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Abstract 

Non-chemical treatments are an approach for improving seed germination. In order to evaluate the 
effects of the magnetic field application on onion seed germination and seedling growth indices, a 
quadrupole magnetic field system was designed and fabricated. It was also compared with a dipole 
magnetic field system. In the quadrupole system, each coil consisted of three layers and the cores were 
moved inside the coils. These arrangements make it possible to change the magnetic field intensity in 
addition to input current setting. The experiments were conducted based on factors including the type 
of system (bipolar and quadrupole), magnetic flux density (75, 150, 300 and 600 μT) and duration of 
the field application (15, 30, 60 and 120 min). Germination percentage, germination rate, mean 
germination time, seedling vigor index, shoot length, root length, fresh weight of shoot and root, fresh 
weight of seedling, dry weight of shoot and root were measured. The results showed significant effects 
on seed germination and seedling growth of onion. In most germination characteristics, the quadrupole 
system had a better impact than the bipolar system. For many traits (except for weights), the increase 
in field intensity degraded the traits. Quadrupole system that applied the magnetic field of 600 μT for 
15 minutes, yielded 63% increase in the total seedling weight. Most of the germination traits were not 
affected by exposure time. Further investigations are required for shorter exposure times compared to 
used durations in this study.  

Keywords: Magnetic field, Onion, Quadrupole system, Seed germination, Seedling growth 

Introduction
1

 

The seed is a basis for crop production and 
as the first consumption input has been an 
undeniable role in the transmission of genetic 
traits of the product. Even with the abundant 
use of energy without the use of the proper 
seed, it cannot be achieved to the maximum 
yield and optimum performance. Many 
techniques have been considered to improve 
germination of seed or its properties such as 
seed coating (Ranjbar and Kianmehr, 2017), 
irrigation and nutrient treatments 
(Feyzollahzadeh et al., 2013), and 

                                                           
1-

 
Graduate, Department of Mechanical Engineering of 

Biosystems, Faculty of Agriculture, University of Jiroft, 

Jiroft, Iran 

2- Assistant Professor, Tuyserkan Faculty of 

Engineering and Natural Resources, Bu-Ali Sina 

University, Tuyserkan, Hamedan 

3-
 
Assistant Professor, Agriculture Research Institute, 

Iranian Research Organization for Science and 

Technology (IROST), Ahmadabad Mostoufi, Tehran, 

Iran 

(*- Corresponding Author Email: m.dowlati@basu.ac.ir) 

DOI: 10.22067/jam.v10i1.76370 

optimization of threshing operation (Iranmehr, 
2014). Stimulation of seeds using magnetic 
fields is an inexpensive and nonchemical 
treatment. A magnetic field is an 
environmental factor for living organisms that 
affects biological processes in different ways. 
Living cells contain electrical charges which 
are produced by free ions or radicals. Magnetic 
fields can influence cells via interaction with 
ions and especially ferromagnetic materials, 
like iron (Rajabbeigi et al., 2013). It may also 
affect enzyme activity. The influence of the 
static magnetic field, which is greater than 
local geomagnetic fields, on seed germination 
has been the topic of some research. Static or 
continuous fields were generated by magnets 
or direct current (DC). The effect of exposing 
sunflower seeds to static magnetic fields of 
125 mT and 250 mT for 1, 10, 20, 60 minutes, 
24 hours or in a chronically way was 
investigated during the germination process. 
The mean germination time achieved for seeds 
subjected to treatment was significantly less 
than control (Carnobell et al., 2005). Tomato 
seeds were magnetically exposed to magnetic 
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field strengths (125 or 250 mT) for different 
exposure time. The results showed a reduction 
of germination time for magnetic treatments. 
The germination parameters were lower than 
control values and the germination rate for 
treated seeds was higher than control 
(Martinez et al., 2009). Germination and early 
growth of wheat and bean were studied under 
magnetic fields (4 or 7 mT) and osmotic 
conditions. The application of magnetic fields 
promoted the germination ratios of seeds 
(Cakmak et al., 2010). Cucumber seeds were 
exposed to stationary magnetic field strength 
from 100 to 250 mT for 1, 2 or 3 h. 
Germination-percentage and rate of 
germination increased by 18.5% and 49%, 
respectively compared to unexposed seeds. 
The magnetic field of 200 mT for 1 h showed 
a significant influence on germination 
parameters (Bhardwaj et al., 2012). Maize 
seeds were treated by magnetic fields of 50, 
100, 150, 200, and 250 mT for 1, 2, 3, and 4 h 
for all field strengths. Results indicated that 
the magnetic field significantly enhanced seed 
performance in terms of percentage of 
germination, germination speed and seedling 
length compared to unexposed control. Field 

application of 200 mT for 1 h exposure gave 
the best results among the various 
combinations of field and exposure time 
(Vashisth & Joshi, 2016). Since the method of 
magnetic field application can be effective on 
treatment results, in this study design and 
implementation of a system was considered to 
apply a magnetic field to onion seeds and the 
results were evaluated.  

Materials and Methods 

Sample preparation 

The onion seed used in this experiment was 
from a yellow short day cultivar named Texas 
early grano 502. Seeds were disinfected with 
sodium hypochlorite (1.5%) for two minutes 
and washed three times with distilled water, 
and then the onion seeds were macerated with 
mancozeb fungicide.  
Magnetic field application systems 

A bipolar system and a quadrupole system 
were used to apply the magnetic field. Figure 1 
shows the system for producing the bipolar 
magnetic field used in this study (Zamiran et 
al., 2013(. The quadrupole magnetic field 
system was designed and fabricated (Figure 2). 

 

 
Fig.1. The system for producing the bipolar magnetic field 

 
Design and fabrication of a novel magnetic field 
system 

Quadrupole system consisted of stationary 
and movable retaining bases for keeping the 
cores and windings, conductive insulation 
(made of polytetrafluoroethylene) to avoid 

contacting the aluminum core with the iron 
body of the bases, cylindrical coils, central 
aluminum core, seed position and direct 
current power supply. 
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Fig.2. Quadrupole magnetic field system 

Lacquer-coated wire (200 micron diameter) 
was used to form the coils. Each coil consisted 
of three layers, that is, each coil contains three 
input wires and three outlet wires. The first 
layer consisted of 450 rounds, the second layer 
had 650 rounds and in the third layer or the 
outer layer 1150 rounds were used. Therefore, 
the coil had 2250 rounds of copper wire and a 
resistance of each coil was 31 Ohm. The 
average diameter and the length of each coil 
were 105 mm and 128 mm, respectively. The 
purpose of wrapping coils with three layers 
was to receive magnetic fields with different 
intensities from each layer. So layers 
generated specific field intensity considering 
the input current. In order to have the 
minimum field strength, the first layer should 
be used, which has the smallest wire length as 

well as second and third layers should be 
applied to increase the magnetic flux density. 
If the desired magnetic strength is higher than 
the field strength of the third layer, it was 
possible to obtain the maximum field strength 
from the coil with layers connected in series. 
In order to improve the magnetic field, a solid 
aluminum core with a circular cross-section of 
88 mm in diameter and a length of 300 mm 
was used in the middle of each coil. It worth 
noting that aluminum has paramagnetic 
properties. The core was easily moved inside 
the coil and, concerning the paramagnetic 
properties of aluminum, the backward and 
forward movement changed the magnetic field 
so that, as the core moved in the direction of 
the magnetic field, the intensity of the field 
was increased. The output current of the power 
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supply is 12 volts of direct current. The power 
supply was able to produce four separate lines 
of 220/12 Volt DC which will be input to each 
coil and 500 W (Watt) active power. The 
power supply consisted of four transformers 
(12 Volt, 6 Amp), converting 220V to 12V. 
This output current from the transformers was 
also the AC, which is converted to DC using a 
rectifier diode bridge. The input current to 
each coil has the potential to produce a 
maximum magnetic field with an intensity of 
700 μT, which can be changed by increasing 
the electrical current. The main purpose of 
using direct current is to have a constant 
magnetic field, while alternating current 
causes variable magnetic field. Magnetic flux 
density generated in each system was 
measured using a three-axis digital Teslameter 
(LMF-828 model, Lutron Company, Taiwan). 
Seeds were subjected to magnetic fields at the 
induction of 75, 150, 300 and 600 µT for 15, 
30, 60 and 120 minutes. Control seeds were 
kept without magnetic treatment. Treatments 
were replicated three times and 25 seeds were 
used for each replication.   
Germination test 

Seeds were placed on filter paper in Petri 
dishes. Moisture content was provided by 
adding distilled water. Petri dishes were sealed 
with sterilized plastic bags and kept inside the 
incubator at the temperature of 25 °C. 
Germination of onion seeds lasted 13 days and 
the number of germinated seeds was recorded. 
Germination indices such as percentage, speed 
and mean time of germination, root and shoot 
length, fresh and dry weights of shoots and 
fresh and dry weights of roots were measured. 
The germination percentage (GP), germination 

rate (GR), mean germination time (MGT) and 
seedling vigour index (SVI) were calculated 
separately using equation (1), (2), (3) and (4):  
GP=100(NG/NT)                                            (1) 
Where NG is the number of germinated seeds 
and NT is the total number of seeds (Hoseyni 
and Rezvani Moghadam, 2009). 

GR=∑
  

  

 
                                                      (2) 

Where Si is the number of germinated seeds 
per day, Di is the number of days, and n is the 
number of counting days )Maguire, 1962(. 
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Where A is the number of seeds germinated at 
time D and n is the total number of days until 
the last day (Wang and Chang, 2003). 
SVI = GP×L                                                 (4) 
Where L is the mean seedling length (cm) and 
GP is the germination percentage 
(Aboutalebian et al., 2005). 

Five normal seedlings were selected from 
each petri dish and length of root and shoot 
and also the weight of fresh root and fresh 
shoot were measured. The selected seedlings 
were placed in an electric oven for 48 hours at 
a temperature of 70 °C to reach a constant 
weight and then dry weight was obtained. 

Statistical analyses were performed using 
SAS software. Factorial analysis of variance 
(ANOVA) and Duncan tests were carried out 
on data.  

Results and Discussion 

Results of factors affected on onion seed 
germination parameters were shown in tables 1 
and 2.  

Table 1- Analysis of variance of magnetic field effect on some onion seed germination traits 

Source df 
Mean Square 

GP GS MGT SVI Shoot L. Root L. 

Type 1 326.34* 1259.16** 63.19** 12519.52 1127.51** 135.37* 

Intensity 3 650.4** 195.26** 0.22 277130.63** 328.04* 212.13** 

Time 3 216.84 44.62 0.15 13566.37 128.59 19.74 

Type × Intensity 3 171.01 46.10 0.22* 91423.84** 827.90 13.40 
Type × Time 3 132.12 9.04 0.07 30743.15 171.01 43.46 

Intensity × Time 9 116.55 12.92 0.11 42830.36* 128.35 42.37 

Type × Intensity × Time 9 125.97 30.69 0.17* 45423.69* 37.51 61.63 

*: significant at the 5% level, **: significant at the 1% level, L.: Length 
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Table 2- Analysis of variance of magnetic field effect on some onion seed germination traits 

Source df 
Mean Square 

Shoot wet W. Shoot dry W. Root wet W. Root dry W. Total W. 

Type 1 24193.50* 666.76** 4537.50** 63.37** 7776.00 

Intensity 3 3785.03 18.79 446.40 6.79* 4656.46 

Time 3 4205.42 17.09 1139.60 5.12* 3212.57 

Type × Intensity 3 25793.19** 18.79 1283.42 7.68** 24975.53** 

Type × Time 3 1277.97 24.82* 1331.28 13.74** 4617.25 

Intensity × Time 9 3483.13 17.62* 505.70 2.47 5345.50 

Type × Intensity × Time 9 5943.78 13.36 1083.60 1.71 9290.48 

*: significant at the 5% level, **: significant at the 1% level, W.: Weight 

Table 3- Means comparison of magnetic treatments and control for germination percentage, 
germination rate and mean germination time of onion seeds 

System 
type 

Magnetic flux 
density(μT) 

Exposure time 
(min) 

GP 
(%) 

GR MGT 

(Seed Day
-1

) (Day) 

  
15 69.33

abcdef
 24.61

abcd
 7.57

defgh
 

  
30 77.33

 abcd
 26.04

abc
 7.71

bcdefg
 

 
75 60 73.33

 abcde
 21.90

abcde
 7.84

bcdefg
 

  
120 76.00

abcd
 27.50

a
 7.58

cdefgh
 

  
15 84.00

a
 25.42

abc
 7.80

 bcdefg
 

  
30 80.00

abc
 26.82

ab
 7.64

 bcdefg
 

Bipolar 150 60 70.67
 abcde

 21.96
abcde

 7.79
 bcdefg

 

  
120 76.00

 abcd
 21.01

abcdef
 7.93

abcdef
 

  
15 73.33

 abcde
 19.63

cdefg
 8.03

abcde
 

  
30 62.67

cdef
 16.43

efg
 8.10

abcd
 

 
300 60 65.33

 abcdef
 18.39

defg
 7.94

abcdef
 

  
120 60.00

def
 19.40

cdefg
 7.76

 bcdefg
 

  
15 56.00

ef
 13.94

g
 8.20

ab
 

  
30 70.67

 abcde
 18.53

defg
 8.00

abcdef
 

 
600 60 62.67

cdef
 15.86

fg
 8.20

ab
 

  
120 74.67

 abcde
 20.49

bcdefg
 7.94

abcdef
 

  
15 79.33

abc
 20.92

abcdef
 7.85

 bcdefg
 

 
75 30 78.67

abcd
 21.39

abcdef
 7.65

 bcdefg
 

  
60 77.33

abcd
 21.72

abcde
 7.35

gh
 

  
120 84.00

a
 21.11

abcdef
 7.88

 bcdefg
 

  
15 64.67

bcdef
 20.87

abcdef
 7.57

defgh
 

  
30 72.00

 abcde
 21.13

abcdef
 7.36

gh
 

Quadrupole 150 60 79.33
abc

 21.47
abcdef

 7.65
 bcdefg

 

  
120 76.67

abcd
 20.25

bcdefg
 7.56

defgh
 

  
15 66.00

 abcdef
 19.91

cdefg
 7.79

 bcdefg
 

 
300 30 83.33

ab
 22.04

abcde
 7.46

fgh
 

  
60 62.67

cdef
 22.74

abcde
 7.81

 bcdefg
 

  
120 76.67

abcd
 20.18

bcdefg
 7.56

defgh
 

  
15 52.00

f
 20.55

bcdefg
 7.07

h
 

 
600 30 62.67

cdef
 20.03

bcdefg
 7.54

efgh
 

  
60 65.33

 abcdef
 21.62

abcdef
 8.12

abc
 

  
120 77.33

abcd
 21.52

abcdef
 7.66

 bcdefg
 

Control 0 0 69.33
 abcdef

 14.07
g
 8.42

a
 

 
Effects of treatments on germination 

percentage, germination rate and mean 
germination time of onion seeds were 
presented in Table 3. A significant change was 

not observed for germination percentage 
compared to untreated seeds but germination 
rate was significantly increased. The fastest 
germination was occurred using the bipolar 
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system and 75 μT. A significant reduction of 
mean germination time was observed. One of 
the possible causes to explain the positive 
effects of the magnetic field can be 
paramagnetic properties of atoms found in 
plant cells. Applying an external magnetic 
field can spin the atoms in order of the 
magnetic field. Magnetic properties of 
molecules and their ability to absorb energy 
and then changing the magnetic field to 
transfer energy to other forms of energy as 

well as other structures in plant cells, leading 
to activate them (Zeidali et al., 2017). 

The results presented in Table 4 showed a 
significant impact of some magnetic fields on 
seedling vigour index, length of shoot and root 
of onion seeds. It seems the quadrupole system 
with minimum intensity and treatment time 
results in the highest value among other 
treatments for these parameters. Length of 
shoot and root were longer in the quadrupole 
magnetic treatment and weaker fields. 

Table 4- Means comparison of magnetic treatments and control for seedling vigour index, length of 
shoot and root of onion seeds 

System 
type 

Magnetic flux 
density(μT) 

Exposure time 
(min) 

SVI Shoot length (mm)  
Root length 

(mm) 

  
15 833.70

abcdef 
89.00

abcdefgh 
30.00

cde 

  
30 964.20

 abcde 
83.33

cdefgh 
42.33

ab 

 
75 60 909.30

 abcdef 
90.67

 abcdefg 
33.00

abcde 

  
120 883.90

 abcdef 
80.33

efgh 
35.33

abcde 

  
15 1030.40

abc 
86.67

 abcdefgh 
35.33

abcde 

  
30 965.10

 abcde 
86.00

 abcdefgh 
35.33

abcde 

Bipolar 150 60 908.80
 abcdef 

95.00
 abcdef 

32.67
bcde 

  
120 822.80

 abcdef 
79.33

fgh 
29.00

def 

  
15 885.10

 abcdef 
82.67

defgh 
38.00

abcd 

  
30 718.30

efg 
86.00

 abcdefgh 
29.33

cdef 

 
300 60 766.20

cdefg 
88.00

 abcdefgh 
28.33

def 

  
120 618.70

fg 
73.67

gh 
29.33

cde 

  
15 632.40

fg 
87.33

 abcdefgh 
26.00

ef 

  
30 897.10

 abcdef 
95.00

 abcdef 
32.00

bcde 

 
600 60 729.90

defg 
88.00

 abcdefgh 
28.33

def 

  
120 854.00

 abcdef 
89.33

 abcdefgh 
25.67

ef 

  
15 1099.90

a 
104.00

a 
44.00

a 

 
75 30 965.60

 abcde 
99.67

 abcde 
35.67

abcde 

  
60 1018.00

 abcd 
103.33

ab 
38.00

abcd 

  
120 1053.90

 abc 
100.33

 abcde 
36.33

abcde 

  
15 782.00

cdefg 
96.00

 abcdef 
34.00

abcde 

  
30 797.50

bcdefg 
90.33

 abcdefg 
29.00

def 

Quadrupole 150 60 1048.90
abc 

101.00
 abcd 

40.67
abc 

  
120 88.40

 abcdef 
91.00

 abcdefg 
34.67

abcde 

  
15 834.40

 abcdef 
102.67

abc 
33.00

abcde 

 
300 30 1075.30

ab 
104.00

a 
35.00

abcde 

  
60 651.70

fg 
85.00

 abcdefgh 
26.00

ef 

  
120 900.80

 abcdef 
93.00

 abcdefg 
34.00

abcde 

  
15 539.90

g 
84.33

 abcdefgh 
28.67

def 

 
600 30 656.70

fg 
81.00

defgh 
33.67

abcde 

  
60 625.90

fg 
70.67

h 
31.67

bcde 

  
120 846.50

 abcdef 
83.67

bcdefgh 
33.67

abcde 

Control 0 0 689.20
efg 

81.67
defgh 

18.67
f 

 
Means of findings for the fresh and dry 

weight of shoot and root were compared in 
Table 5. It was demonstrated that the magnetic 
treatment can increase these indices. Shoot 

fresh weight was enhanced by 67% compared 
to the control using optimum treatment. The 
magnetic field not only causes the faster 
penetration of water into the seed but also 
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affects the speed of enzymatic reactions. 
Water uptake in the first stage accelerates the 
seeds swelling and their weight. This may be 

associated with increased metabolism and 
more water content in plants (Fischer et al., 
2004). 

Table 5- Means comparison of magnetic treatments and control for the fresh and dry weight of 
shoot and root of onion seeds 

System type 
Magnetic flux 
density (μT) 

Exposure 
time (min) 

Shoot fresh 
weight (μg) 

Root fresh 
weight 

(μg) 

Shoot dry 
weight (μg) 

Root dry 
weight (μg) 

  
15 378.33

bcde 
102.33

abcd 
10.33

fgh 
5.33

defgh 

  
30 360.33

 bcde 
110.67

 abcd
 11.33

efgh 
5.67

c defgh 

 
75 60 393.00

 bcde 
96.67

bcd 
12.33

efgh 
5.00

efgh 

  
120 373.67

 bcde 
115.33

abc 
12.33

efgh
 4.33

fgh 

  
15 392.33

 bcde 
87.33

bcd 
11.67

efgh 
5.33

 defgh 

  
30 426.33

abcde 
92.00

bcd 
14.00

cdefg 
5.33

 defgh 

Bipolar 150 60 392.67
 bcde 

96.00
bcd 

10.67
fgh 

5.00
efgh 

  
120 358.00

 bcde 
83.67

bcd 
9.00

gh 
4.33

fgh 

  
15 352.67

cde 
110.67

abcd 
11.67

efgh 
5.33

 defgh 

  
30 349.67

de 
85.00

bcd 
13.67

cdefgh 
5.00

efgh 

 
300 60 400.67

abcde 
94.33

bcd 
12.67

defgh 
5.33

 defgh 

  
120 312.00

e 
88.33

bcd 
8.33

h 
4.00

gh 

  
15 401.67

abcde 
85.67

bcd 
10.67

fgh
 5.67

c defgh 

  
30 447.00

abcde 
104.00

abcd 
10.67

fgh
 5.67

c defgh 

 
600 60 487.33

abc 
85.67

bcd 
11.00

efgh 
4.67

efgh 

  
120 470.33

abcd 
127.67

ab 
16.00

bcdef 
3.33

h 

  
15 398.67

abcde 
74.00

cd 
13.67

cdefgh
 5.33

 defgh 

 
75 30 429.33

abcde 
80.67

bcd 
15.33

bcdef 
5.33

 defgh 

  
60 406.33

abcde 
77.33

bcd 
14.33

cdefg 
4.67

efgh 

  
120 422.33

 abcde 
83.67

bcd 
15.33

bcdef
 6.67

bcdef 

  
15 416.00

 abcde 
144.67

a 
18.00

abcd 
7.00

bcde 

  
30 406.00
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Comparison of seedling weights is 

illustrated in Figure 3. Some treatments 
significantly increased this important 
germination parameter. Quadrupole system 
that applied the magnetic field of 600 μT for 
15 minutes, yielded 63% increase in total 
weight.  

The magnetic field can have various effects 
on plant metabolism according to application 
style, intensity and environmental conditions 
(Cakmak et al., 2010).  

The low-frequency magnetic field (20 mT) 
was induced to onion seeds at 10, 30 and 60 
minutes. For the magnetic treatment of 60 
minutes, an increase in energy of germination, 
germination capacity, and the seedling length 
was observed. The results were different for 
two cultivars of onion (Holubowicz et al., 
2014). Exposure of dry onion seeds to low 
frequency non-uniform magnetic fields (160 
mT for 15 and 20 min) increased germination 
compared to unexposed controls. The best 
finding was found for 160 mT for 15 min (De 
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Souza et al., 2014). Onion seeds were also 
pretreated by the static magnetic field (0.03 or 
0.06 T) for 30, 60 and 90 minutes. Exposed 
seeds to 0.06 T with 30 minute gave the 
maximum values of germination percentage, 

germination rate, seedling length and seedling 
dry weight (Hozyan et al., 2015). In present 
research, weaker magnetic fields were used 
than many similar studies. 

 

 
Fig.3. Effect of magnetic treatments on the seedling total weight 

Conclusions 

It is concluded that the designed system 
which was optimized to quadrupole has a 
potential to improve germination seed. 
Evaluation of the system with onion seed 
showed significant results. In most 
germination characteristics, the quadrupole 
system had better effect than the bipolar 
system. Generally, in many traits (except for 
traits related to weight), the increase in field 
intensity degraded the traits. Most of the 
germination traits were not affected by 
exposure time. Therefore short durations are 
efficient regarding cost and time. Further 

investigations are suggested for shorter 
exposure times compared to used durations in 
this study. Optimum magnetic treatments 
should be determined for every product. 
Investigation of the alternative current 
utilization in this system is also suggested. 
Meanwhile it may be useful to study the 
combination of a magnetic field with other 
treatments. Although the findings were 
obtained by a laboratory system, it is also 
possible to develop it in industrial technology. 
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طزاحی، ساخت و ارسیابی یک سامانه جدید اعمال میدان مغناطیسی به بذر محصولات 
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  3، روسبه عباس ساده*2دولتی، مجید 1سعید رضایی

 11/08/1397: بفتیدر خیتبر

 00/06/1398: زشیپذ خیتبر

 چکیده

هٌظَر بزرسی اثز اػوبل هیداى هغٌبطیسی بز  رٍد. بِ ضوبر هی سًی بذر بِ ّبی غیزضیویبیی یکی اس راّکبرّبی بْبَد جَاًِ استفبدُ اس رٍش
ی هیداى هغٌبطیسی چْبر قطبی طزاحی ٍ سبختِ ضد ٍ بب سبهبًِ دٍقطبی هَرد هقبیسِ قزار  سبهبًِسًی بذر ٍ رضد گیبّچِ پیبس، یک  ّبی جَاًِ ضبخع

پیچ  پیچ ٍ یک ّستِ فلشی است کِ ّستِ قببلیت حزکت در درٍى سین لایِ سین گزفت. در سبهبًِ چْبرقطبی، ّز یک اس چْبر کلاف سین پیچ ضبهل سِ
ی هیداى  هغٌبطیسی، ػلاٍُ بز تغییز اس طزیق تغییز جزیبى ٍرٍدی، خَاّد ضد. دٍ آسهبیص هستقل بب دٍ سبهبًِ را دارد. ایي قببلیت ببػث تغییز ضدت هیداى

غَرت فبکتَریل در قبلب طزح کبهلاً تػبدفی بب سِ تکزار اًجبم ضد. فبکتَرّب ضبهل ًَع سبهبًِ )دٍ قطبی ٍ چْبر قطبی(، ضدت هیداى  هغٌبطیسی بِ
ّبی هَرد بزرسی ػببرت بَدًد اس:  دقیقِ( بَد. ضبخع 120ٍ  60، 30، 10هیکزٍتسلا( ٍ هدت سهبى اػوبل هیداى ) 600 ٍ 300، 100، 70هغٌبطیسی )
چِ، ٍسى تز  تز ریطِ چِ، ٍسى چِ، ٍسى تز سبقِ چِ، طَل ریطِ سًی، ضبخع بٌیِ، طَل سبقِ سًی، هتَسط سهبى جَاًِ سًی، سزػت جَاًِ درغد جَاًِ

سًی ٍ رضد گیبّچِ پیبس  ّبی جَاًِ طَر کلی ًتبیج ًطبى داد کِ هیداى هغٌبطیسی بز رٍی ضبخع چِ. بِ چِ ٍ ٍسى خطک سبقِ گیبّچِ، ٍسى خطک ریطِ
ّبی هَرد هطبلؼِ ػولکزد بْتزی داضتِ است. در هَرد غبلب غفبت  دار داضتِ ٍ سبهبًِ چْبرقطبی ًبست بِ سبهبًِ دٍقطبی در بیطتز ضبخع تبثیز هؼٌی

دقیقِ بِ بذر  10هیکزٍتسلایی را بِ هدت  600افشایص ضدت هیداى، هٌجز بِ کبّص غفبت ضد. سیستن چْبرقطبی کِ هیداى هغٌبطیسی جش ٍسى(،  )بِ
سًی تحت تأثیز هدت سهبى اػوبل هیداى بِ بذر قزار ًگزفتٌد. بِ ّزحبل  درغدی ٍسى گیبّچِ گزدید. غبلب غفبت جَاًِ 63اػوبل کزد، ببػث افشایص 

 .بیطتز در خػَظ هدت سهبى اػوبل هیداى ًسبت بِ سهبى اػوبل ضدُ در ایي هطبلؼِ ضزٍری استّبی  بزرسی

  سًی بذر، رضد گیبّچِ، سبهبًِ چْبر قطبی، هیداى هغٌبظیسی پیبس، جَاًِ: های‌کلیدی‌واژه
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Abstract 

The aim of this study is to design, fabricate and evaluate a new type of up-cut rotary tiller and to 
develop correct formulas to estimate its torque and draft force using the laws of classical mechanics. 
In order to verify the model, a real-sized prototype of the rotary tiller was tested. It was hypothesized 
that four processes are involved to create the rotary tiller torque, namely soil cutting, soil lifting, soil-
metal friction, and soil velocity. Furthermore, it was assumed that the horizontal components of soil 
cutting and soil-metal friction forces create the required draft of the machine. Based on these 
hypothesizes, mathematical formulas were developed to calculate torque, and draft requirements of the 
machine. To facilitate performing necessary calculations, the developed formulas were entered in a 
worksheet of the MS Excel software. According to the results of this study, the average experimental 
draft and torque of the machine tilling a silty clay loam soil were 16.8 N and 12.8 Nm, respectively. 
Furthermore, the average theoretical draft and torque of the machine were 13 N and 11.8 Nm 
respectively. These promising results can be considered as the accuracy check of the formulas 
developed herein. 

Keywords: Theoretical modeling, Torque and draft force measurement, Up-cut rotary tiller 

Introduction
1
 

Imagine a gardener digging and turning 
over the orchard soil with a shovel. The shovel 
is a suitable tool in places where the lack of 
maneuverability is a serious issue. Is there an 
engine-powered machine that can perform the 
same? The rotary tiller can be an appropriate 
option. However, the working depth of a 
conventional down cut rotary tiller is 
restricted, and it may have undesirable side 
effects such as soil re-tilling. The up-cut rotary 
tiller is an alternative choice to compensate for 
the above-mentioned drawbacks of the 
conventional one (Shibusawa, 1993). In order 
to design a rotary tillage machine, it is 
important to have a correct understanding of 
the amount of torque required. To achieve this 
goal, the majority of researchers measured the 
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torque requirement or specific fuel 
consumption of a conventional rotary tiller 
using an experimental procedure (Asland 
Singh, 2009; Chertkiattipol and Niyamapa, 
2010; Matin et al., 2015, Gholami et al., 
2017), while few researchers calculated the 
machine torque theoretically (Bernacki et al., 
1972; Ahmadi, 2017). However, the 
experimental measurement as well as the 
theoretical calculation of the torque and draft 
requirements of an up-cut rotary tiller has not 
received the amount of attention that it 
deserves. 
Therefore, the aim of this study is to design, 
fabricate and analyze experimentally a new 
up-cut rotary tiller and to estimate its torque 
and draft using the laws of classical 
mechanics. 

Materials and Methods 

Introducing the machine 

The working unit of the machine consists of 
three main parts: blades, a flange, and a 
rotating shaft. Each blade is formed from a 
cutting edge and a blade extension. The blade 
extension is a curved metal shank with the 
inner radius of 140 mm, thickness of 20 mm, 
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width of 60 mm, and the central angle of 225° 
(Fig. 1a). 

