2.6 mm×150 mm). The buffer was 
sodium citric acid with the pH value adjusted to 2.2. The 
flow rate was 0.225 mL/min. The wavelength used was 338 
nm. The column temperature was maintained at 53 ℃.  

The peaks were assigned by comparing the peak 
retention time with amino acid standard solutions (Sigma- 
Aldrich Corp., St. Louis, Mo., USA). The concentrations 
were determined by comparing the peak areas with those of 
the external standards. 
2.3  E-tongue analysis 

The taste fingerprints of the Chinese rice wines were 
collected on a potentiometric E-tongue (Alpha M.O.S. 
Toulouse, France). Seven silicon-based potentiometric sensors 
were used as working electrodes. An Ag/AgCl electrode was 
used as a reference electrode. The potentiometric difference 
between the working and reference electrode was recorded 
as the E-tongue response. The intensity of the response was 
identified by the flavors sour (SRS), sweet (SWS), bitter 
(BRS), salty (STS), umami (UMS), composite (GPS), and 
composite (SPS). Nine replicate measurements were conducted 
on each of the 32 Chinese rice wine samples and were 
averaged for further analysis. Between the measurements, the 
sensors were rinsed with a 10 % (v/v) alcohol solution.  
2.4  Chemometric methods 

The differences between the E-tongue responses of 
different wine age was analyzed by Duncan’s multiple-range 
test using the software SAS 8.2 (SAS Inc., Cary, NC, USA).  

The E-tongue responses and discriminant analysis (DA) 
were used to determine the wine age of the 32 Chinese rice 
wine samples. Mean scores for each class were calculated. 

Then the Mahalanobis distance of each observation’s scores 
from each group mean was computed, and the observation 
was assigned to the nearest group mean[21]. Principal 
component analysis (PCA) was used to process the amino 
acid data to classify the samples by their wine age.  

The correlation between the E-tongue responses and the 
amino acid profiles was analyzed by PLSR. PLSR was a 
commonly used linear multivariate analysis method to find 
fundamental relationships between X (E-tongue responses) 
and Y (amino acid content, mg/L). Statistics including 
correlation coefficient for calibration (rcal), root mean square 
error of calibration (RMSEC), correlation coefficient for 
validation (rval) and root mean square error of validation 
(RMSEP) were calculated. Residual predictive deviation 
(RPD) was used to evaluate how well the calibration models 
could predict the compositional data. RPD was the ratio of 
standard deviation (SD) and RMSEP. When RPD was higher 
than 3.0, the model could be used for analytical purposes[22]. 
When the RPD was higher than 2.0 but lower than 3.0, the 
model could be used for the screening purpose. When the 
RPD was lower than 1.5, the model could not be used.  

DA, PCA, and PLSR were performed using TQ Analyst 
(Thermo Nicolet Corp., Madison, Wisconsin, USA). 

3  Results and discussion  

3.1  Amino acid data analysis  
Table 1 summarized the quantitative analysis results for 

the 20 amino acids in the 32 Chinese rice wine samples. The 
most abundant amino acids were Ala, Arg, Glu, Pro, Leu, 
and Lys, with the average amount above 200 mg/L. The 
results were in accordance with those obtained by other 
researchers examining amino acid content in Chinese rice 
wine[4]. Amino acids were mainly from the hydrolysis of 
nitrogen sources. Proteins in rice and wheat were the main 
source of the nitrogen in the Chinese rice wines[4]. The 
abundance of the nitrogen sources was the reason for the 
high amino acid contents in the Chinese rice wines. Because 
amino acids were the precursors of aroma compounds, they 
could play important roles in the organoleptic properties[23]. 
They had high correlation with the taste properties[24]. The 
taste attributes of the amino acids could be summarized as 
follows: Glu and Asp tasting sour; Gly, Ala, and Thr tasting 
sweet; Arg and Lys tasting sweet/bitter; and others tasting 
bitter[25-26]. The abundance in amino acids could provide 
Chinese rice wine a rich mouth feeling.  

Table 1 showed that the contents of Asp, Glu, Asn, Ser, 
Thr, Ala, Tyr, Val, Phe, Ile, Leu, Lys, and Pro in the 3-year 
sample group were higher than those in the 5-year sample 
group, and those in the 5-year group were higher than those 
in the 1-year group. Amino acids were mainly released from 
proteins during the fermentation process[12]. Their contents 
could vary according to the protein content in the raw 
materials. The protein content in the raw materials could 
vary according to the species, climate, region of origin, et 
al.[27]. Therefore, the investigation of amino acid profiles was 
considered as a strategy to ensure the authenticity of the 
wine[13]. These researchers revealed that the analysis of the 
amino acid profiles was meaningful for understanding the 
differences between various wines. 
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Table 1  Statistical analysis results of free amino acids 
concentration in 32 Chinese rice wine samples   

analyzed by amino acid analyzer         mg·L1 

Amino acid 1-year age 3-year age 5-year age 

Asp 198.80±20.12 220.65±22.88 214.05±20.85 

Glu 282.86±26.85 327.62±29.80 307.43±37.33 

Asn 83.38±29.18 125.74±11.63 120.26±16.00 

Ser 26.81±2.47 30.83±4.47 28.54±4.06 

Gln 7.90±4.63 5.95±3.69 8.37±0.81 

His 81.58±11.25 86.08±7.39 80.91±9.04 

Gly 174.42±43.38 169.55±17.28 173.76±17.52 

Thr 110.44±13.47 121.13±11.64 115.26±8.56 

Arg 379.12±97.66 250.79±30.79 269.32±75.08 

Ala 478.36±32.06 577.67±45.87 543.48±38.90 

Tyr 172.91±15.37 194.80±13.76 186.77±18.37 

Cys 27.02±5.58 21.62±3.28 22.03±1.36 

Val 136.40±11.83 179.67±23.72 164.87±30.35 

Met 35.50±4.31 33.35±3.37 29.10±6.93 

Trp 1.73±2.41 7.42±4.76 7.01±3.30 

Phe 162.48±15.48 183.59±13.64 173.16±15.98 

Ile 99.65±7.80 121.53±9.79 117.33±15.01 

Leu 225.38±22.54 244.79±15.44 241.00±23.81 

Lys 212.95±21.10 239.34±17.28 222.90±18.07 

Pro 264.51±26.30 289.92±27.99 286.78±16.12 

Total 3162.19±238.87 3432.05±222.95 3312.35±239.81 
 

The profiles of the 20 amino acids of the 32 Chinese 
rice wine samples were analyzed by PCA. The first three 
principal components (PCs) explained 90.465 % of the total 
variance. PC1 and PC2 explained 53.236 % and 25.254 %, 
respectively. As Fig. 1 showed, the Chinese rice wines 
sourced from the same wine age gathered together. This 
indicated that the samples were all correctly labeled. 

 

 
Fig.1  PCA results for 32 Chinese rice wine samples sourced from 

1-year, 3-year, and 5-year based on their amino acid profiles 
 

3.2  E-tongue data analysis 
Once prepared, the E-tongue sensors were immersed in 

the Chinese rice wine samples and potentiometric experiments 
were carried out. The responses of the seven potentiometric 
sensors were stable after the 100th second with a relative 
standard deviation response lower than 1 %. Using the 
transient recording at the 120th second of the SRS, SWS, 
BRS, STS, UMS, GPS, and SPS sensors, the average 

E-tongue responses of the 1-year, 3-year, and 5-year Chinese 
rice wine sample groups were illustrated in Fig 2. Fig 2 
showed that the signal intensity differences of BRS, GPS, 
STS, SPS, and SWS sensors among the 1-year, 3-year, and 
5-year sample groups were small. This indicated that the 
taste of the 1-year, 3-year, and 5-year groups were similar in 
sour, salty, bitter, sweet and composite flavors. The bitter 
flavor of the Chinese rice wine was mainly related to peptide, 
higher alcohol, amino acid contents, and other factors[28]. 
There was signal difference (P<0.05) in the responses of the 
UMS and BRS sensor.  
 

 
 

Note: Different abc letters on the SRS, GPS, STS, UMS, SPS, SWS and BRS 
sensors indicated they were significantly different at P<0.05. 

 

Fig.2  Average E-tongue responses of 1-year, 3-year, and 5-year 
Chinese rice wine sample groups 

 

Using the transient recording at the 120th s of the seven 
sensors, wine age discrimination models were developed. 
Fig 3 showed the pairwise distance plots for the 1-year and 
3-year, 1-year and 5-year, and 3-year and 5-year groups, 
respectively. For the calibration samples, it was observed 
that the 1-year and 3-year, 1-year and 5-year, 3-year and 
5-year groups separated clearly, except one 5-year calibration 
sample. The Mahalanobis distance of the sample from 1-year, 
3-year, and 5-year group mean distance was 4.35, 3.79, and 
3.26, respectively. Therefore, it was correctly classified. For 
the validation samples, the 1-year, 3-year, and 5-year 
validation samples were all in their own group. The 6 validation 
samples were all correctly classified. In the research of Gay 
et al.[29] and Rudnitskaya et al. [30], E-tongue also demonstrated 
a good capability to discriminate wines by wine age. 
3.3 Correlation between E-tongue responses and amino 
acid profiles 

PLSR models for the 20 amino acids were established. 
The performances of the calibration and validation models 
were shown in Table 2. For the determination of Ile, good 
results were obtained, with an rval higher than 0.9 and a low 
RMSEP. The RPD value for the Ile model was 2.70, close to 
3.0, indicating that the model was robust. The RPD values 
for Asp, Tyr, and Val were all slightly higher than 2.0, 
indicating that these models could be used for screening 
purposes. This indicated that the E-tongue responses had 
correlation with these four amino acids. The E-tongue 
system displayed insufficient prediction performance for Arg 
and Gly, with low rval and RPD value. This might be due to 
the low sensor sensitivity to Arg and Gly. Due to the low 
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concentration of Ser, Gln, Cys, Met, and Trp, the E-tongue 
system displayed insufficient prediction performance for 
these compounds with RPD value lower than 2.0. 