 

 

 

Fig. 1. a) Components of the designed blade, b) 3D, and c) 2D views of the working unit of the 
tiller 

Figs. 1b and 1c depict the method of assembly 
of the blades on a flange. The end of each 
blade extension is located tangentially on the 
back of the blade ahead. During operation, it is 
expected that the cut soil flows through the 
blade extension passage as the flange rotates, 
then the soil is delivered to the back of the 
next blade extension, which finally discharges 
it behind the machine. 
Introducing the test rig of the machine 

After the fabrication of the machine prototype, 
it was installed on a test rig so that the 
translational motion of the tiller relative to the 
ground, as well as the effect of the operation of 
all blades on the draft force and torque 
requirements of the machine can be studied. 
The prototype had a simple manually operated 
soil bin. Maintaining a fixed speed ratio was 
the most important point considered for 
designing the test rig. Fig. 2 shows details of 
the test rig used herein.  
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Fig.2. a) Complete assembly, b) magnified view of the front part, c) exploded view, d) magnified 
view of the rear part of the test rig, and e) the method of motion activation of the soil box. Where 
digit 1 was used for the digital torque wrench, 2 for the machine shaft and flange, 3 for each of the 
blades, 4 for the soil box, 5 for the shaft pulley, 6 for the twin pulleys, 7 for the shaft of the twin 
pulleys, 8 for the pressure sensor and gauge, and 9 for the soil box rollers. Furthermore, R1 was 
used for the rope that connects the shaft pulley to one of the twin pulleys, R2 for the rope that 

connects the other twin pulley to the rope R3 and R3 for the rope that surrounds both the pressure 
sensor and the soil box 

 

The only power source of the test rig is the 

input torque, which is provided by a manually 

operated digital torque wrench 1. The resulting 

rotational motion is transferred through the 

shaft and flange 2 to the blades 3 of the 

machine, which were designed to cut the soil 

of the soil box 4. Pulley 5, which was fixed on 

the shaft, conveys power to one of the twin 

pulleys 6 through the rope R1. Because the 

twin pulleys were fixed to the free-rolling 

shaft 7, rotation of the first pulley leads to the 

rotation of the other, which in turn pulls the 

soil box 4 by means of the rope R2. To 

measure the required force for the motion of 

the soil box, a pressure sensor and gauge 8 was 

utilized (Model: MDF
® 

Calibra Aneroid 

Premium Professional Sphygmomanometer 

with the accuracy of    mmHg without pin 

stop), which were attached to the soil box 

using the rope R3. As shown, when the rope 

R2 pulls the surrounding rope R3, it makes the 

pressure sensor compressed against the 

backplane of the soil box 4; therefore, the 

pressure gauge 8 can measure the horizontal 

force developed in the soil cutting process. To 

reduce the friction between the soil box and 

the ground, free-rolling rollers 9 were used. In 

this assembly, the value of speed ratio, i.e. the 

ratio of the peripheral speed of the blade tip to 

the speed of the soil box, can be altered using 
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pulleys having different diameters. In the 

present arrangement of pulleys, the resulting 

speed ratio was 3.6. Finally, in order to extract 

the net torque required to cut the soil      from 

the total torque measured by the torque wrench 

1     , the imposed torque to the wrench due 

to the motion of the soil box      was 

calculated: The required force for moving the 

soil box was named by       , then         

was calculated using the formula       
  

    
, because all of the utilized pulleys had the 

radius of 95 mm. Finally,    can be calculated 

using the formula         . 

An experiment was performed using a 
remolded silty clay loam soil (Table 1). The 

average moisture content of the soil was about 
10%. Before performing the test, the soil bed 
was prepared to achieve the desired level of 
cone penetration resistance i.e. maximum 
value of about 800 kPa with a cone 
penetrometer (Model CP20, Agridy Rimikpty. 
Ltd. Toowoomba, Australia) to a depth of 100 
mm. Firstly, the soil was pulverized and water 
was sprayed on it to achieve the required 
moisture content. Then, the soil box was filled 
with the soil in three layers and each layer is 
leveled and compacted manually to the desired 
penetration resistance. To ensure uniformity of 
the soil, preparation of the soil bed was 
repeated if the penetration resistance values 
varied significantly from each other. 

Table 1- General properties of the soil used for the verification procedure 
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Estimation of the machine torque  

It is hypothesized that, as followed below, 
four processes are involved to create the 
machine torque.  
Torque requirement due to soil cutting process 

To calculate the above-mentioned torque, 
the kinematics of the blade must be realized. 
To achieve this goal, the position coordinates 

of the cutting edge of the working blade were 
obtained using eq. (1): 

{
              
            

                (1) 

Note: Definitions of the parameters used in the 
equations have been given in the Appendix 1.  
The geometric path of the working blade (by 
setting υ = 1 m s

-1
, ω= 10 rad s

-1
 and Rb= 0.33 

m) has been shown in Fig.3a. 

 
Fig.3. a) The path of the cutting edge of the working blade b) the relative positions of the working 

and previous blade paths  
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Since the geometric path of the cutting edge 
of the previous blade is known (eq.(2)), the 
volume of soil that is being cut by the working 
blade will be available.  

{
                

 

 
 

              
 

 
 

                        (2) 

Simultaneous representation of the cutting 
edge paths of the working and the previous 
blades have been depicted in Fig.3b wherein it 
has been shown that the working blade cuts a 
narrow layer of soil in its operating cycle. 
Therefore, the weight (and ultimately the 
normal force) exerted on the soil failure plane 
is negligible. In other words, the required 
shearing force to cut the soil can be calculated 
using the formula       . To calculate the 
torque requirement due to    using the MS 
Excel software, the curve AB (having a central 
angle of about 45°) has been divided into 5 
segments (each having a central angle of 9°), 
and the length of each segment is denoted by 

   √               
                 

 , 
then the area of that segment of the failure 
plane as well as its corresponding soil shearing 
resistance can be calculated as         
and        . Multiplying    by    

    |     (
         

           
)    |  gives the 

required instantaneous torque     , and the 
torque requirement of a blade in one 
revolution of the rotor due to the soil cutting 
process      will be obtained using the 

following formula: 
∑     

  

   

  
 

∑    

  
. 

Torque requirement due to soil lifting and soil-
metal friction processes 

The shape of the blade extension is an arc 
of a circle. To calculate the torque requirement 
due to the soil lifting process, it was supposed 
that the circular arc of the blade extension is 
divided into 25 segments, each having a 
central angle of 9°. Moreover, the added soil to 
the blade extension is accumulated in the 
lowest segment as the flange rotates. As shown 
in Fig.4, the working radius of the tiller equals 
to the distance between the cutting edge of the 
blade and the center of the rotating shaft 
         . From the viewpoint of soil 
motion along the blade extension, the circular 
arc of the blade extension can be divided into 
three regions (Fig. 4). The names of the 
regions are: soil accumulation region (five 
circular segments, each having a central angle 
of 9°), soil lifting region (fifteen circular 
segments, each having a central angle of 9°), 
and soil discharge region (five circular 
segments, each having a central angle of 9°). 

 
Fig.4. Three regions utilized for the calculation of torque requirement due to soil lifting process 

If the position vector of the end of each 
circular segment (each of 25 circular arcs) is 

known (  
⃗⃗  ⃗), the instantaneous torque will be 

available using eq. (3): 

   
⃗⃗⃗⃗⃗⃗    

⃗⃗  ⃗    
⃗⃗⃗⃗    

⃗⃗  ⃗          
⃗⃗  ⃗               (3) 
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Where            
  

 
     

  

   
. Parameter   

is an integer with the values of 1, 3, 5, 7, and 9 

for the accumulation region segments, 10,9, 7, 

5, 3, and 1 for the first six segments of the 

lifting region and 0 for the rest segments of it 

and the discharge region segments. Using the 

parameters shown in Fig.4, the calculating 

formula of   
⃗⃗  ⃗is as follows(eq. (4)): 

{
 
 
 

 
 
 |  |  √                       

           

         
 

  
 

                        
                       

  
⃗⃗  ⃗   |  |                           

   (4) 

The same procedure can be used to calculate 
the torque requirement due to the soil-metal 
friction process. The only substitution in eq. 

(3) is the replacement of   
⃗⃗⃗⃗  with   

⃗⃗ , i.e., 

   
⃗⃗ ⃗⃗  ⃗    

⃗⃗  ⃗    
⃗⃗    

⃗⃗  ⃗         
⃗⃗  ⃗              (5) 

Combining eqs. (3) and (5) gives: 

    
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗      

⃗⃗ ⃗⃗ ⃗⃗     
⃗⃗⃗⃗  ⃗    

⃗⃗  ⃗  (  
⃗⃗⃗⃗    

⃗⃗ )

 (         )

 (         )

             ⃗  

(6) 

Finally, the torque requirement due to 
combined soil lifting and soil-metal friction 
processes in one revolution of each blade can 
be obtained using eq. (7): 

   
⃗⃗ ⃗⃗ ⃗⃗  ⃗   

∑     ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗   

   
 

  
 

∑    ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗

  
                           (7) 

Required dynamic torque 

To calculate dynamic torque, the angular 
impulse and momentum method can be 
utilized. Eq. (8) demonstrates the formula. 
This formula is written for one of the above-
mentioned 25 segments. Furthermore, suppose 

that the position vector    
⃗⃗  ⃗  and the soil mass 

     are constant values during the soil 
movement in each of 9

°
 segments. 

  
⃗⃗  ⃗        

⃗⃗ ⃗⃗ ⃗⃗  ⃗      
⃗⃗ ⃗⃗  ⃗   

   
⃗⃗  ⃗      ⃗⃗ 

      
→      

⃗⃗ ⃗⃗  ⃗   

   
⃗⃗  ⃗    (  ⃗⃗      

⃗⃗ ⃗⃗ ⃗⃗  ⃗)
      
→      

⃗⃗ ⃗⃗  ⃗

 
    

⃗⃗  ⃗  (  ⃗⃗      
⃗⃗ ⃗⃗ ⃗⃗  ⃗)

  
 

(8) 

In eq. (8),   
⃗⃗  is the absolute value of soil 

velocity at the end of each circular segment, 

and    is equal to 

   

   

  
. To calculate   

⃗⃗ , the 

absolute position vector of soil at the end of 

each segment must be available (eq. (9)): 

{
  
⃗⃗  ⃗      |  |         

  
⃗⃗   |  |        

                              (9) 

The first derivative of eq. (9) leads to the 
absolute velocity of soil at the end of each 
circular segment, i.e.: 

{
   
⃗⃗ ⃗⃗     |  |         

   
⃗⃗ ⃗⃗   |  |        

                         (10) 

Applying the specifications of the vector 

product, the value of    
⃗⃗ ⃗⃗  ⃗ can be calculated 

using eq. (11): 

   
⃗⃗ ⃗⃗  ⃗  

  (         )                   (           )   

  
 

      (           )                 

  
 ⃗                (11) 

Finally, the required dynamic torque in one 
revolution of a blade can be calculated as 
follows: 

  
⃗⃗⃗⃗  

∑   ⃗⃗ ⃗⃗ ⃗⃗  ⃗

  
                                                    (12) 

Now, since all of the torque requirements in 
one revolution of a blade are known (i.e., 

  
⃗⃗⃗⃗     

⃗⃗ ⃗⃗ ⃗⃗  ⃗       
⃗⃗⃗⃗  , the total torque of a blade 

  ⃗   can be calculated by summing them. 

Furthermore, the total torque of a flange    
⃗⃗⃗⃗   

and the total torque of the tiller    
⃗⃗⃗⃗   can be 

obtained as follows: 

{
  
⃗⃗⃗⃗     ⃗ 

  
⃗⃗⃗⃗      

⃗⃗⃗⃗ 
                                                 (13) 

To facilitate performing calculations, the 
formulas developed herein were entered in a 
worksheet of the MS Excel software, where 
you can alter the values of five independent 
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parameters and observe the updated results and 
charts by pressing the Enter key (refer to the 
supplementary file).  
Estimation of the machine draft theoretically 

In order to estimate the draft force of the 
machine theoretically, horizontal components 
of soil cutting force and soil-metal friction 
force were calculated and summed. It should 
be noted that since the soil weight is directed 
down and the values of inertial force and 
moment of the cut soil are negligible in 
comparison with the corresponding items of 
the machine, the effect of soil weight and 
speed on the machine draft were neglected. 
The procedure for calculating the two 
components of the draft is summarized here: 
• Dividing the time span from the instant when 
the rotating blade meets the soil to the instant 
when it reaches to the ground surface into five 
equally sized segments, and calculating the 
corresponding length of soil that is cut during 
each of them (  ). 
• Calculating the horizontal component of soil 
cutting force i.e.             

    |     (
         

           
)    | , and the 

horizontal component of soil-metal friction 
force i.e.             for each time segment. 
• Summing     s and     s to calculate       
and     . 

• Multiplying      and      by 

  

   

  
 

 

  
 to 

achieve average values of soil cutting force 

and soil-metal friction force. 

Results and Discussion  

Comparison of torque and draft curves of a 
single blade 

Fig.5a shows the distribution of the 
theoretically obtained soil cutting-induced and 
the soil motion-induced torque curves of a 
blade over one revolution of the tiller shaft. 
The soil motion-induced torque consists of soil 
lifting, friction, and dynamic torques, and the 
sum of soil cutting and soil motion-induced 
torques composes the machine torque. The 
theoretical curves were obtained by entering 
the following values as the model input 
parameters:                         

                                
                              . The 
theoretical soil-cutting-induced torque was 
about 9 Nm on part AB of the curve, which is 
exactly over the soil-cutting period. Then, it 
falls to zero and remains zero on part CD, 
where the working blade is not in contact with 
the soil. Finally, when the blade encounters the 
soil at the beginning of the next rotation of the 
blade, the curve jumps up to reach point E. On 
the other hand, the variation of the soil 
motion-induced torque starts from zero at F, 
where the working blade just touches the soil. 
Since there is no mass on the blade extension 
at F, all components of the soil motion-
induced torque are zero at this point. The 
curve goes up from F to reach the largest value 

of about 6 Nm at G (     ), and then it falls 
down and intersects the horizontal axis at H 

(      ). The soil motion-induced torque 
remains zero between points H and I (  
         ) because the blade extension 
does not carry any soil in this range. 

Figs. 5b and 5c depict the distribution of 
theoretical as well as experimental curves of 
the machine torque and the draft force of a 
blade over one revolution of the tiller shaft, 
respectively. The proximity of theoretical 
curves to the experimental ones can be 
considered as the verification of the developed 
formulas. As shown, both of the torque curves 
have zero values after rotation of the tiller 
shaft through the angle of 90°. This 
observation can be explained from this point 
that after rotation of the shaft through this 
rotation angle, almost all of the cut soil 
dropped from the blade surface; therefore, 
because the mass of soil supported by the 
blade was negligible, its corresponding soil 
motion-induced torque had zero values, too. In 
order to explain why the draft curves have zero 
values after the tiller shaft rotated about 50°, it 
is necessary to consider that the draft force is 
created from the interaction between the blade 
and the uncut soil. Because the blade is in 
contact with the uncut soil only in the first 50° 
of the shaft rotation, it is expected to have zero 
values for the draft force after this rotation 
angle. 
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Fig.5. Comparison of a) theoretically estimated soil cutting and soil motion-induced torque curves 
b) theoretical and experimental curves of the machine torque, and c) theoretical and experimental 

draft curves of a blade 
 

Furthermore, the average theoretical 
machine torque of a blade is around 2.95 Nm 
and the average experimental machine torque 
is about 3.2 Nm. Moreover the average 
theoretical draft force of a blade is around 3.25 
N and the average experimental draft force is 
about 4.2 N. The difference between the 
average theoretical and experimental torques 
as well as draft forces may be due to 
dissimilarity in the working conditions of the 
modeled and real machines, the difference in 
the properties of the study soil, and the effect 
of unconsidered or neglected processes for the 
development of the theoretical formulas. 
Effect of all blades on the torque requirements 
of the machine 

Fig.6 shows the variation of the total, draft-
induced and machine torques as a function of 
the angular position of the tiller shaft. 

An important result obtained from Figure 6 
regarding the design of the tiller is that in 
order to have a durable machine, the number 
of the tiller blades should be doubled because 

there are angular spans in the charts where the 
torque requirement is zero. These angular 
spans, which are exactly matched with the 
time spans when no blade is in contact with 
the soil, make the curves to have a periodic up 
and down variation. This means that the torque 
requirement of the machine have a periodic 
nature, which leads to the vibration of the 
machine and ultimately makes the tiller to fail 
sooner. However, if the number of the tiller 
blades is doubled, the valleys of curves will be 
filled, which means that the machine will work 
with fewer vibrations. In order to double the 
number of blades without affecting the 
configuration of them, the new blade gang, 
having the same arrangement as the first, 
should be installed on the other side of the 
tiller flange. Moreover, each blade of the new 
gang should be welded to the flange exactly 
halfway of each circular arc between the two 
adjacent blades of the first gang. 
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Fig. 6. Experimentally measured torque curves of the machine over one revolution of the tiller shaft 

Conclusions 

In this study, the soil engaging components 
of a new up-cut rotary tiller were designed and 
fabricated and the torque and draft force 
requirements of the machine were formulated 
using the laws of classical mechanics. The 
comparison of the calculated theoretical torque 
and draft force with the experimental ones had 
promising results that can be considered as the 
verification of the formulas developed herein 
(From a quantitative viewpoint, the average 
experimental draft and torque of the machine 
tilling a silty clay loam soil were 16.8 N and 

12.8 Nm, respectively). Furthermore, the 
average theoretical draft and torque of the 
machine were 13 N and 11.8 Nm respectively. 
The outputs obtained from the formulas 
(driving torque of the machine and required 
draft force of it) can be used to design the 
transmission system of the machine. 
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Appendix 1-Definition of the parameters used in the theoretical formulas 
Item Definition (unit) 

   Distance between the end point of the i-th segment of the blade extension and the center of 
rotor (m) 

      Number of blades per flange and number of flanges (-)  

   Shearing resistance of soil located close to the i-th segment of the blade path through the 
soil (N) 

          Length (m) and area (m
2
) of the i-th segment of the blade path 

    Torque supplied for cutting the soil located close to the i-th segment of the blade path 
through the soil (Nm) 

    
                 

Torques supplied respectively to the soil lifting, overcoming the soil-metal friction, 
combined soil lifting and overcoming the soil-metal friction, and dynamic motion of the soil 
located close to the i-th segment of the blade extension (Nm)   

   Absolute velocity of the soil located close to the i-th segment of the blade extension (m s
-1

) 
          The weight of, and the friction force exerted on the soil located close to the i-th segment of 

the blade extension (N) 
   The weight of soil that enters to the first segment of the blade extension (N) 

      The X and the Y components of the absolute position of the soil located close to the i-th 
segment of the blade extension (m) 

      Unit vectors along the x and the y axes, respectively  
   The mass of the soil located close to the i-th segment of the blade extension (kg) 

        The x and the y position coordinates of the cutting edge of the working blade (mm) 
        The x and the y position coordinates of the cutting edge of the previous blade (mm) 

  Soil cohesion (kPa) 
  Blade width (m) 
   Bite length of the blade (m) 

           The rotating shaft radius, the blade extension radius, and the distance between the cutting 
edge of the blade and the rotating shaft center, respectively (m) 

  Time (s) 
  Forward speed of the machine (m s

-1
) 

  Coefficient of soil-metal friction (-) 
  Angular velocity of the rotor (rad s

-1
) 

 
  



An Estimator for Torque and Draft Force Requirements of a … 21 
 

  های کشاورزی ماشین نشریه

 00-10ص  ،0299نیمسال اول ، 0شماره ، 01جلد 

Journal of Agricultural Machinery  

Vol. 10, No. 1, Spring- Summer 2020, p. 11-21  

 

دیچرخش معکوس جد واتوریروت یگشتاور و مقاومت کشش نگریتخم  
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 چکیده

ّبی صحیح بزای تخویي  ارسیببی یک ًوًَِ جذیذ اس رٍتیَاتَر چزخص هعکَط، ّوچٌیي تَسعِ فزهَلّذف اس پضٍّص حبضز طزاحی، سبخت ٍ 
هٌظَر تبییذ هذل، ًوًَِ اٍلیِ دستگبُ هَرد آسهَى قزار گزفت. فزض ضذ  ًیبسّبی گطتبٍری ٍ ًیزٍیی آى بب استفبدُ اس قَاًیي هکبًیک کلاسیک است. بِ

هَرد ًیبس هبضیي دخبلت دارًذ کِ عببرتٌذ اس: بزش خبک، ببلا بزدُ ضذى خبک، اصطکبک بیي خبک ٍ فلش ٍ سزعت خبک. کِ چْبر فزآیٌذ در ایجبد گطتبٍر 
ایي  اس سَی دیگز فزض گزدیذ کِ هؤلفِ افقی ًیزٍی بزش ٍ اصطکبک بیي خبک ٍ فلش در ایجبد هقبٍهت کططی هَرد ًیبس هبضیي ًقص دارًذ. بز هبٌبی

ّب ٍارد  ی بزای تخویي ًیبسّبی گطتبٍری ٍ هقبٍهت کططی هبضیي تَسعِ دادُ ضذ. بزای تسْیل در اًجبم هحبسببت، فزهَلّبی ریبض ّب، فزهَل فزض
دار  رسی سیلت لَمٍرسی خبک دارای ببفت  گیزی ضذُ بزای خبک افشار اکسل ضذ. بز هبٌبی ًتبیج ایي پضٍّص هقبٍهت کططی ٍ گطتبٍر هتَسط اًذاسُ ًزم

ًیَتي ٍ  13تزتیب بزابز بب ِ علاٍُ هقبٍهت کططی ٍ گطتبٍر هتَسط تخویي سدُ ضذُ بِ دست آهذ. ب هتز بِ ًیَتي 8/12ًیَتي ٍ  8/16ب تزتیب بزابز بِ ب
 .ببضذ یبفتِ در ایي پضٍّص هی ّبی تَسعِ گیزی ضذُ بیبًگز صحت فزهَل دست آهذ. ضببّت هقبدیز تخویي سدُ ضذُ بِ هقبدیز اًذاسُ هتز بِ ًیَتي 8/11

 سبسی تئَری ، هذلچزخص هعکَطگیزی گطتبٍر ٍ هقبٍهت کططی، گبٍآّي دٍار ُ اًذاسهای کلیدی:  واژه
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Abstract 

In this paper, performance of a no-till corn planter in a soil covered with previous wheat residue 
was evaluated. Three levels of crop residue cover (CRC): 30, 45 and 60%, two planting schemes; on-
bed and in-furrow and two forward speed: (4 and 8 km h

-1
) were considered as treatments. The field 

was evaluated by ground and air observations. The purpose of this study was to investigate the 
capability of aerial images captured by an unmanned aerial vehicle (UAV) in identifying the distances 
between corn seedlings and as a result, assessing the quality of planter performance. Collected data 
from ground and aerial imagery were used to calculate seed establishment indices including multiple 
index, miss index, quality of feed index, precision index and also emergence rate index (ERI), for each 
plot. Images captured from10 m altitude (4.5 mm pixel

-1
) could give satisfactory results in relation to 

our objectives. Our results show that acceptable correlations existed between terrestrial and aerial 
seedlings spacing data sets (0.94<R<0.98) suggesting the aerial imagery is a good choice for 
evaluating the seed establishment and estimating ERI. Aerial imagery data source underestimated 
quality of feed and precision indices, overestimated miss index and could not provide processed data 
range needed for computing multiple index due to low image resolution, weeds presence within crop 
rows and overlapping of leaves.  

Keywords: Aerial imagery, Crop residue cover (CRC), Seed establishment indices, Unmanned 
aerial vehicle (UAV)  

Introduction
1
 

Farming practices have undergone huge 
changes to cope with increasing demands for 
more food and safeguarding environment 
(Zheng et al., 2012). A considerable number of 
studies have been conducted to explore 
advantages and best management practices 
including soil preparation, previous residue 
management and planting into partially 
covered soils. Conservation farming 
techniques are often associated with previous 
surface crop residue management. Keeping 
certain amount of previous residue helps 
retaining some soil moisture and reducing soil 
erosion through increased water infiltration 
into soil, in addition this practice provides 
more carbon source needed for maintaining a 
proper C/N ratio (Naresh et al., 2016). On the 
other hand farming practices such as 
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conservation tillage helps to reduce energy 
needed for crop production thus cheaper 
farming can be realized. Some farmers avoid 
to adopt conservation farming due to 
possibility of poor stand establishment which 
might ultimately reduce crop yield. Available 
conventional planters fail to place seeds into 
soils which are less tilled. The adverse effects 
of planting into residue covered soils have 
been emphasized by Swan et al. (1994) and 
Fallahi and Raoufat (2008). Inadequate 
seeding depth, low uniformity in seed spacing, 
variation in seed placement depth and decrease 
in crop yield are a few adverse effects reported 
by above researchers.  

Planter attachments such as coulters are 
valuable tools for cutting the residue and help 
achieving proper seeding depth, on the other 
hand, row-cleaners clear the seeding row from 
residue and clods helping a good drill and seed 
placement. These attachments are necessary 
tools for a successful planting into a partially 
residue covered soils where conventional 
planters fail to penetrate into the top soil. 
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Raoufat and Matbooei (2007) concluded that 
using row cleaner in farms with 50% crop 
residue cover at a forward speed of 7 km h

-1
 

resulted in the best plant establishment, 
uniformity in seed spacing and desirable 
values of emergence rate, miss, quality of feed 
and precision indices. Dadi and Raoufat 
(2012) found that using a winged chisel furrow 
opener preceded by a row cleaner equipped 
with treader wheels arrangement removes 
appreciable amounts of residue on the planting 
row in a conservation farming system. They 
observed better cleaning of crop residue at 
higher forward speeds, but this caused an 
increase in miss index that was not desirable.  

As the conservation farming is extending 
throughout the world certain tillage and 
planting systems have been developed 
including no-till planters. These planters, place 
seeds into covered or partially covered residue 
soils. The performance of the planter shall be 
monitored by measuring seedling spacings. 
Currently, data acquisition from farms relies 
on manual field-data collection, survey 
responses, and agricultural censuses, but it is 
extremely difficult to acquire the data 
systematically and continuously over large 
areas using these methods. Alternatively, 
remote sensing techniques have the potential 
to survey different practices in farms 
inexpensively and efficiently in a systematic, 
timely and cost-effective manner (Zheng et al., 
2014; Rostami and Afzali Gorouh, 2017). 
Satellites and aircrafts have been widely 
employed to monitor crop growth, estimate 
crop yield and also for site specific 
management applications. In spite of few 
advantages, acquiring images from satellites 
and air crafts is expensive and not easy for 
farmers and researchers to access. Low quality 
of acquired images from satellite and air crafts, 
effect of weather conditions on imagery and 
adverse effects of satellite sensor characteristic 
is other limiting factors. As an alternative, 
unmanned aerial vehicles (UAVs) have been 
used for aerial imagery and has found 
applications in crop monitoring and 
management (Jannoura et al., 2015; Xiang and 
Tain, 2011). The UAVs are able to fly at lower 

altitudes as compared to airplanes and 
satellites. They can capture ultrahigh 
resolution images and therefore have been 
recently used to capture images of objects such 
as small plants and patches (Xiang and Tian, 
2011). The flight preparation time for UAVs is 
low and imagery can be scheduled even on 
cloudy days therefore the UAVs image 
acquisition system is more flexible. The costs 
of imagery and data acquisition for the UAVs 
are lower compared to satellites and  other 
available aircrafts, commercial cameras having 
various degrees of image resolution and 
configuration have been marketed which can 
be mounted on UAVs as desired giving the 
operators and researchers more flexibility 
(Sankaran et al., 2015). Many researchers have 
concluded that commercial cameras are 
powerful parts of data acquisition systems for 
UAVs especially when green vegetation is to 
be monitored both from air and land. In 
summary low cost and  high resolution of the 
UAVs equipped with proper image capture 
and acquisition hardware makes this a good 
choice for assessing green vegetative cover 
such as broadly and wheat on farms (Torres-
Sanchez et al., 2014). 

Precision agriculture is one of the areas 
which has adopted UAV for the last 12 years. 
For instance, biomass and nitrogen status of 
corn, alfalfa and soybean crops have been 
estimated by unmanned helicopters equipped 
with camera and image acquisition systems by 
Hunt, Cavigelli, Daughtry, McMurtrey, and 
Walthall in 2005. In similar studies unmanned 
radio controlled helicopters used to acquire 
thermal and narrow band multispectral images 
to estimate biophysical parameters correlated 
with leaf area index, water stress and 
chlorophyll content (Berni, Zarco-Tejada, 
Suarez, and Fereres, 2009). In another study 
remote sensing technology was used to 
estimate grain yield and total aerial biomass of 
a rice crop (Swain, Thomson, and Jayasuriya, 
2010). Having aerial images, they established 
regression equation between measured 
parameters and normalized difference 
vegetation index (NDVI) given by images and 
obtained regression coefficients of 0.72 and 
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0.76 for grain yield and aerial biomass, 
respectively. In an investigation conducted by 
Aguera, Carvajal, and Saiz (2011) an 
acceptable correlation was established between 
applied nitrogen to sunflower and NDTI 
extracted from images captured by a 
quadcopter at a height of 70 m above the crop 
(Vega et al., 2015).  

In another research performed by Zhang et 
al., 2018, the distances between corn seedlings 
(2-3 fully expanded leaves) were calculated by 
using the images captured by a Phantom 3 
Professional flying at five altitudes: 1, 2, 3, 4 
and 5m. They developed a method by training 
an algorithm in an indoor facility with plastic 
corn plants. Then, the method was scaled up 
and tested in a field with maize plant spacing 
that exhibiting natural variation. Their major 
problem was the presence of weeds specially 
weeds growing within crop rows. They could 
achieve reliable results at an altitude of 5m. In 
summary they concluded that it is possible to 
precisely quantify the distance between corn 
plants.  

Varela et al. (2018) aimed to develop a 
reliable, timely, and unbiased method for 
counting corn plants based on ultra-high-
resolution imagery acquired from unmanned 
aerial systems (UAS) to automatically scout 
fields and apply it to real field conditions. 
Their data processing included five steps: (1) 
images were converted into excess greenness 
(ExG)-vegetation index, (2) row detection and 
contours were delineated, (3) geometric 
descriptors were built from contours, (4) 
classifier training, and (5) classifier testing. 
Their results showed that for successful model 
implementation, plants should have between 
two to three leaves when images are collected 
(to avoid overlapping) and best workflow 
performance was reached at 2.4 mm resolution 
corresponding to 10 m of altitude. 

Because planting space is still a critical 
parameter for crop growth models, it is critical 
to focus on how to measure plant to plant 
distances in a row. The UAV systems 
represent a powerful tool that can be used to 
collect high-resolution real-time images of 
cropping systems, and thereby support the 

calculation of plant interval distances. In this 
study, our objective was to investigate the 
ability of a low cost drone; DJI Phantom 3 
Professional

1
 equipped with a commercial 

RGB camera for monitoring performance of a 
corn planter in a conservation farming system. 
Two important issues in conservation farming 
are the specification of the tilling machine (if 
used) and of the planter. Adequate literature is 
available on specifications of the planters 
suitable for placing seeds in partially residue 
covered soils (Raoufat and Mahmoodie, 2005; 
Bahrani et al., 2007; Dadi and Raoufat, 2012; 
Nejadi and Raoufat, 2013) considering 
recommendations by above researchers, it is 
decided to use a newly manufactured no-till 
planter made by Tarashkadeh Company

2
. 

Materials and Methods  

I: Experimental site 

Our research was conducted in one of the 
Experimental Stations of College of 
Agriculture, Shiraz University, Shiraz, Iran 
(29°44´2ʺN, 52°35´33ʺE upper left point and 
29°43´59.6ʺN, 52°35´40ʺE lower right point). 
The selected farm was covered with fresh 
previous irrigated wheat residue averaging 
8000 kg ha

-1
.  