 

 
 

Fig.3  Pairwise distance plot for wine age discrimination  
models established by E-tongue and DA 

 

Table 2  Calibration and validation performance for PLSR 
models for 20 amino acids in Chinese rice wine 

Amino acid 
Factor  
used 

rcal 
RMSEC 
/(mg·L1) 

rval 
RMSEP 
/(mg·L1) 

RPD 

Asp 5 0.88 9.92 0.78 9.96 2.05 

Glu 3 0.75 29.10 0.73 27.60 1.40 

Asn 2 0.74 13.30 0.73 13.90 1.80 

Ser 1 0.33 3.37 0.49 1.68 1.90 

Gln 4 0.77 2.45 0.68 2.24 1.23 

His 4 0.76 6.51 0.59 4.07 1.30 

Gly 2 0.52 15.60 0.22 15.80 0.86 

Thr 3 0.77 6.17 0.50 4.60 1.20 

Arg 4 0.84 47.50 0.38 80.40 1.07 

Ala 4 0.84 21.10 0.81 21.20 1.99 

Tyr 3 0.89 4.60 0.83 4.90 2.10 

Cys 2 0.69 3.60 0.77 2.19 1.63 

Val 4 0.84 12.70 0.82 12.90 2.01 

Met 2 0.32 4.15 0.54 3.67 1.16 

Trp 4 0.68 3.28 0.05 4.68 0.93 

Phe 3 0.78 6.10 0.78 6.79 1.75 

Ile 4 0.91 5.40 0.91 5.30 2.70 

Leu 4 0.80 13.50 0.79 17.00 0.61 

Lys 3 0.75 13.60 0.74 13.20 1.29 

Pro 1 0.32 19.90 0.72 12.70 1.29 

4  Conclusions 

The applicability of the E-tongue combined with 

chemometrics for the rapid routine control of wine age was 
demonstrated in this study. The suitability of the E-tongue 
system for wine age discrimination was confirmed, with the 
validation samples all correctly classified. The E-tongue 
method combined with the DA was a reliable for wine age 
discrimination. The E-tongue could be used for screening 
isoleucine (Ile), aspartic acid (Asp), tyrosine (Tyr), and 
valine (Val), with a residual predictive deviation (RPD) of 
greater than 2.0.  
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Improving preservation effects of Taiwan jujube fruits by using 
chitosan coating combined with ascorbic acid during postharvest 

period 
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Abstract: In order to demonstrate the fact that ascorbic acid (AsA) increased anti-oxidation and chitosan prevented dehydration 
and microbial attack, this paper systematically investigate effects of chitosan coating, AsA, and their combinational treatment on 
preservation of harvested Taiwan jujube fruits during storage. In treatment of 30.0 mmol/L AsA, 8 g/L chitosan, 30.0 mmol/L 
AsA combined with 8 g/L chitosan, and dipped in deionized water (as control), respectively, all samples were stored in darkness 
at (25±1)℃ and 90%-95% relative humidity. Relative physiological parameters were measured and cells structures were 
observed by scanning electron microscope in pericarp and pulp tissue. Results showed that, compared to the control, AsA or 
chitosan alone improved storability of harvested fruits and their combinational treatment showed a better effect. Fruits water loss 
and relative leakage rate of pericarp were markedly reduced (P<0.05), and an increase in pericarp chlorophyll degradation and 
activities of pectin methylesterases (PME) and polygalacturonases (PG) in pulp was inhibited, and degradation rate of protopectin 
to soluble pectin was markedly reduced (P<0.05). Thus, high degree of fruits firmness and integral cell structure was maintained. 
A decrease in activities of superoxide dismutase (SOD) and catalase (CAT) was alleviated, membrane oxidation rate was reduced, 
and thus contents of hydrogen peroxide (H2O2) and malondialdehyde (MDA) were markedly decreased (P<0.05). An increase in 
contents of soluble sugars, total soluble solids, titratable acidity, glutathione and AsA was achieved. It was indicated that chitosan 
coupled with AsA treatment play active roles in enhancing anti-oxidation, decreasing oxidation injury, fruits water loss, and 
chlorophyll degradation, alleviating pericarp browning, delaying fruits softening, maintaining cell integrity, and reducing decay 
rate, thus realizing improved preservation effects of harvested Taiwan jujube during storage. 
Keywords: storage; quality control; fruits; Taiwan jujube; ascorbic acid; chitosan; oxidation stress; antioxidant enzymes  
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0  Introduction   

Taiwan jujube (Ziziphus mauritiana Lam.), belongs to a 
member of Rhamnaceae family which includes approximately 
86 plant species. As a fruit tree, it mainly grows in tropical 
and subtropical regions including Southern China and 
Burma[1]. Different parts of Taiwan jujube are used 
traditionally for treatment of asthma, allergies, depression 
and other disease[2]. For example, its fruit contains sufficient 
amounts of potassium, calcium, sodium, magnesium, 
phosphorous, manganese, iron, vitamin C and minerals[3]. 
Compared to other species, freshly harvested Taiwan jujube 
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fruits easily became senescent and browning, thus causing a 
shorted shelf-life[4]. As its pericarp was very thin, water loss 
and softening were considered to be major factors affecting 
storability and marketability of Taiwan jujube fruits[5]. Cold 
storage can be used to slow down these processes and thus 
reduce decay rate, but chilling injury occur and cause 
browning in pericarp simultaneously[6].  

Under normal condition, water evaporation occurs on 
pericarp surface of harvested fruits. Also, strong respiration 
causes water to lose quickly. As a result, turgor pressure 
inside cell decrease and then fruits will become softening[7-8]. 
In addition, softening of harvested fruits can be attributed to 
cell wall modification caused by several degrading enzymes. 
For example, fruit softening accelerated with an increase in 
activities of polygalacturonases(PG), pectin methylesterases 
(PME), and galactosidase(GAL)[9-11]. Meanwhile, a decrease 
in activities of these enzymes could keep firmness and 
extend shelf life of fresh fruits[12-13]. As is known, with 
conversion of insoluble pection into soluble form, adhesion 
degree between cells decreases and fruits softening will 
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occur. So, it is necessary to control these enzymes activities 
for enhancing preservation effects of Taiwan jujube fruits 
during storage. 

Recently, biomaterials were developed and used to 
extend storage life and improve quality of fresh, frozen and 
formulated food products[14]. Chitosan, as versatile 
biopolymer, was widely used in fresh-keeping field[15]. 
Chitosan coating has been applied to prolonging shelf life by 
reducing water loss of harvested fruits during storage[16-18].  

Owing to rapid degradation of chlorophyll in pericarp, 
Freshly harvested Taiwan jujube fruits easily became 
browning during storage. Publications showed that pericarp 
browning in color was associated with defensive system 
including antioxidant enzymes of superoxide dismutase 
(SOD), catalase (CAT), peroxides (POD) and ascorbic acid 
oxidase[19-20]. It was believed that an efficient antioxidant 
system could delay senescence process and thus control 
enzymatic browning of fruits[21]. For instance, it was 
reported that AsA could effectively control enzymatic 
browning of apple slices and litchi[22-24]. 

In recent years, many techniques or methods were 
adopted to improve storability of Taiwan jujube fruits during 
postharvest period. It was showed that 1-MCP treatment 
could delay senescence of harvested Ziziphus mauritiana 
fruit by retaining higher cellular energy charge[25]. Also, 
Agave americana leaf extracts could delay fruit senescence 
and had a good fresh-keeping effect on Taiwan green 
jujube[26]. In addition, Beeswax coating[27], calcium, chitosan 
and hot water treatments[28] were used to improve storage of 
Indian jujube fruits. Evidently, these methods had positive 
effects on storage of jujube fruits. However, some more 
effective and environmentally friendly methods need to be 
further developed. 

Quality deterioration of harvested Taiwan jujube fruit is 
closely related to water loss, softening and browning in 
appearance[29]. Accordingly, effects of chitosan coating, AsA, 
and their combinational treatments on storability of 
harvested Taiwan jujube fruits were investigated and we 
aimed to develop an effective method for improving fruits 
preservation effects during storage.  

1  Materials and methods 

1.1  Plant materials and treatments 
Fruits (Ziziphus mauritiana Lam. Gao lang No.1) were 

harvested (about 85% matured stage) from an orchard of 
Zhanjiang city, Guangdong Province and transported to 
laboratory for experiments. Fruits with uniform size and 
appearance were selected and treated with fungicide solution 
(Bavistin 0.05%) for 10 min to kill bacteria on fruits surface.  

Based on our previous publication[17], 20.0, 30.0 and 
40.0 mmol/L AsA and 6, 8 and 10 g/L chitosan were 
adopted to investigate independent effect of AsA and 
chitosan on storability of Taiwan Jujube fruits. To make it 
brevity and clarity, experimental results were not shown and 
an optimal concentration of AsA (30.0 mmol/L) and 
chitosan (8 g/L) was chosen. Chitosan coating and 98% 

glacial acetic acid (as cosolvent of chitosan) were used to 
prepare film-forming dispersions according to the method[19]. 

After treated with Bavistin, fruits were divided into 
four groups by placing them into four clean plastic boxes 
(300 fruits each box) and dipped into deionized water (as 
control), 30.0 mmol/L AsA solution, 8 g/L chitosan solution, 
and mixed solutions containing 30.0 mmol/L AsA + 8 g/L 
chitosan for 5 min, respectively. After air drying in cool 
room, each box was wrapped in a polyethylene bag and kept 

in artificial box at (25±1)℃ with 90%-95% relative 
humidity.  
1.2  Measurement of fruits water loss, firmness, decay rate, 
chlorophyll content and relative leakage rate in pericarp  

Water loss is defined as decrease in weight of harvested 
fruits between the initial and end of storage during 
postharvest period. Calculation formula for water loss can be 
expressed as 

initial end

initial

FW FW
Water loss 100%

FW


   

Where FWinitial and FWend represent fruits weight at the initial 
and end storage (g), respectively. Each time thirty fruits 
were weighed to measure water loss on 0, 2, 4, 6, 8, 10 and 
12 days, respectively.  

Fruit firmness was measured according to the 
method[25]. At each time, ten fruits from each treatment were 
randomly chosen to measure fruit firmness on 0, 2, 4, 6, 8, 
10, and 12 days, respectively. A texture analyzer (TA.XT2, 
Stable Micro Systems Texture Technologies, Scarsdale, NY) 
fitted with a 3 mm diameter flat probe was used. It was 
compressed 1 cm in middle part of each fruit at a constant 
speed and maximum force developed during the text was 
recorded.  

Fruit decay rate is defined as the ratio of decay fruits at 
end storage to total number of fruits at the initial. Ten fruits 
from each treatment (300 fruits) were randomly chosen and 
decay rate was calculated. 

Chlorophyll content in pericarp was usually used to 
reflect fruits browning during postharvest storage[25]. 
Chlorophyll content was analyzed according to the 
method[30]. Chlorophylls were extracted from pericarp using 
a mixed solvent of 80% acetone. Concentrations of 
chlorophyll a and b were calculated from absorbance 
measured at 652 nm with spectrophotometer (Beckman Co, 
California, USA ). 

Membrane permeability, expressed by relative leakage 
rate, was determined according to the method [21]. Each time 
ten fruits from treatment were randomly selected. Discs 
were removed with a cork borer (10 mm in diameter) from 
equatorial region of ten fruits pericarp. Thirty discs were 
rinsed twice and then incubated in 25.0 mL of distilled water 

at 25 ℃ and shook for 30 min. Electrolyte leakage was 
determined with a DDS-11A conductivity meter (Shanghai 
Scientific Instruments, China) and again after boiling 

another batch of discs for 15 min and cooling to 25 ℃ (total 
electrolytes). Relative leakage rate was expressed as 
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percentage of total electrolytes.  
1.3  Assay of activities of PME and PG in pulp  

Tissue (2.0 g) from 3 fruits pulp was homogenized in 
10 mL of 0.2 mol/L acetic acid buffer (pH value 6.0) and 
then centrifuged at 11 000×g for 20 min. The supernatant 
was used for PME and PG assay. Pectinmethylesterase 
(PME) activity was measured based on the method[31] with 
minor modifications. Reaction mixture was prepared in a 
3.0 mL glass cuvette. It contained 1.0 mL pectin solution 
(0.01% aqueous solution adjusted to pH value 7.5 using 
0.1 mol/L NaOH), 0.2 mL NaCl (0.15 mol/L), 0.1 mL 
bromothymol blue solution (0.01%), 0.2 mL water and 
0.1 mL homogenate. After adding prepared enzyme, cuvette 
was shaken gently. Absorbance was measured at 620 nm and 
repeated 3 min later. The different values in absorbance 
between 0 and 3 min represent PME activity. One unit was 
defined as the amount of PME required for liberating 1 μmol 
of methylester per min.  

Polygalacturonase (PG) activity was assayed according 
to the method[32]. Reaction mixture contained 0.2 mL 
sodium acetate (200 mmol/L, pH value 4.5), 0.1 mL NaCl 
(200 mmol/L), 0.3 mL polygalacturonic acid (PGA, 1% 
aqueous solution adjusted to pH value 4.5), 0.1 mL enzyme 
extract and appropriate amount deionized H2O in a total 
volume of 1.0 mL. Reaction was initiated by adding PGA 
substrate. The mixture was incubated at 37 ℃ for 1 h 
followed by adding DNS. The reaction was terminated by 
heating reaction mixture in a boiling water bath for 5 min. 
For control, substrate was added after heat treatment. Formation 
of reducing group was estimated against d-galacturonic acid as 
standard after measuring absorbance at 540 nm. One unit of 
enzyme was defined as amount of enzyme required to liberate 1 
nmol of galacturonic acid per min.  
1.4  Cell wall extraction and analysis  

Cell wall polysaccharides were obtained as alcohol 
insoluble residue according to the method[33]. Fruit pulp 
(20.0 g) from 3 fruits was homogenized with 80.0 mL 
ethanol and boiled for 30 min. Homogenate was filtered and 
residue was washed three times with ethanol and then solvent 
was evaporated at 20 ℃. The dried residue obtained was 
used to extract different cell wall fractions. Polyuronides 
were isolated according to the description[34] with minor 
modifications. 100 mg aliquot of dried residue was 
homogenized in 100 mL water and stirred overnight at 20 ℃. 
Then, homogenate was filtered and solid was washed three 
times with 10.0 mL water. The filtrates were labeled as 
water-soluble pectins. The residue was then resuspended in 
100 mL of 0.5 mol/L H2SO4, and stirred for 1 h at 100 ℃ for 
protopectin decomposition. The polyuronides concentration 
of all fractions was measured by carbazole method using 
galacturonic acid (GA) as standard. 
1.5  Assay of superoxide dismutase (SOD) and catalase 

(CAT) in pulp  

Extraction of antioxidant enzymes of SOD and CAT in 
pulp was based on the description[35]. Fruit pulp (2.0 g) from 
3 fruits was collected and ground in a mortar and pestle in 

5.0 mL of 50 mmol/L cool phosphate buffer (pH value 7.8). 
The homogenate was centrifuged at 13 000×g for 15 min at 
4 ℃ and the supernatant was used for SOD and CAT assays. 

SOD activity was determined according to the 
method[30]. 3.0 mL reaction solution contained 13.0 µmol/L 
methionine, 63.0 µmol/L ρ-nitro blue tetrazolium chloride 
(NBT), 1.3 µmol/L riboflavin, 50.0 mmol/L phosphate 
buffer (pH value 7.8), and 50.0 μL enzyme extract. The 
reaction solution was incubated for 10 min under fluorescent 
light with 80.0 µmol/(m2·s). Absorbance at 560 nm was 
determined by a DU-7 spectrophotometer (Beckman, 
California, USA). One unit of SOD activity was defined as 
the amount of enzyme required for inhibiting photochemical 
reduction of NBT by 50%. CAT activity was determined 
spectrophotometerically according to the method[30]. 3.0 mL 
reaction solutions contained 15.0 mmol/L H2O2, 50 mmol/L 
phosphate buffer (pH value 7.0) and 100.0 μL of enzyme 
extract. Reaction was initiated by adding enzyme extract and 
determined with absorbance at 240 nm by DU-7 
spectrophotometer.  
1.6  Measurements of HB2BOB2B and MDA levels in 

pulp 

H2O2 level was determined according to the method [36]. 
Pulp (2.0 g) from 3 fruits was homogenized in 5.0 mL 
chilled acetone and centrifuged at 6 000×g for 15 min at 
4 ℃. Supernatant (1.0 mL) was mixed with 0.1 mL 20% 
(v/v) titanium tetrachloride (TiCl4) and centrifuged at 
6 000×g for 15 min. Precipitate was collected and 3.0 mL 
1 mol/L H2SO4 was added to mixture and centrifuged at 
6 000×g for 15 min. The absorbance of solution was 
measured at 415 nm against a blank which was carried 
through the same procedure. H2O2 content was determined 
using a standard curve. 

A modified thiobarbituric acid (TCA) reactive 
substance assay was used as an alternative assessment of 
lipid oxidation according to the method[30]. Pulp (2.0 g) from 
3 fruits was ground in 80:20 ethanol: methanol (V/V) 
containing 1 g/L butylated hydrosytoluen (BHT). After 
centrifugation at 13 000×g for 15 min, supernatant was 
recovered (200 mL) and added to 1.0 mL solution of 
0.2 kg/L TCA and 0.1 g/L BHT containing 6.5 g/L 
thiobarbituric acid for 25 min at 95 ℃. After centrifugation, 
sample absorbance was measured at 532 nm. Blank 
measurements were performed using reagent solution 
without TCA. Nonspecific turbidity was subtracted from 
532 nm signals by using measurements at 600 and 440 nm. 
The results were expressed as MDA equivalent.  
1.7  Measurements of TTS, SS, TA, GSH and AsA in pulp 

Pulp (5.0 g) from 3 fruits was ground in a mortar and 
pestle in 25.0 mL of 50.0 mmol/L phosphate buffer 
(pH value 7.8). Homogenate was centrifuged at 13 000×g 
for 15 min and supernatant was used for these parameters 
analysis. Ascorbic acid (AsA) was estimated by titrating 
sample extract with 2, 6 dichlorophenol indophenol dye[30]. 
Glutathione (GSH) was measured according to the 
method[37]. The percentage of total soluble solids (TSS) was 
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determined by using a J1-3a hand refractometer (Guangdong 
Scientific Instruments, China). Titratable acidity (TA) was 
determined by titration with 0.1mol/L NaOH solution[38]. 
Soluble sugar (SS) was measured by phenol-sulfuric acid 
method[39]. 
1.8  Microscopic preparation and observation of pericarp 

and pulp 

Pericarp (3 mm×3 mm×2 mm) and pulp tissue (3 mm× 
3 mm×3 mm) near equatorial region of fruit was taken by 
scalpel on 12th day. Specimens were prepared and processed 
according to the method[40]. Samples slices were fixed in 
2.0% glutaraldehyde (v/v) in 50 mmol/L phosphate buffer 
(pH value 7.2). After fixing, samples were washed three 
times with 50 mmol/L phosphate buffer (pH value 7.2) and 
post fixed in 10 g/L OsO4 solution (Spectrum, USA) for 3 h. 
Afterwards, samples were dehydrated in a series of ethanol 
solutions (20%, 40%, 60%, 80%, 90%, 95%, 100%) and 
dried at a critical point of liquid CO2 in a desiccator. The 
specimens were mounted onto aluminum stubs using 
conductive silver glue and sputter coated with gold. 
Scanning electron microscope (JSM-6360LV, Japan) was 
used.  
1.9  Statistical analysis 

All experiments were in triplicates and statistical 
analyses were performed with SPSS version 16.0 (SPSS Inc., 
Chicago, IL, USA). Data were analyzed by one-way 
ANOVA, and means were compared by Duncan’s multiple 
range test. The level of significance of P<0.05 was accepted. 
The error estimates given in text and error bars in figures 
were standard deviation (SD) of means. 

2  Results and Analysis 

2.1  Effects of AsA and chitosan on water loss, fruit 

firmness, chlorophyll content and relative leakage rate in 

pericarp 

Water loss (Fig.1a) in all samples continuously 
increased during storage. Compared to maximal value of 
10.14% in control on 12th day, water loss of AsA, chitosan 
coating, and AsA combined with chitosan were 7.71%, 
6.63% and 5.63% (P<0.05), respectively. Meanwhile, shown 
in Figure 1B, fruit firmness of the control on 12th day was 
2.08 N, and corresponding values for AsA, chitosan coating 
and their combinational treatment were 4.27, 7.01 and 
9.11 N (P<0.05), respectively. For all treatments, 
chlorophyll content in pericarp (Fig.1c) decreased 
gradually during storage. Compared to AsA, chitosan 
coating showed a more remarkable effect on inhibiting 
chlorophyll degradation and AsA coupled with chitosan 
treatment had the most significant effect (P<0.05). 
Relative leakage rates (Fig.1d) in all samples increased 
gradually during storage. The order of increase degree is 
AsA combined with chitosan< chitosan coating<AsA and 
a distinct difference among three treatments was observed 
(P<0.05). 