II: Plots preparation 

In subsequent operations, the previous crop 
residue was reduced and adjusted to the three 
desired levels considered for this study. First 
the loose straw discharged from combine was 
baled out from the field and only 3500 kg ha

-1
 

was left (equivalent to 60% CRC) and 
considered as R1. The remaining fallen 
residues were removed out and residue was 
adjusted to 1700 kg ha

-1
 (equivalent to 45% 

CRC) forming the second level R2. For 
preparing the third level, (R3) the remaining 
crop residue was grazed and established at 620 
kg ha

-1
 (equivalent to 30% CRC). This level 

corresponds to minimum residue level 
recommended for conservation farming 
(CTIC, 2010). To prepare a field having 
various scenery of seed placement, seeds were 
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planted at two forward speeds of 4 and 8 kmh
-1

 
on plots having residue cover levels of 30, 45 
and 60 %. The conventional local practice of 
planting on-bed and in-furrow was also 
considered. Therefore, a total of 12 treatments 
in 3 replications was considered for our study. 
The statistical design was split-split plot 
arranged as a complete block design, main 
plots were crop residue, sub plots were 
planting scheme and sub-sub plots were 
planter forward speed. Each plot was 
measured 4×30 m

2
. The corn was a hybrid 

single cross 704 with emergence rate of 92% 
and purity of 98%. Corn was planted in plots 
by a no-till planter made by Tarashkade 
Company. Each unit of the four-row planter 
included a plain coulter and a wave coulter. 
The former assisted in placing fertilizer and 
the latter assisted in pulverizing a narrow band 
ready for falling seeds. The row spacing was 
adjusted to 60 cm and theoretical seed spacing 
of 15.5 cm. Sowing date was July, 31th 2016 
and on the next day first irrigation was done. 
After irrigation, the plots were closely 
monitored for any seedling emergence.  
III: Data collection  

Measurements in each plot were the number 
of seeds emerged daily and the distance 
between consecutive seedlings. Newly 
emerged seedlings were counted every day in 
a 6 meters length in the middle of each row in 
each plot. Counting continues until no changes 
was seen in the number of newly emerged 
seedlings. The measurements were taken both 
on the ground and by the drone. For terrestrial 
measurements on the August 20th 2016, a 
measuring tape was placed on each row and 
distances between consecutive seedlings were 
measured and recorded. Drone images were 
captured from each plot at 14 different 
altitudes (4, 6, 8,…and 30m) on the 20th and 
the 27th August 2016. Pixel resolution of 
images captured at different altitudes and 
different time intervals after planting (20 and 
27 days after planting), were examined to find 
the best altitude and timing for drone imagery. 
Only the images captured at 10 meter height 
(4.5 mm pixel

-1
) could give satisfactory results 

in relation to our objectives. It should be noted 

that although resolution for imagery at lower 
altitudes was better but captured scenery was 
small. On the other hand, given the condition 
of the plot, imagery at altitudes more than 10 
m height could not give satisfactory pixel 
information for detecting single corn 
seedlings. As images captured at earlier stages 
of corn growth had less leaves overlapping 
problem so the first drone imagery taken on 
the 20th August was selected for further 
analysis. 
IV: Data processing 

Due to presence of heavy residues, weeds, 
shadow and leaves overlapping it was 
impossible to analyze images using written 
code programs like Matlab

1
, therefore the 

analysis was continued semi manually with the 
help of ImageJ

2
 and Excel

3
 programs. Fig.1 

shows a part of aerial image of a plot with the 
least residue level (30% CRC), planted on-bed 
at 8 km h

-1
, having the least problem of weed 

and leaves overlapping taken on the 20th 
August 2016. 

For measuring distances between corn 
seedlings a rectangular marker of 1×0.22 m

2
 in 

yellow color (for calibration purpose) was 
placed in each plot so that the hovering drone 
camera could capture images of each specific 
plot and the marker laid on it. For each plot, 
the captured image from a 10m height was 
retrieved in ImageJ program and as 
demonstrated in Fig.2 the marker length was 
calculated by using the tools “straight” and 
“measure” commands. Then the distance 
between adjacent seedlings was measured in 
the same way. Camera distortion was not a 
problem as measurements were performed for 
each plot separately and the equivalent 
seedling spacing was calculated by using the 
length of the yellow marker in the plot image. 
In the next step measured distances from 
ImageJ were moved to spreadsheet (Excel 
2013) and converted to real distances in 
centimeters by equation (1). 
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Fig.1. Image captured from 10m height by drone (L1: length of marker, L2: seedling spacing) 

 
Fig.2. Measuring seedling spacing in ImageJ 

For terrestrial measurements a measuring 
tape was placed in each row and consecutive 
distances between seedlings were measured 
and recorded. At this stage two sets of data 
were at hand, one gathered manually and one 
concluded from drone imagery. In the next 
step, the existence of a linear correlation 
between these two sets of data was 
investigated. In addition, multiple index, miss 
index, quality of feed index and precision 

index were calculated. In the following section 
these indices are briefly introduced. 
Multiple index: The theoretical spacing is the 
distance between seedlings assuming that there 
were no skips, multiples, or variability and is 
based on the manufacturer’s specifications. It 
will theoretically be equal to the mode of 
distribution of spacing. The multiple index D 
is the percentage of spacing that are less than 
or equal to half of the theoretical spacing. That 
is: 
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D = 
  

 
 × 100  

Where, n1 is the number of spacing that are 
more than zero but no more than half times the 
theoretical spacing; and N is the total number 
of distances measured. Smaller values of D 
indicate better performance (Kachman and 
Smith, 1995).  
Quality of feed index: The quality of feed 
index A is the percentage of spacing that are 
more than half but no more than 1.5 times the 
theoretical spacing. That is: 

A = 
  

 
 × 100  

Where, n2 is the number of spacing that are 
more than half but no more than 1.5 times the 
theoretical spacing; and N is the total number 
of distances measured. Larger values of A 
indicate better performance than smaller 
values. In other words, the quality of feed 
index is a measure of how often the spacing 
are close to the theoretical spacing (Kachman 
and Smith, 1995). 
Miss index: The miss index M is the 
percentage of spacing greater than 1.5 times 
the theoretical spacing. That is: 

M = 
  

 
 × 100   

Where, n3 is the number of spacing that are 
more than 1.5 times the theoretical spacing; 
and N is the total number of distances 
measured. Smaller values of M indicate better 
performance than larger values (Kachman and 
Smith, 1995). 
Precision: Precision, C is a measure of the 
variability in spacing between plants after 
accounting for variability due to both multiples 
and skips. A practical upper limit is 29%. 
Smaller values of C indicate better 
performance than larger values. The precision 
is the coefficient of variation of spacing that 
are classified as singles. That is: 

C = 
  

    
 × 100   

Where, S2 is the sample standard deviation of 
spacing that are more than half but no more 
than 1.5 times the theoretical spacing. And xref 
is the theoretical spacing of plants (Kachman 
and Smith, 1995). 

Emergence Rate Index (ERI): For each 
treatment an ERI was determined by counting 
the number of plants emerged from a mid-6 m 
length of rows for several days after planting 
(DAP) using the following equation 
introduced by Erbach (1982): 

ERI
 
= ∑

           

    

 
    

Where, n is the nth emergence observation, 
EMGn is the percentage of seeds planted 
emerged on the day of the nth emergence 
observation, EMGn-1 is the percentage of seeds 
planted emerged on the day of the (n-1)th 
emergence observation equal to 0 when n=1 
and DAPn is the number of days after planting 
when the nth emergence observation was 
taken. In this study counts were made on 7, 10, 
12, 14 days after planting and stopped when 
no further increase in emerged counts was 
observed.  

Results and Discussion  

I. General relationship between two sets of data 

Data on seedlings spacing after emergence 
gathered manually and corresponding data on 
seedlings spacing is obtained from drone 
imagery were retrieved in Excel program, the 
relationship between these two sets of data 
was examined and their correlation coefficient: 
R related to their linear relationships was 
calculated (Table 1). This table shows that 
there is a good relationship between ground 
data and aerial ones and therefore, it is 
possible to use drones to evaluate the seedling 
emergence and indices of seed stand 
establishment.  

As mentioned in the previous paragraph the 
first drone imagery was accomplished on the 
same day when ground measurements were 
taken. Seven days later aerial imagery was 
repeated to look for the existence of any 
change in imagery results. Correlation 
coefficients between the ground and aerial data 
for the two sets are reported in Table 1. It 
shows that ground and aerial observations are 
well correlated and therefore aerial imagery 
has the potential to replace the tedious ground 
measurements. Furthermore this table shows 
that there is no significant difference between 
the two data sets and therefore we can 
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conclude that do not need to rush for aerial 
imagery. However it should be pointed out that 
the timing interval between planting date and 
aerial data collection should not be so long as 

weeds and accelerated leaf growth hinder 
aerial imagery and reduce the accuracy of 
results.  

 

Table 1- Correlation coefficient R between terrestrial and aerial seedling spacing data 
Plot R (Terrestrial 20-8-2016 vs. Drone 20-8-2016) R

 
(Terrestrial 20-8-2016 vs. Drone 27-8-2016) 

R1P1V1 0.97 0.97 
R1P1V2 0.97 0.96 
R1P2V1 0.95 0.95 
R1P2V2 0.96 0.98 
R2P1V1 0.96 0.95 
R2P1V2 0.96 0.94 
R2P2V1 0.95 0.95 
R2P2V2 0.97 0.95 
R3P1V1 0.98 0.95 
R3P1V2 0.96 0.97 
R3P2V1 0.94 0.94 
R3P2V2 0.97 0.95 

R1= 60% CRC; R2=45% CRC; R3=30% CRC; P1= on-bed; P2= in-furrow; V1=4km h
-1

; V2=8km h
-1 

It should be noted that the present study 
was aimed to the asses capability of aerial 
imagery on a local farm covered with high 
residue and considerable weeds. The full 
automatic analysis of images is not possible 
for such farm. Other researchers, including 
Zhang et al., 2018 and Varela et al., 2018 have 
worked in fields having considerably less 
residue and weeds, hence they have been able 
to proceed in a more automatic approach. 

The statistical analysis of data gathered 
manually and from aerial imagery, for these 
indices related to seed placement showed that 
the amount of CRC, planting scheme and 
forward speed of planter had no significant 
effect on indices related to seed placement, 

therefore it can be concluded that the no-till 
planter used, performed satisfactorily.  

Table 2 shows that none of the indices have 
been significantly affected by the sources of 
variation for both terrestrial and aerial data 
sources. In other words stand establishment 
indices can be estimated using aerial imagery 
data sources with no significant loss of 
accuracy. 
II. Planter performance indices  

In the next step means of four indices of 
multiple index, quality of feed index, miss 
index and precision index from terrestrial and 
aerial sources have been compared. The 
deviation between the indices calculated by 
drone data and the ones calculated by 
terrestrial data is shown in Table 3. 

 

Table 2- Analysis of variance of seed establishment indices for ground and aerial data 

Source of 
variation 

df 

Multiple index Quality of feed index Miss index Precision index 

Terrestrial drone Terrestrial drone Terrestrial drone Terrestrial drone 

F F F F F F F F 

Replication 2 0.30
ns

 0.25
ns

 2.02
ns

 0.08
ns

 3.40
ns

 0.08
ns

 0.19
ns

 1.89
ns

 
Residue 

(R) 
2 1.16

ns
 1.35

ns
 0.85

ns
 0.22

ns
 0.80

ns
 0.16

ns
 0.16

ns
 0.44

ns
 

Position 
(P) 

1 2.05  
ns

 1.38
ns

 4.43
ns

 0.07
ns

 3.78
ns

 0.20
ns

 0.71
ns

 0 
ns

 

Velocity 
(V) 

1 3.94
ns

 5.38
ns

 5.61
ns

 1.23
ns

 3.35
ns

 0.53
ns

 0.68
ns

 0.15
ns

 

RP 2 0.18
ns

 1.43
ns

 0.30
ns

 0.66
ns

 0.38
ns

 0.40
ns

 1.01
ns

 1.03
ns

 
RV 2 0.57

ns
 1.35

ns
 1.70

ns
 1.32

ns
 1.76

ns
 0.91

ns
 0.02

ns
 2.06

ns
 

PV 1 0.71
ns

 1.38
ns

 0.01
ns

 2.26
ns

 0.91
ns

 1.69
ns

 1.44
ns

 1.22
ns

 
RPV 2 1.09

ns
 1.43

ns
 0.04

ns
 2.67

ns
 1.48

ns
 2.07

ns
 0.14

ns
 0.08

ns
 

Error 12         
ns 

means no significant difference at P≤0.01 
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Table 3- Comparison of means of seed establishment indices for ground and aerial data 

Plot Index, % 
Terrestrial  
20-8-2016 

Drone  
20-8-2016 

Deviation I 
Drone  

27-8-2016 
Deviation II 

R1P1V1 

Multiple index 6.68 0.00
*
 +6.68 0.00

*
 +6.68 

Quality of feed 
index 

79.74 74.56 +5.18 60.48 +19.26 

Miss index 13.57 25.43 -11.86 39.52 -25.95 

Precision index 25.89 22.42 +3.47 18.03 +7.86 

R1P1V2 

Multiple index 9.51 3.84 +5.67 0.00
*
 +9.51 

Quality of feed 
index 

68.15 52 +16.15 49.05 +19.1 

Miss index 22.34 44.16 -21.82 50.95 -28.61 

Precision index 26.52 24.96 +1.56 19.31 +7.21 

R1P2V1 

Multiple index 7.67 0.00
*
 +7.67 0.00

*
 +7.67 

Quality of feed 
index 

74.95 63.22 +11.73 53.19 +21.76 

Miss index 17.37 36.78 -19.41 46.81 -29.44 

Precision index 24.39 21.69 +2.7 15.50 +8.89 

R1P2V2 

Multiple index 12.88 0.00
*
 +12.88 0.00

*
 +12.88 

Quality of feed 
index 

65.94 72.98 -7.04 58.25 +7.69 

Miss index 21.36 28.14 -6.78 40.65 -19.29 

Precision index 26.38 19.93 +6.45 20.05 +6.33 

R2P1V1 

Multiple index 7.57 0.00
*
 +7.57 0.00

*
 +7.57 

Quality of feed 
index 

76.71 66.97 +9.74 48.98 +27.73 

Miss index 15.71 33.03 -17.32 51.01 -35.3 

Precision index 23.67 21.25 +2.42 14.10 +9.57 

R2P1V2 

Multiple index 9.95 0.00
*
 +9.95 0.00

*
 +9.95 

Quality of feed 
index 

78.01 73.61 +4.4 47.86 +30.15 

Miss index 12.04 26.39 -14.35 52.14 -40.1 

Precision index 23.15 18.99 +4.16 21.54 +1.61 

R2P2V1 

Multiple index 12.82 0.00
*
 +12.82 0.00

*
 +12.82 

Quality of feed 
index 

68.67 64.64 +4.03 52.42 +16.25 

Miss index 18.51 35.36 -16.85 47.58 -29.07 

Precision index 25.53 22.96 +2.57 17.44 +8.09 

R2P2V2 

Multiple index 12.18 0.00
*
 +12.18 0.00

*
 +12.18 

Quality of feed 
index 

68.65 65.89 +2.76 59.60 +9.05 

Miss index 19.51 34.11 -14.6 37.06 -17.55 

Precision index 27.64 19.01 +8.63 19.16 +8.48 

R3P1V1 

Multiple index 6.60 0.00
*
 6.60 0.00

*
 +6.60 

Quality of feed 
index 

83.89 73.83 10.06 56.94 +26.95 

miss index 9.49 26.17 -16.68 43.06 -33.57 

precision index 25.69 17.32 +8.37 17.74 +7.95 

R3P1V2 

multiple index 7.15 1.80 +5.35 0.00
*
 +7.15 

quality of feed 
index 

73.73 63.54 +10.19 50.39 +23.34 

Miss index 19.12 34.65 -15.53 49.61 -30.49 

Precision index 24.27 23.86 +0.41 16.43 +7.84 

R3P2V1 

Multiple index 3.33 0.00
*
 +3.33 0.00

*
 +3.33 

Quality of feed 
index 

78.44 71.39 +7.05 54.52 +23.92 

Miss index 18.22 30.16 -11.94 45.48 -27.26 

Precision index 24.08 21.71 +2.37 16.32 +7.76 

R3P2V2 

Multiple index 12.97 1.85 +11.12 0.00
*
 +12.97 

Quality of feed 
index 

69.14 63.89 +5.25 61.18 +7.96 

Miss index 17.89 34.26 -16.37 38.81 -20.92 

Precision index 27.05 24.13 +2.92 16.09 +10.96 

*: Aerial imagery partially failed to provide data needed for computing this index 
R1= 60% CRC; R2=45% CRC; R3=30% CRC; P1= on-bed; P2= in-furrow; V1=4km h

-1
; V2=8km h

-1 
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Examination of Table 3 shows that aerial 
imagery partially failed to provide data needed 
for computing multiple index. As can be seen 
from this table for most of the indices studied 
(except multiple index) data collected from 
drone imagery could give values more or less 
equal to those from ground data, however 
these values are either underestimated or 
overestimated as compared  to the control 
(indices computed from ground data). To 
examine the extent of difference between each 
index as computed by ground or aerial data 
sources, drone index data were deducted from 
its corresponding values (columns 5 and 7 
Table 3). Careful inspection of data reported in 
columns 5 and 7 indicates that for miss index 
drone imagery gives higher values and for 
other two indices (quality of feed index and 
precision) the drone imagery gives lower 

values. Fortunately for all treatments similar 
conclusions could be drawn.  
III. Emergence Rate Index 

Analysis of variance of data on ERI 
indicates that only residue levels and planting 
position affect this index (Table 4). Further 
analysis was performed (Table 5) to seek for 
any difference between treatments and their 
interactions. The comparison showed that 
amounts of CRC and two planting schemes; 
on-bed and in-furrow had significant effect on 
rate of corn emergence and this maybe be due 
to the ability of CRC in maintaining soil 
moisture and also presence of more water in 
furrows. Speed had no significant effect on 
this index confirming the ability of the 
modified corn planter to perform well at 
various forward speeds.  

Table 4- Analysis of Variance of ERI 

Source of variation df 
Sum of Squares 

(SS) 
Mean Square 

(MS) 
F 

Replication 2 45.78 22.89 1.12
ns 

Residue 2 336 168 8.24
**

 
Position 1 297.9 297.9 14.61

** 

Velocity 1 46.04 46.04 2.26
ns 

RP 2 7.34 3.67 0.18
ns 

RV 2 1.99 0.99 0.05
ns 

PV 1 6.25 6.25 0.31
ns 

RPV 2 0.97 0.48 0.02
ns 

Error 12 244.70 20.39  
Total 35 1278.36   

** Significant difference at P≤0.01 

Table 5- Duncan's multiple range test for ERI% 

Plot ERI% mean 
Overall effect of residue × 

planting position 
Overall effect of 

residue level 

R1P1V1 19.37
abc

 
19.84

ab
 

22.34
a
 

R1P1V2 20.32
abc

 

R1P2V1 23.10
ab

 
24.84

a
 

R1P2V2 26.59
a
 

R2P1V1 14.60
bc

 
15.79

bc
 

18.41
a
 

R2P1V2 16.98
abc

 

R2P2V1 19.37
abc

 
21.03

ab
 

R2P2V2 22.70
ab

 

R3P1V1 10.87
c
 

11.35
c
 

14.86
a
 

R3P1V2 11.83
c
 

R3P2V1 17.14
abc

 
18.37

abc
 

R3P2V2 19.60
abc

 

a b c: Means with the same letter are not significantly different at P≤0.01 
R1=untouched; R2= raked and baled out; R3= well grazed; P1= on-bed; P2= in-furrow; V1= 4 km h

-1
; V2= 8 kmh

-1
 

Means of ERI% have been statistically 
compared in Table 5. This table shows that 

treatment R1P2V2 corresponds to the 
maximum ERI% in our study. While the 
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minimum ERI was noticed for treatment 
R3P1V1. Table 5 shows that as speed is 
changed from V1 to V2 there is a considerable 
increase in percent ERI throughout all 
processed data. Although significant 
difference exists between all six data points in 
this table it can be seen that as we move our 
planting position from on-bed scheme to in-
furrow scheme increasing change occurs in our 
ERI values. Although not necessarily in a 
significant manner. Overall effects of residue 
levels on ERI in our study has also been dealt 
with in Table 5. Although not significant, a 
decreasing effect was noticed for decreasing 
the residue level. As speed increases from V1 
to V2 there is a considerable increase in ERI 
throughout all 12 plots (Fallahi and Raoufat, 
2008; Dadi and Raoufat, 2012; Nejadi and 
Raoufat, 2013).  

Conclusions 

An acceptable linear correlation with 
0.94<R<0.98 existed between seedling 
spacing, obtained from terrestrial and aerial 
measurements. Therefore it can be concluded 
that drone imagery can be used as a reliable 
tool for monitoring planter performance in the 
residue covered fields. This study results are in 
line with those of Zhang et al. (2018) and 
Varela et al. (2018). We obtained satisfactory 
results from experimental sites covered with 
considerable previous residues. It should be 
mentioned that the experimental site of Zhang 
et al. (2018) and Varela et al. (2018) was clear 
of ample residue experienced in this study. 
The study showed that none of the 
establishment indices have been significantly 
affected by the sources of variation for both 
terrestrial and aerial data sources, therefore 
stand establishment indices can be estimated 

using aerial imagery data sources with no 
significant loss of accuracy. It could be seen 
that for most of the indices (except multiple 
index), data collected from drone imagery 
gives values which slightly underestimated or 
overestimated indices as compared to the 
control (indices computed from ground data); 
for miss index drone imagery gives higher 
values and for other two indices (quality of 
feed index and precision) the drone imagery 
gives lower values. Fortunately for all 
treatments similar conclusions could be drawn. 
The CRC and planting scheme had significant 
effects on ERI, which is logical because seed 
emergence needs optimum temperature and 
humidity and presence of crop residue retains 
soil water and keeps soil temperature suitable 
for seed emergence. In-furrow planting and 
planting on higher levels of residue resulted in 
conditions which were more favorable for 
higher ERI. The maximum and minimum ERI 
were noticed for treatment having residue level 
of 60% planted in-furrow at forward speed of 
8 kmh

-1
(R1P2V2) and treatment having 

residue level of 30% planted on-bed at 4 kmh
-

1
(R3P1V1), respectively. It is recommended 

that for better results aerial imagery be 
confined to days seedlings have 2-3 fully 
expanded leaves and the field sprayed for 
eradicating weeds. However employing state-
of-the-art cameras and existence of less 
residue are a plus. 
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ی‌حفاظتی‌با‌استفادٌ‌از‌کشايرز‌ستمیاصلاح‌شدٌ‌در‌س‌ی‌کارودٌ‌کیعملکرد‌پایش‌‌یسىج‌امکان
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 16/12/1396تبسیخ دسیبفت: 
 03/06/1397پزیشش:  تبسیخ

 دهیچک
دسصذ، دٍ طشح کبضت  60ٍ 45، 30 یبیگٌذم )سِ سطح پَضص ثقب یبیاص ثقب ذُیپَض يیرست دس صه نیکبسًذُ کطت هستق کیعولکشد  ،هقبلِ يیدس ا

 ییتَاًب یهطبلعِ ثشسس يیضذ. ّذف اص ا یبثیاسص ییٍ َّا یٌیهطبّذات صه قیثش سبعت( اص طش لَهتشیک 8ٍ  4سشعت کبضت  ،یپطتِ ٍ داخل جَ یسٍ
 یّب عولکشد کبسًذُ ثَد. دادُ تیفیک یبثیاسص جِیرست ٍ دس ًت یّب ثَتِ يیفَاصل ث صیتطخ یثشا يیثذٍى سشًط ی گشفتِ ضذُ تَسط پشًذُ شیتصبٍ
 يیدقت ٍ ّوچٌ ِ،یتغز تیفیًکبضت، ک ،ییچٌذتب یّب استقشاس ثزس ضبهل ضبخص یّب هحبسجِ ضبخص یثشا ییَّا شیٍ تصبٍ يیضذُ اص صه یآٍس جوع

هتش ثش پیکسل( ًتبیج خَثی ثب تَجِ ثِ اّذاف هب  هیلی 5/4هتشی ) 10تصبٍیش اخز ضذُ اص استفبع استفبدُ ضذ.  ،ّش پلات یثشا یصً جَاًِ شعتضبخص س
رست ٍجَد  یّب ثَتِ يیفبصلِ ث ییٍ َّا یٌیصه یّب دادُ بىی( ه98/0 تب 94/0ثیي  ّوجستگی تی)ضش یقبثل قجَل یًطبى داد کِ ّوجستگ جیًتبداضت. 

 شیتصبٍ یّب ثبضذ. دادُ یه یصً ًِسشعت جَا يیاستقشاس ثزس ٍ تخو یبثیاسص یثشا یاًتخبة هٌبسج ییَّا یثشداسشیگشفت کِ تصَ جِیتَاى ًت یداسد ٍ ه
لاصم  یّب صد ٍ ًتَاًست دادُ يیتخو یٌیصه یّب دادُ جیاص ًتب طتشیضبخص ًکبضت سا ث شیٍ دقت سا کوتش ٍ هقبد ِیتغز تیفیک یضبخص ّب شیهقبد ییَّا
 ّب فشاّن کٌذ.  ثشگ یپَضبً هحصَل ٍ ّن فیسد يیّشص هبث یّب حضَس علف ش،یتصبٍ يییدقت پب لیدلِ سا ث ییهحبسجِ ضبخص چٌذتب یثشا

 استقشاس ثزس یّب ضبخص ،ییَّا یثشداسشیتصَ ب،یثقب یپَضص سطح ي،یپشًذُ ثذٍى سشًط :یدیکل‌های‌واژه
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Abstract 

Fire Blight (FB) is the most destructive bacterial disease of pome fruit trees around the world. In 
recent years, spectrometry has been shown to be an accurate and real-time sensing technology for 
plant disease detection. So, the main objective of this research is early detecting FB of pear trees by 
using Visible-Near-infrared spectrometry. To get this goal, the reflectance spectra of healthy leaves 
(ND), non-symptomatic (NS), and symptomatic diseased leaves (SY) were captured in the visible–
NIR spectral regions. In order to keep the important information of spectra and reduce the dimension 
of data, three linear and non-linear manifold-based learning techniques were applied such as, Principal 
Component Analysis (PCA), Sammon mapping and Multilayer auto-encoder (MAE). The output of 
manifold-based learning techniques was used as an input of the SIMCA (Soft independent modeling 
by class analogy) classification model to discriminate NS and ND leaves. Based on the results, the best 
classification accuracy obtained by using PCA on the 1

st
 derivative spectra, with accuracy of 95.8%, 

89.3%, and 91.6% for ND, NS, and SY samples, respectively. These results support the capability of 
manifold-based learning techniques for early detection of FB via spectrometry method.  

Keywords: Early detection, Fire blight, Precision agriculture, Remote sensing, Vis/NIR 
Spectrometry 

 

Introduction
1 

At least 10% of global food production is 
lost due to plant disease (Zhang et al., 2012). 
Fire blight (FB) is the most destructive 
bacterial disease of apple (Malus domestica), 
pear (Pyrus communis) and more generally of 
Maloideae, a subfamily of the Rosaceae. The 
causal agent is the necrogenic Gram-negative 
bacterium Erwinia amylovora (Ea). This 
pathogen enters the plant through natural 
openings such as the apoplast of parenchyma 
cells and colonize nectarthodes or through 
wounds on succulent aerial parts. Once inside 
the susceptible host plant, the bacteria multiply 
mainly in actively growing shoots inducing the 
progressive necrosis of the infected plant 
tissues. In resistant host plants or in non-host 
plants, bacteria cause a local cell death 
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(hypersensitive-like reaction) and are unable to 
further colonize the plant tissue (Gaucher et 
al., 2013). To decrease product losses, fast and 
timely identification of FB disease is very 
important (Bagheri et al., 2018). Scouting is 
normally used as a method for FB detection, 
which is time consuming and laborious. Thus, 
an accurate and real-time sensing technology 
for improvement of plant disease detection is 
necessary (Futch et al., 2009). Nowadays, 
spectrometry in the Visible and Near-Infrared 
(NIR) spectral ranges shows good potential for 
detection of plant disease and stress (Sankaran 
et al., 2010; Bagheri et al., 2018). So, various 
researchers (Delalieux et al., 2007; Purcell et 
al., 2009; Spinelli et al., 2006; Yang et al., 
2007) have used spectral reflectance-based 
techniques for plant disease detection (Purcell 
et al., 2009). Bravo et al. (2003) and Moshou 
et al. (2004) developed a ground-based 
spectral data collecting system for disease 
detection in winter wheat fields, which 
achieved a classification accuracy of over 90% 
(Bravo et al., 2003; Moshou et al., 2004). 
Naidu et al. (2009) applied visible infrared 
spectrometry (350-2500 nm) for detecting 
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grapevine leafroll disease. It was reported that 
the classification accuracy based on stepwise 
discriminant analysis ranged from %73 to %81 
depending on the features (vegetative indices) 
used for detecting infected (symptomatic and 
non-symptomatic) and healthy leaves (Naidu 
et al., 2009). Lui et al. (2010) applied neural 
network and PCA (Principle Component 
Analysis) techniques to discriminate different 
fungal infection levels in rice panicles with a 
portable spectroradiometer in the laboratory 
(350 to 2500 nm). Results indicated that it is 
possible to discriminate different fungal 
infection levels of rice panicles under 
laboratory conditions using spectrometry data 
(Lui et al., 2010). Zhang et al. (2012) detected 
powdery mildew of wheat via a 
spectroradiometer in a laboratory. Based on 
the results, the PLSR (Partial Least Square 
Regression) model with a coefficient of 
determination (R

2
) of 0.80 was good for 

estimating disease severity and FLDA (Fisher 
Linear Discriminant Analysis) with accuracy 
over 90% was produced for the heavily-
damaged leaves. Mahlein et al. (2013) 
developed specific spectral disease indices for 
detection of three leaf diseases, Cercospora 
leaf spot, sugar beet rust and powdery mildew 
in sugar beet plants. The classification results 
for discrimination of healthy leaves from 
infected with Cercospora leaf spot, sugar beet 
rust and powdery mildew leaves were obtained 
as 92%, 87%, and 85%, respectively (Mahlein 
et al., 2013). Yuan et al. (2013) analyzed 
spectral data of winter wheat leaves for 
detection of yellow rust disease. The spectral 
differences showed a stronger response in 380-
650 nm for both healthy and diseased leaves at 
the leaf scale. Phadikar et al (2013) classified 
different types of rice diseases by extracting 
features from the infected regions of the rice 
plant images. To reduce complexity of the 
classifier, important features were selected 
using rough set theory (RST) to minimize the 
loss of information. Finally, using selected 
features, a rule base classifier was built that 
covered all the diseased rice plant images and 
provided superior result compare to traditional 
classifiers. Finally, ten-fold cross validation 

was performed to measure the efficiency of the 
proposed method, which showed superiority 
over other methods (Phadikar et al., 2013). 
Barbedo et al. (2015) presented an algorithm 
for automatic detection of Fusarium head 
blight in wheat kernels using hyperspectral 
imaging. With classification accuracy above 
91%, the developed algorithm was robust to 
factors such as shape, orientation, shadowing 
and clustering of kernels. Huang et al (2015) 
proposed a new method for grading panicle 
blast based on hyperspectral imaging. The 
method was based on the concept of the „„bag 
of textons”, which defines a „„bag of spectra 
words” (BoSW) model for hyperspectral 
image data representation. The results 
indicated that the proposed method could 
effectively grade panicle blast with 
classification accuracies of up to 81.4% for 
six-class grading and 96.4% for two-class 
grading in the validation datasets (Huang et 
al., 2015).  