In short, in contrast to the control, treatments showed 
remarkable effects on decreasing fruits water loss, 

chlorophyll content and relative leakage rate in pericarp and 
maintaining fruits firmness. Interestingly, a distinct 
difference among three treatments was observed and AsA 
coupled with chitosan had the most significant effect. 

 

 
Note: Different letters indicate significant difference at P<0.05, the same below. 

 

Fig.1  Effects of AsA and chitosan coating on water loss, firmness, 
chlorophyll content and relative leakage rate in pericarp   

 

2.2  Effects of AsA and chitosan on PME and PG 

activities and water soluble pectin and protopectin 

contents in pulp 

PME activity (Fig.2a) in control increased sharply, 
reached plateau on the 6th day and decreased rapidly 
afterwards. In contrast, PME activity in AsA treated fruit 
reached a peak on the 8th day, 3.52-fold higher than that at 
the beginning. Chitosan coating, and AsA combined with 
chitosan treatment markedly retarded increase of PME 
activity, reaching maximal values on the 10th day. PG 
activity (Fig.2b) increased at initial storage and decreased 
afterwards. For instance, PG activity (control) reached 
maximal value on the 6th day, 8.79-fold higher than that at 
the initial. Compared to the control, a distinct difference was 
observed among three treatments and AsA combined with 
chitosan had the most significant effect on inhibiting PG 
increase (P<0.05). It was shown in Fig.2c that water soluble 
pectin (WSP) content in control from 1.02% increased to 
5.28% on the 12th day. In treatment of AsA, chitosan coating, 
and AsA coupled with chitosan, WSP was decreased by 
12.10%, 24.24% and 38.22% (P<0.05), respectively, in 
contrast to the control. Protopectin content (Fig.2d) in 
treated fruits was higher than that in control during storage. 
For instance, it was 1.06 % in control on the 12th day, and 
corresponding values were 1.57%, 2.26% and 2.79% 
(P<0.05) for AsA, chitosan coating, and AsA coupled with 
chitosan treatment, respectively.  
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Fig.2  Effects of AsA and chitosan coating on activities of PME and 
PG and contents of water soluble pectin and protopectin in pulp 

 

2.3  Effects of AsA and chitosan on SOD and CAT 

activities, and H2O2 and MDA contents in pulp 

SOD activity (Fig.3a) in all samples increased at the 
initial two days and decreased afterwards. However, treated 
fruits showed a relatively higher value of SOD than control 
during whole storage. For instance, it was 42.85 U/(g·h) in 
control on the 12th day. In comparison, treated with AsA, 
chitosan coating, and AsA coupled with chitosan, 
corresponding values were 59.67, 78.98 and 103.94 U/(g·h) 
(P<0.05), respectively. The decrease degree of CAT 
activities (Fig.3b) in control was higher than those in treated 
fruits. For instance, CAT activity in control decreased from 
25.45 U/(g·min)at the beginning to 4.08 U/(g·min) on the 
12th day. Treated with AsA, chitosan coating, and AsA 
coupled with chitosan, corresponding values were  87.99%, 
117.89% and 216.42% (P<0.05) higher than the control on 
the 12th day, respectively. 

It was known that H2O2, as typical oxidant, can result in 
lipid oxidation and membrane destruction[41]. Malondialdehyde 
(MDA) generated from lipid oxidation can be used to reflect 
membrane integrity[17]. H2O2 level (Fig.3c) in all samples 
increased gradually during storage. Fascinatingly, treated 
fruits showed a relatively lowered H2O2 compared to the 
control. For instance, compared to 2.53 µmol/g in control, 
treated with AsA, chitosan coating, and AsA combined with 
chitosan, H2O2 were 1.93, 2.15 and 1.71 µmol/g (P<0.05) on 
the 12th day, respectively. MDA contents (Fig.3d) in treated 
fruits were markedly lower than in control during storage. 
For example, MDA content in control was 23.34 µmol/g on 
the 12th day. Treated with AsA, chitosan coating, and AsA 
coupled with chitosan, corresponding values were 24.74%, 
32.40% and 39.97% (P<0.05) lower than the control on the 
12th day, respectively.  

 

Fig.3  Effects of AsA and chitosan on SOD and CAT activities, 
and H2O2 and MDA contents in pulp 

 
2.4  Effects of AsA and chitosan on integrity of cell 

structure in pericarp and pulp 

Scanning electron microscopic (SEM) picture was 
carried out to investigate the effects of AsA, chitosan 
coating, and their combination treatments on cell structure 
integrity in pericapr and pulp tissues. Evidently, many big 
splits were observed (Fig.4a) on pericarp surface of the 
control. In contrast, only a few small splits existed as treated 
with AsA (Fig.4b). In treatment of chitosan coating, and 
AsA coupled with chitosan, no split appeared on pericarp 
surface (Fig.4c, d), which indicates that integral pericarp is 
being maintained. In addition, (shown in Fig.4e, i), pulp 
cells integrity in control was completely damaged, and cell 
wall became much looser on the 12th day. In comparison, 
pulp cells in treated fruits showed normal morphology with 
clear cellular framework (Fig.4 f, g, h, j, k, l) on the 12th day. 
Moreover, among three treatments, AsA combined with 
chitosan coating had the most significant effect on 
maintaining cell structure integrity of pericarp and pulp. 

2.5  Effects of AsA and chotosan on ascorbic acid (AsA), 

glutathione (GSH), total soluble solid(TSS), titratalbe 

acidity(TA), total soluble sugar(SS) and decay rate  

Total soluble solids (TSS), titratable acidity (TA) 
and other indexes were considered as important factors in 
flavor and nutritive quality of many fruits[42]. So, the main 
physiological parameters concerned fruits quality were 
determined after 12 days storage and shown in Table 1. 
Compared to the control, relatively higher contents of 
AsA and GSH were observed in treated fruit. For example, 
treated with 30 mmol/L AsA, 8 g/L chitosan, and 
30 mmol/L AsA coupled with 8 g/L chitosan, AsA 
content was 18.80%, 30.08% and 54.89% (P<0.05) higher 
than the control after 12 days storage, respectively. 
Correspondingly, GSH content was increased by 138.93%, 
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153.02% and 198.73% (P<0.05) in treated fruit, 
respectively. In addition, TSS, SS and TA in treated fruit 
were higher than those in control. Fascinatingly, decay 

rate in control was remarkably higher than that in treated 
fruits. Among three treatments, AsA combined with 
chitosan had the lowest decay rate. 

 
Note: Arrows in picture indicate integrity degree of cell wall in pericarp and pulp tissues. 

 

Fig.4  SEM picture of cell structure integrity of pericarp and pulp after 12 days storage  

Table 1  Effects of AsA and chotosan on ascorbic acid, glutathione, total soluble solids, titratable acidity, total soluble sugar and decay rate 

Treatment 
Ascorbic acid/ 

(mg·g-1) 
GSH content/ 

(µg·g-1) 
Total soluble solids/% Titratable acidity/% 

Total soluble sugar/ 
(mg·g-1) 

Decay rate/% 

Control 1.33±0.04d 32.95±3.01d 8.82±0.28c 0.18±0.02d 51.01±2.41d 89.18±5.65a 

AsA 1.58±0.02c 78.73±1.28c 14.67±1.15b 0.29±0.05bc 73.44±1.28c 56.35±4.11b 

Chitosan 1.73±0.02b 83.12±2.15b 15.42±0.15b 0.24±0.03c 80.29±1.01b 21.15±3.27c 

AsA+ Chitosan 2.06±0.03a 98.43±4.24a 16.47±0.15a 0.35±0.02a 86.23±2.12a 13.37±2.75d 

Note: Values are mean of three replicates per treatment± standard deviation (n=3), the same letters in each column mean no significant difference at P<0.05. 
 

3  Discussion  

Water content in harvested fruits represents status of 
metabolic activity, which makes most fruits highly 
perishable commodities. This perishability presents the 
greatest problem for marketability of fresh fruits. Rapid 
water loss, softening and pericarp browning are major 
limitation for harvested Taiwan jujube fruits during 
storage[43]. Browning in pericarp was thought to be a rapid 
degradation of chlorophyll resulted from oxidation injury [44]. 
Also, rapid propagation and growth of pathogen 
microorganisms caused fruit tissue deterioration and thus 
reduced fruit market value[45]. 

Besides directly inhibits microbial activity, chitosan 

coating can form semi-permeable film on surface of fresh 
fruit to alleviate water loss and slow down respiration[46]. In 
addition, reactive oxygen species (such as O2

•−), generated 
during fruits storage, can cause serious damage to cell 
membrane[47]. As a result, plants have developed a defensive 
system to get ride of O2

•− by enzymes-induced reaction 
including SOD and CAT or antioxidants such as AsA and 
glutathione[35]. 

Consequently, in this paper, we mainly focused on 
improving storability of harvested Taiwan jujube fruits by 
using chitosan coating combined with AsA during 
postharvest period. In a concrete way, three treatments of 
AsA, chitosan, and their combinational treatment were 
adopted. Compared to AsA, chitosan coating showed a more 
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remarkable effect on inhibiting water loss, chlorophyll 
degradation and membrane oxidation in pericarp. Moreover, 
chitosan coating had a more significant effect on inhibiting 
PME and PG activities. As a result, a relatively lower water 
soluble pectin and higher protopectin contents in pulp was 
observed. Meanwhile, compared to chitosan coating, AsA 
markedly prevented decreasing of SOD and CAT activities 
and a relatively lower H2O2 was observed. Also, chitosan 
coating had significant effect on maintaining cell structure 
integrity of pericarp and pulp. Fascinatingly, AsA coupled 
with chitosan had the most significant effect on these 
physiological parameters. Evidently, combinational 
treatment showed a better effect on storability of harvested 
fruits in contrast to AsA or chitosan treatment alone.  

It was known that freshly harvested fruits showed a 
strong respiration, which symbolizes rapid water loss. As 
chitosan coating can directly prevent water loss resulted 
from respiration as well as natural evaporation on pericarp 
surface, water loss was significantly reduced in treated fruits. 
Thus, turgor pressure inside cell was slightly affected[8]. 
Also, inhibition on increase in PME and PG activities 
markedly prevented protopectin degradation, thus leading to 
relatively lower soluble pectin in treated fruits. As water loss 
was remarkably reduced and higher protopectin was 
observed, relatively higher fruits firmness was obtained, 
indicating that softening was markedly delayed in treated 
fruits. 

It was believed that increased activities of enzymes 
such as SOD and CAT or antioxidants level can decrease 
oxidative stress[48-49]. We found that activities of SOD and 
CAT and GSH content in treated fruits were relatively 
higher than those in control. Thus, chlorophyll degradation 
in pericarp was markedly alleviated and fruits browning 
were effectively controlled. Also, a relatively lowered 
relative leakage rate in pericarp was observed, suggesting 
that membrane permeability was reduced. In addition, as 
typical oxidant, H2O2 could result in lipid oxidation and 
membrane destruction[17]. As is known, lipid oxidation 
produces MDA, accumulation of which can reflect degree of 
membrane integrity[38]. Our results indicated that increase 
degree of H2O2 and MDA were significantly reduced in 
treated fruits, suggesting that integral membrane is 
maintained, which was further proved by SEM picture in 
pericarp and pulp of treated fruits. So, we reasonably 
concluded that destruction of cell walls is minimized and 
integral cell structure is maintained. 

In short, water loss was significantly reduced and 
pericarp browning was markedly delayed. Thus, higher 
degree of firmness and integral cell structure in treated fruits 
was obtained. As a result, an increase in contents of total 
soluble solids, soluble sugars, glutathione, ascorbic acid and 
titratable acidity and a decrease in decay rate were achieved. 
It was fascinating to observe that chitosan had a more 
remarkable effect on preserving harvested fruits than that of 
AsA. Chitosan mainly prevented dehydration and microbial 
attack and AsA function as typical antioxidant to increase 
anti-oxidation. So, we can conclude that chitosan play more 

important roles in enhancing storability than AsA. More 
interestingly, their combinational treatment showed the most 
significant effect. 

4  Conclusions 

In the present study, the effects of chitosan, AsA, and 
their combinational treatment on storability of harvested 
Taiwan jujube fruits were systematically investigated. 
Chitosan showed remarkable effect (P<0.05) than AsA on 
inhibiting water loss, chlorophyll degradation, membrane 
oxidation, and increase of PME and PG activities. In 
contrast, AsA had a better effect (P<0.05). than chitosan 
coating on preventing decrease of SOD and CAT activities. 
More fascinatingly, AsA coupled with chitosan showed a 
combinational effect on storability of harvested fruits. Water 
loss was reduced, fruits firmness and integral cell structure 
were maintained, and pericarp browning was alleviated. As a 
result, fruits softening were effectively delayed and decay 
rate was minimized. It was suggested that the strategies of 
chitosan combined with AsA on improving preservation 
effects of harvested Taiwan jujube fruits during storage is 
being feasible.  
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Effects of heat treatment and β-cyclodextrin  
addition on soymilk flavor 
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Abstract: Flavor is an essential indicator to evaluate the quality of soymilk products, but the effects of heat treatment and 
β-cyclodextrin addition during soymilk processing on the entire flavor quality are not clear. In this study, the changes in the 
contents of critical soymilk flavor compounds during heat treatment (30-90 ℃) were investigated, and then the flavor profiles of 
soymilk with the addition of β-cyclodextrin (0.25%, 0.50%, 0.75%, 1.00%) at different heating periods (before heating, at 40℃, at 
60 ℃, after heating) were analyzed. Results showed that, different flavor compounds varied in the sensitivity to temperature, and 
as the temperature increased during heat treatment, the intensity of beany flavor tended to decrease, whereas non-beany flavor 
was relatively enhanced. β-cyclodextrin addition could decrease the contents of critical soymilk flavor compounds, and a high 
concentration of β-cyclodextrin (≥0.50%) added at 60 ℃ led to the most significant decrease in the contents of critical beany 

flavor compounds including hexanal, hexanol, 1-octen-3-ol (P＜0.05), but trans-2-octenal, as the critical non-beany flavor 
compound, also suffered the greatest loss. Similar tendency was obtained according to the scores of beany odor, mushroom flavor, 
and sweet aroma by sensory evaluation, and the results of comprehensive scoring indicated that, the soymilk with the addition of 
0.75% β-cyclodextrin at 60 ℃ during heat treatment had the best flavor quality. Since β-cyclodextrin is low-priced and safe, and 
the addition during soymilk processing is also easily practiced, it can be well applied in soymilk production for the improvement 
of flavor quality. 
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0  Introduction 

Flavor is a critical factor to determine the acceptable 
level of soymilk among customers. Western customers are 
very sensitive to the off-flavor in soymilk, whereas oriental 
consumers have a higher preference for flavor-rich soymilk 
products[1]; accordingly, researchers have paid increasing 
attention to soymilk flavor characteristics in recent years. 

Soymilk flavor is composed of many volatile flavor 
compounds. At present, more than 70 kinds of volatile flavor 
compounds have been identified in soymilk[2]. According to 
the study of Lv et al.[3], 12 critical compounds significantly 
affecting soymilk flavor are confirmed, and among these 
compounds, hexanal, trans-2-hexenal, 1-octen-3-ol, hexanol, 
pentanol, acetic acid, benzaldehyde and trans, trans-2, 
4-decadienal, respectively representing herbal flavor, leaf 
flavor, mushroom flavor, raw flavor, alcohol flavor, sour 
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flavor, bitter almond flavor, and oil/fatty flavor, are defined 
as the beany flavor unacceptable to consumers; by contrast, 
3-methyl-butyraldehyde, trans-2-octenal, nonanal and 
trans-2-nonenal, respectively representing chocolate flavor, 
green cucumber flavor, broccoli flavor, and fruit flavor, are 
defined as the non-beany flavor favored by consumers. 
Similar results are obtained by Poliseli-Scopel et al.[4], even 
though different soymilk preparation methods are adopted. 

Soymilk flavor is profoundly affected by heat treatment. 
Yuan et al.[5] report that, if soybean is blanched in hot water, 
the content of hexanal in soymilk is significantly decreased. 
When soaked soybean is ground at 3, 15, 30, 55 and 80 , ℃
hexanal has the lowest content at 80 ℃[6]. Furthermore, 
steam heating, compared with direct- fire heating, leads to 
lower contents of hexanal, hexanol, 1-octen-3-ol, and trans- 
2-nonenal in soymilk[7]. 

Cyclodextrin is a common food ingredient to mask 
flavor. It has three types, namely, α-, β-, γ-, and β-cycl-
odextrin is often used in food processing. Cyclodextrin can 
entrap flavor compounds to form “host-guest” complex, 
which is considered a dynamic equilibrium with water mol-
ecules as the solvent, resulting in the beneficial modification 
of food flavor profile by controlling the release of unpl-
easant odors[8].  

Beany flavor compounds are unacceptable, but some 
non-beany flavor compounds in soymilk are favored by 
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consumers[3]. Many reseachers have mainly focused on how 
to eliminate beany flavor with specific processing methods, 
but the effects of these methods on non-beany flavor are 
rarely reported. In fact, provided that beany flavor is reduced 
or removed by effective measures, non-beany flavor is 
reduced as well, leading to a bland and insipid flavor profile 
of soymilk. 

Therefore, in this study, the changes in the contents of 
critical soymilk flavor compounds during heat treatment 
were investigated and the flavor quality of soymilk added 
with β-cyclodextrin was analyzed in order to explore 
applicable methods to improve the flavor quality of soymilk 
products. 

1  Materials and methods 

1.1  Materials 
The soybean cultivar Zhonghuang 13 was purchased 

from Chinese Academy of Agricultural Sciences. Hexanal, 
hexanol, trans-2-hexenal, 1-octen-3-ol, trans-2-octenal, non-
anal, trans-2-nonenal and trans, trans-2, 4-decadienal were 
of chromatographic grade and obtained from Sigma-Aldrich 
Co., Ltd. (Steinheim, Germany). β-cyclodextrin was of food 
grade and obtained from Ingredion Co., Ltd. (Shanghai, 
China).  
1.2  Preparation of soymilk and addition of β-cyclodextrin 

Preparation of soymilk was conducted according to the 
procedures described by Lv et al.[3]. The soybeans (100 g) 
were initially rinsed and soaked in 300 mL of distilled water 
for 12 h at 4 . The soaked soybeans were ℃ then drained and 
ground with 700 mL of distilled water at 25  ℃ using a 
blender (JYL-350A, Shandong Joyoung Household Elec-
trical Appliances Co., Ltd. China) for 3 min at the speed of 
18 000 r/min. The resulting slurry was filtered through a 
defatted cotton sheet, and the filtrate was designated as raw 
soymilk.  

Raw soymilk (20 mL) was respectively added into 7 
glass bottles with caps, and then they were heated in a water 
bath with continuous stirring. Once the temperature reached 
30, 40, 50, 60, 70, 80 and 90 , ℃ they were successively 
taken out and put into an ice bath.  

Soymilk samples with the addition of β-cyclodextrin 
(0.25%, 0.50%, 0.75%, 1.00%) at different heating periods 
(before heating, at 40℃, at 60 ℃, after heating) were 
prepared as follows. 1) Control: raw soymilk (50 mL) was 
heated in a water bath and maintained above 95  for 5 min℃ , 
and then immediately cooled in an ice bath. 2) Before 
heating: raw soymilk (50 mL) was added with 
β-cyclodextrin and mixed well, and then heated and cooled 
in the same procedures of the control. 3) At 40 ℃ (or at 
60 ℃): raw soymilk (50 mL) was heated in a water bath, and 
when the temperature reached 40 ℃ (or at 60 ℃), it was 
added with β-cyclodextrin and mixed well, and then kept on 
heating above 95  for 5 min and ℃ cooled in an ice bath. 4) 
After heating: raw soymilk (50 mL) was heated and cooled in 
the same procedures of the control, and then added with 
β-cyclodextrin and mixed well. 