Based on literature review, no research has 
carried out yet for early detection of FB by 
spectral data. Because of the necessity of 
developing a system for early detection of FB 
disease, in the present research, Visible-NIR 
spectrometry method was used as a non-
destructive method for detection of FB in pear 
trees during growing. For dimensionality 
reduction, several spectral preprocessing 
techniques and three manifold-based learning 
methods were applied on the spectra for more 
accurate detection of NS infected leaves. In 
order to extract an identification algorithm, the 
performance of preprocessed reflectance 
spectra and the dimensionality reduction 
methods were evaluated in affected trees at 
early stages.  

Materials and Methods 

Pear leave samples 

Pear leaves of healthy and infected trees 
were collected from a 5 ha pear tree orchard at 
Damavand city of Tehran Province in Iran on 
May 2016. Collecting leaves was carried out 
under clear sky conditions between 10:00 am 
to 14:00 pm. 34 healthy trees (ND), 50 
symptomatic infected trees (SY) and 22 non-
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symptomatic infected trees (NS) were selected 
(Fig.1).  

After collecting leaves, samples were 
packed with different plastic bags and 
transported immediately to a nearby indoor 
laboratory for spectral measurements. All 

leaves were tested in the laboratory by 
Selective Culture Method to confirm presence 
of Erwinia amylovora bacteria in samples. In 
this laboratory test, all samples were washed in 
tap water.   

 
ND 

 
NS 

 
SY  

Fig.1. Images of ND, NS, and SY trees 

Infected tissues were surface sterilized by 
immersion in 10% household bleach for 3 min 
and rinsed twice in sterile distilled water 
(SDW) for a few minutes. Leaf samples were 
each macerated in a few drops of SDW in a 
sterile glass Petri dish using a sterile scalpel 

and forceps. Thirty minutes after maceration, 

30μL of macerated tissue were streaked onto 

King‟s medium agar B (KB). The plates were 
then incubated at 27°C for 2-3 days and 
observed daily for bacterial growth. Suspected 
colonies of Erwinia amylovora (white, 
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circular, mucoid, and curved) were selected 
and further purified on KB agar at 27°C (King 
et al., 1954). 
Spectral data acquisition  

A portable high-resolution fiber-optic 
spectrometer (Avaspec 3648, Netherland) in 
the range of 200 to 1100 nm with a resolution 
of 0.05-20 nm was used to collect the spectral 
reflectance data of pear leaves under 
laboratory conditions. The dark spectrum was 
obtained by turning off the light source (Dep 
UV, 78W / 0.75A, Dimension: 315 x 165 x 
140 mm/weight: 5 kg AVAntes. Netherland) 
and covering the tip of the fiber-optics 
reflectance probe (7 fibers 200 mm or 400 mm 
core, 6 light-fibers, 1 read fiber, N.A.= 0.22. 
Standard 2 m length, splitting point in the 
middle. AVAntes. Netherland) completely. 
The reference spectrum (Rreference) was 
measured by turning the light source on and 
placing the probe in the front of a reference 
tile. Then the sample spectrum (Rsample) was 
measured to calculate the relative spectrum by 
following equation:  

          
             

                
                   (1) 

Due to the high level of noise in the 200-
400 nm and 1000-1100 nm, further analysis 
was performed only on the spectral data in the 
range of 400-1000 nm. The spectral 
measurements were taken 5 times for each 
sample. Data of ND, SY, and NS leaf samples 
was collected and recorded. The absorbance at 
a certain wavelength (λ) was calculated as [log 
(1/Reflectance)] at this wavelength (λ) based 
on Beer Lambert law.  
Chemo metric analysis 

All data analysis and feature extraction 
were performed in MATLAB (version 2011b, 
Math work, Inc. USA). Preprocessing methods 
and plot visualizations of features were carried 
out in Unscrambler Software (Version X10; 
CAMO Software, Oslo, Norway). For each 
sample, three measurements with two 
replications were carried out and mean value 
was obtained for each concentration. Two of 
the most commonly used scatter-correction 
techniques in spectroscopy, Multiplicative 
Scatter Correction (MSC) (Geladi et al., 1985) 
and Standard Normal Variate (SNV) (Barnes 

et al., 1989) were used. MSC aims to reduce 
the scattering effects by fitting each spectrum 
to a reference spectrum, which usually 
corresponds to the mean spectrum of the data 
set. Each spectrum is fitted by linear least 
square regression. The first derivative filtering 
based on Savitzky-Golay was used to remove 
offsets (Savitzky and Golay, 1964). SIMCA 
classification accuracy of these preprocessing 
methods is shown in Table 1. To detect ND, 
NS and SY, samples, spectral variables 
extracted from the pre-processed spectra were 
used directly as inputs of classification 
algorithms. Mentioned manifold-based 
learning techniques were applied to reduce the 
magnitude of the high-dimensional spectral 
variables space in order to improve the 
performance of the classifier (Tian, 2010).   

Most of the time, measured data have high-
dimensional vectors while terse and precise 
manifold data is required (Ghodsi, 2006). 
Therefore, it is necessary to protect the least 
vital parameters that describe all data 
information and manifold learning methods 
and also remove additional data. Hereon, three 
more common unsupervised dimensionality 
reduction methods were used: Principal 
Component Analysis (PCA) (Jolliffe, 2002), 
Sammon mapping (Sammon, 1969), and 
Multilayer auto-encoders (MAE) (Demers and 
Cottrell, 1993). The number of features were 
applied for these dimensionality reduction 
methods was between four to seven. In order 
to establish the same condition, four features 
were selected. 

Multilayer auto-encoders are feed-forward 
neural networks with an odd number of hidden 
layers (Demers and Cottrell, 1993) which  
share weights between the top and bottom 
layers (although asymmetric network 
structures may be employed as well). In PCA, 
the data transformation is linear, while 
Sammon mapping and MAE are non-linear 
methods. PCA is one of the classical methods 
in dimensional reduction. PCA is also known 
as the Karhunen Loève transform, or singular 
value decomposition (SVD). The key idea of 
PCA is to find the low-dimensional linear 
subspace which captures the maximum 
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proportion of the variation within the data. 
According to Lorente et al. (2015) and Lee 
and Verleysen (2007) research, PCA and 
Sammon mapping were suitable for the small 
data sets used in this work, since the simplest 
models of manifold learning methods are more 
acceptable for small data sets with high-
dimensionality (Lee and Verleysen, 2007; 
Lorente et al., 2015). Furthermore, MAE as a 
nonlinear method was applied to support the 
results of two other manifold leaning 
techniques. The application of MAE in plant 
disease detection has not been reported yet, 
while neural networks are more common 
(Laurindo et al., 2017; Liu et al., 2010). The 
goal of SIMCA as a classification method is to 
get an organization rule for a set of m known 
groups, thus it is used to distinguish m classes 
where the similarity within a class is 
emphasized (Vanden Braden and Hubert, 
2005). In SIMCA algorithm, the format of 
training samples was described by 
dimensionality reduction techniques (PCA, 
Sammon mapping and MAE) for each class. 
The original SIMCA and modifications by 
Hawkins (Mahalanobis distance) and 
Gnanadesikan methods were compared with 
respect to classification accuracy and their 
robustness towards the number of PCs selected 
to describe the different classes. SIMCA 
modified with the Mahalanobis distance 
method was found to be a good alternative to 
the original SIMCA which seems to be more 
robust for finding outliers when the exact 
number of PCs for building the model is not 
known (De Maesschalck et al., 1999). 

Leave one out cross-validation (LOOCV) 
was performed to evaluate and compare the 
performance of the classification models. 80 
percent of data was used for calibration and 20 
percent of data was used for validation. Five 
iterations were applied and 20% of data left 
out each time. A mean confusion matrix was 
created as an average of all iterations. For 
evaluating the classification performance, 
overall accuracy was computed for each 
classification model from its associated mean 
confusion matrix (Fleiss, 1981).  

Results and Discussion  

Development of classification models 

According to the algorithm of SIMCA, all 
acquired data were classified into healthy and 
diseased classes. The combination of spectral 
ranges (visible-short NIR), the pre-processing 
methods (no pre-processing, SG, MSC and 
SNV), and the dimensionality reduction 
techniques (PCA, Sammon mapping and 
MAE) were evaluated with regards to their 
classification performance in detecting NS 
leaves. The results of the SIMCA classifier on 
the visible–NIR spectra with applying the 
different preprocessing techniques and three 
dimensionality reduction methods show in 
Table 1. The accuracy of SIMCA and other 
linear classification methods has confirmed 
early bruises detection of apples in different 
regions of spectra (Baranowski et al., 2012) 
and pistachios classification (Vitale et al., 
2013). The most accurate SIMCA model was 
the PCA manifold, with 95.8% accuracy on 
the derivative spectra. As a whole, the 1

st
 

derivative spectra showed the most accurate 
classification results in comparison with MSC 
and SNV methods. According to Lorente et al. 
(2015) research, the best classification results 
belonged to the raw spectra without 
preprocessing with small differences to SNV 
and MSC methods (Lorente et al., 2015). This 
is because the scatter-correction methods only 
remove the structural and physical variations 
of spectra, while they save the absorption 
properties related to the chemical components 
in the spectra. It should be noted that the 1

st
 

derivative preprocessing method was not 
evaluated with them. In consequence, MSC 
and SNV probably removed some important 
information for FB detection from the spectral 
measurements, as both try to fit spectra to the 
mean of spectrum. The total accuracy of 
dimensional reduction methods was almost 
higher than each class. Since the maximum 
number of samples belong to SY, then this 
group had the most weight in the total result.  
In order to display the classification of NS 
group, the cooman‟s plot was also drawn in 
every dual group. The vertical and horizontal 
axis of cooman‟s plot showed two classes and 
the SIMCA critical distance (0.95) from each 
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class. In this study, ND, SY and NS data 
placed in class1, class2 and class3, 
respectively. Cooman‟s plot has four parts. 
The data which is belong to two classes was 
placed in the lower left square. It means there 
is just a small distance from both models, 
while out of ranges‟ data dispersed in the 
upper right square. Fig 2 shows the cooman‟s 
plot of different sample groups with SIMCA 
model. For example in Fig. 2a, samples in the 
horizontal rectangle belong to class2 and the 
vertical rectangle on the left shows samples of 
class1. According to Fig. 2, NS samples had 

more confliction with SY in three studied data 
reduction methods (c, f and h) whereas ND 
and SY separated obviously. However, 
interference was rarely seen between NS and 
ND (Fig. 2b, e and g). According to Table 1, 
the 1

st
 derivative preprocessed spectra had the 

better results in comparison with other 
methods. Therefore cooman‟s plot was drawn 
based on SG. The performance of cooman‟s 
plot was also approved by full differentiation 
of aroma components of wild strawberries 
(Negri et al., 2015). 

Table 1- SIMCA classification accuracy of non-preprocessing and some preprocessing methods for 
dimensionality reduction techniques in Visible-NIR region (%) 

Dimensionality 
reduction techniques 

Classes 
Classification accuracy (%) 

Raw data 1
st
 derivative SNV MSC 

PCA 

ND 90.3 
86.9 
93.1 

95.8 
89.3 
91.6 

92.7 
85.7 
94.0 

93.1 
88.4 
91.6 

NS 

SY 

Total 96.4 98.0 97.4 96.94 

Sammon mapping 

ND 85.9 
81.4 
90.5 

92.0 
83.9 
90.6 

88.2 
81.5 
91.7 

91.3 
83.3 
89.1 

NS 

SY 

Total 92.4 95.0 93.8 93.94 

MAE 

ND 88.5 
83.9 
92.6 

94.7 
89.3 
90.4 

90.9 
83.8 
92.0 

92.2 
86.5 
89.7 

NS 

SY 

Total 94.8 97.0 95.3 95.2 
      

Partial Least Square (PLS)  

PLS as a full spectrum method was 
employed for the analysis of FB in pear leaves. 
The calibration model was developed in order 
to evaluate test data. Then the first polynomial 
equation was predicted. PLS regression model 
using calibration and validation data of raw, 
SG, SNV and MSC spectra is shown in Fig. 3. 
The same accuracy was recorded between 
actual and predicted data for detection of palm 
oil adulteration in lard (Basri et al., 2017), and 
between predicted and reference values of 
tocopherol content in olive oil (Cayuela  and 
Garcia, 2017). Based on the coefficient 
determination of PLS regression (Fig. 3), the 
calibration and validation of a PCA classifier 
on SNV and MSC spectra, was fitted in 
comparison with nonlinear techniques. 
According to the results of Table 1, 1

st
 

derivative and MSC are more accurate 
preprocessing methods. Three dimensionality 
reduction techniques and two preprocessing 
methods, including 1

st
 derivative and MSC 

was combined in order to distinguish NS 
leaves (Table. 2). The results are almost close 
in studying manifold learning based methods, 
whereas PCA prediction was more accurate. 
Lorente et al (2015) showed similar results on 
citrus (Lorente et al., 2015). Based on the 
result, combination of MSC and PCA showed 
a better predictive model in comparison with 
Sammon mapping and MAE. In the most 
cases, the models for three types of 
dimensionality reduction techniques are 
completely strength and accurate because they 
were able to distinguish the NS leaves as 
members of SY class.
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Fig.2. Coomans plot of SIMCA model which a, b and c related to PCA, d, e and f showed the 

Sammon Mapping results and g, h and i depicted MAE analysis 
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Fig.3. PLS regression model using calibration and validation data of a. raw, b. SG, c. SNV and d. 

MSC spectra 
 

Table 2- Prediction percent of NS as Diseased or Healthy leaves 

 
PCA Sammon mapping MAE 

Diseased NS Diseased NS Diseased NS 

1
st
 

derivative 

Diseased 96.0 76.5 89.0 55.5 95.0 61.2 

NS 2.7 22.3 11.0 42.1 3.1 36.8 

MSC 
diseased 98.0 75.9 94.0 62.2 97.0 71.4 

NS 2.0 24:0 5.0 32.9 1.6 29.0 

 
Conclusions 

In the present research, the ability of 
spectrometry method for detection of FB 
disease of pear trees was assessed. For this 
purpose, the visible and NIR spectra of pear 
trees‟ leaves were obtained with a 
spectrometer (200-1100 nm). In order to 
eliminate any inappropriate information, 
several spectral pre-processing techniques (1

st
 

derivative SG, MSC and SNV) were then 
adjusted on the spectra. In order to detect non-
symptomatic FB affected leaves in early stage, 
some manifold-based learning methods (PCA, 
Sammon mapping and MAE) were applied to 
transform the high-dimensional spectral data 
into significant representations of low-
dimensional spectral data.  

According to the results, the maximum NS 
classification accuracy (89.3%) was obtained 
by employing PCA and MAE on the derivative 
spectra. In the case of visible-NIR spectra, the 
second NS classification accuracy (88.4%) 
was acquired by employing PCA on the MSC 
correction spectra. From these results, it can be 
concluded that, the linear manifold learning 
technique for dimensionality reduction (PCA) 
is more accurate than the non-linear technique 
(Sammon mapping and MAE). Furthermore, it 
should be noticed that the 1

st
 derivative SG 

showed the most accurate classification results 
than the MSC and then SNV preprocessed 
spectra and also ND was discriminant from NS 
and SY in significant level of 5%. As reported 
by these results, the present research plans the 
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structure of an automatic commercial system 
based on dimensionality reduction and 

classifier methods for early detection of FB in 
near future. 
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 مادون -مرئی سنجی طیف از استفاده با دار دانه میوه درختان آتشک بیماری زودهنگام تشخیص
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 چکیده

عٌَاى یکک رٍش   سٌجی ثِ ّبی اخیز، طیف داردر سزاسز جْبى است. در سبل تزیي ثیوبری ثبکتزیبیی درختبى هیَُ داًِ ةثیوبری آتطک یکی اس هخزّ
تطخیص ثیوبری آتطک درختبى گلاثی در  پژٍّصّبی گیبّی ضٌبختِ ضذُ است. ثٌبثزایي، ّذف اصلی ایي  تطخیص ثیوبریثزای دقیق ٍ سهبى ٍاقعی 

ّکبی   ّکبی سکبلن، ثکزگ    سٌجی هزئی ٍ هبدٍى قزهش ًشدیک است. ثزای دستیبثی ثِ ایي ّذف، طیف ثبستبثی ثزگ حل اٍلیِ آلَدگی ثب استفبدُ اس طیفهزا
ّ    در هحذٍدُ طیفی ًَر هزئی ٍ هبدٍى قزهش ًشدیک اًذاسُ ّبی ثیوبر ثزگ ٍ ثیوبر ضجِ ص گیزی ضذ. ثِ هٌظَر حفظ اطلاعبت هْن طیفکی ٍ ّونٌکیي ککب

هَرد استفبدُ قزار  (MAE) ثزداری سبهَى ٍ رٍش اتَکَدر چٌذلایِ ، ًقطPCAِ ّبی هختلف خطی ٍ غیزخطی هبًٌذ تجشیِ ٍ تحلیل ّب، رٍش اثعبد دادُ
اسکب   کبر رفت. ثکز   ثیوبر ثِ ثب ّذف تفکیک ثزگ سبلن، ثیوبر ٍ ضجِ SIMCA ثٌذی عٌَاى ٍرٍدی ثزای رٍش طجقِ ّبی هذکَر ثِ گزفت. خزٍجی رٍش
ثیوبر ٍ ثیوبر  ّبی سبلن، ضجِ ثزای ًوًَِتزتیت  ثِدرصذ  6/91ٍ  3/89، 8/95در طیف هطتقی، ثب دقت  PCA ثٌذی ثب استفبدُ اس رٍش ًتبیج، ثْتزیي طجقِ

 .کٌذ تأییذ هی سٌجی ّبی یبدگیزی چٌذهٌظَرُ را ثزای تطخیص سٍدٌّگبم ثیوبری آتطک ثب استفبدُ اس طیف دست آهذ. ایي ًتبیج تَاًبیی رٍش ثِ

 ، کطبٍرسی دقیقًشدیک قزهش هزئی/هبدٍى سٌجی ثیوبری آتطک، تطخیص سٍدٌّگبم، سٌجص اس دٍر، طیفهای‌کلیدی:‌‌واژه
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Abstract 

The overall objective of this research is to check the abilities of two non-destructive techniques, the 
digital imaging (DI) and laser light backscattering imaging (LLBI), on detection of α-solanine toxicant 
in potatoes. Potato samples were classified in healthy and toxic categories based on the amount of α-
solanine. For quantifying α-solanine in potato tubers, high-performance liquid chromatography 
(HPLC) has been used. The results of classification showed that single layer perceptron neural 
networks can classify potatoes with the accuracies of 94.28% and 98.66% by DI and LLBI systems 
(Donald cultivar), respectively. It can be said that LLBI systems might take precedent over DI systems 
due to their high accuracy, rapidity, and industrial capability. 

Keywords: Backscattering imaging, Digital imaging, Glycoalkaloids, Liquid chromatography, 
Quality inspection 

Introduction
1
 

Food safety is a key factor in the food and 
agriculture industries, because consumers 
prefer to purchase qualitative and reasonable 
products (Wu and Sun, 2013b). Potato 
(Solanum tuberosum L.), is one of the most 
important food crops of the world (Ji et al., 
2012), which can solve the poverty problem in 
all the world due to its valuable nutrients. So it 
can guarantee the food security of today and 
tomorrow generations (FAO, 2008). Unlike 
wheat and beans, some vegetables such as 
onion, garlic, and potato lose their nutritional 
values when sprouted (Tavakoli and 
Najafzadeh, 2015) and therefore, toxic 
compounds would be produced in the sprouts, 
flowers, and skin of potato tubers. Hence, the 
recognition of these toxic compounds that 
appear in green color at the skin of potato 
samples is necessary due to food safety and 
quality inspection of potatoes. 

Potato tubers may consist of high levels of 
α-solanine and α-chaconine. These are two 
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glycoalkaloids that can occur with each other 
and are issued under a unique heading, 
“solanine”. Light exposure of potato tubers is 
inevitable at different stages of harvest and 
post-harvest periods that leads to physiological 
changes in tubers. These changes are due to 
chlorophyll synthesis and toxic glycoalkaloids 
in all the surrounded layers of potato tubers. 
Accumulations of these toxic compounds lead 
to economic losses. Since the suggested safety 
amount of glycoalkaloids is about 200 mg kg

-1
 

(fresh weight) of potato (FAO/WHO, 2003), 
efforts should be made to decrease these toxins 
in potatoes to minimize possible values, 
especially for people who use them a lot. It is 
notable that this issue is more important for 
children. 

Currently, different apparatuses are widely 
used to detect solanine in potatoes, tomatoes, 
and eggplants, which however are time-
consuming, tedious, costly, and destructive. 
These methods are gas chromatography, liquid 
chromatography, spectrophotometry, etc.  
Therefore, it is critical and necessary to apply 
accurate, rapid, reliable, efficient, and non-
invasive alternatives to evaluate the quantity 
and quality-related attributes of food products 
(Espinoza et al., 2014). Recently, optical 
sensors have been studied as potential tools 
due to the non-destructive inspection of food 
safety (Wu and Sun, 2013a). Geng et al. 
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(2019) reported a technique for separating 
clods and stones from potatoes using laser 
backscattering imaging. The recognition 
results showed that the best wavelength for 
separation with the high accuracy of 98% was 
at 850 nm (Geng et al., 2019). Maestresalas et 
al. (2016) study developed a system of hyper-
spectral imaging to recognize potatoes that 
have been affected by black-spot. In Ji et al. 
(2019) study, intact potatoes were separated 
from defective ones using hyper-spectral 
imaging and were classified using support 
vector machine with the accuracy of 90%. Ye 
et al. (2018) detected and classified major 
bruised potatoes by hyper-spectral imaging. 

In this paper, the abilities of two non-
invasive techniques, which are the digital 
imaging (DI) and laser light backscattering 
imaging (LLBI), have been studied on 
detection of only α-solanine in potato tubers. 
For this purpose, algorithms were developed 
for both techniques and compared with each 
other. 

Material and Methods 

Sample preparation 

Potato tubers of „Donald‟ and „Ceasar‟ 
cultivars were bought in late June and 
November 2016 from a market in Urmia, Iran 
(70 and 100 homogenous samples of „Donald‟ 
and „Ceasar‟ cultivars, respectively). Then, 
potato samples were kept in the dark and cool 
(4±2 ºC) room until doing the experiments, 
because light exposure and high temperature 

can induce the potato tubers and increase the 
formation of these glycoalkaloids in them. 
Finally, potato tubers have been washed with 
water and dried. 
Two dimensional (2-D) imaging systems 

The imaging was done in two different 
environments for RGB digital imaging and 
laser light backscattering imaging methods, 
one under white LED bubble into the imaging 
chamber and the other under laser light in 
absolutely dark room. 
Imaging set-ups 

Digital imaging chamber 
Image preparation of potato tubers was 

performed in an imaging chamber with the 
dimensions of 55 40 25 cm. It has consisted 
of the white LED bubbles per each side and a 
cavity for locating the camera lenses at the top. 
A digital camera equipped with a CCD sensor 
(Sony Cyber-Shot, Model DSC-W200, Japan) 
was used for this purpose. 
Optical set-up 

A laser imaging system has been used to 
this study. It included the following tools; a 
CMOS camera (Sony Cyber-Shot, Model 
DSC-HX9V, Japan), a semiconductor laser at 
635 nm (3 mW power, the diameter of 2 mm 
for beam spot), two polarized filters, a cubic 
beam splitter, and a potato holder. The camera 
was assembled perpendicular toward the laser 
light, and the backscattering light was 
recorded by a camera (Fig.1). 

 
Fig.1. The laser light backscattering imaging optical set-up 

Acquiring digital images 

The images were captured by the CCD 
digital camera from both sides of potato with 
3264 2448 pixels resolution in RGB color 
space. 140 and 200 images were taken from 

potato tubers of cv. „Donald‟ and „Ceasar‟, 
respectively. Additionally, different regions of 
potatoes were in the exposure of the laser 
light. Therefore, images have been acquired by 
the CMOS camera with the resolution of 
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4608 3456 pixels in RGB space. In LLBI 
method, 210 and 300 images were captured 
from the surface of potato tubers of cv. 
„Donald‟ and „Ceasar‟, respectively. 
Digital image processing 

RGB Digital imaging processes 
After transferring the images to a personal 
computer (PC), processing operations were 
done by MATLAB software as following: 

 Distinguishing potato tubers from the 
backgrounds (DPB) by equations 1 and 2: 

               (cv. Donald)            (1) 
              (cv. Ceasar)             (2) 

 Calculating the total area of potato on 
binary image (showed as A) 

 Extracting the green parts of potato by 
XOR function 

 Acquiring the area of the extracted region 
(showed as C) 

 Calculating the percentage of green parts 
in total parts of potato by equation 3: 

   
 

 
                                                     (3) 

 Multiplying the binary image of extracted 
green regions by R, G, and B components 

 Averaging the values of R, G, and B 
components for green regions. 

Some morphological features such as the 
percentage of green parts of potato in total 
parts of potato and mean values of R, G, and B 
components for green parts were extracted. 
Fig.2 shows the processing levels of the 
images. Since some features such as the 
conditions of environment and the instrument 
can influence the RGB measurements of a 
digital camera, the calibration of the device is 
necessary. For this reason, Minolta colorimeter 
(Konica Minolta Chroma Meter, Model CR-
400, Japan) has been used in L

*
a

*
b

*
 color 

space. 
LLBI processing 

After taking the backscattering images, 
processing operations were done using 
MATLAB software. Acquired Laser 
parameters for each image were backscattered 
area (A635), the amplitude (a1), and half-width 
(c1) coefficients of Gaussian curves. Fig.3 
shows the intensity diagrams of scattering light 
in red channels of the images for both groups 
of potatoes. 

   
(a) (b) (c) 

 

 
(d) (e) 

Fig.2. The processing stages of images (cv. „Ceasar‟); (a) the original image, (b) gray- level image, 
(c) binary image, (d) extracted green region, (e) histogram for separating potato tubers from 

background 
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(a) (b) 

  
(c) (d) 

Fig.3. (a & b) The backscattered images for healthy and toxic potatoes, respectively, (c & d) the 
intensity diagrams of scattering light in red channels for healthy and toxic potatoes, respectively 

(cv. „Donald‟) 

Destructive test for measuring solanine 

A chemical and destructive analysis is 

needed to quantify glycoalkaloids in potato 

samples, including high-performance liquid 

chromatography (HPLC) system. Based on 

Rytel (2012) study, the ratio between α-

chaconine and α-solanine has been concluded 

about 65 to 35, so the acceptable level of α-

solanine in tubers is 70 mg kg
-1

 fresh weight of 

potato. Therefore, potatoes would be 

categorized based on this quantity. For this 

purpose, HPLC instrument (Smartline series, 

Knauer Co., Germany) was used and α-

solanine was separated during the elution with 

the mobile phase at the flowing rate of 1.5 

mL/min. Then, α-solanine was determined by 

a UV detector at 207 nm, and the amount of α-

solanine in samples was measured by 

comparing it with the peak area of standard 

chromatogram at the retention time of 2.6 min. 

Table 1 shows the chromatography analysis 
of potato samples in some tubers. 

Table 1- HPLC analysis of potato tubers (cv. „Donald & Ceasar‟) 
 cv. 'Donald' cv. 'Ceasar' 

Potato 
classification 

α- solanine (mg kg
-1

 of fresh potato) α- solanine (mg kg
-1

 of fresh potato) 

Healthy 

44.5 39.81 
61.93 50.45 
64.55 68.98 

Toxic 

83.60 70.15 
93.43 88.76 
113.98 107.69 

 
Classification of potatoes by artificial neural 
networks (ANNs) 

The artificial neural networks classified 
potatoes into healthy and toxic categories 
based on the extracted features. The 
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Levenberg-Marquardt network was trained 
with 70 percent of the data. This network 
depends on improving the descent gradient and 
mean square error (MSE) (Kaveh et al., 2019). 
For applying error back-propagation network, 
differentiating of transfer function is 
important. Therefore, the hyperbolic tangent 
sigmoid function was applied as a transfer 

function in a single layer perceptron neural 
network (SLPN). 

Results and Discussion 

Digital camera calibration 

The results demonstrated that relationships 
between the digital camera and colorimeter 
data were linear and correlation coefficients 
for L

*
, a

*
, and b

*
 values were 0.917, 0.948, and 

0.903, respectively (Fig.4). 

  
(a) (b) 

 
(c) 

Fig.4. Correlation diagrams between Minolta colorimeter and digital camera in L
*
a

*
b

*
 space 

Classification of potatoes using digital images 

The potato tubers were classified into two 
categories, healthy and toxic, based on four 
extracted characteristics using ANNs. These 
features such as the percentage of green parts 
of potato in total parts of potato and mean 
values of R, G, and B components of green 
parts were the inputs in topography of the 
designed ANNs. The best performance in 
ANNs was achieved when the numbers of 
neurons were six based on MSE of 0.019543 
for cv. ‟Donald‟ and five with the MSE of 
0.00023482 for cv. ‟Ceasar‟ (Fig.5). The 

accuracies for these topographies were 
reported to be 94.28% and 98.88% for cv. 
„Donald‟ and „Ceasar‟, respectively. The main 
reason for achieving the high accuracies is 
determining the different relations for each 
cultivar to separate the potato tubers from the 
background. Extracting the threshold relations 
was based on trial and error that this method is 
quite difficult for all cultivars of potatoes in 
on-line applications. Fig.6 demonstrates a 
sample of confusion matrixes of LED- 
excitation imaging system for cv. „Ceasar‟. 
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(a) (b) 

Fig.5. The performance diagram in DI system; a) „Ceasar‟, and b) „Donald‟ cultivars 

 
Fig.6. A sample of confusion matrixes for the digital imaging system (cv. „Ceasar‟) 

Classification of potatoes by LLBI images 

In this technique, three features that have 
been mentioned before were the inputs of 
designed ANNs. The ANNs accuracy values 
for cv. „Donald‟ and „Ceasar‟ were 98.66% 
and 99.16%, respectively. The performance 
diagram for LLBI system is shown in Fig.7. 
Here is the reason that how changes in the 
amount of solanine can affect the 
backscattering area of laser in potato tubers. 

Solanine appears in green color at the surface 
of the potato. When the laser beam in the 
wavelength of red region encounters with the 
tuber, it can cause a deduction in the 
backscattered area. Hence, changes in 
backscattering area lead to variations in 
amplitude and half-width parameters in the 
Gaussian curves, thus the amount of solanine 
can be predicted using of these parameters. 
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Fig.7. The performance diagram of LLBI system for cv. „Ceasar‟ 

Comparison of two non-invasive techniques 

In this research, two varieties of potato 
tubers have been studied using two imaging 
(DI and LLBI) systems. In the DI system, the 
accuracy of the network in „Donald‟ cultivar 
was fewer than „Ceasar‟ tubers. The reason 
can be described based on this fact that 
„Donald‟ tubers had brighter skin than 
„Ceasar‟ potatoes. Therefore, the algorithm has 
been mistaken in the calculation of area in 
some samples. As well as, the classification 
algorithm in „Ceasar‟ cultivar was better than 
„Donald‟ tubers in the LLBI system. The 
comparison of results in both cultivars shows 
that the accuracies of networks in „Ceasar‟ 
potato tubers were higher than „Donald‟ 
samples due to the textural properties of potato 
samples, because „Donald‟ variety is a spring 
cultivar of potato that has an easily-to-cut and 
soft skin. During the time, there can be 
occurred enzymatic browning phenomena 
surround the bruised regions and can cause 
errors. However, „Ceasar‟ samples have a 
thicker skin in comparison with another 
variety and they do not have the problem of 
scabbing. 

In general, LLBI system was more accurate 
than DI system in both cultivars, but there 
were some advantages and disadvantages of 
each ones. In DI systems, the reflectance of 
light in the imaging chamber can influence the 
results, so finding the best relationship 
between R, G, and B components for 

separating the considered region from the 
background is difficult. Moreover, the 
algorithm needs more neurons to have a good 
classification. Therefore, this causes the 
complexity in the structure and topography of 
the designed ANN. However, the structure of 
ANN in LLBI systems was simple, especially 
in cv. „Donald‟ with just three neurons. In this 
case, the study should be done in an absolutely 
dark environment that is difficult for human 
beings to work in these situations, but it is 
suitable for industrial and optical devices that 
decreases the errors resulting from the 
environmental noises. It can be stated that 
LLBI system has this opportunity to be 
commercialized. 

Recently, these non-invasive methods for 
detection of glycoalkaloids in potato tubers 
have been employed. There are few studies 
about the determination of solanine with the 
image processing method. Ebrahimi et al. 
(2011) reported that the average error of image 
processing for estimating the greening areas of 
potatoes was 5.26% just for 25 images without 
doing any reference test to be sure about the 
real quantities of glycoalkaloids. In the current 
research, there was a widespread data with a 
less amount of error that shows the reliability 
of the used technique. In addition, HPLC 
technique was necessary to confirm the image 
processing data that other studies did not do it 
at all. In Tavakoli and Najafzadeh (2015) 
study, the authors used the image processing 
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method for recognizing just the sprouts 
without reporting any accuracy for their work. 
Gao et al. (2018) used hyper-spectral imaging 
for identifying the sprouted potatoes from the 
others with the accuracy of 95.3%. In the case 
of LLBI, there is not any study by other 
researchers to use it for detecting solanine, but 
this technique has been used in many areas 
such as measuring the moisture content and 
shrinkage of agricultural products after drying 
(Udomkun et al., 2014), soluble solid content, 
and firmness of products (Mollazade et al., 
2013).  

Conclusions 

In this research, α-solanine could be 
detected by digital imaging and laser light 
backscattering imaging techniques in potato 
tubers. So, both methods can be successfully 
used in the food industry. In LLBI technique, 

it can be applicable in cultivars with smooth 
surfaces. But in the digital imaging system, 
different relations are needed for different 
cultivars of potatoes separation from the 
background. Although, LLBI technique is used 
in a dark environment, it can be said that LLBI 
systems might take precedent over LED 
imaging systems due to their high accuracy, 
rapidity, and industrial capability. There is 
little information about laser backscattering 
imaging and more studies are needed to check 
the effects of some morphological parameters 
on LLBI systems. 
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سًلاویه‌در‌‌-ص‌آلفار‌ي‌تصًیربرداری‌دیجیتال‌ريی‌تشخیپراکىشی‌لیس‌َای‌پس‌ی‌ريش‌مقایسٍ

 زمیىی‌سیب

‌4،‌فاريق‌شریفیان3،‌آرش‌ثباتیان*2،‌پريیس‌احمذی‌مقذم1سعیذٌ‌بابازادٌ

 22/12/1317تبریخ دریبفت: 
 20/00/1312تبریخ پذیزش: 

 چکیده

(، LLBIپزاکٌشی ًَر لیشر ) ( ٍ تصَیزثزداری پسDIة، تصَیزثزداری دیجیتبل )رٍش غیز هخزّّبی دٍ  ّذف اصلی ایي تحقیق، ثزرسی تَاًبیی
ثٌذی  سَلاًیي هَجَد دستِ -ّبی سبلن ٍ سویّ ثزاسبس هقذار آلفب سهیٌی در گزٍُ ّبی سیت سهیٌی است. ًوًَِ سَلاًیي در سیت -رٍی تشخیص سن آلفب

ثٌذی  سهیٌیی استفبدُ گزدیذ. ًتبیج طجقِ ّبی سیت سَلاًیي هَجَد در غذُ -( ثزای تعییي هقذار آلفبHPLCشذًذ. کزٍهبتَگزافی هبیع ثب عولکزد ثبلا )
ّبی تصَیزثزداری دیجیتبل  تزتیت تَسط سیستن  % ث00/12ِ% ٍ 22/14ت ّب را ثب دقّ سهیٌی تَاًذ سیت ًشبى داد کِ شجکِ عصجی پزسپتزٍى تک لایِ هی

ّبی تصَیزثزداری دیجیتبل ثِ  پزاکٌشی لیشر هوکي است اس سیستن ّبی پس تَاى گفت کِ سیستن ثٌذی ًوبیذ. هی دًٍبلذ( طجقٍِ پس پزاکٌشی لیشر )رقن 
 ت ٍ سزعت ثبلای آى ٍ ّوچٌیي قبثلیت صٌعتی شذى آى سجقت گیزد.دلیل دقّ

 گلیکَآلکبلَئیذّب  ،تَگزافی هبیعکزٍهب ،تصَیزثزداری دیجیتبل ،پزاکٌشی تصَیزثزداری پس ،ثزرسی کیفیت های کلیدی: واژه
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Abstract 

The purpose of this study was to model and optimize the offline refinement operations of sugarcane 
harvester hydraulic oil using RSM. For this purpose, the effects of independent variables of operating 
hours (250, 500 and 750 hours), Twin Dip Filter Mesh (7, 9 and 11 microns) and hydraulic oil refining 
times (0, 1 and 2) on variables of water contamination, uncleanness level (NAS), silicon (Si), viscosity 
(Vis) and oil acid number (TAN) were evaluated. The results indicated that all models were suitable 
for water contamination, uncleanness level (NAS), silicon (Si), viscosity (Vis) and oil acid number 
(TAN) for describing experimental data. In addition, the desirability function showed that the 
optimum conditions for the offline refinement operations of the hydraulic oil of the sugar cane 
harvester included 728.61 operating hours, the 7-micron filter mesh, and the two refining times of the 
oil. Under this condition, the amount of water contamination, the uncleanness level (particles 5 to 15 
micrometers), Vis, Si, and TAN were equal to 187.63 ppm, 234000, 5.91 ppm, 66.34 centistokes and 
0.65 (mg KOH g

-1
), respectively. 

Keywords: Offline Refinement of Hydraulic Oil, Optimization, Response Surface Method, 
Sugarcane harvester 

Introduction
1
 

One of the important items in mechanical 
equipment and in general agricultural 
machines is the entry of contaminations 
including water, fuel, silica, chips, soot 
particles, etc. into hydraulic systems and 
engine oils. All mechanical equipment that 
uses oil for lubrication or power transmission, 
are always affected by the quality of the oil. In 
fact, Contamination is the enemy of hydraulic 
systems and other mechanical systems under 
lubrication which passes through sensitive 
parts or the environment via lubricant and 
causes damage to them. Oil contamination in 
mechanical systems causes major problems 
such as machine failure, undesired repairs, loss 
of oil life, etc., which directly affects the 
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efficiency of the equipment and consequently 
the efficiency of the production and causes 
unforeseen costs. Using clean oils, removing 
and controlling contaminants will have many 
benefits including minimizing equipment 
failure, reducing operational and repair costs, 
increasing the operational efficiency of the 
equipment and increasing the lifespan of the 
oil. Types of contamination of oils include 
physical and chemical contaminants. The 
physical contaminant is the same as solid 
particles with oil, the most important 
consequence of which is mechanical erosion. 
Chemical contaminants generally include 
water, some metals such as copper and 
materials produced via oil usage. Therefore, 
there are two solutions to prevent such 
problems. First, evacuate all oil from the 
system and substitute with fresh oil or by 
filtration, separate particles from contaminated 
oil (Masoudi, 2011; Ranjbar et al., 2003; 
Saghafi, 2008). Cargol (2005) identified most 
of the internal problems of machines by 
analyzing oil, and mentioned that doing these 
tests is effective for initial troubleshooting and 
performance enhancement. Macnian et al. 
(2006) in a study determined the time of 
detection and the degree of failure using oil 
analysis on diesel engines and the fuzzy logic. 
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This would prevent the car from breaking 
down, failure and suspension. Macinan et al. 
(2003) stated that if the erosion rate is 100 
ppm, an increase of 50% is a significant 
warning sign to increase erosion of the 
devices. Qingfei He (2009) reported that the 
condition monitoring of machines helps 
prevent the destruction of machines via 
analyzing oils, corrosive particles, and oil 
contaminants. Li Jie (2010) considered the use 
of oil analysis programs for compressors to 
predict and prevent early failure of the 
compressors, as well as the optimal use of oil 
in compressors. Unfortunately, although the 
use of suitable oils in machinery is very 
necessary, there is no definite research in this 
regard and only parts have been mentioned in 
different books. One of the most important 
sources of sugar production is sugarcane. 
Sugar is one of the eight human food sources 
(wheat, rice, corn, sugar, cattle, sorghum, 
millet and cassava). Also, sugarcane is mainly 
used for livestock feed, electricity generation, 
fiber and fertilizer and in many countries 
sugarcane is accounted as a renewable source 
for biofuel (Haroni et al., 2018). Therefore, the 
present research was conducted with the aim 
of optimizing the offline refinement operations 
of hydraulic oil of sugar cane harvester by 
examining the effects of independent variables 
of the operating hours (250, 500 and 750 
hours), twin spin filter mesh (7, 9 and 11 
microns), and the hydraulic oil refining times 
(0, 1 and 2) on dependent variables of water 
contamination, uncleanness level, Si, Vis and 
TAN (Masoudi, 2011). 

Materials and Methods 

Materials 

The main raw materials used in the present 
study were hydraulic oil samples taken from 
cane harvesters (Austoft, 7000). The reason for 
choosing this model was due to its common 
use in cultivating the sugarcane industry in 
Khuzestan province). 
Equipment and Appliances  

For every oil-tested experiment, an example 
representative of the entire system was needed. 
Sampling is the easiest stage to run an oil 
analysis program, but it is very important and 

if the sampling is not correct, the results of the 
oil tests will not be valid. The main items in 
the oil sampling are the selection of tools, 
determination of sampling frequencies for 
different components, determination of oil 
sampling points in different components and 
oil sampling method. Some equipment was 
used for sampling such as 1- Sampling pump 
(Manual suction pump), 2- Polyethylene tube 
(hoses with an external diameter of one quarter 
or five sixteen inches), 3- Sample carrying 
case (Masoudi, 2003). All of the oil samples, 
after encoding and labeling, with a fresh and 
unused oil sample, were sent to the Alborz 
Tadbir Khuzestan Technical & Engineering 
Co. Laboratory (Address: 127 Azadi, km 5, 
Asia Road, Mashhad, IRAN) from the sample 
of the hydraulic oils tested. 
Determination of the Exact Amount of Water in 
the Oil (water contamination) 

The amount of water in the oil was 
measured by the Karl Fischer test. The result 
of the test reports the exact amount of water in 
ppm. This test, known as Crackle Test, used to 
identify the approximate level of water 
contamination in the oil. In this way, a few 
drops of oil are poured on a hot plate 
(approximately 150 ˚C). If water is present in 
the oil, it will be bubbled out and removed 
from the oil. The amount of water in hydraulic 
oil should not exceed 500 ppm (ISO 760, 
1978). 
Determination of the Uncleanness Level of Oil 

Uncleanness level of oil is one of the 
important parameters that is mainly studied in 
the evaluation of hydraulic equipment and 
systems. The presence of impurities in the 
environment indicates how the filters and 
vents operate. Counting the solid particles in 
hydraulic oil was accomplished using an 
automatic laser method. In this method, the 
number of corn oil particles can be counted by 
the resulted shadow of laser waves. Typical 
uncleanness levels are usually considered for a 
hydraulic oil sugarcane harvester; the number 
of particles from 5 to 15 micrometers in oil 
should not exceed 256000 (ISO 4406, 1999). 
Determination of the Si Amount 

Silicon (Si), an anti-foaming agent in oil, if 
exceeds the standard limit, is considered as an 
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oil contaminant. In order to specify the 
available amount of Si in hydraulic oil, an 
elemental analyzer device was used. The 
amount of Si in hydraulic oil should not 
exceed 15 ppm (ASTM D6595, 2011).  
Viscosity measurement of oil 

Viscosity is the most important feature of 
lubricating oils. The viscosity test shows the 
internal resistance of the lubricant to the 
oozing. The viscosity test is normally done at 
temperature of 40 ˚C and 100 ˚C. Viscosity 
affected by factors such as the amount of oil 
function, oil content, contamination, 
composition, and other abnormalities affecting 
the service life of the oil. A capillary tube 
viscometer was used to measure viscosity in 
the laboratory. In this method, the oil sample is 
placed into the glassy U-shaped capillary tube 
and using a suction pump, the sample moves 
towards the starting point which has been 
specified on the tube. The suction pump is 
stopped and then, it is allowed that the sample 
moves in the opposite direction to the suction 
due to the gravity. The thin part of the 
capillary tube controls the velocity of oil flow. 
The oils with high viscosity take more time 
than the oils with low viscosity because the 
flow velocity inside the capillary tube is 
determined by yielding stress of the oil which 
is influenced by gravity. In fact, this test 
measures the kinematic viscosity of the oil. 
The standard guides for this method are 
ASTM D445 and ISO 3104. The viscosity of 
the hydraulic oil should not be changed from 
±10% of fresh oil. The viscosity of fresh and 
used oil is determined in Cst (ASTM D 2270, 
2010). 
Measurement of the Total Acid Number (TAN)  

The total acid number of oil indicates the 
acidity of the oil. TAN of the oil usually 
increases gradually with a slight slope. Oils 
have undergone a qualitative change over time 
due to various factors such as heat and 
contamination, where the acid number 
represents one of the indicators of these 
changes. The total acid number of hydraulic 
oil should not be increased by more than 0.2% 
toward the acid number of the fresh oil. The 
total acid number of hydraulic oil is measured 

by the titration method and is determined in 
(mg KOH g

-1
) (ISO 6619, 1988). 

Experimental Design and Statistical Analysis 

The purpose of the present study was to 
optimize the refinement operations of the 
hydraulic oil of sugarcane harvester using the 
RSM method. For this purpose, the effects of 
independent numerical variables (operating 
hours, twin suction filter mesh) and categorical 
(hydraulic oil refinement times) on dependent 
variables of water contamination, uncleanness 
level, Vis, Si, and TAN were evaluated. For 
this purpose, the central composite design used 
in the Design Expert software included 
independent variables of work hours (250, 500 
and 750 hours), twin suction filter mesh (7, 9 
and 11 microns), and the number of hydraulic 
oil refinements (0, 1 and 2) with 33 treatments 
and 3 replications at the central point. Table 
(1) shows the encoded values and different 
levels of independent variables used for offline 
hydraulic oil refinement. Table (2) presents the 
test conditions and the response values 
obtained for the central composite design used 
to refine the offline hydraulic oil.   

Data analysis was conducted using Design 
expert 7 software. Experimental data were also 
tested using the quadratic polynomial equation 
(Singh et al., 2010). 
                     

      
  

    
                                       (1) 

Where   : Regression coefficients for constant 
factor coefficients (  ), Linear effect 
coefficient (  ,    and   ), second-degree 
effect coefficients (   ,     and    ) and 
interaction effect coefficient (   ,     and 
   ). Y: The dependent variables or the 
desired responses include water 
contamination, uncleanness level, Vis, Si, and 
TAN. In analysis of a process, one qualitative 
factor is not considered, but multipurpose 
optimization is sought. The purposes are in 
contradiction with each other and have an 
inverse relationship. One of the problems 
solving methods of multipurpose issues is 
combining the response surfaces or the 
mentioned graphical solution.  
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Table 1- The encoded different levels of independent variables of offline hydraulic oil refinement 

Independent variables 
Encoded independent 

variables and their 
different levels 

Code -1 0 +1 

Operating hours 250 500 750 

Filter mesh 7 9 11 

Times of oil refinement 0 1 2 

 
Table 2- Experimental design levels and measured values 

 Independent variable (input) Dependent variables (responses) 

No. 
Operating 

(hour) 

Filter 
mesh 

(micron) 

Times of 
oil 

refinement 

Water 
contamination 

(ppm) 
(NAS*1000) 

Si 
(ppm) 

Vis 
(centistokes) 

TAN (mg 
KOH g

-1
) 

1 250 11 2 100 109 4.2 59 0.51 
2 500 9 0 100 102 4.4 67 0.52 
3 750 11 0 178 282 5.8 61 0.63 
4 500 7 1 97 106 3.9 72 0.51 
5 500 9 0 103 112 4.5 69 0.53 
6 250 9 1 75 77 3.1 63 0.48 
7 500 9 2 126 122 5.2 64 0.55 
8 750 7 0 153 192 4.3 68 0.54 
9 250 7 1 71 70 2.5 67 0.46 
10 250 11 0 80 90 3.1 61 0.48 
11 250 9 0 69 74 2.3 64 0.47 
12 500 11 1 131 141 5.6 62 0.59 
13 500 9 0 105 122 4.7 71 0.53 
14 500 9 1 108 109 4.8 66 0.54 
15 500 9 1 112 122 4.9 68 0.55 
16 500 7 0 90 99 3.1 73 0.5 
17 250 9 2 86 93 3.5 62 0.5 
18 500 9 2 130 141 5.5 66 0.56 
19 500 11 0 122 125 4.8 63 0.57 
20 250 11 1 88 96 3.7 60 0.49 
21 750 9 0 160 218 5.1 63 0.58 
22 250 7 0 66 64 2.1 68 0.45 
23 250 7 2 80 83 3.2 65 0.48 
24 750 7 1 172 205 5.5 67 0.61 
25 500 9 1 115 154 5.1 70 0.54 
26 750 9 2 210 333 6.4 61 0.72 
27 750 9 1 183 230 5.8 62 0.65 
28 750 11 1 205 384 6.1 60 0.71 
29 750 7 2 200 230 6.2 66 0.68 
30 750 11 2 241 512 6.9 59 0.77 
31 500 9 2 133 166 5.7 68 0.56 
32 500 11 2 148 166 6.5 60 0.6 
33 500 7 2 110 115 4.8 70 0.52 

 
Many researchers have introduced a multi-

response technique and named it Satisfaction. 
This technique creates the objective function 
that equation (2) depicts Satisfaction function 
(D) and it indicates the range of Satisfaction 
for each response. The range of Satisfaction 
varies from zero to one among which, one is 
the maximum Satisfaction.  

D=         
 

   ∏   
 
    

 

                      (2) 
"n" represents the number of responses. If 

any of the responses or independent variations 
are placed out of the Satisfaction range, the 
function equals to zero. In optimization based 
on Satisfaction function, an objective can be 
defined for each response and variable. For 
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instance, there are some favorable 
interventions in which the response of y1 and 
y2 would be maximum and minimum 
respectively, provided that X1 would be in the 
specific range, X2 exactly equal to the specific 
number and X3 would be maximum (Qasemi 
et al., 2015). 

Results and Discussion 

Water contamination modeling  

The result of the analysis of variance for 
water contamination of oil samples is 
presented after the test of the exact 
determination of the amount of water in the oil 
(Table 3). According to the results, the 
quadratic polynomial equation used to predict 
oil contamination was statistically significant 
(P <0.01) and its lack of fit test was not 
significant (P>0.05), which indicates the 
suitability of the model used to predict the 
effect of independent variables on water 

contamination. In addition, all linear 
statements of the model used (A, B, C) were 
significant (P <0.01). Among the second-level 
expressions, the second-level expressions of 
operating hours (P <0.01,  ) and filter mesh 
(P <0.05,  ) were significant. Among 
independent variables, interacting hours of 
work- filter mesh (P <0.05, AB) and operating 
hours-number of refinement (P <0.01, AC) 
were significant. The obtained results for the 
correlation coefficients of the model 
(R

2
=0.995 and R

2
adjusted =0.992) also indicate 

that the regression model used with the tested 
points and its high accuracy in predicting the 
value of the dependent variable of water 
contamination was very good. Equation (3) 
indicates a Quadratic polynomial model used 
to predict the amount of water contamination 
based on the actual values after eliminating 
non-significant factors. 

                                                [ ]             [ ]            
                     [ ]                  [ ]                                              (3) 

Table 3- Analysis of variance of water contamination of oil samples 

Source 
Sum of 
squares 

df 
Mean 
square 

F 
Value 

Prob > F 
 

Model 67279.44 11 6116.31 351.04 <0.0001 significant 

A-time 54120.50 1 54120.5 3106.2 <0.0001  

B-mesh 3584.22 1 3584.22 205.71 <0.0001  

C-filter 5280.42 2 2640.21 151.53 <0.0001  

AB 192.00 1 192.00 11.02 0.0033  

AC 992.33 2 496.17 28.48 <0.0001  

A2 2445.63 1 2445.63 140.36 <0.0001  

B2 108.13 1 108.13 6.21 0.0212  

Residual 365.89 21 17.42    

Lack of Fit 303.89 15 20.26 1.96 0.2084 not significant 

Pure Error 62.00 6 10.33    

Cor Total 67645.33 32     

 
In this case (after eliminating non-

significant factors), the possibility of using the 
new model was also examined and the 
significance of the model (P <0.01) and non-
significance of lack of fit, as well as the 
significance of the linear effects (A, B, and C), 
the second degree (   and   ), and the 
interactions (AB and AC) was confirmed. In 
general, the first-degree expressions A, the 

second-degree expressions   , the first-degree 
C, the first-degree B, as well as the AC 
interaction effect, had the highest effect on the 
degree of contamination of water, respectively. 
The interaction effect AB and the second-
degree   expression were also important at a 
later stage. 
Fig 1 shows the interaction effects of operating 
hours and the filter mesh (times of oil 
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refinement at the central point) on the amount 
of water contamination. As it can be seen, the 
graph has an upward edge and in every 
operating hour, by increasing the filter mesh, 
the water contamination increases nonlinearly 
(second degree). In this case, the significance 
of the effect of the second- degree expression 
of the filter mesh affirms this observation 
(Table 3). This increase is higher at higher 
operating hours, which can be attributed to the 
effect of the operating hours with a higher 
filter mesh on the amount of water 

contamination. In each mesh of filtering, with 
increasing hours, water contamination also 
increased nonlinearly, and the highest water 
contamination was at 750 operating hours and 
the 11 of the filter mesh. Finally, concerning 
the changes' reasons, it can be concluded that 
the more operating time, the more depreciation 
and the parts rust could happen; accordingly 
leading to contamination of the oil, and also, 
passing time causes an increase in water influx 
into the oil. 

 
Fig.1. Interaction between the operating hours and filter mesh on the amount of water 

contamination 

Modeling the Level of Oil Uncleanness  

The results of the analysis of variance for 
the level of the uncleanness of oil samples are 
presented in Table 4. According to the results, 
the quadratic polynomial equation used to 
predict the level of oil uncleanness was 
statistically significant (P<0.01) and lack of fit 
test was not significant (P>0.05), which 

indicates the suitability of the model used to 
predict the effect of independent variables on 
determining the level of oil uncleanness. In 
addition, all linear statements of the model 
used (A and B at P <0.01 and C at P<0.05) 
were significant.  

Table 4- Results of the variance analysis of the uncleanness of oil samples 
Source Sum of squares df Mean square F Value Prob > F  
Model 2.937E+005 11 26699.93 30.64 <0.0001 significant 
A-time 1.860E+005 1 1.860E+005 213.48 <0.0001  
B-mesh 30504.50 1 30504.50 35.00 <0.0001  
C-filter 16220.36 2 8110.18 9.31 0.0013  
AB 18644.08 1 18644.08 21.39 0.0001  
AC 9145.33 2 4572.67 5.25 0.0142  
A2 23878.42 1 23878.42 27.40 <0.0001  
Residual 18301.47 21 871.50    
Lack of Fit 16054.80 15 1070.32 2.86 0.1009 not significant 
Pure Error 2246.67 6 374.44    
Cor Total 3.120E+005 32     
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Among the second-degree expressions, the 
only second-degree expression operating hours 
(A

2
 at P <0.01) was significant. Among the 

independent variables, the interaction of 
operating hours-filter mesh (AB at P <0.01) 
and operating hours-frequency of refinement 
(AC at P <0.05) were significant. The obtained 
results for the correlation coefficients of the 
model (R

2
=0.941, R

2
adjusted= 0.911) also 

indicate a very good correlation between the 
regression model used with the tested points 
and its high accuracy in predicting the value of 
the dependent variable on the level of oil 
uncleanness. Equation (4) shows a quadratic 
polynomial model used to predict the level of 
the uncleanness of oil based on the actual 
values after eliminating non-significant 
factors.  

   
                                            [ ]             [ ]                 
                  [ ]                  [ ]
                                                                                                                                                 

(4) 

In this case (after eliminating non-
significant factors), it was also possible to use 
the new model and the significance of the 
model (P<0.01) and non-significance of the 
lack of fit and also the significance of linear 
effects (A, B, And C), second degree (  ) and 
interactions (AB and AC) was confirmed. 
Generally, the first-degree expressions A, the 

second-degree   , as well as the AB 
interaction effect, had the most effect on the 
level of oil uncleanness. The interaction of AC 
and the linear effect of C were also important 
in the next step. Figure 2 indicates the 
interactions between operating hours and filter 
meshes (times of oil refinement at the central 
point) on the level of oil purification.  

 
Fig.2. Interaction of the operating hours and filter mesh on the level of oil uncleanness 

As can be seen, in any mesh of the filter, 
with increasing operating time (hours), the 
level of oil uncleanness increases linearly. The 
significance of the second-degree operating 
hour’s expression in Table 4 confirms this 
conclusion. In every operating hour with 
increasing filter mesh, the level of oil 
uncleanness increased almost linearly and the 
highest level of oil uncleanness was 384000 
particles (number of particles 5 to 15 
micrometers) in 11 filter mesh and 750 hours 
of the operating hours. The positive 
coefficients of Equation (4) and the 

significance of quadratic and linear 
expressions of Table (4) confirm these trends.  
Modeling the Si Rate 

The results of the analysis of variance of Si 
of oil samples are presented in Table (5). 
According to the results, the second-degree 
polynomial equation used to predict the 
amount of Si of oil which was statistically 
significant (P<0.01) and its lack of fit test was 
not significant (P>0.05), which indicates the 
suitability of the model used to predict the 
effect of independent variables on determining 
the amount of Si oil. In addition, all linear 
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statements of the model used (A, B, and C) 
were significant (P<0.01). 

Among the second-degree expressions, the 
only second-degree expression the operating 
hours (A

2
 at P <0.01) was significant. The 

obtained results for the correlation coefficients 

of the model (R
2
= 0.971, R

2
adjusted= 0.956) also 

indicate a very good correlation of the 
regression model used with the tested points 
and its high precision in predicting the value of 
the dependent variable of the amount of Si of 
oil. 

Table 5- Analysis of variance of Si in samples of oil 
Source Sub of squares df Mean square FValue Prob > F  

Model 50.64 11 4.60 64.47 <0.0001 significant 
A-time 33.08 1 33.08 463.21 <0.0001  
B-mesh 6.84 1 6.84 95.86 <0.0001  
C-filter 8.78 2 4.39 61.51 <0.0001  
A2 1.58 1 1.58 22.15 0.0001  
Residual 1.50 21 0.071    
Lack of Fit 1.28 15 0.085 2.33 0.1523 not significant 
Pure Error 0.22 6 0.037    
Cor Total 52.14 32     

 
Equation (5) shows a second-degree 

polynomial model used to predict the amount 
of Si of oil based on the actual values after 
eliminating non-significant factors. 
                              
           [ ]            [ ]              (5) 

In this case (after eliminating non-
significant factors), the possibility of using the 
new model was also examined and the 
significance of the model (P<0.01) and non-
significance of the lack of fit and also the 
significance of linear effects (A, B, and C) and 
the second degree (  ) were confirmed. In 
general, the first-degree expression of the 
model (A, B and C) and the second-degree 
  expression had the most effect on the 
amount of Si of oil.  
Modeling the Viscosity Rate of Oil  

The results of the variance analysis of Vis 
of oil samples are presented in Table 6. 
According to the results, the second-degree 
polynomial equation used to predict the 
viscosity of oil was statistically significant 
(P<0.01) and its lack of fit test was not 
significant (P>0.05), which indicates the 
suitability of the model used to predict the 
effect of independent variables on Vis of oil; 
in addition, linear statements of the model 
used, B (P<0.01) and C (P<0.05) were 
significant. Among the second-degree 
expressions, the only second-degree 
expression of the operating hours (A

2
 at 

P<0.01) was significant. The results obtained 
for the correlation coefficients of the model 
(R

2
= 0.913, R

2
adjusted=0.867) also indicate a 

very good fit of the regression model used 
with the tested points and its high accuracy in 
predicting the value of the dependent variable 
of the viscosity of the oil. Equation (6), the 
second-degree polynomial model used to 
predict the viscosity of oil based on the actual 
values after eliminating non-significant 
factors.  
                                 [ ]  
           [ ]                                        (6) 

In this case (after eliminating non-
significant factors), the possibility of using the 
new model was also examined and the 
significance of the model (P<0.01) and the 
non- significance of lack of fit, as well as the 
significance of the linear effects (B, C) and the 
second degree (  ), was confirmed. In general, 
the second-degree expressions A

2
 and first-

degree B had the greatest effect on Vis. The 
first-degree expression C was also important in 
the next step.  
Modeling of the Acid Number (TAN) of Oil  

The results of the analysis of variance for 
the TAN of the oil samples are presented in 
Table 7. According to the results, the second-
degree polynomial equation used to predict oil 
TAN was statistically significant (p<0.01) and 
the lack of fit test was not significant (P>0.05), 
which indicates that the model was used to 
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predict the effect of independent variables on 
the acid number of oil. In addition, all linear 

statements of the model used (A, B, and C) 
were significant (P<0.01).