1.3  Headspace solid-phase microextraction (HS-SPME) 
and gas chromatography (GC) 

HS-SPME and GC were conducted according to the 
procedures described by Shi et al.[9]. The SPME fiber (50/  
30 μm divinyl benzene/carboxen/polydimethylsiloxane; Stable 
Flex, Supelco Co., Bellefonte, Pa., U.S.A.) was utilized for 
flavor extraction. Before each use, the fiber was conditioned 
at 270  for 1 h. The soymilk sample (5 mL) was placed in ℃

a 15 mL clear glass vial (Supelco Co.) with a small magnetic 
stirring bar and sealed with a lid containing Teflon- coated 
rubber septum. Internal standard 2-methyl-3-heptanone   
(1 mg/L of soymilk) and 1.5 mg of NaCl were added. The 
sample in the vial was heated at 50  for 30 min in a water ℃

bath and extracted for 30 min using the fiber. Subsequently, 
the fiber was injected into GC column (Shimadzu 2014A, 
Kyoto, Japan) in splitless mode for analysis. A DB-WAX 
capillary column (30 m × 0.25 mm i.d., 0.25 μm film thic-
kness; J&W Scientific) was used. The oven temperature was 
initially set to 50  for 5 m℃ in; programmed at 3 /min to ℃
160 ℃, which was held for 3 min; and subsequently progr-
ammed at 10 /min to 230℃  , ℃ which was held for 10 min. 
1.4  Determination of the standard curves 

The standard curves of hexanal, trans-2-hexenal, 
1-octen-3-ol, trans-2-octenal, hexanol, nonanal, trans-2- 
nonenal and trans, trans-2, 4-decadienal were established 
using 2% fat cow’s milk as the matrix[1]. Different con-
centrations of the standard compounds with added internal 
standard 2-methyl-3-heptanone (1 mg/L of the solution) 
were prepared. The conditions of extraction and analysis 
were similar to those of HS-SPME and GC. The results were 
showed in Table 1. 

 

Table 1  Standard curves of flavor compounds 

Flavor compounds Standard curves R2 

Hexanal Y=3E+06X+68187 0.988 5 

Hexanol Y=6E+06X59500 0.999 9 

1-octen-3-ol Y=2E+07X110516 0.991 6 

Trans-2-hexenal Y=4E+06X217530 0.995 9 

Trans-2-octenal Y=1E+07X40704 0.985 6 

Nonanal Y=2E+06X32994 0.995 5 

Trans-2-nonenal Y=7E+06X726438 0.972 5 

Trans, trans-2, 4-decadienal Y=4E+06X18717 0.994 9 

Note: X is the peak area of one flavor compound; Y is the concentration of one 
flavor compound and the unit is mgL1. 
 

1.5  Sensory evaluation 
Sensory evaluation was conducted according to the pro-

cedures described by Murray and Delahunty[10] and Shi et 
al.[9]. A total of 10 trained panelists (6 female, 4 male, 22 to 
33 years of age) from China Agricultural University were 
invited for the study. Each panelist had more than 100 h of 
previous experience in the sensory evaluation of food 
products, received an additional training on soymilk, and 
also agreed to the definition and specific attributes of soy-
milk flavor. The descriptions of soymilk flavor were listed in 
Table 2. Paper ballots with rating scales were used, and the 
scoring of 0 to 5 points respectively represented “none” to  
“high” intensity of a perceptive flavor. Samples were taken 
out from refrigeration 1 h prior to evaluation and shaken 
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well. Samples (20 mL) were dispensed in 30 mL portion 
cups labeled randomly with 3-digit codes, covered, and kept 
at room temperature. The panelists independently evaluated 
the samples according to the intensity of the specific flavor 
sensed, and were given a 3 min rest between individual 
samples, followed by an additional 15 min rest between each 
replication.  

 

Table 2  Descriptions of soymilk flavor 

Flavor description Definition Reference 

Beany odor 
Odor associated with soy 
beans, green beans and red 
beans 

50 g Soybeans in 400 mL 
water heated for 15 min 

Mushroom flavor 
Flavor associated with chop-
ped brown mushrooms 

0.5% 1-octen-3-ol in PG 

Sweet aroma 
Aroma associated with coo-
ked oatmeal 

50 g Quaker oatmeal in 
500 mL water 

 

1.6  Statistical analysis 
All experiments were conducted in triplicate, and data 

were expressed as means ± SDs. All graphs were performed 
using MS Excel 2007 and OriginPro 8.5 softwares, and 
ANOVA was conducted using SPSS 17.0 software. Signif-
icant differences among variables were determined by Dun-
can’s multiple range test (P=0.05). 

Odor activity value (OAV) was the ratio of the conc-
entration of one flavor compound and the corresponding 
sensory threshold. Therefore, the higher the OAV of a cer-
tain flavor compound is, the greater its contribution is to the 
whole flavor profile. OAV sum of critical beany flavor com-
pounds was calculated by the sum of the OAV of hexanal, 
trans-2-hexenal, 1-octen-3-ol, hexanol and trans, trans-2, 
4-decadienal, while OAV sum of critical non-beany flavor 
compounds was the sum of the OAV of trans-2- octenal, 
nonanal and trans-2-nonenal. 

The calculation for the comprehensive scoring system 
of sensory evaluation was as follows: the sum of the scores of 
beany flavor, including beany odor and mushroom flavor, was 
subtracted by the score of non-beany flavor, including sweet 
aroma. Accordingly, a lower score of beany flavor and a hig-
her score of non-beany flavor would result in the lower com-
prehensive score, corresponding to the better flavor quality. 

2  Results and analysis 

2.1  Changes in critical flavor compounds during heat 
treatment 

In order to investigate the effect of heat treatment on 
soymilk flavor, five critical beany flavor compounds (hex-
anal, hexanol, 1-octen-3-ol, trans-2-hexenal, trans, trans-2, 
4-decadienal) and three critical non-beany flavor compounds 
(nonanal, trans-2-octenal, trans-2-nonenal) were selected in 
this study, and the changes in the contents of these flavor 
compounds during heat treatment of soymilk were analyzed. 
2.1.1  Changes in critical beany flavor compounds during 
heat treatment 

Hexanal had the maximum content (3.68 mg/L) at 30 . ℃
As the heating temperature increased, the content of hexanal 
gradually decreased and reached a minimum of 2.27 mg/L at 
60 . ℃ Subsequently, only a slight increase was observed, and 
it decreased by 21.5% at 90  compared ℃ with that at 30  ℃

(Fig. 1). Hexanal, which represents herbal flavor, is known 
to have a low threshold of 0.0004 mg/kg and a high conc-
entration in soymilk, indicating that it contributs the most to 
the beany flavor and is the main beany flavor compound in 
soymilk[11]. Moreover, the formation of hexanal is mainly 
induced by lipoxygenase 2, which is most active at 20-    
30 ℃[12-13]; thus, hexanal had the highest content at 30 . ℃
However, lipoxygenase 2 was gradually inactivated during 
soymilk heating. 

 

 
 

Fig.1  Content changes of critical beany flavor  
compounds during heat treatment 

 

Hexanol also represents herbal flavor and paint flavor, 
and its threshold is 0.5 mg/kg, which is much higher than 
that of hexanal. When soymilk was heated to 40 , the ℃
content of hexanol rapidly increased to 1.6 times as high as 
that at 30 , followed by a slow decrease with ℃ a further 
increase in temperature; however, the content at 90  was ℃
still 35.1% higher than that at 30  (Fig. 1). ℃ Hexanol is 
reported to be derived from 13-hydroperoxide, which is 
generated by the degradation of unsaturated fatty acids via 
lipoxygenase 1[14]. lipoxygenase 1 is most active at app-
roximately 50 ℃[7]; thus, a significant amount of 13-hydr-
operoxide was generated and further degraded into hexanol 
at this temperature. For this reason, the maximum content of 
hexanol was obtained at 40-50 . Furthermore, ℃ hexanol 
might be partly converted into hexanal[15], and its content 
actually had a tendency to decrease above 50 .℃  

1-octen-3-ol is endowed with mushroom flavor, which 
is undesirable to western consumers who consider it as the 
main source of soymilk off-flavor[16]; however, for oriental 
consumers, its flavor is relatively acceptable[3]. The thre-
shold of this compound is 0.001 mg/kg. Throughout the heat 
treatment, the content of 1-octen-3-ol presented a bell- 
shaped variation (Fig. 1), and its content at 90  was st℃ ill 
significantly higher than that at 30 . ℃ The formation pat-
hway of 1-octen-3-ol has been a longstanding controversial 
issue; some researchers believe that 1-octen-3-ol is formed 
with high flavor dilution factor during soybean soaking[17], 
whereas others speculate that it is derived from 10-hydrop-
eroxide, which is formed by some special oxidation process, 
rather than catalyzed by lipoxygenase[16]. Frankel et al.[18] 
further infer that 10-hydroperoxide is the product of linoleic 
acid via autoxidative degradation. 

Trans-2-hexenal imparts leaf flavor to soymilk, and its 
threshold is 0.027 mg/kg[3]. The formation of trans-2-hexe-
nal results from the decomposition of 13-hydroperoxide by 
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hydroperoxide lyase (HPL), and 13-hydroperoxide is origin-
ated from linolenic acid[3]. As shown in Fig. 1, the maximum 
content of trans-2-hexenal was obtained at 40 , ℃ and then 
the content quickly decreased until 50 ℃. Subsequently, the 
content of trans-2-hexenal remained stable; nevertheless, its 
content at 90 ℃ was 18.9% lower than that at 30 .℃  

Trans, trans-2, 4-decadienal primarily contributes the 
oxidized oil flavor, of which the threshold is 0.000 07 mg/kg, 
and 9-hydroxy linoleic acid is reported as its precursor[18]. 
The content of trans, trans-2, 4-decadienal had no remarkable 
change during the entire heat treatment (Fig. 1), and only a 
slow decline was observed above 70 ℃. According to the 
report of Kobayashi et al.[16], soymilk prepared by soybean 
cultivars lacking lipoxygenase has much lower contents of 
this compound than normal soymilk, indicating that lipox-
ygenase plays an important role in the formation of trans, 
trans-2, 4-decadienal. 