Table 6- The results of the variance analysis of Vis in oil samples 
Source Sum of squares df Mean square F Value Prob > F  

Model 458.05 11 41.64 19.90 <0.0001 significant 
B-mesh 280.06 1 280.06 133.83 <0.0001  
C-filter 36.18 2 18.09 8.65 0.0018  
A2 131.39 1 131.39 62.79 <0.0001  
Residual 43.95 21 2.09    
Lack of Fit 19.95 15 1.33 0.33 0.9610 not significant 
Pure Error 24.00 6 4.00    
Cor Total 502.00 32     

       

Among the second-degree expressions, only 
the second-degree of operating hours (A

2
 at 

P<0.05) was significant. Among the 
independent variables, interacting with 
operating hours- filter mesh (AB at P<0.05) 
and operating hours-times of refinement (AC 
at P<0.01) were significant. The results for the 
correlation coefficients of the model (R

2
= 

0.974, R
2
adjusted= 0.961) also indicate that the 

regression model used with the tested points is 
very appropriate and its high accuracy in 
predicting the value of the dependent variable 
of the acid number of the oil. Equation (7) 
shows a second-degree polynomial model used 
to predict the acid number of oil based on the 
actual values after eliminating non-significant 
factors.  

                                 
            [ ]            [ ]             
                      [ ]           
      [ ]                                                     (7) 

In this case (after eliminating non-
significant factors), the use of the new model 
was also examined and the significance of the 
model (P<0.01) and the non- significance of 
lack of fit and also the significance of linear 
effects (A, B and C), second degree (  ) and 
interactions (AB and AC) were confirmed. In 
general, the first-degree expressions of the 
model and the interaction effect (AC), 
respectively, had the most effect on the acid 
number of the oil. The second-degree 
expression   and the interaction effect of AB 
were also important in the next step. 

Table 7- results of variance Analysis for determining the TAN of oil samples 
Source 

Sum of 
squares 

df Mean square 
F 

Value 
Prob > F  

Model 0.19 11 0.018 71.82 <0.0001 significant 
A-time 0.14 1 0.14 561.78 <0.0001  
B-mesh 0.020 1 0.020 82.05 <0.0001  
C-filter 0.019 2 9.603E-003 39.40 <0.0001  
AB 3.008E-003 1 3.008E-003 12.34 0.0021  
AC 9.144E-003 2 4.572E-003 18.76 <0.0001  
A2 3.568E-003 1 3.568E-003 14.64 0.0010  
Residual 5.119E-003 21 2.438E-004    
Lack of Fit 4.919E-003 15 3.279E-004 9.84 0.50 not significant 
Pure Error 2.000E-004 6 3.333E-005    
Cor Total 0.20 32     

 
Figure 3 indicates the interaction effects of 

the operating hours and the filter mesh (times 
of oil refinement at the central point) on the 
acid number of the oil (TAN). As can be seen, 
the graph has an upward edge, and each hour 
of the function, with increasing filter mesh, the 
acid number of the oil increases almost 

linearly. In each mesh of the oil filter, 
increasing the operating time of the harvester, 
the acid number of the hydraulic oil increases 
non-linearly (second degree). The highest acid 
number of oil was 0.71 (mg KOH g

-1
) after 

750 hours of operation and the filter was used 
with a mesh of 11. The positive coefficients of 
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equation (7) and the significance of second-
degree and linear expressions of Table (7) 
confirm these trends. Finally, with regard to 
the changes' reasons, it can be concluded that 
influx of suspended particles in the oil is 
increased as the filter mesh (diameter of filter 
grids) rises, and also it brings about some 
increases in the depreciation, rust, and 
contamination which can change the chemical 
properties of the oil and the times of filtration 
of the remaining suspended particles in the oil 
are increased due to overuse of the oil before 
the oil change which could bring about more 
depreciation and the parts rust and 
consequently, causing an increase in the oil 
contamination and the chemical changes of the 
oil. In order to confirm the achieved results, it 
can be stated that Blouki (2009) in research 
titled "determination of the best time to change 
engine oil of transtainer crane (RTG) using oil 
condition monitoring techniques" analyzed the 
oil condition monitoring techniques to 
decrease the cost and environmental damages. 
Therefore, it was concluded that a precise 
viewpoint concerning the future status of the 
machine can be achieved. Reducing the engine 
oil consumption as a result of rising its 
operating time can help the national economy 
by reducing the currency exchange costs 
arising from the importing inputs of 
petrochemical industries. This research was 
focused on the mentioned machines and 
equipment which are being worked in Imam 
Khomeini port. In order to test the oil 
degradation, the specified amount of the oil 
samples was prepared at regular intervals (110, 
130, 150 and 170 hours) during the operating 
time of the crane. In this research, two 
operational and predictive criteria were 
utilized to analyze the oil condition in which 
the two criteria evaluate the existing rust in the 
oil so that the normal amount of various 
rusting elements is up to 100 ppm. A 50% 
increase in these elements could be a proper 
warning. It should be noted that for further 
rusting, this percentage should be declined 
while this value should be considered more for 
the slow rusting condition. Therefore, it was 

observed in the study that engine oil of the 
studied cranes can work for 170 hours without 
any problem and the oil change is not 
economical in 125 hours. The percentage of 
changes in rusting elements of the oil was less 
than 50 % for all elements, however, several 
elements such as Iron and Chromium are in 
warning threshold. Finally, evaluating five 
categories of oil index achieved by oil analysis 
concluded that the engine oil can work for 170 
hours and the oil change in 125 hours has 
brought a decline in efficiency. Furthermore, 
Masoudi (2001) stated that the maintenance 
group of the locomotive condition of Iran 
railways has reported 123 cases of oil change 
in the first ten months of 2000 which were due 
to diagnosing unfavorable condition like water 
contamination, excessive increase or decrease 
of viscosity and unusual increase of rusting 
elements. Hence, the damages to 67 cylinders, 
58 pistons, 281 rings and 40 sets of bearings 
have been prevented which can result in 
saving more than 309,000 dollars. Moreover, 
by increasing the oil function from 65000 Km 
to 96000 Km and preventing the unnecessary 
oil change, this unit has been able to save 
734,000,000 rials in oil consumption. Masoudi 
(2001) stated that during the implementation 
of a Base-Line aiming to determine the rusting 
effect of erosive particles for a steam turbine 
of Arak petrochemical complex with a volume 
of 18000 liters, the unusual amount (17 ppm) 
of Silica element was identified. The amount 
of Tin and Aluminum rose simultaneously 
which implies an uncommon erosion of the 
device. The following graph returns to a 
normal situation after eliminating the 
contamination, and the device continues to 
function normally. Thus, identifying and 
controlling the amplifier erosion elements of 
expensive petrochemical and power plant 
equipment, using the maintenance condition of 
the machines lead to enormous economic 
savings. It should be mentioned that the 
financial loss due to the unplanned stoppage of 
the mentioned turbine was 200 million rials 
per hour and its major maintenance is 
estimated hundreds of thousands of dollars.  
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Fig.3. Interaction of the operating hours and filter mesh on the acid number of the oil 

Optimization  
In order to achieve optimum conditions for 

the offline hydraulic oil refinement operation, 
the numerical optimization technique was 
used. In general, the final decision on the 
choice of optimal conditions depends on 
taking into account some economic factors 
(costs), industrial, etc. However, it should be 
noted that since regression models are valid 
only in the area and conditions under 
consideration, limited economic and 
qualitative constraints are considered for 
determining operating conditions. In the 
present study, operating hours (250, 500 and 
750 hours), twin suction filter mesh (7, 9 and 
11 microns), and the number of hydraulic oil 
refinements (0, 1 and 2) were selected in the 
range. In this study, the aim was to optimize 
the operation, maximize the operating hours 
and the frequency of filtering of the oil 
according to the permitted range of dependent 
factors. According to the stated contents and 
results, the permissible range for water 
contamination was less than 500 ppm; the 
level of uncleanness or NAS (the number of 
particles 5 to 15 microns was less than 256 
thousand), Si was less than 15 ppm; Vis was 
between 62.8 and 76.8 Centistokes and TNA 
was less than 0.65 mg KOH g

-1
. This goal was 

chosen to increase the efficiency of offline 
hydraulic oil refinement operations. Finally, 
using the desirability function method, the 
optimal conditions for the offline refinement 

of hydraulic oil included 728.61 hours, 7-
micron filter mesh and oil refinement 
frequency was two. Under these conditions, 
the amount of water contamination parameters, 
the level of uncleanness (NAS), Vis, Si and 
TAN of hydraulic oil was 187.63 ppm, 
234000, 5.91 ppm, 66.34 centistokes and 0.65 
mg KOH g

-1
, respectively. The desirability 

obtained in optimal conditions for the 
variables and responses analyzed was 0.957. In 
sum, the results of this study showed that the 
offline oil refinement operation of the 
hydraulic oil could do the trick at high 
operating hours (728.61) with good 
performance (water contamination, level of 
uncleanness, Vis, Si and TAN within the 
permitted range). In order to confirm the 
model's prediction, the dependent variables 
were evaluated in optimal conditions and were 
determined with a difference of less than 5%, 
which confirmed the accuracy of the model. 

Conclusions 

In order to increase the operating hours of 
sugarcane harvester hydraulic oil, 
determination of the optimum conditions for 
performing offline refinement of hydraulic oil 
can be beneficial and economically feasible. In 
this research, the effect of independent 
variables of operating hours, filter mesh and 
the frequency of hydraulic oil purification 
were evaluated on the responses studied and 
optimal operating conditions were also 
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determined. The results of the optimization of 
the offline hydraulic oil refinement operation 
indicated that under operating conditions 
728.61 hours, 7-micron filter mesh and oil 
filtration rate of two, water contamination 
level, uncleanness level (5 to 15 micrometers), 
Vis, Si and TAN of hydraulic oil was 187.63 
ppm, 234000, 5.91 ppm, 66.34 centistokes and 
0.65 mg KOH g

-1
, respectively. The 

desirability obtained in optimal conditions for 

the variables and responses analyzed was 
0.957. In sum, a second-degree polynomial 
model was used to predict the extent of the 
dependent variables concerning the effect of 
independent variables used. Therefore, the 
data obtained from the above model can be 
used to obtain offline refinement hydraulic oil 
with a degree of water contamination, level of 
uncleanness, Vis, Si and TAN in the permitted 
range. 

References 

1. Ahmadi, H., and M. S. Blouki. 2009. Comparison and selection of the best time of oil change 
of transtainer crane (RTG) using oil condition monitoring method. Third technical conference 
of condition monitoring and diagnosis, Tehran, Sharif University of technology, committee of 
repair and maintenance. (In Farsi). 

2. ASTM D 2270: 2010. Standard Practice for Calculating Viscosity Index from Kinematic 
Viscosity at 40 and 100°C. 

3. ASTM D6595: 2011. Standard Test Method for Determination of Wear Metals and 
Contaminants in Used Lubricating Oils or Used Hydraulic Fluids by Rotating Disc Electrode 
Atomic Emission Spectrometry. 

4. Cargol, T. 2005. An overview of online oil monitoring technologies. In Fourth Annual 
Weidmann-ACTI Technical Conference pp. 1-6. 

5. Haroni, S., M. J. Sheykhdavodi, and M. Kiani Deh Kiani. 2018. Application of Artificial 
Neural Networks for Predicting the Yield and GHG Emissions of Sugarcane Production. 
Journal of Agricultural Machinery 8: 389-401. (In Farsi). 

6. He, Q., G. Chen, X. Chen, and C. Yao. 2009. Application of oil analysis to the condition 
monitoring of large engineering machinery. In Reliability, Maintainability and Safety, 2009. 
ICRMS 2009. 8

th 
International Conference on (pp. 1100-1103). IEEE. 

7. ISO 760: 1978, Determination of water - Karl Fischer method (General method). 
8. ISO 6619: 1988, Petroleum products and lubricants - Neutralization number - Potentiometric 

titration method. 
9. ISO 4406: 1999. Hydraulic fluid Power- Fluids- Method for coding the level of Contamination 

by solid Particles. 
10. Li, J. 2010. Oil Analysis Cost-Effective Compressor Condition Monitoring Technique. In 

Computational Intelligence and Software Engineering (CiSE), 2010 International Conference 
on (pp. 1-3). IEEE. 

11. Macian, V., B. Tormos, P. Olmeda, and L. Montoro. 2003. Analytical approach to wear rate 
determination for internal combustion engine condition monitoring based on oil analysis. 
Tribology International 36 (10): 771-776. 

12. Macian, V., B. Tormos, A. Sala, and J. Ramirez. 2006. Fuzzy logic-based expert system for 
diesel engine oil analysis diagnosis. Insight-Non-Destructive Testing and Condition Monitoring 
48 (8): 462-469. 

13. Masoudi, A. R. 2001. Silica particles in engine oils, Proceedings of technology. The paper No. 
10. (In Farsi). 

14. Masoudi, A. R. 2001. Study of economic aspects of CM program using oil analysis, 
Proceedings of technology. Research group of Alborz Tadbir laboratory of Khouzestan Co. the 
paper No. 15. (In Farsi). 

15. Masoudi, A. R. 2003. Care of mechanical systems, sampling techniques, technology series. 
Laboratory Research Group of AlborzTadbir Khuzestan Co. Article number 12. (In Farsi). 



 Optimization of Refinement Operations of Sugarcane Harvester Hydraulic Oil  71 
 

 
 

16. Masoudi, A. R. 2011. Introduction to Oil Analysis (translation), Technical and Engineering 
Company of Alborz Tadbirkaran, Tehran. (In Farsi). 

17. Qasemi, Y., M. H. Kianmehr, and B. Azadegan. 2015. Investigation of the effect of granulate 
compost parameters using response surface method. Journal of Agricultural Machinery 5 (1): 
191-198. (In Farsi). 

18. Ranjbar, A., H. R. Ghasemzadeh, and Sh. Davoudi. 2003. Engine power and tractor 
(translation), Printing and Publishing of Tabriz University, pages 601 to 612. (In Farsi). 

19. Saghafi, M. 2008. Tractor and its mechanism (translation), Center for Academic Publishing, 
Ministry of Culture and Islamic Guidance, Tehran. Pages 186 to 199. (In Farsi). 

20. Singh, B., P. S. Panesar, V. Nanda, and J. F. Kennedy. 2010. Optimisation of osmotic 
dehydration process of carrot cubes in mixtures of sucrose and sodium chloride solutions. Food 
Chemistry 123 (3): 590-600. 

  



72   Journal of Agricultural Machinery Vol. 10, No. 1, Spring - Summer 2020 

   های کشاورزیماشین نشریه

 59-72ص  ،1399نیمسال اول ، 1شماره ، 10جلد 

Journal of Agricultural Machinery  

Vol. 10, No. 1, Spring- Summer 2020, p. 59-72 

 

‌سازی‌عملیات‌پالایش‌آفلایه‌ريغه‌هیدريلیک‌دريگر‌ویشکر‌‌بهیىه

4افشیه‌مرزبان‌،3عیسی‌حسبايی‌،*2دايدی‌محمد‌جًاد‌شیخ‌،1آباد‌پًر‌ملک‌حدیث‌وعمت
 

 19/07/1397تبزیخ دزیبفت: 

 12/10/1397تبزیخ پریسش: 

 چکیده

ِ   ّب، هدل ّبی آهبزی ٍ زیبضی ثسای طساحی آشهبیص ای اش تکٌیک (، هجوَعRSMِزٍش سطح پبسخ ) سوبشی فسآیٌودّب    سبشی، ثْجوَد دادى ٍ ثْیٌو
هٌظَز، اثسات  ثَد. ثدیي RSMسبشی عولیبت پبلایص آفلایي زٍغي ّیدزٍلیک دزٍگس ًیطکس ثِ زٍش  سبشی ٍ ثْیٌِ ثبضد. ّدف اش هطبلعِ حبضس هدل هی

( 2ٍ  1، 0هیکسٍى( ٍ دفعبت تصفیِ زٍغي ّیدزٍلیک ) 11ٍ  9، 7سبعت(، هص فیلتس هکطی دٍقلَ ) 750ٍ  500، 250کبزکسد ) هتغیسّبی هستقل سبعبت
( ازشیوبثی ضود. ًتوبی     TAN( ٍ عدد اسویدی زٍغوي )  Vis(، ٍیسکَشیتِ )Si(، سیلیسیَم )NASزٍی هتغیسّبی ٍاثستِ آلَدگی آة، سطح عدم تویصی )

( ٍ عودد اسویدی زٍغوي    Vis(، ٍیسوکَشیتِ ) Si(، سیلیسویَم ) NASدست آهدُ ثسای آلَدگی آة، سطح عدم تویوصی )  بی ثِّ ی هدل ًطبى داد کِ ّوِ
(TANُثسای تَصیف داد ) ٍُثس ایي تبثع هطلَثیت ًطبى داد کِ ضسایط ثْیٌِ عولیبت پبلایص آفلایي زٍغي ّیودزٍلیک   ّبی آشهبیطی هٌبست ثَدًد. علا

ثَد. تحت ایي ضسایط، هقداز پبزاهتسّبی آلوَدگی آة،   2هیکسٍى ٍ دفعبت تصفیِ زٍغي  7سبعت، هص فیلتس  61/728زکسد دزٍگس ًیطکس ضبهل سبعت کب
سبًتی استَک ٍ  ppm 63/187 ،234000 ،ppm 91/5 ،34/66تستیت ثساثس ثب  ثِ Si ،Vis  ٍTANهیکسٍهتس(،  15تب  5سطح عدم تویصی )تعداد ذزات 

mg KOH/g 65/0 ِدست آهد ث. 

  پبسخزٍش سطح  ،دزٍگس ًیطکسپبلایص آفلایي زٍغي ّیدزٍلیک، سبشی،  ثْیٌِ های‌کلیدی:‌واژه
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Abstract 

Harvesting is one of the most important field operations in sunflower production. Seed damage and 
low separation efficiency are the top concerns of harvesting sunflower. In this study, a threshing 
cylinder with rubber teeth and a concave for harvesting sunflower were designed and evaluated. The 
variable parameters were threshing cylinder speed (TCS), threshing space (TS) and moisture content 
(MC) of sunflower head. Azargol variety was used to evaluate the threshing unit. The tests were 
performed at three cylinder speed levels (280, 380 and 480 rpm), two threshing spaces (8 and 10 cm) 
and two moisture content of sunflower head based on the crop condition (20% and 45% wet basis). An 
ANN model was developed to predict the amount of materials in each part of the concave. Results 
showed that the sunflower seeds had no damage during the threshing process and the presented model 
could predict the amount of materials in each part of the concave with a regression coefficient 
R

2
=0.95. Based on the ANN model, with a decrease in MC and TS, and an increase in TCS, the 

separation efficiency was increased. Furthermore, optimal parameters for the threshing unit which 
were suggested by Design Expert software to maximize the separation efficiency were 18% w.b, 450 
rpm and 10.5 cm for MC, TSC, and TS, respectively and in this condition separation efficiency was 
determined to be 94.92%. 

 
Keyword: Sunflower harvesting, Threshing model, Threshing unit  

Introduction
1
 

Oilseeds are one of the most important 
agricultural crops that are used as raw 
materials for providing oil and supplying the 
needs of fat, protein, and vitamins for human 
and living organisms. Oil production has been 
increased recently and most of this increase 
has been related to the sunflower seed oil 
(Inna, 2010). Sunflower planting is mostly for 
two main purposes; oil production and direct 
consumption (Schneiter and Miller, 1981). 
Harvesting is often done manually in Iran 
because mechanized harvesting is very 
expensive and is not still economical.  
Mechanized harvesting methods are conducted 
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with rasp bar drum and concave and can make 
a seed loss of 46% during the threshing 
operation in the threshing unit (Farokhi et al., 
2013). Although the seed damage is not very 
important in oilseeds, mechanical damage 
leads to weakening germination and reduces 
the storage and grain growth potential 
(KhajePor, 2012). The damage to sunflower 
seeds in fresh market results in reducing the 
crop price significantly. Harvesting operation 
when the moisture content is not reduced 
enough, would reduce the  sunflower seeds 
quality and increases the possibility of disease 
outbreaks (Giner and Gely, 2005). The 
mechanized harvesting of sunflower has been 
studied by several researchers (El-khateeb and 
Saad, 2008; Ghiasi et al., 2016; Sudajan et al., 
2002). In all of these studies, separation 
efficiency and sunflower seed damage have 
considered as two important parameters for 
evaluation of the threshing unit which express 
how materials were spread through the 
threshing unit and to what extent threshing 
unit was able to chop the crop into appropriate 
pieces. 
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The effects of the threshing parameters 
have been studied for several crops to optimize 
the threshing condition. The proposed models 
can be offered for simulating the behavior of 
the threshing unit (Miu and Kutzbach, 2007). 
In this case, they modeled the kinematic 
behavior of the material into the threshing unit 
with a regression coefficient of R

2
= 0.9. The 

dynamical model of materials in the threshing 
unit was presented by (Ning et al., 2015) then 
through fuzzy control, the forward speed of the 
combine harvester was controlled. Among the 
statistical and mathematical models, intelligent 
systems were better to predict nonlinear 
behavior because of the use of complex 
algorithms. The effect of concave clearance, 
cylinder speed, feed rate, and moisture content 
was studied on the percentage of grain 
damage, separation efficiency, and percentage 
of germination for chickpea threshing (Salari 
et al., 2013). Results showed that with an 
increase in the cylinder speed and decrease in 
the moisture content, the feed rate, and the 
concave clearance as well as the threshing 
efficiency were increased. The number of lost 
seeds in paddy harvester were simulated by 
Hiregoudar et al. (2011) using artificial neural 
networks and the minimum amount of lost 
seeds for the harvester. Mirzazadeh et al. 
(2012) used an artificial neural network 
(ANN) to model wheat behavior in a threshing 
unit. The results showed that the neural 
network with 7 neurons can simulate the 
behavior of wheat in the threshing unit with a 
regression coefficient of R

2
 = 0.81. 

Providing a proper model for threshing can 
be a powerful tool for optimizing and 
managing the threshing process. The study of 
some researches about the modeling of 
materials behavior in the threshing unit 
showed that the behavior of the materials in 
the threshing unit not only depended on the 
type, physical and rheological properties of 
crops but also can be completely different in 
each crop. Generally, to mechanistically 
harvest new crops and design other sections of 
the combine harvester, it is necessary to 
analyze the behavior model of materials. In 
this study, the behavior of the sunflower head 

in the threshing unit with robber teeth was 
modeled by using ANN. The present study 
aimed to predict the behavior of the sunflower 
head in the threshing unit with an ANN model 
and to define the optimal point of the threshing 
unit to maximize the separation efficiency. 

Material and Methods 

Threshing cylinder and concave 

A threshing unit was designed and 
developed on a chassis to join a conveyor. The 
schematic design of the machine units is 
shown in Fig.1, which includes threshing 
cylinder, concave, flanges, rubber grips, and 
shaft. The diameter and width of the threshing 
cylinder were both 50 cm. As shown in Fig.1, 
the threshing unit has four rows of rubbers, 
two rows had four and the other two rows had 
five rubbers, and all of them were fixed on a 
shaft with a diameter of 30 mm. The concave’s 
arc was 135 degrees and was divided into five 
sections to collect the seeds and MOG

1
 of each 

part and also to record the amount of them. 
After the threshing process, the remaining 
materials of each part were checked carefully 
by three adult persons to check the surface 
damages on sunflower seeds. Then, broken 
and cracked seeds were separated and 
weighted to calculate the surface damages. 

The machine was evaluated with Azargol 
sunflower variety. Variable parameters 
including TCS

2
 in three levels (280,380 and 

480 rpm), MC
3
 in two levels (45 and 20 w.b), 

TS
4
 in two levels (8 and 10 cm which were the 

distance between threshing cylinder and 
concave in front of the threshing unit and 
distance between threshing cylinder and 
concave in the back of the threshing unit was 5 
cm) and constant feed rate (670 kg.h

-1
) were 

selected. The study was conducted based on a 
2×3×2 factorial design with three replications, 
and the experiment was a completely 
randomized design with three factors including 
MC, TSC, and TS. For each test, the input 

                                                 
1- Material Other than Grain 

2- Threshing Cylinder Speed 

3- Moisture Content 

4- Threshing Space 
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weight of the threshing unit and the weight of 
the threshed sunflower head under the concave 
and behind it were measured. Note that, in 
numbering the different sections of the 
concave, the behind section was named "part 
6". 

Artificial neural network 

The artificial neural network is one of the 
computational methods that strives to 
recognize the relationships between the input 

and output data using the process of learning 
and neuron. Artificial neural networks were 
implemented with 4 inputs including the 
number of parts, moisture content, threshing 
cylinder speed, and threshing space and one 
output includes the separation efficiency 
(Fig.2). The tan-sigmoid transfer function was 
used for the nodes in the hidden layer as it was 
a powerful configuration for complex non-
linear function approximation (Zurada, 1992). 

 
Fig.1. Schematic of the threshing unit 

A network model is characterized by an 
error space representing the error of the system 
for every possible combination of the weights 
and biases (Uno et al., 2005). Mean Sum-
squared Error (MSE) was used as the 
performance function, and the batch training 
was used in which the weights and biases were 
updated in the direction of the negative 
gradient of the performance function only after 
the entire training samples (epoch) had been 
applied to the network. The gradients 
calculated at each training sample were added 
together to determine the change in the 
weights and biases. The performance of the 
neural network was evaluated with MSE and 
the correlation coefficient of R

2
, which are 

presented in equations 1 and 2, respectively. 

(1)     
∑            

  
   

 
 

(2)   
∑                             

 
   

√∑               
               

  
   

 

Where n is the number of data,      and      

are the output value predicted by the model 
and the measured output value, respectively, 

        and          are the measured 

average output value and the predicted average 
value by the model. 

In this study, the Neural Network Toolbox 
of MATLAB R2016a software was used to 
predict the percentage of materials in different 
concave parts. For this research, 70% of the 
data were used for training, 15% for testing 
and 15% for validation of network (Shahgoli 
et al., 2018). The number of neurons obtained 
during the test and error was 15 neurons for 
the network. The number of neurons in the 
output layer depends on the number of output 
parameters. In this research, the output of the 
model was the percentage of material 
deposited in different parts of the concave, so 
the number of neurons in the outer layer was 
one.  
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Fig.2. The artificial neural network structure 

Optimal point of the threshing unit 

The model was presented and the suitability 
of the model was ensured for predicting the 
amount of material. In each part before 
obtaining the amount of material in different 
parts of the concave, the range of each 
independent parameter for the moisture 
content of sunflower head was expanded. The 
minimum and maximum moisture content of 
sunflower head were determined based on seed 
handling, then 5 levels of MC were selected. 
The maximum level of the threshing cylinder 
speed was limited by input power in the 
threshing unit and due to mechanical 
constraints in the threshing unit, the range of 
distance between the threshing cylinder and 
the concave was defined. The moisture content 
of sunflower head in 5 levels (18, 28, 38, 48 
and 58 w.b.), the threshing cylinder speed in 4 
levels (250, 450, 650 and 850 rpm) and the 
threshing space in 4 levels (7.5, 8.5, 9.5 and 
10.5 cm) as the new inputs were entered to the 
model. The data for the parts of 1 to 5 were 
related to the materials which had passed 
through the concave and the data for the part 
of 6 was related particularly to the materials 
that had not passed through the concave. 
Based on the separation efficiency equation for 
the concave, (Equation 3) (El-khateeb and 
Saad, 2008), the more material passed into the 
concave, the more separation efficiency of the 
concave was increased. Accordingly, the 
optimum operating conditions were obtained 
when the percentage of the material 

accumulated in section 6 was minimized 
(Griffin et al., 1981). For this purpose, design 
expert 7.0.0 software and the general factorial 
choice were used. 

(3) 
𝜂
  

 
                                        

                    
     

ANN model validation 

After developing the model, training 
process was done by using 70% of 
experimental data and tested by using 15% of 
experimental data. The variable parameters of 
the experimental test, were entered to the 
model as new inputs and compared with the 
actual results. The correlation coefficient 
between actual results and output of the ANN 
model for separation efficiency was calculated 
by using Microsoft Excel 2016 software.  

Result and Discussion 

Threshing efficiency 

The threshing unit with different levels of 
MC, TCS, and TS was tested and then the 
analysis of variance was done. The analysis of 
variance was performed in the completely 
randomized design on three factorials. 
Obtained results are tabulated in Table 1. 
Results indicated that the effects of MC, TCS, 
and TS on the percentage of material in part 6 
were significant at 1% level of confidence. 
The interaction between the first degree of 
MC*TCS was not significant at 5% level and 
the interaction effect of the first degree of 
MC*TS and TCS*TS was significant at 5% 
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level. The interaction between the second 
degree of MC*TCS*TS was not significant at 
5% level. 

Fig. 3a shows the percentage of material for 
the concave parts in MC levels of 20% and 
45% w.b in the primary parts of the concave. 
In the MC level of 45% w.b , the amount of 
separated material was low; because of a 
smaller space and high sunflower head 
density, the amount of material passed through 
the concave parts was increased. In the MC 
level of 20 w.b %, because of the fragility of 
sunflowers head and rheological properties, 
the material passed through the concave was 
increased in the primary parts. Sudajan et al. 
(2002) reported that the attaching force 
between seed and flower head reduced and 
hence seeds might be separated easily. This 
might result in a higher separation efficiency 

in the lower MC. The effect of TCS on the 
percentage of material in each part is shown in 
Fig. 3b. An increase in TCS caused the 
threshing unit to break the sunflowers head at 
the primary parts so less material went to the 
last parts. Then, either the part 6 or back of the 
concave received less amount of material. 
These findings are in line with Vejasit and 
Salokhe (2006) study that increasing TCS led to 

increasing separation efficiency. The distance 
between the threshing cylinder and the 
concave affected the material density. 
Furthermore, the density of the material 
between the threshing cylinder and the 
concave was increased and the amount of 
material in the primary parts was increased in 
the low TS as well (Fig. 3c). Seidirad and 
Javadi (2011) reported a similar result for 
decreasing the TS. 

Table 1- Analysis of variance to evaluate the effects of MC, TCS and TS and the interaction 
between them on the amount of material in part 6 

S.V DF Sum of squares 
F 

Percent of material 
MC 1 1184.74 86.93

** 

TCS 2 1101.68 40.42
** 

TS 1 387.96 28.46
** 

MC*TCS 2 69.21 2.54
ns 

MC*TS 1 114.13 8.37
* 

TCS*TS 2 114.38 4.2
* 

MC*TCS*TS 2 4.28 0.16
ns 

Error 24 327.10  

* * Highly significant at 1% level; * significant at 5% level; ns, not significant; df, degrees of freedom 
 

Seed damage 

In the threshing process of the sunflower 
head, the force which was applied by the 
threshing teeth on sunflower seeds, did not 
catch the fracture force. Therefore, seeds 
crossed the concave without any damage or 
spot and seed damage amount was zero. 
Because of the lack of data for seed damage, it 
was not considered in the output of the ANN 
model and there were maybe a small amount 
of seed damage in expended input data. 
The most important factors that kept seeds 
intact were: 1- the open space of the concave, 
2- bars diameters 3- flexible teeth of the 
threshing cylinder 4- closed threshing cylinder 
which prevented seeds from striking to the 
metal parts. 

Modeling 

After the formation of the input and output 
matrix, the most suitable artificial neural 
network was chosen to simulate the amount of 
material accumulated in the concave parts. 
Fig.4 shows the correlation coefficient of the 
proposed artificial neural network model to 
simulate the amount of material accumulated 
in concave parts in the validation sections. The 
correlation coefficient for prediction of 
separation efficiency was 0.95 and the mean 
squared error for the network was 0.56, with 
the minimum value obtained during the trial 
and error. By rotating the threshing cylinder, 
sunflower heads were under the influence of 
impact and abrasion in the space between the 
threshing cylinder and the concave. Then the 
seeds were separated from sunflower head. 
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Since the distance between the threshing 
cylinder and the concave in the front part was 
long enough, seeds in this area were separated 
and passed through the concave, then the 
impact force would be more effective than 
abrasion on the threshing process. In the back 

parts of the concave, because of a higher 
material density, seeds were separated by 
abrasion of other sunflower heads and bars and 
cans of the concave (Lizhang et al., 2013). 
Understanding what action is more effective 
during the threshing process, can be useful.  

 

 
(A) 

 
(B) 

 
(C) 

Fig. 3. (A) Effect of MC on MOG (B) Effect of TCS on MOG (C) Effect of TS on MOG 

 
Fig. 4. Artificial neural network performance 

Y=0.943x + 3.33 

R2=0.95 
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Results of the artificial neural network 
model related to the effect of MC on the 
percentage of the material existent in the 
concave parts are shown in Fig. 5a. The 
decrease in MC changed rheological properties 
of sunflower head to fragility, increased the 
amount of material in the primary parts of the 
concave and reduced the volume of the 
remaining materials in the last part. In a higher 
moisture content, due to the impact of the 
rubber component on sunflower head, the head 
was torn and cut into smaller pieces at the last 
parts by abrading other sunflower heads, bars, 
and cans of the concave, and passing through 
the concave. Under this circumstance, the 
concave separation efficiency was increased in 
lower moisture content. El-khateeb and Saad, 
(2008) achieved similar results for two 
sunflower thresher machines that decreasing in 
MC of sunflower head led to increasing the 
separation efficiency but seed damage 
increased in both thresher machines by 
decreasing in MC.  

Fig. 5b shows the results of the ANN model 
for the effect of the threshing cylinder speed 
on the percentage of material in the concave 
parts. With increase in TCS, the effect of 
impact force on the threshing process was 
increased, so it caused more materials to drop 
into the primary part of the concave. With 
increase the threshing cylinder speed, not only 
the intensity of the threshing process was 
increased which was because of the increase in 
the impact effect, but also the passage of 
material was increased in the primary part. As 
a result, the separation efficiency of concave 
was increased. These findings are in consistent 
with Sudajan et al., (2002), El-khateeb and 
Saad, (2008) and Seidirad and Javadi (2011) 
for threshing sunflower seeds and cumin. 

The effect of the threshing space on the 
percentage of material in the concave parts 
based on the artificial neural network 
modeling is presented in Fig. 5c. Accordingly, 
the more open space of threshing unit, the 
more chance for unthreshed sunflower head to 
drop into the back parts of the concave. The 
reduction in the threshing space led to an 
increase in the density of the material which 

consequently increased the effect of abrasion 
on the threshing process. Based on the results 
reported by Seidirad and Javadi (2011), 
decreasing in the TS in lower MC was more 
effective on the threshing efficiency than 
higher MC.  According to Fig. 5c, with a 
decrease in the TS, the percentage of the 
material was decreased in section 6 and as a 
result, the separation efficiency was improved.  

Optimal working point 

The experiment data was exported from the 
ANN model. Because of significant interaction 
between MC*TS and TCS*TS, Design Expert 
software was used for defining the optimal 
point. Then the optimum point was determined 
to maximize the concave separation efficiency. 
The concave parts included 6 sections: parts 1 
to 5 were specifically for those materials that 
passed into the concave open area and section 
6 was a place for the accumulation of materials 
that did not pass into the concave open area. 
Therefore, according to equation 3, the 
percentage of the material had to be minimized 
in Section 6 to achieve the maximum concave 
separation efficiency. The optimum points 
with utility index are given in Table 2. The 
optimal point of the threshing unit was 
obtained in 18% w.b of MC, 450 rpm of TCS 
and 10.5 cm of TS.  

Conclusions  

The results of the ANN model showed that 
the trends of separation efficiency with MC of 
sunflower head, TCS and TS, had a good 
agreement with those which were obtained 
from the real tests. Because of the design 
property, the sunflower seeds were not 
damaged. With a decrease in MC from 58% to 
18% w.b, the separation efficiency was 
increased from 71.67% to 74.2% and also an 
increase in TCS from 250 rpm to 850 rpm 
improved the concave separation efficiency 
from 67.5% to 72.25%. With the reduction in 
TS from 10.5 cm to 7.5 cm, the concave 
separation efficiency was increased from 
70.6% to 77.26%. Finally, to maximize the 
separation efficiency of the threshing unit, 
three optimal conditions were proposed with a 
utility index of 1, 0.977 and 0.873. 
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(A) 

 

 
(C) 

Fig.5. (A) Effect of sunflower head MC on the percentage of material in the concave parts (B) Effect of 
TCS on percentage of material in the concave parts (C) Effect of TS on the percentage of material in the 

concave parts 
 

Table 2. Optimal conditions of threshing unit 
 MC(% w.b) TCS (rpm) TS (cm) Separation efficiency (%) Desirability 

1 18 450 10.5 94.92 1 

2 58 250 7.5 93.75 0.977 

3 48 850 7.5 88.35 0.873 
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 چکیده

ای ي ثبصدٌ جذاسبصی کم اص مطکلات ثشداضت آفتبثگشدان  ثبضذ. آسیت داوٍ ثشداضت آفتبثگشدان یکی اص فشآیىذَبی مُم دس صساعت آفتبثگشدان می
َبی لاستیکی ي ضذ کًثىذٌ ثشای ثشداضت آفتبثگشدان طشاحی ي سبختٍ ضذ. سشعت سیلىذس کًثىذٌ،  ثبضىذ. دس ایه مطبلعٍ، سیلىذس کًثىذٌ ثب دوذاوٍ می

فبدٌ ضذ. فضبی کًثىذٌ ي سطًثت طجق آفتبثگشدان، پبسامتشَبی مستقل دس اسصیبثی ياحذ کًثص تعییه ضذ. اص سقم آفتبثگشدان آرس گل ثشای اسصیبثی است
سطح سطًثت طجق  ديي  متش( سبوتی 10ي  8سطح فضبی کًثىذٌ )دي ، ديس دس دقیقٍ( 480ي  380 ،280) سطح سشعت سیلىذس کًثىذ سٍَب دس  آصمًن

ضذٌ دس َش ثخص ضذ کًثىذٌ، ضجکٍ عصجی مصىًعی اسائٍ ضذ. وتبیج  ثیىی مقذاس مًاد جمع اوتخبة ضذ. ثشای پیص (ثش اسبس مبدٌ تش 45ي  20آفتبثگشدان )
 99/0ضًد ي مذل اسائٍ ضذٌ ثشای کًثص ثب ضشیت َمجستگی  آفتبثگشدان ثذين آسیت تًسط ياحذ کًثص، کًثیذٌ میَبی  حبکی اص آن است کٍ داوٍ

ثیىی کىذ. ثش اسبس مذل عصجی اسائٍ ضذٌ ثب کبَص سطًثت طجق آفتبثگشدان ي فضبی  تًاوذ مقذاس مًاد سیختٍ ضذٌ دس َش ثخص ضذ کًثىذٌ سا پیص می
یبثذ. وقطٍ ثُیىٍ کبسی ثش اسبس مذل ضجکٍ عصجی مصىًعی ثشای  کًثىذٌ، ثبصدٌ جذاسبصی ياحذ کًثص افضایص میکًثىذٌ ي افضایص سشعت سیلىذس 

متش  سبوتی 5/10بی کًثىذٌ فض يديس ثش دقیقٍ  450سشعت سیلىذس کًثىذٌ  مبدٌ تش، اسبس % ثش18 آفتبثگشدانسطًثت طجق ثیطیىٍ کشدن ثبصدٌ جذاسبصی، 
 .تعییه ضذ

 سبصی کًثص، ياحذ کًثص ثشداضت آفتبثگشدان، مذل‌کلیدی:های‌‌ژهوا
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Abstract  

A robust numerical analysis was proposed for simulating the rebound velocity pendulum method 
for melon. For considered varieties (Zard-Eyvanekey and Sousky-Sabz varieties), the change in impact 
parameters (extracted from excitation by pendulum) was studied for five stages of ripening. With the 
melon ripeness, the rebound velocity, rebound height, relative rebound height, rebound angle, rebound 
energy and coefficient of restitution (velocity ratio) increased, while the absorbed energy decreased 
(from 37.6 to 27.9 MJ for Zard-Eyvanekey and from 38.5 to 27.9 MJ for Sousky-Sabz). The 
regression analysis showed a highly significant linear relationship (coefficient of determination, R² 
more than 0.8059) between impact parameters and five stages of ripening. So the results of the 
analysis are feasible in ripening detection and hence in the classification of the melon maturity. 

Keywords: Firmness, Impact analysis, Melon, Non-destructive method 

Introduction
1
 

There are several non-destructive, fast and 
objective quality measures that have been 
proposed and some of them are commercially 
available (De Ketelaere et al., 2006). Some 
promising dynamic methods for fruit quality 
evaluation are based on measurement of fruit 
response to force vibration or impact (Lien et 
al., 2009). The use of mass impact either by a 
light rigid mass or fruit falling has been widely 
applied in the detection of fruit maturity 
(Delwiche et al., 1987). The material is either 
dropped freely onto a force transducer or 
hammered with an accelerating rigid mass. 
The impact responses are interpreted in either 
the frequency or the time domain. The impact 
indices show a strong correlation with the 
firmness of vegetables and fruits (Garcıa-
Ramos et al., 2003). There is a vertical impact 
sensor to measure the response of fruit to 
impacts. The sensor consisted of a small, semi-
spherical mass with an accelerometer, which 
was dropped from different heights onto the 
fruit. Manual impact sensors, lateral impact 
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sensors are some other sensors used as 
mechanical measures (Khalifa et al., 2011; 
Nourain, 2012). Researchers have shown 
interest in using impact techniques for 
predicting firmness of fruits. Previous studies 
have shown that impact techniques such as 
impacting of fruits on a load-cell (Lien et al., 
2009; Ragni et al., 2010) and impacting the 
fruit with a small spherical impactor (Homer et 
al., 2010; Yurtlu, 2012) can be used to 
evaluate the firmness of fruits successfully. 
García-Ramos et al. (2005) describe many 
ways of using impact sensors, such as hitting 
the fruit with some element that includes the 
sensor, putting the fruit over a load cell and 
letting a weight fall on it, or placing the fruit 
on a flat plate with a load cell located beneath 
it. Moreover, some of them reached a 
commercial use, as is the case of iFD 
(Intelligent Firmness Detector, Greffa, 
Netherlands), Aweta (Netherlands), and 
Sinclair iQ Firmness Tester (García-Ramos et 
al., 2005). 

Lien et al. (2009) used nondestructive 
impact technique to determine tomato 
ripeness. They reported that maximum impact 
force, impact time and fruit mass was highly 
related with Magness-Taylor force of the 
tomatoes dropped on a force sensor with a 
classification precision of 82.30% (Lien et al., 
2009). Mao et al. (2016) developed an 
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acoustic device after investigating the 
influence of hitting ball and fruit tray on 
spectrum. They proposed three firmness 
indices to correlate with the firmness of 
watermelon. They found that significant 
correlation was between firmness and these 
indices using linear regressive model and 
nonlinear model of artificial neural network 
(ANN) (Mao et al., 2016). In a study, the 
ripening of watermelon was examined using 
sound analysis by an impactor. The results 
showed that the intensity and location of 
impact effect had a significant effect on the 
sound signals. There was no significant 
difference between the biomechanical 
properties of the peel of the unripe, ripe, and 
over ripe fruits, and it is therefore expected 
that the observed difference in the sound 
properties of the watermelons is more due to 
the difference in the properties of the flesh 
than the peel (Saadatinia et al., 2014). 
Khoshnam et al. (2017) examined the effect of 
acoustic system variables on sound signals of 
melon varieties. They concluded that the 
impactor ball, pendulum angle, sound level 
meter position and variety type factors did not 
show significant effect on resonance frequency 
but they had a significant effect on FFT 
magnitude and sound pressure meter 
(Khoshnam et al., 2017). 

Rebound technique has been used with 
some success to qualify firmness of fresh 
product after an impact with surface (Gan-
MorGalili, 2000). Ragni et al. (2010) 
developed an impact measuring device for 
prediction of firmness online in kiwifruit pack 
house (Ragni et al., 2010). Lien and Ting 

(2014) in guaya predicted maturity by using an 
automated sorting machine by analyzing the 
impact response of dropped fruit (LienTing, 
2014).  

The objective of the present study is to 
study the impact of parameters change such as 
rebound velocity, rebound height, relative 
rebound height, rebound angle, absorbed 
energy, rebound energy and coefficient of 
restitution (velocity ratio) after impact in 
during of melon ripening (Zard-Eyvanekey and 
Sousky-Sabz varieties) and investigation some 
best linear and single regressions between the 
impact variables and stage period of ripening. 
The ultimate goal of this study was to 
investigate the feasibility of non-destructive 
maturity sorting of melon by impact rebound 
response technique without affecting the fruit 
quality. 

Materials and Methods 
Sampling of melon 

This research was conducted on Zard-
Eyvanekey and Sousky-Sabz variety (export 
varieties) obtained from a plantation in 
Garmsar township (35° 13' 20" N, 52° 20' 26" 
E). They were carefully picked by hand during 
the summer and autumn in the early morning 
from the area of Davarabad, Garmsar, Iran. 
Fruits were selected according to color, size 
and lack of blemishes in order to obtain 
homogeneous samples. They were selected at 
five different stages of ripening. Before each 
test series, the melon was transferred to 
department laboratory at 18 to 22

°
C 

temperature for 24 hours. They were selected 
at five different stages of ripening (Table 1). 

Table 1- Date of harvesting and tests series 
Stage Operation Date Description 

1 First series of test Mid-August Immature 
2 Second series of test Late-August Early ripening 
3 Third series of test Mid-September Moderately ripe 
4 Forth series of test Late-September Ripe 
5 Fifth series of test Mid-October Over ripe 

 
Excitation method 

A pendulum is defined as a mass, or ball, 
connected to a rod or rope. The equilibrium 
position of the pendulum is the position when 

the mass is hanging directly downward. At any 
given moment, the velocity of the pendulum 
bob will be perpendicular to the rope. The 
pendulum‟s trajectory describes an arc of a 
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circle, where the rope is a radius of the circle 
and the bob‟s velocity is a line tangent to the 
circle. The mechanical energy of the pendulum 
is a conserved quantity. The potential energy 
of the pendulum, mgh, increases with the 
height of the ball; therefore, the potential 
energy is minimized at the equilibrium point 
and is maximized at θ= ± θmax. Conversely, the 
kinetic energy and velocity of the pendulum 
are maximized at the equilibrium point and 
minimized when θ= ± θmax. In the following 

discussion, v signifies velocity, U signifies 
potential energy, and KE signifies kinetic 
energy. 

The total mechanical energy is equal to the 
kinetic energy at the equilibrium point where 
U= 0 (point 1). The total mechanical energy is 
also equal to the total potential energy at ± 
θmax where KE=0 (point 2). Putting these 
equalities together, we get From the figure 1, 

we see that,  maxcosh l l   . 

2 2 2

1 2

1 1 1
( ) ( ) 0 0 2

2 2 2
mgh mv mgh mv mv mgh v gh        (1) 

 

 
Fig.1. (Right) General view of experimental setup (Left) schematic representation of the pendulum 

model, assumes massless rod 
 

If we plug that value into the equation (1), we 
can solve for v: 

 2 1 cosgl    (2) 

This relationship shows the velocity at 
impact pendulum. Where v= impact velocity, 
g= gravitational acceleration, l= length of 
pendulum rod and θ=impact angle. It is clear 
that the longer the rod and the greater the 
angle, the faster the pendulum ball will move. 
Knowing the rebound velocity    from the 

energy conservation law we determine the 

rebound height  h : 

2

(1 )
2

v
h l cos

g



     (3) 

The relative rebound height (hrel) is the 

rebound height  h  divided by the impact 

height (h) and is defined as: 

rel

h
h

h


  (4) 

Knowing the rebound velocity    by the 

equation (1) we determine the rebound angle 

   : 

2

(1 )
2

v
Arccos

gl



    (5) 
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The kinetic energy of the pendulum is 
calculated as following equation: 

2 21 1
( 2 (1 ))

2 2

(1 )

E mv m gl cos

mgl cos mgh





  

  

 (6) 

Where E= total energy or energy of impact (J) 
Absorbed energy is calculated by subtracting 
rebound energy of the impact energy. The 
value of the absorbed energy during the impact 
can be determined by the formula: 

 absE E E mg h h      (7) 

Where     = energy absorbed by the sample 
(J) 

The value of the rebound energy of the 
pendulum arm can be determined by the 
formula: 

( )
h

E E
h


   (8) 

The coefficient of restitution (e) determines 
the amount of kinetic energy retained by the 
body during the impact and it describes the 
rebound characteristics were calculated from: 

1/2( )
v h

e
v h

 
   (9) 

The coefficient is usually defined as the 
ratio of final to initial relative velocity 
components of the striking bodies in the 
direction normal to the contact surfaces (Amer 
Eissa, 2004). 

The setup is comprised of a melon sample, 
melon-bed and an impactor (pendulum). 
During the test, the fruit (melon) was placed 
on soft foam support in order to create free 
support conditions and not to disturb the 
vibration pattern. The rebound velocity of all 
individual fruit was measured on the three 
positions along the equator approximately 120º 
between them. The impact needs a sufficient 
stroke, mass, velocity, and right angle. The 
combination of this causes problems to 
miniaturize the little impactor. The impactor 
consists of a steel ball of diameter, 26 mm and 
a 256 mm long copper rod. The weight of the 
impactor was 72.13 g.  

Preliminary tests were performed in order 
to identify a proper peripheral velocity of the 
pendulum. Several different velocities of the 

ball pendulum, from 15 to 75 degrees, were 
attempted. It was concluded that impact 
parameters were affected by the impacted 
velocity of the pendulum in this range of 
angles.  In addition, within the tested range of 
angles, repeated hits of the pendulum did not 
cause any damage to the melon peel and flesh. 
Because the impactor was designed also 
considering the fruit elasticity threshold, low 
impact forces were composed during the 
impact on the fruit surface, therefore, 
mechanical damage did not occur on the fruit 
surface. For this reason, measurements by 
means of the impactor were named as 
“nondestructive measurement”. As a result of 
the preliminary tests, an angle of 45 degrees 
was selected for the impact device for all 
further tests. 

Finite element modeling 

Finite element models of fruit were first 
created using Abaqus version 6.14-5. For the 
FE model, the melon was considered as an 
elastic body with a seed cavity. The nonlinear 
visco-elastic texture of the melon was 
therefore simplified as linear elastic texture. 
For the melon model the structural element 
C3D8I was used for rind and flesh. The 
element is defined by 20 nodes having three 
degrees of freedom at each node: translations 
in the nodal x, y, and z directions. C3D8I is 
well suited to modeling of irregular meshes. 
The melon fruit can be considered a multibody 
system, which consists of epicarp, mesocarp 
and endocarp tissues, during modeling. The 
material properties of different types of tissues 
in the melon were taken from a previous study 
that used finite element analysis (Namjoo et 
al., 2016). The melon is considered to be 
homogeneous and no boundary constraints 
have been applied. The first step in the finite 
element analysis is the construction of the 
geometrical model of the melon. This 
construction is a highly complicated task not 
only for melons, but also for most of the 
agricultural objects. Fig. 2 shows finite 
element model before and after impact on 
melon skin by pendulum. The colorful area 
indicates the contact between ball pendulum 
with the model melon. Analysis of variance 
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(ANOVA) was applied to the data. Means 
corresponding to the different stages of 

evolution were compared using Duncan‟s 
multiple range tests (p<0.05). 

 
Fig.2. Simulation of ball pendulum and melon before (a) and after (b) impact in Abaqus 

Results and Discussion 

Figure 3 and 4 show the impact velocity 
variations on Sousky-Sabz and Zard-
Eyvanekey variety, respectively. These Figures 
were prepared by using the analysis of Abaqus 
version 6.14-5 software. It is obviously that 
the rebound velocity values differ relating to 

harvesting stage for both varieties. The 
rebound velocity was high in over ripe stage 
and decreased by ripening reduction (over ripe 
to immature) for both varieties. This values 
extracted and used for others impact 
parameters. 

 
Fig.3. Impact velocity variations on Sousky-Sabz variety 

Several variables of the impactor on fruit 
such as rebound velocity, rebound height, 
rebound angle, absorbed energy, rebound 
energy and coefficient of restitution (velocity 
ratio) versus stage of ripening can be obtained. 

The impactor was held by hand and adjusted 
on 45 degrees. It saved potential energy and 
after releasing, its saved potential energy was 
modified to kinetic energy during the release 
and impacted the fruit at a velocity of 1.21  
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m s
-1

. By substituting values g=9.8 m s
-2

, 
l=256 mm, θ=45

o 
and m=72.13

 
g into Eq. 1 

and 5, values were obtained as v=1.21 m s
-1

 
and E=52.8 MJ. Indeed, other impact 

parameters by substituting rebound velocity 
(from Fig, 2 and 3) on the Eq. 2, 3, 4, 6, 7 and 
8 were obtained.  

 
Fig.4. Impact velocity variations on Zard-Eyvanekey variety 

Melon fruits are made of viscoelastic 
materials and, for this reason; the impact 
caused to them is a complicated phenomenon. 
The mean values are shown in Table 2 on the 
impact characteristic parameters for each 
variety and degrees of ripeness. The rebound 
velocity of impactor (vʹ) on samples increased 
during the growing season slowly as the 
rebound velocity values of Zard-Eyvanekey 
from 0.653 to 0.835 m s

-1
 (about 27.9%) and 

the rebound velocity values of Sousky-Sabz 

from 0.636 to 0.835 m s
-1

 (about 31.3%) 
increase (Fig. 3). However, the increasing 
rates were different during the harvesting 
stages in both varieties: faster rate in the initial 
stages and lower in the final stages. The 
average of the rebound velocity in the fourth 
harvest (ripened) impactor on both varieties 
estimated 0.824 m s

-1
 (Fig. 4). This 

phenomenon could be due to the texture of the 
peel and flesh fruit which had more elasticity 
and springiness than another maturity stages.  

 

Table 2- Changes of impact parameters of melon during harvesting (l= 256 mm, m= 72.13 g, θ= 
45

o
, h=75 mm, E= 52.8 mJ and v= 1.21 m s

-1
) 

Variety 
Maturity 

stage 
vʹ (m s

-1
) hʹ (mm) hrel  θʹ(

o
) Eabs (mJ) Eʹ (mJ) e 

Zard-Eyvanekey 

First 0.653
 d
 21.8

 d
 0.29

 d
 23.8

 d
 37.6

 a
 15.3

 d
 0.54

 d
 

Second 0.730
 c
 27.2

 c
 0.36

 c
 26.6

 c
 33.8

 b
 19.1

 c
 0.60

 c
 

Third 0.795
 b 

 32.2
 b
 0.43

 b
 29.1

 b
 30.3

 c
 22.7

 b
 0.66

 b
 

Fourth 0.824
 ab

 34.6
 ab

 0.46
 ab

 30.2
 ab

 28.6
 cd

 24.4
 ab

 0.68
 ab

 

Fifth 0.835
 a
 35.6

 a
 0.47

 a
 30.6

 a
 27.9

 d
 25.1

 a
 0.69

 a
 

Sousky-Sabz 

First 0.636
 d
 20.6

 d
 0.27

 d
 23.2

 d
 38.5

 a
 14.5

 d
 0.53

 d
 

Second 0.756
 c
 29.1

 c
 0.39

 c
 27.6

 c
 32.4

 b
 20.5

 c
 0.62

 c
 

Third 0.811
 b
 33.5

 b
 0.45

 b
 29.7

 b
 29.3

 c
 23.6

 b
 0.67

 b
 

Fourth 0.824
 ab

 34.6
 ab

 0.46
 ab

 30.2
 ab

 28.6
 cd

 24.4
 ab

 0.68
 ab

 

Fifth 0.835
 a
 35.6

 a
 0.47

 a
 30.6

 a
 27.9

 d
 25.1

 a
 0.69

 a
 

Means in the same column followed by different letters are significantly different according to Duncan‟s test (p0.05). 
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Fig.5. Rebound velocity of melon varieties trend over five test series 

 
The rebound height of impactor on melons 

increased over the period of ripening (Fig. 5). 
At initial stages of growth, the change was so 
noticeable and then was gradually decreased. 
The rebound height of impactor on Zard-
Eyvanekey from 21.8 to 35.6 mm and for 
Sousky-Sabz from 20.6 to 35.6 mm increase. 
This value was same (34.6 mm) for both 
varieties in full ripening. 

The rebound angle values of the two 
cultivars increased over the period of 
development and ripening. This parameter 
increased from 23.8 to 30.6

o
 for Zard-

Eyvanekey and from 23.2 to 30.6
o
 for Sousky-

Sabz cultivar from 1
st
 to 5

th
 stage of ripening. 

The average of rebound angle values in the 
ripened stage estimated 30.2

o
 for both 

varieties.  
The absorbed energy values by impactor 

had shown a decreasing trend. This value, 
Zard-Eyvanekey, was 37.6 MJ in first stage 
and 27.9 MJ in fifth stage (reduction 25.8%), 
whereas these values were 38.5 MJ and 27.9 
mJ (reduction 27.5%)

 
for Sousky-Sabz. The 

absorbed energy value was 28.6 MJ for both 
varieties in full ripening. 

Idah et al. (2007) studied the impact 
damage assessment of fresh tomato fruits to 
ascertain the effects of drop height, impact 
surfaces, maturity and size of fruits on bruise 
area and impact energy. They found that the 
impact energy on the fruit was greatly 
influenced by the drop height and the mass of 
fruits. The bigger and fully ripe fruits 

generally absorbed more energy than the 
smaller ones (Idah et al., 2007). 

So the ripe and over-ripe melon samples of 
maturity stages were able to absorb some of 
impact energy less than another maturity 
stages, which cause to increase the coefficient 
of restitution and that reflect on the ripening 
detection of melon. 

Because of the sum of absorbed energy and 
rebound energy is constant (Eq. 7) the value of 
the rebound energy of the two varieties 
increased over the period of development and 
ripening. The rebound energy value, Zard-
Eyvanekey, was 15.3 MJ in first test series and 
25.1 MJ in fifth test series, whereas these 
values were 14.5 mJ and 25.1 MJ for Sousky-
Sabz. This value was 24.4 MJ for both 
varieties at ripe stage. 

The coefficient of restitution (e) followed 
upward trends throughout ripening in both 
varieties as expected (because it calculated 
from velocity rebound and velocity impact or 
rebound height and impact height). This value 
for Zard-Eyvanekey variety was initially at 
0.54 and reached the value of 0.69, these 
values were o.53 and 0.69 in Sousky-Sabz 
variety, respectively. The coefficient of 
restitution in the fourth harvest (ripened), 
Zard-Eyvanekey and Sousky-Sabz determined 
0.68. The coefficient of restitution for the one-
dimensional impact between the two bodies, in 
pure translation movement, is defined as the 
relative velocity ratio (with changed sign) 
between the two bodies, at the beginning and 
end of the collision. This is a measure of 
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impact energy lost due to internal sources: 
elastic waves, plastic deformations and 

frictions in the contact area.  
 

Table 3- Relation between main impact parameters to five stages of ripening for melon varieties 
(x= harvest period) 

Variety Impact parameters Equation R
2
 

Zard-Eyvanekey 

Rebound velocity vʹ= 0.0458x + 0.63 0.9112 

Rebound height hʹ= 3.5x + 19.78 0.9277 

Relative rebound height hrel = 0.02x + 0.108 0.9346 

Rebound angle θʹ= 1.72x + 22.9 0.9133 

Absorbed energy Eabs = -2.46x + 39.02 0.9280 

Rebound energy Eʹ= 2.49x + 13.85 0.9275 

Coefficient of restitution e = 0.038x + 0.52 0.9070 

Sousky-Sabz 

Rebound velocity vʹ= 0.0466x + 0.63 0.8059 

Rebound height hʹ= 3.55x + 20.03 0.8311 

Relative rebound height hrel = 0.021x + 0.107 0.8167 

Rebound angle θʹ= 1.74x + 23.04 0.8106 

Absorbed energy Eabs = -2.5x + 38.84 0.8235 

Rebound energy Eʹ= 2.51x + 14.09 0.8322 

Coefficient of restitution e = 0.038x + 0.524 0.8261 

 
Kafashan et al. (2008) found that averages 

of restitution coefficients for lateral sides, 
blossom side and stem side on „Jonagold‟ 
apples were calculated 0.524, 0.596 and 0.507, 
respectively. The results showed that the 
maximum and minimum restitution 
coefficients were found on the blossom sides 
and stem sides of apple fruits, respectively 
(Kafashan et al., 2008). Table 3 shows 
correlation coefficients (R

2
) nondestructive 

impact parameters and stage of ripening. The 
results of this table indicate a highly 
significant linear relationship between impact 
parameters and five stages of ripening. There 
is a better coefficients of correlation for Zard-
Eyvanekey variety. 

 

Conclusions 

Over ripe melons had a maximum rebound 
velocity, rebound height, relative rebound 
height, rebound angle, rebound energy and 
coefficient of restitution (velocity ratio) and 
minimum absorbed energy, whereas an 
immature melon shows opposite results. Both 
varieties had increasingly trends in the impact 
parameters attributes rebound velocity, 
rebound height, relative rebound height, 
rebound angle, rebound energy and coefficient 
of restitution (velocity ratio) and percentage of 
absorbed energy of the two varieties decreased 
over the period of ripening. The regression 
analysis showed a highly significant linear 
relationship between impact parameters and 
five stages of ripening. 
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 چكيده

سبسی روش سزعت ثبسگطت آونگ روی خزثشه، تجشیه و تحلیل عذدی نیزومنذی پیطنهبد ضذ. تغییرز پبرامرزاربی برزثه     جهت ضجیهدر این تحقیق 
بع نسجی روی دو رقم خزثشه )سرد ایوانکی و سوسکی سجش( و در پنج مزحله رسیذگی ثزرسی ضذ. نربیج نطبن داد که سزعت ثبسگطت، ارتفبع ثبسگطت، ارتف

جهص )نسجت سزعت( ثب رسیذگی خزثشه افشایص و انزصی جذة ضذه کباص یبفت. تجشیه و تحلیل  بسگطت، انزصی ثبسگطت و بزیت پسثبسگطت، ساویه ث
داری ثبلایی ثین پبرامرزابی بزثه و پنج مزحله رسیذگی را نطبن داد. نربیج تجشیه و تحلیل در تطخیص رسیذگی و اس این  رگزسیون راثطه خطی ثب معنی

 پذیز است. ثنذی ثلوغ خزثشه امکبن رو در طجقه

 
 سفری خزثشه، روش غیز مخزة، تجشیه و تحلیل بزثه، های کليدی: واژه
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Abstract 

The eggshell of birds, as a natural shield and package, protects the tissues inside it from microbial 
and mechanical damages. Proper intake of calcium, as an important and effective factor in increasing 
the strength and quality of the eggshell, could reduce complications. In this paper, the effect of dietary 
calcium at five different levels on engineering features of Japanese quail eggs in a Parent stock in their 
first laying period was investigated. The values for an average of mass, volume, specific mass, shell 
thickness, major diameter, central diameter and rupture force along the longitudinal and transverse 
axes were measured. Rupture energy or toughness, slope of the rupture curve (hardness), deformation 
along the longitudinal and transverse axis to the point of rupture as well as longitudinal and transverse 
deformation of 450 tested quail eggs (3 period of time, 5 treatment of calcium, 5 replication, 6 
observation) were measured. The characters of the specific mass, shell thickness, rupture force, and 
slope of the rupture curve of quail eggs indicate the strength of quail egg. In this study, variations in 
all parameters indicating shell strength at different levels of dietary calcium were consistent with each 
other. Five different treatments with 1.5%, 2%, 2.5%, 3%, and 3.5% calcium content were supplied for 
the study. By increasing the calcium content of the quail diet from 1.5 to 3 wt%, the volume and 
weight of quail eggs dropped and shell thickness was reinforced. According to the results, the shell 
strength of quail eggs along the transverse axis was slightly less than the longitudinal axis, but the 
flexibility and energy required for quail egg rupture were much greater across the longitudinal axis. 