Furthermore, the capability of protein binding with 
flavor compounds by hydrophobic interaction changes 
because of the thermal denaturation of soymilk protein[19]. 
Fat-soluble flavor compounds can also be absorbed and dis-
solved by fat[20]. Therefore, the interaction of protein or fat 
in soymilk with flavor compounds could also reduce the 
release concentrations of these compounds or change the 
ratio of each flavor compound in the entire flavor profile, 
thus affecting soymilk flavor[21]. 
2.1.2  Changes in critical non-beany flavor compounds 
during heat treatment 

As one of the most essential non-beany flavor compo-
unds, nonanal is characterized by broccoli flavor and orange 
flavor, and the sensory threshold is 0.001 mg/kg[3]. Nonanal 
is derived from 9-hydroperoxide decomposed by HPL, and 
9-hydroperoxide is the product of linoleic acid and linolenic 
acid degraded by lipoxygenase 1[22], which is regarded as the 
key enzyme in the formation of 9- hydroperoxide. During 
the heat treatment of raw soymilk, lipoxygenase 1 was act-
ivated, and nonanal was formed. Nonanal had the maximum 
content at 60 . ℃ Subsequently, the content slightly decr-
eased and tended to stablize above 70 . When ℃ the soymilk 
was heated to 90 , it℃ s content was still 1.6 times as high as 
that at 30 ℃ (Fig. 2). 

Trans-2-octenal, as the main source of green cucumber 
flavor, of which the threshold is 0.003 mg/kg, is from 
11-hydroperoxide, which is formed by linolenic acid via 
lipoxygenase 1[23]. Given that lipoxygenase 1 has the highest 
activity at 50 ℃, the maximum content of trans-2-octenal 
was reached at 50  ℃ (Fig. 2). Furthermore, octanal, which is 
reported to be the degradation product of 11-hydroperoxide, 
can be converted into octenal during heat treatment[24]. 

Trans-2-nonenal has fruit flavor and cooked carrot 
flavor[25], and the threshold is 0.000 5 mg/kg. No significant 
change in the content of trans-2-nonenal occurred during the 
soymilk heating (Fig. 2), indicating that this flavor com-
pound is thermally stable, which might be attributed to the 
reinforcement of the binding between whey protein and 
trans-2-nonenal as the temperature increases[26]. However, 
the formation mechanism of trans-2-nonenal has not been 
explicitly confirmed. The content of trans-2-nonenal in 
soymilk prepared by soybean cultivars lacking lipoxygenase 

is reported to be lower than that in normal soymilk[7]; ther-
efore, lipoxygenase is possibly involved in the formation of 
this compound. Some researchers believe that it might be 
formed by non-enzymatic reaction during heat treatment[25]. 
According to Frankel et al.[18], trans-2- nonenal is derived 
from 9-/10-hydroperoxide, which is originated from linolic 
acid by autoxidation and photooxidation. Therefore, the 
oxidation of unsaturated fatty acids in soymilk still could be 
inferred to occur even if lipoxygenase was inactivated by 
heating as long as sufficient oxygen or light was provided, 
resulting in the stable content of trans-2-nonenal. 
 

 
 

Fig.2  Content changes of critical non-beany flavor  
compounds during heat treatment 

 

2.1.3  Changes in OAV sums of critical flavor compounds 
during heat treatment 

As shown in Fig. 3, the maximum OAV sum of beany 
flavor compounds was reached at 50 , and then a rapid ℃
decrease was observed, followed by a tendency to slow 
decrease above 70 ℃. The sum at 90  was 36.6% lower ℃
than that at 30 . This ℃ result indicated that the critical 
beany flavor compounds in soymilk were largely generated 
below 60 , b℃ ut the intensity of these compounds sign-
ificantly decreased as the temperature rose. The OAV sum of 
non-beany flavor compounds gradually increased during 
heat treatment, reached the maximum value at 60 , ℃
slightly decreased at 70 , and finally ℃ remained stable. The 
sum at 90  was 43.6℃  % higher than that at 30 . ℃ The-
refore, an increasing trend in the intensity of non-beany 
flavor compounds during the soymilk heating demonstrated 
that the increase of temperature was beneficial to the release 
of these compounds. All these results above revealed that 
significant fluctuation of soymilk flavor compounds 
occurred at the range of 30-60 ℃ during the heat treatment, 
particularly 40 and 60 , which could be considered as the ℃
jump points. In addition, when soymilk was sufficiently 
heated, the beany flavor was remarkably reduced, whereas 
the non-beany flavor was relatively increased, and the ratio 
of good flavor in the whole flavor profile was enhanced, 
making soymilk flavor more acceptable.  
2.2  Effect of β-cyclodextrin addition on critical soymilk 
flavor compounds 

Since β-cyclodextrin is able to entrap flavor compounds, 
it might change the flavor quality of soymilk. Accordingly, 
different concentrations (0.25%, 0.50%, 0.75%, 1.0%) of  
β-cyclodextrin were respectively added into soymilk at four 
different heating periods, namely, before heating, at 40 or  
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60 , ℃ and after heating. The effects of β-cyclodextrinon 
addition on three critical beany flavor compounds (hexanal, 
hexanol, 1-octen-3-ol) and one critical non-beany flavor 
compound (trans-2-octenal) were analyzed. 

 
 

Note: Critical beany flavor compounds included hexanal, trans-2-hexenal, 
1-octen-3-ol, hexanol and trans, trans-2, 4-decadienal, and critical non-beany 
flavor compounds included nonanal, trans-2-octenal and trans-2-nonenal. 

 

Fig.3  Changes of OAV sums of critical beany flavor compounds 
and critical non-beany flavor compounds during heat treatment 

 

As shown in Fig. 4a, the addition of β-cyclodextrin 
could effectively decrease hexanal content in soymilk. When 
0.25% β-cyclodextrin was added into soymilk before heating, 
at 40 or 60 ℃, hexanal content decreased by approximately 
25.8% compared with the control; as the concentration of 
β-cyclodextrin increased, only the slight decrease occurred 
when it was added before heating or at 40 ℃, while the 
further decrease was achieved by increasing the conc-
entration of β-cyclodextrin at 60 ℃, and the hexanal content 
decreased by approximately 55% compared with the control. 
A similar effect was observed when β-cyclodextrin was 
added after heating, but there seemed no significant diff-
erence in hexanal content with the increasing concentration 
of β-cyclodextrin at this period (P＞0.05). 

For hexanol (Fig. 4b), the addition of 0.25% β-cyclo-
dextrin before heating, at 40 or 60 ℃ had little effect on 
decreasing the content of this compound (P＞0.05), but the 
addition conducted after heating could significantly decrease 
its content to 0.26 mg/L, which was 36.7% lower than the 
control, and the similar effects were obtained when ≥
0.50% β-cyclodextrin was added into soymilk before heating 
or at 40 ℃. The addition of 0.50% β-cyclodextrin at 60 ℃ or 
after heating led to the further decrease in hexanol content 
(about 0.13 mg/L), but further increasing the concentration 
of β-cyclodextrin at these two periods could only help 
slightly decrease the content of this beany flavor compound. 

Fig. 4c exhibited the content change of 1-octen-3-ol. 
When 0.25% β-cyclodextrin was added into soymilk before 
heating or at 40 ℃, no significant difference in 1-octen-3-ol 
content was observed compared with the control; however, 
when the addition occurred at 60 ℃ and after heating, the 
content of this compound was 0.067 mg/L and 0.080 mg/L, 
which was 32.3% and 19.2% lower than the control (P＜
0.05). The addition of 0.5% β-cyclodextrin at the four 
periods all could result in the further decrease of 1- 
octen-3-ol content at different levels, and the most rem-
arkable decrease occurred at 60 ℃, since the content of 
1-octen-3-ol decreased by 65.7% compared with the control, 
but further increase of β-cyclodextrin concentration could 
hardly decrease the content of this compound. 

 

 
 

Note: Control was the soymilk without β-cyclodextrin addition during heat 
treatment. 

 

Fig.4  Effect of β-cyclodextrin addition during heat treatment on 
contents of critical soymilk flavor compounds 

 

As to trans-2-octenal, it could be seen from Fig. 4d that, 
when 0.25% β-cyclodextrin was added before heating, at 40 
or 60 ℃, significant decrease in trans-2-octenal content was 
observed, compared with the control; the addition of 0.50% 
β-cyclodextrin at these three periods more significantly 
decreased the content of this compound, especially when the 
addition was conducted at 60 ℃. At 60 ℃, the trans-2- oct-
enal content decreased by 71.2% compared with the control, 
and the higher concentration of β-cyclodextrin (0.75% or 1%) 
at this period had little effect on the further decrease in 
trans-2-octenal content. When β-cyclodextrin was added into 
soymilk after heating, the content of trans- 2-octenal was 
approximately 29.7% lower than the control, and no sig-
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nificant variation in the content of this compound was obs-
erved with the increase of β-cyclodextrin concentration. 

It has been reported by a lot of researches that, β-cyc-
lodextrin is a cyclic carbohydrate composed of seven glu-
cose units connected by α-1, 4 glycosidic bonds, which is a 
cage-like structure, and the primary or secondary hydroxyl 
groups of glucose are at the outer surface, making the 
exterior of β-cyclodextrin hydrophilic, whereas the skeletal 
carbons and glycosidic oxygen atoms are oriented in the 
interior, imparting a hydrophobic character to its cavity[27-28]. 
Possessing this specific structure, β-cyclodextrin has the 
notable ability to form inclusion complexes (host-guest 
complexes) with a wide range of compounds[29], especially 
for flavor compounds, including straight or branched chain 
aldehydes, ketones, alcohols, aromatics, etc., since the lip-
ophilic cavity of β-cyclodextrin provides a microenviron-
ment into which these compounds can enter, and no covalent 
bonds are broken or formed during the formation of incl-
usion complex[8]. The main driving force of complex form-
ation is the release of enthalpy-rich water molecules from 
the cavity, which tend to be displaced by more hydrophobic 
molecules (like many flavor compounds) present in the sol-
ution to attain the decrease of β-cyclodextrin ring strain, 
resulting in a more stable lower energy state[8]. Furthermore, 
temperature has important influence on cyclodextrin com-
plexes and a relatively high temperature might promote the 
solubility of cyclodextrin and accelerate the formation of 
complexes[8]. These may help explain why β-cyclodextrin 
added into soymilk could significantly decrease the contents 
of critical flavor compounds, and the addition conducted at 
60 ℃ had a more significant effect than the other three peri-
ods. In addition, although it was expected that higher conc-
entrations of β-cyclodextrin in soymilk would create greater 
opportunities for complex formation with soymilk flavor 
compounds[30], the decreasing tendency in the contents of 
these flavor compounds with the increasing concentrations 
of β-cyclodextrin were not linear, and it may be related with 
the limited efficacy of β-cyclodextrin to form complexes 
with flavor compounds[31], since it is a one-site host, i.e., its 
empty cavity can accommodate only one guest compound, 
and other components in soymilk, like fatty acids or phosp-
holipids, are also the possible competitive guests[27]. 

Meanwhile, the binding of host β-cyclodextrin with 
guest compounds is not fixed or permanent, but rather a 
dynamic equilibrium, and the binding strength depends on 
several key factors. The first is dimensional fitness, which 
greatly depends on the sizes of host and guest or certain key 
functional groups within the guest. If one compound has the 
wrong size, it will not fit properly into the β-cyclodextrin 
cavity. The second is thermodynamic driving force among 
host cyclodextrin, guest compounds and solvent (like water 
molecules), and an energetic driving force that pulls the 
guest into the host is the guarantee for the formation of the 
inclusion complexes. The third is specific local interactions 
between surface atoms of host cavity and guest compounds[8]. 
Therefore, those complexes with stronger binding strength 
between host and guest are possibly more stable in the 
system. It is estimated that, the β-cyclodextrin cavity can 
accommodate about five methylene groups of a hydrocarbon 
chain[27], so it can be easily speculated that, C6 compounds, 

rather than C8 compounds, are more compatible for the 
cavity and preferentially entrapped by β-cyclodextrin, and 
the complexes formed are also more stable. This might be 
the reason why the contents of hexanal and hexanol were 
more significantly decreased with the addition of β-cycl-
odextrin, compared with those of 1-octen-3-ol and trans-2- 
octenal, especially when the addition occurred after heating. 
2.3  Effect of β-cyclodextrin addition on sensory evalu-
ation of soymilk flavor 

Each flavor compound has a corresponding sensory 
threshold, which is the lowest concentration of this com-
pound that can be perceived. A certain flavor compound with 
a relatively low concentration in soymilk can still be clearly 
perceived because of its low sensory threshold. Therefore, 
the sensory evaluations of three typical flavor indices, 
including beany odor, mushroom flavor, and sweet aroma, 
were conducted to investigate the actual effect of β-cyc-
lodextrin addition on soymilk flavor (Table 3).     

 

Table 3  Effect of β-cyclodextrin during heat treatment on 
sensory evaluation of soymilk flavor 

Flavor 
indices 

β-cyclo-
dextrin 

concent-
ration/% 

Control 
Before 
heating 

Heated to 40 
℃ 

Heated to 60 
℃ 

After 
heating 

0.25 4.15±0.27a 4.22±0.41a 4.24±0.32a 2.87±0.27b 

0.50 2.81±0.12b 3.57±0.54ab 2.63±0.35b 2.75±0.21b 

0.75 3.09±0.18c 3.70±0.31b 1.88±0.20d 2.24±0.50d 

Beany 
odor 

1.00 

4.42±0.31a 

2.92±0.22b 3.30±0.11b 2.00±0.34c 2.00±0.10c 

0.25 1.80±0.24a 1.62±0.37ab 1.05±0.27b 0.91±0.22b 

0.50 1.05±0.12b 1.02±0.19b 0.59±0.16c 0.94±0.26b 

0.75 1.22±0.32b 1.00±0.25b 0.35±0.25c 1.05±0.15b 

Mushr-
oom 
flavor 

1.00 

1.83±0.22a 

0.90±0.10b 1.12±0.18b 0.50±0.10c 0.95±0.05b 

0.25 0.85±0.14a 0.85±0.33a 0.76±0.24a 0.72±0.16a 

0.50 0.65±0.22a 0.68±0.15a 0.45±0.12b 0.62±0.16a 

0.75 0.70±0.10ab 0.60±0.12ab 0.40±0.23b 0.65±0.15ab 

Sweet 
aroma 

1.00 

0.75±0.14a 

0.65±0.15a 0.60±0.12a 0.45±0.18a 0.60±0.20a 

Note: Any two means in the same line followed by different letters were 
significantly different (P＜0.05). 
 

For beany odor, the addition of 0.25% β-cyclodextrin 
after heating could markedly decrease the score of this odor, 
which was 35.1% lower than the control, while the addition 
at the other three periods seemed to have little effect on 
decreasing this undesirable odor. As the concentration of 
β-cyclodextrin increased, the score of beany odor tended to 
decrease, which depended greatly on the adding period of 
β-cyclodextrin, and the addition of 0.75% or 1.00% β-cyc-
lodextrin occurred at 60 ℃ or after heating was proved to be 
best, since the score of beany odor decreased by appro-
ximately 54.8% compared with the control. 

According to the results of mushroom flavor, when 
0.25% β-cyclodextrin was added into soymilk before heating 
or at 40 ℃, no significant difference in the score of this 
flavor was observed compared with the control (P＞0.05), 
however, when the addition occurred at 60 ℃ or after heat-
ing, the score decreased by 45.3% (P＜0.05). Similarly, β- 
cyclodextrin with the higher concentration added at the four 
periods could also weaken this flavor, especially when ≥ 
0.50% β-cyclodextrin was added at 60 ℃, the score of mus-
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hroom flavor was 73.8% lower than the control (P＜0.05). 
As to sweet aroma, the addition of β-cyclodextrin into 

soymilk didn’t cause significant difference in the score of 
this aroma (P＞0.05), except that, when 0.50% or 0.75% 
β-cyclodextrin was added at 60 ℃, the sweet aroma suffered 
a slight loss, compared with the control. 

Given that beany and non-beany flavors coexisted in 
soymilk, a comprehensive scoring system was applied to 
better characterize the effect of β-cyclodextrin addition on 
the soymilk flavor profile. As shown in Table 4, compared 
with the control, β-cyclodextrin, with the higher conc-
entration (≥0.50%) added at 60 ℃ or after heating, could 
effectively decrease the comprehensive score of soymilk 
flavor, thus improving the entire flavor quality of soymilk. 
The lowest score was achieved when 0.75% β-cyclodextrin 
was added at 60 ℃ during the soymilk heating, therefore, 
soymilk prepared under this condition was considered to 
have the best flavor quality. 
 

Table 4  Comprehensive score of sensory evaluation of  
soymilk flavor with addition of β-cyclodextrin  

during heat treatment 

β-cyclod
extrin 

concentra
tion/% 

Control 
Before 
heating 

Heated to  
40 ℃ 

Heated to  
60 ℃ 

After  
heating 

0.25 5.10±0.22 4.99±0.37 4.53±0.28 3.06±0.22 

0.50 3.21±0.15 3.91±0.29 2.77±0.21 3.07±0.21 

0.75 3.61±0.20 4.10±0.22 1.83±0.23 2.64±0.26 

1.00 

5.50±0.22 

3.17±0.16 3.82±0.14 2.05±0.20 2.35±0.11 
 

2.4  Analysis for application of β-cyclodextrin to 
soymilk production 

Since β-cyclodextrin has been widely used as a food 
ingredient for flavor modification in recent years[8], it can be 
also well applied to soymilk production and has a good 
prospect of industrialization. 

First, it is low-priced, and 1 kg β-cyclodextrin costs 
about 0.8 yuan. If 0.5%-1.0% β-cyclodextrin is used, it can 
be calculated that, 5-10 kg β-cyclodextrin is needed in the 
production of 1 t soymilk, which only costs 4-8 yuan. On the 
other hand, since the addition of β-cyclodextrin can greatly 
improve the entire flavor quality of soymilk, it is conducive 
to promoting the sales and increasing the profits of soymilk 
products. 

Second, it is safe and accessible. Many toxicity studies 
have demonstrated that, β-cyclodextrin is practically non- 
toxic due to lack of absorption from the gastrointestinal 
tract[32]. In addition, although β-cyclodextrin is derived from 
starch and can be partly hydrolyzed by human α-amylase, 
the low degree of hydrolysis is not sufficient to cause 
significant changes in sweetness[30], and it will not affect the 
taste quality of soymilk products. 

Third, it is easily practiced. According to the results in 
this study, it is better for β-cyclodextrin to be added at 60 ℃ 
or after heating. Accordingly, β-cyclodextrin can be diss-
olved in the batching tank, which is commonly used for 
dissolving or mixing ingredients like sugars in the produc-
tion line of soymilk, and then separately added into soy-
milk at 60 ℃ during heat treatment. It can also be mixed 

with the other ingredients in the tank and added after the 
heat treatment of soymilk. Therefore, it can be seen that no 
extra equipment is needed to realize the addition of β-cyc-
lodextrin. 

3  Conclusion 

Heat treatment during soymilk processing has an 
essential impact on the entire flavor profile of soymilk. Acc-
ording to the content changes and OAV sums of critical 
flavor compounds, although different flavor compounds in 
soymilk varied in terms of sensitivity to temperature, the 
intensity of critical beany flavor had a tendency to decrease 
during heat treatment, while the increase of temperature was 
beneficial to the release of non-beany flavor compounds; 
moreover, significant fluctuation in the contents of these fla-
vor compounds occurred at the range of 30-60 ℃. β-cyclo-
dextrin with a higher concentration (≥0.50%) added at 60 ℃ 
led to the significant decrease in the contents of critical soy-
milk flavor compounds. According to the sensory evaluation, 
when 0.75% β-cyclodextrin was added at 60 ℃ during heat 
treatment, soymilk presented the best flavor quality with the 
lowest comprehensive score of 1.83. Although the effects of 
heat treatment and β-cyclodextrin addition on soymilk flavor 
have been investigated, the changing mechanisms of critical 
flavor compounds during the soymilk heating remain unclear. 
Thus, the releated mechanisms will be clarified in our future 
work, which is aimed at providing a scientific basis on how 
to eliminate beany flavor and retain non-beany flavor, thus 
fundamentally improving the flavor quality of soymilk. 
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