Keywords: Calcium, Eggshell, Mechanical properties, Physical properties, Strength 

Introduction
1
 

The eggshell of birds, as a shield and 
natural package, protects the embryo and other 
materials inside it from microbial and 
mechanical damages. It provides a bacteria 
and virus-free environment deprived of any 
contaminants that may damage the embryo. 
The eggshell also acts as a respiratory organ 
for the balut and supplies nutrients (mainly 
calcium) for the growth of the embryo (Ancle 
et al., 1992). The quail eggshell, given its 
impact on packaging machinery and 
equipment, incubation, warehousing and sale 
market, plays a key role in the profitability of 
this industry. The economic consequences of 
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neglecting shell defects could be meaningful. 
Economically, the rupture of eggshells 
accounts for about 8-10% loss in the industry 
(Ketta and Tumova, 2016). Therefore, research 
in this area is necessary and can contribute to 
boost the industry of egg-laying and breeder 
quails.  

Calcium is one of the most important 
nutritional factors affecting the quality of 
eggshell of birds. Both deficiency and excess 
of calcium in birds’ diet decrease the quality of 
the eggshell (North, 1984). Low levels of 
calcium in the diet reduces the thickness of the 
shell and increases the number of thin shells or 
shell-less eggs. High amounts of calcium also 
affect phosphorus absorption, reduce the 
quality of the eggshell and give a bad taste to 
the bird's diet, which leads to the lower intake 
of quail feed (Robert and Ball, 1998).  

Furthermore, the quality of eggshell of 
birds is determined by measuring shell 
thickness and resistance against brittleness. 
Usually, the resistance of the eggshell 
increases proportional to the thickness of the 
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shell (Ketta and Tumova, 2018), but the thick 
shell does not always mean a solid shell. The 
shell strength is chiefly related to the structure 
of organic and inorganic compounds (Roque 
and Soares, 1994). The system of growing 
chickens in a cage produces eggs of higher 
resistance compared to the method of growing 
them on the breeding farm (Ketta and Tumova, 
2018). The birds’ age also affect the quality of 
the eggshell. It is showed that as birds grow 
older, the shell thickness is decreased 
(Ketelaere et al., 2002; Mazzuco and Hester, 
2005). Information about the engineering 
features of animal products is necessary to 
design equipment for different rearing sectors 
which affect production costs and the quality 
of the products (Correa et al., 2010). 
Experiments have been carried out to study the 
engineering properties of eggshell. It is 
reported that the mechanical resistance of quail 
egg in the longitudinal axis was greater than of 
the transverse axis (Polat et al., 2007; Altuntas 
and Sekeroglu, 2008; Buchar et al., 2015; 
Nedomova et al., 2016). However, 
deformation and rupture energy along the 
longitudinal axis of quail eggs were lower than 
the transverse axis (Altuntas and Sekeroglu, 
2008). Some studies also showed that, as the 
loading rate of quail eggs is increased, the 
force necessary for egg rupture was amplified 
(Buchar et al., 2015). Furthermore, some 
physical properties of quail eggs (e.g., egg 
weight, specific mass, and shape index) have 
been assessed in some studies (Yannakopoulos 
and Tserveni-Goussi, 1986; Gonzalez, 1995). 
Although these studies have concentrated on 
the physical and mechanical properties of 
Japanese quail eggs, no specific study on the 
effect of different levels of dietary calcium on 
engineering properties was investigated on a 
commercial farm. Therefore, the main object 
of this study was to determine the average 
mass, volume, specific mass, shell thickness, 
major diameter, central diameter, rupture 
force, rupture energy and slope of the rupture 
curve of quail eggs in five levels of calcium 
dietary. 

Materials and Methods 

In this study, 200 female quails and 100 
male quails were selected randomly from a 
quail parent stock commercial farm at the age 
of 10 weeks. In this way, we had 100 cages, 
each containing two females (Average Weight 
of 230 g) and one male bird. The experimental 
section of this study was carried out in Karaj, 
Iran. The diet was based on NRC1994 
standard nutritional requirements (National 
Research Council, 1994), and the feeding 
treatments differed only in terms of calcium 
content. The light exposure and moisture were 
maintained equal across the breeding farm 
throughout the day. During the three-month 
experiment, lights were switched on from 6:00 
AM to 10:00 PM. The temperature of the 
breeding farm ranged from 18 to 23 °C and 
humidity was in the range of 40 to 80%. 

Five different treatments with 1.5%, 2%, 
2.5%, 3%, and 3.5% calcium content were 
supplied for the study. The quail diet was 
prepared according to NRC1994, and the 
recommended calcium in NRC 1394 for quail 
is 2.5%. Treatments of calcium in this study 
were recommended diet calcium in NRC1394 
± 1% (National Research Council, 1994). Each 
treatment included 60 quails (40 females and 
20 males) put in 20 cages. Each treatment had 
5 repetitions which contained 4 cages per each 
(5×4). The diet was also provided at 11 weeks 
of age, after birds’ adaptation to the new 
breeding environment. After one month of 
breeding under controlled conditions, the 
sampling of quail eggs was carried out in three 
stages after 15 weeks, 19 weeks and 23 weeks 
(Baghani and Aghkhani, 2016). At each 
sampling stage, 6 samples were taken from 
each repetition and a total of 450 samples of 
quail eggs were selected and examined. The 
sample of quail eggs was always performed at 
6:00 PM. 

In terms of physical properties, large 
diameter (L), central diameter (W) and 
eggshell thickness were measured using a 
caliper with a precision of 0.01 mm and mass 
of samples (M) was measured using a digital 
scale (AND, Japan) with a precision of 0.01 g. 
The volume (V) of the eggs was determined 
using fluid displacement or fluid weights 
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(Mohsenin, 1986). The specific mass, one of 
the most common parameters for determining 
the shell strength of eggs (Ketta and Tumova, 
2016), was obtained by dividing the mass in 
egg volume. Eqs. 1 to 5 were used based on 

(Altuntas and Sekeroglu, 2008; Alahdadi et 
al., 2012; Rohani et al., 2015) to calculate the 
geometric mean diameter (Dg), degree of 
sphericity (Φ), external surface area (S), shape 
index (SI) and specific deformation (ε).  

Dg = (LW
2
)
1/3

       (1) SI = (W/L) × 100    (4) 

Φ = (Dg/L) × 100       (2) ε = dL/L (5) 

S = π Dg
2
       (3)   

The strength and other mechanical 
properties of quail eggs were determined by 
the rupture resistance method using the quasi-
static compression test between two metal 
plates of universal test apparatus (Instron 
Universal Testing Machine SMT-5, SANTAM 

Co., Iran). The loading speed was 6 mm/min 
and the test was performed along with two 
directions: longitudinal (large diameter) and 
transverse (middle diameter) axes of quail 
eggs (Figures 1 and 2).  

 

 

 

 

 

 

 

 
Fig.1. schematic of load applied along the longitudinal and transverse direction on quail eggs in a 

single axial pressure test. The load applied along the central diameter (right) and the large diameter 
(left) 

 

 

 

 

 

 

 
Fig.2. An example of a force- deformation diagram for quail eggs 
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The gradient of the deformation and rupture 
energy of quail eggs were calculated using 
Eqs. 6 and 7 based on Figure 2. (Mohsenin, 
1986). 
Q = Fm / Pm (6) 

W =  F(p) dP (7) 

Finally, by performing data analysis using 
SAS

®
 software, all data derived from physical 

measurements and single-axis pressure tests 
were compared at different levels of calcium. 

Results and Discussion 

The values of mass, volume, specific mass 
and diameter of quail eggs at various levels of 
calcium are shown in Table 1. By increasing 
the calcium level of the diet from 1.5% to 3%, 
the weight and volume of quail eggs dropped. 
A comparison of mean of measured data for 
the specific mass is shown in Table 1.   

Table 1- Average mass, volume, specific mass, and diameter of quail eggs at different levels of 
calcium of quail diet 

 
Sampling age 

Calcium levels (%) 
CV (%) SEM 

1.5 2 2.5 3 3.5 

Mass (g) 
15 weeks 12.44 a 12.73 a 12.38 a 12.25 a 12.17 a 8.04 0.081 
19 weeks 12.27 a 12.28 a 12.13 a 12.34 a 12.55 a 8.75 0.088 
23 weeks 12.70 a 12.46 a 12.38 ab 12.04 b 12.46 ab 8.90 0.090 

Volume CC (cm
3
) 

15 weeks 11.70 ab 11.95 a 11.53 ab 11.4 b 11.3 b 8.19 0.077 
19 weeks 11.4 a 11.5 a 11.3 a 11.4 a 11.68 a 9.00 0.085 
23 weeks 11.8 a 11.54 ab 11.54 ab 11.1 b 11.51 ab 9.33 0.0088 

Specific Mass (kg.L
-1

) 
15 weeks 1.064 a 1.068 a 1.073 b 1.076 b 1.074 b 1.01 0.00088 
19 weeks 1.078 b 1.067 a 1.076 b 1.079 c 1.075 bc 0.91 0.00080 
23 weeks 1.070 a 1.079 ab 1.072 a 1.080 b 1.083 b 1.38 0.01225 

Middle diameter (mm) 
15 weeks 26.14 a 26.51 a 26.13 a 25.9 b 25.8 b 3.05 0.065 
23 weeks 26.4 a 26.16  a 25.97 a 25.8 b 26.02 b 3.29 0.069 

Means with different letters are significantly different from each other (P<0.05). 

There was a significant difference (level of 
0.05) between the average specific mass of 
quail eggs for different levels of calcium. By 
increasing the calcium of the quail diet from 
1.5 to 3%, the specific mass of the quail egg 
was increased. 

Figure 3 shows the shell thickness of quail 
eggs at various levels of calcium. The 
thickness of the quail eggshell was also 
increased by raising calcium in the diet. 

The highest shell thickness, meaningfully 
was different from other levels of calcium (at 
the level of 0.05), at 3 and 3.5% of calcium.  

 
Means with different letters are significantly different from each other (P<0.05). 

Fig.3. Average shell thickness of quail eggs (hundredths of a millimeter) at different levels of 
calcium along with standard deviation 
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The averages shape index, surface area, 
degree of sphericity and geometric mean 
diameter of quail eggs for different levels of 
calcium at 15

th
 and 23

th
 weeks are shown in 

Table 3. The statistical analysis of the 

calculated parameters indicated that the mean 
values of these physical characters at different 
levels of calcium did not differ significantly 
and calcium dietary levels had no effect on the 
amount of these Characteristics. 

Table 3- mean of shape index, surface area, percent of sphericity and geometric mean diameter at 
different levels of dietary calcium 

Geometric mean 
diameter (mm) 

Percent of 
Sphericity 

Surface 
area 
(mm)

 

Shape 
index 

Number of 
samples 

Calcium 
treatments 

(%) 

 

28.54 83.91 2561 0.768 30 1.5  
28.78 84.82 2604 0.781 24 2 
28.48 84.16 2551 0.772 29 2.5 
28.39 83.31 2536 0.760 20 3  
28.16 84.41 2493 0.775 16 3.5  

28.50 84.12 2554 0.771 119 All Average 
2.917 2.538 5.822 3.729 119 All CV (%) 
0.0679 0.0174 12.14 0.0023 119 All SEM 

All the Means of a parameter are not significantly different from each other (P>0.05) 

The measured values of the rupture force 
were analyzed using SAS

®
 software in a 

completely randomized method. The results of 
variance analysis are presented in Table 4 and 
the variations of the rupture force at various 
levels of calcium are also shown in Figure 4. 
The difference in mean rupture at different 

levels of calcium was significant at the level of 
0.01. A comparison of the means showed that 
with an increase in calcium intake of quails 
from 1.5 to 3 wt% of the diet, the egg rupture 
rate of quail eggs was raised so that the 
maximum strength was obtained at 3% 
calcium diet treatment. 

 
Fig.4. Changes in Rupture Force at various levels of calcium 

The slope of the rupture curve (hardness) of 
quail eggs was raised by increasing the dietary 
calcium from 1.5 to 3 wt%. The average 
gradient of the force-deformation curve at 
various levels of calcium is shown in Table 5. 

A summary of values obtained from three 
stages of measuring the gradient of the force-
deformation curve were also shown in Figure 
5. 
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Fig.5. Variation in the slope of rupture curve (hardness) of quail eggs at different levels of calcium 

Table 5- The slope of rupture curve along the longitudinal axis of quail eggs at different levels of 
calcium 

Age of 
bird 

Calcium 
treatments (%) 

Number of 
samples 

Hardness 
(N.mm

-1
) 

Min ~ Max SEM CV (%) 

15 weeks 

1.5 26 65.152 a 33.9~83.7 2.485184 19.4505 

2 22 66.854 a 35.4~85.7 2.616399 18.35752 

2.5 26 70.929 b 46.2~99.5 2.260435 16.25212 

3 23 71.707 b 5.06~86.4 1.9861 13.28452 

3.5 27 71.235 b 45.5~96.8 2.381955 17.37611 

Total 124 69.2062 33.9~99.5 1.066855 17.16763 

19 weeks 

1.5 26 54.506 a 39.0~67.7 1.338885 12.52661 

2 19 54.835 a 45.3~72.3 1.688959 13.42696 

2.5 29 61.031 b 39.6~76.6 1.61425 14.24381 

3 21 62.174 b 47.6~78.7 2.061723 15.19704 

3.5 23 62.832 b 46.4~90.7 2.30325 17.58077 

Total 118 59.150 39.0~90.7 0.861474 15.82079 

23 weeks 

1.5 29 53.9111 a 28.0~72.6 2.098517 20.96246 

2 30 59.142 ab 44.6~82.7 1.652834 15.30765 

2.5 27 60.8067 b 28.3~93.0 2.730575 23.33632 

3 22 65.2219 b 47.6~76.9 1.502526 10.80569 

3.5 28 61.3617 b 35.6~82.9 2.323619 20.03819 

Total 136 59.79775 28.0~93.0 0.992142 19.3515 

Means with different letters are significantly different from each other (P<0.05). 

The effect of various levels of calcium in 
the diet of quail on the rupture force, rupture 
energy, and the slope of the rupture curve 
(hardness) along the transverse axis of the 
quail egg were similar to that of the 
longitudinal axis. According to Table 6 and 
Figure 6, with increasing calcium in the diet of 
quails from 1.5 to 3%, shell strength was 
raised in the direction of small diameter, so 
that the highest strength and the most specific 
deformation were obtained at 3% treatment of 
dietary calcium. The results of this study are 
consistent with previous findings that 

examined the effect of dietary calcium on 
eggshell hardness, finding that eggshell 
strength was improved by calcium (Jiang et 
al., 2013). 

In an experiment on analysis of the 
resistance of eggshells in different species of 
chickens several parameters (weight, dynamic 
stiffness, static stiffness, breaking force and 
eggshell thickness) were examined (Ketelaere 
et al., 2002). They reported that changes in 
these parameters were not consistent, and 
mechanical strength (e.g. static stiffness, 
breaking force, and eggshell thickness) of the 
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shell showed different values. In this study 
with increasing calcium, shell thickness was 
improved and resistance to rupture was 
increased. These results are consistent with the 

study of Ketta and Tumova (2017), who 
observed that reinforced eggshell thickness 
increased the resistance to rupture (Ketta and 
Tumova, 2018). 

 

 
Fig.6. Variation of specific deformation and slope of rupture curve along the transverse axis of 

quail eggs at different levels of calcium 
 

Table 6- Averages of deformation, specific deformation and hardness of quail eggs along the 
transverse axis of quail eggs at different levels of dietary calcium 

 Level of calcium (%) 
Min Max SEM CV 

1.5 2 2.5 3 3.5 

Deformation 
(mm) 

0.269c 0.2532bc 0.2253ab 0.2107a 0.2408abc 0.1161 0.6444 0.00545 0.23871 

Specific 
deformation 

0.0101c 0.0097bc 0.0087ab 0.0081a 0.0091abc 0.004324 0.023824 0.00020 0.23393 

Hardness  
(N.mm

-1
) 

41.640a 46.432ab 47.278b 52.517c 49.824bc 15.754 72.606 0.84448 0.18500 

Mean with different letters are significantly different from each other (P<0.05) 

The mean values of the rupture force, 
rupture energy, the slope of the rupture curve 
and the deformation to the rupture point along 
the central diameter of the quail eggs were 
10.94 N, 1.53 N.mm

-1
, 47.65 N.mm

-1
, and 

0.238 mm, respectively. The mean rupture 
force and slope of the rupture curve along the 
transverse axis were lower than the 
longitudinal axis, while the rupture energy and 
deformation to the rupture point along the 
transverse axis of quail eggs were much 
greater compared to the longitudinal axis. The 
results are in line with the findings reported by 
(Polat et al., 2007; Altuntas and Sekeroglu, 

2008; Buchar et al., 2015; Nedomova et al., 
2016). 

Conclusions 

The results of this study suggested that by 
increasing calcium in the diet of quail eggs 
from 1.5% of the diet to 3 wt%, the strength 
and thickness of eggshell were reinforced. The 
highest shell strength of quail eggs was 
obtained when calcium constituted 3% of the 
diet weight. By more increasing calcium 
content, the thickness of the shell remained 
constant, but the shell strength declined.  
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The characters of the specific mass, shell 
thickness, rupture force, and slope of the 
rupture curve of quail eggs all indicate the 
degree of shell strength for quail eggs. 
Increasing each of these characters will 
translate into enhanced shell strength of quail 
eggs. In this study, variations in all parameters 
exhibit that shell strength at different levels of 
dietary calcium is identical.  

In the present study, with an increase in 
calcium intake, shell thickness was improved 
and resistance to rupture increased. A 
comparison of quail eggs in two longitudinal 
and transverse axes suggested that quail eggs 
displayed lower strength and greater flexibility 
along the transverse axis (central diameter) 
compared to the longitudinal axis.  
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 چکیده

کٌذ. هصزف  هحبفظت هیّبی هیکزٍبی ٍ هکبًیکی  بٌذی طبیعی، اس هَاد هَجَد در تخن در بزابز آسیب عٌَاى یک بستِ پَستِ تخن پزًذگبى، بِ
تَاًذ عَارض ًبضی اس هطکلات  عٌَاى یک عبهل هْن ٍ هؤثز در افشایص قذرت ٍ کیفیت پَستِ تخن هی هقبدیز هٌبسب کلسین در جیزُ عذایی پزًذُ، بِ

صاپٌی در گلِ بلذرچیي هبدر در ّبی هٌْذسی تخن بلذرچیي  پَستِ را کبّص دّذ. در ایي هقبلِ، تأثیز کلسین جیزُ غذایی در پٌج سطح هختلف بز ٍیضگی
ّب بزرسی ضذُ است. هقبدیز هیبًگیي جزم، حجن، جزم هخصَظ، ضخبهت پَستِ، قطز بشرگ، قطز هیبًی ٍ ًیزٍی ضکست در  گذاری آى اٍلیي دٍرُ تخن

ر اهتذاد هحَر طَلی ٍ عزضی گیزی ضذ. اًزصی ضکست یب چقزهگی، ضیب هٌحٌی پبرگی )سختی(، تغییز ضکل د اهتذاد هحَرّبی طَلی ٍ عزضی اًذاسُ
گیزی ضذ. پبراهتزّبی جزم هخصَظ،  عذد تخن بلذرچیي هَرد آسهبیص بزرسی ٍ اًذاسُ 450تب ًقطِ ضکست ٍ ّوچٌیي تغییز ضکل طَلی ٍ عزضی 

هختلف اس ّزکذام ضخبهت پَستِ، ًیزٍی ضکست ٍ ضیب هٌحٌی ضکست تخن بلذرچیي ّوگی بیبًگز استحکبم پَستِ تخن بلذرچیي بَدُ ٍ در هقبلات 
ی حبضز تغییزات توبم پبراهتزّبی بیبًگز استحکبم  اس ایي پبراهتزّب بزای ًطبى دادى استحکبم ٍ تغییزات استحکبم پَستِ استفبدُ ضذُ است. در هطبلعِ

 3بِ  5/1ن جیزُ غذایی بلذرچیي اس ی کلسین بب یکذیگز ّوسَ بَدُ ٍ یکذیگز را تبییذ کزدًذ. بب افشایص هقذار کلسی پَستِ تخن در سطَح هختلف تغذیِ
دست آهذُ، هقبٍهت پَستِ تخن بلذرچیي در اهتذاد ِ ضَد. طبق ًتبیج ب درصذ ٍسًی، حجن ٍ ٍسى تخن بلذرچیي کبّص یبفتِ ٍ ضخبهت پَستِ تقَیت هی

 سیبر بیطتز است.پذیزی ٍ اًزصی ضکست تخن بلذرچیي در هحَر طَلی ب هحَر عزضی کوی کوتز اس هحَر طَلی است، اهب اًعطبف

 ّبی هکبًیکی  ٍیضگی ّبی فیشیکی، ٍیضگیکلسین، پَستِ تخن،  ،استحکبم کلیدی: های واژه
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Abstract 

In this study, the effect of conservation tillage and irrigation methods on the soil properties, cotton 
yield, and water productivity was evaluated in a wheat-cotton cropping system in the form of a split-
plot experimental design. The main plots were irrigation using the three methods including surface 
irrigation, drip tape irrigation, and sprinkler irrigation. Tillage methods including zero tillage, reduced 
tillage, and conventional tillage were considered as subplots in this research. Results showed that 
tillage methods had no significant effect on cotton yield; whereas, the cotton yield was significantly 
affected by irrigation methods (p˂0.05). Tape and sprinkler irrigation methods saved water compared 
to surface irrigation for 51% and 28%, respectively. The maximum water productivity (0.324 kg m

-3
) 

was obtained from the tape irrigation and the minimum water productivity (0.146 kg m
-3

) was related 
to surface irrigation. Results also indicated that irrigation and tillage methods had a significant effect 
on the soil bulk density and infiltration rate so that drip tape irrigation and conventional tillage had the 
highest infiltration rates, and tape irrigation and reduced tillage had the highest soil bulk density.  

Keywords: Cotton, Soil bulk density, Soil infiltration rate, Tillage methods, Water consumption, 
Water productivity 

 

Introduction
1
 

Fars province with 15831 ha of planting 
area, 50976 tons of production, and 3220 kg 
ha

-1
 of yield has the second place in producing 

cotton in Iran (Agricultural Statistics, 2018). 
Cotton is planted in this province mostly using 
conventional tillage methods. Using 
conservation tillage methods in planting cotton 
has been started recently. Conservation tillage 
improves soil and water resources (Freebairn 
et al., 1986), saves energy and time (Afzalinia 
et al., 2009), and reduces the costs of 
agricultural products (Erenstein and Laxmi, 
2008). The effects of conservation tillage on 
cotton yield have been evaluated in several 
studies so far. Conservation tillage under both 
irrigated and dryland conditions increased 
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cotton profitability compared to the 
conventional tillage system (Keeling et al., 
1989). Strip tillage increased cotton yield and 
economic return compared to the no-till 
system (Schomberg et al., 2006). Using crop 
residue as a soil covering mulch can play a 
significant role in no-till system success in 
cotton growing. Results of research conducted 
in Cameron showed that no-tillage along with 
crop residue mulch increased cotton yield 
compared to the conventional tillage and no-
till without mulch (Naudin et al., 2010).  

Conservation tillage performance may be 
affected by the irrigation method used on the 
farm. Conservation tillage had higher water 
use efficiency in wheat and corn production 
under the tape irrigation method compared to 
surface and sprinkler irrigation (Dehghanian 
and Afzalinia, 2012). Wheat productivity was 
higher under the flat no-till method compared 
to the furrow irrigated raised bed and 
conventional till flat planting in the maize-
wheat cropping system (Jat et al., 2005). 
Conservation tillage reduced water 
consumption and increased wheat yield for 
12% (Freebairn et al., 1986). Soil hydraulic 
conductivity, soil water absorption, and soil 
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micro-organisms activity were higher in the 
no-till system compared to the conventional 
tillage (McGarry et al., 2000). Sprinkler 
irrigation reduced water consumption 
compared to surface irrigation for 30% (Haq, 
1990). Tape irrigation increased cotton yield 
compared to the furrow and sprinkler irrigation 
for 21 and 30%, respectively and had the 
maximum water use efficiency (4.87 kg ha

-1
 

mm
-1

) compared to these irrigation methods 
(Cetin and Bilgel, 2002).  

No-tillage and permanent bed planting 
reduced the maize-wheat-mungbean cropping 
system irrigation water requirement and 
increased grain yield, biomass yield, and water 
use efficiency in this cropping system 
compared to the conventional tillage (Parihar 
et al., 2017). The zero tillage method 
decreased evaporation from the topsoil, soil 
temperature, and corn yield and increased 
water retention during the critical growth stage 
of corn, soil bulk density, and soil penetration 
resistance (Fabrizzi et al., 2005; De Vita et al., 
2007). The lower cotton yield and water 
productivity were obtained from the minimum 
tillage method compared to the conventional 
tillage (Jalota et al., 2008). Conservation 
tillage methods (no-till and minimum tillage) 
provided higher soil water content, cotton root 
growth, and cotton yield compared to the 
conventional tillage (Karamanos et al., 2004). 
Zero tillage saved soil water content for 23.4% 
compared to the conventional tillage in 
dryland vetch-wheat cropping system 
(Eskandari and Feiziasl, 2017). Overall, 
researches show that conservation tillage 
methods increase moisture retention in the soil 
and decrease water consumption. On the other 
hand, results show that pressurized irrigation 
methods, in contrast to surface irrigation 
methods, significantly reduce water 
consumption and increase water productivity. 
The issue that has not been adequately 
investigated is the effect of interaction 
between conservation tillage and irrigation 
methods on water consumption and water 
productivity. Therefore, the objective of this 
study was to simultaneously evaluate the effect 

of conservation tillage and irrigation methods 
on the cotton yield and water productivity. 

Materials and Methods 

In order to evaluate the effect of tillage and 
irrigation methods on the soil bulk density, soil 
infiltration rate, cotton yield, and cotton water 
productivity, this research was conducted in 
Darab region of Fars province (Southern Iran, 
28°29′E, 54°57′N, 1080 m above sea level) 
from 2010 to 2012. Details of the region 
weather condition are presented in Table 1. 
The research was conducted based on split-
plot experimental design with nine treatments 
and three replications. The main plots in this 
research were irrigation methods including 1) 
surface irrigation; 2) drip tape irrigation; and 
3) sprinkler irrigation. Surface irrigation was 
applied using a gated pipe with a gate space of 
75 cm. Drip tape with dripper space of 20 cm 
and a row space of 75 cm was used in drip 
irrigation. Traveling gun with Pirot ZK30 
sprinkler, operation pressure of 3 bars, the 
flow rate of 0.7 litter per second, jet length of 
19 m, and arrangement of 20 m by 20 m were 
used in sprinkler irrigation. Tillage methods 
including zero tillage (ZT), reduced tillage 
(RT), and conventional tillage (CT) were 
considered as subplots of this research. Wheat 
standing residues were retained in the plots 
and loose residues were taken out of the plots. 
In the conventional tillage method, primary 
tillage was performed using a moldboard plow 
and secondary tillage operation was done 
using a disk harrow and land leveler then crop 
seed was planted using seed planter. Seedbed 
was prepared in the reduced tillage method 
using a tine and disc cultivator which was able 
to complete the primary and secondary tillage 
operations simultaneously then crop seed was 
planted using seed planter. Cotton and wheat 
seeds were directly planted using direct planter 
without any seedbed preparation in the zero-
tillage method. The rotation started with cotton 
and ended with wheat. A local cotton variety 
(Bakhtegan) was planted with the seed rate of 
25 kg ha

-1
, the row space of 75 cm, and within 

row space of 20 cm in 20 by 6 m plots in early 
July and harvested in early December. Wheat 
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variety of Chamran was planted with the seed 
rate of 250 kg ha

-1
 and the row space of 17 cm 

in early December and harvested in late May. 
Irrigation scheduling was programed every 8, 
4, and 2 days for surface, sprinkler, and drip 
irrigation, respectively based on actual 
evapotranspiration from the crop, soil water 
content, and water discharge from the soil. A 

combination of mechanical and chemical weed 
control methods was applied to all the 
treatments identically. Nitrogen, potassium, 
and phosphorus were applied identically to all 
the treatments as fertilizers based on the soil 
elements analysis. Specifications of the soil in 
which the experiment was performed are 
presented in Table 2. 

Table 1- Climate condition information of the study area 

Month 

Growing season 

2010-2011 2011-2012 

Rainfall 
(mm) 

Evaporation 
(mm) 

Average 
relative 

humidity 
(%) 

Average 
temperature 

(°C) 

Rainfall 
(mm) 

Evaporation 
(mm) 

Average 
relative 

humidity 
(%) 

Average 
temperature 

(°C) 

April 9.1 155.1 45 19.0 13.8 134.7 49 18.6 
May 0.0 254.8 31 26.0 6.3 243.9 34 25.4 
Jun 0.0 325.5 23 31.5 0.4 368.7 34 30.8 
July 0.0 354.2 23 33.7 0..0 364.1 37 33.4 
August 3.6 372.7 23 34.1 0.0 375.8 34 33.6 
September 0.0 271.3 30 29.8 0.0 274.0 29 30.4 
October 0.0 194.2 29 26.0 0.1 186.8 55 24.7 
November 0.0 124.9 33 18.6 3.0 115.4 64 17.7 
December 0.0 76.7 32 13.2 32.3 57.0 81 11.8 
January 39.3 64.9 45 10.7 22.5 60.6 76 10.8 
February 210 36.1 71 9.9 62.3 58.8 79 10.2 
March 14.1 73.0 55 15.1 31.7 101.8 69 13.0 

 

Table 2- Selected properties of the soil used for the study 

Soil 
texture 

Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Acidity 
(pH) 

Electrical 
conductivity (EC) 

(dS m
-1

)
 

Organic carbon 
(OC) (%) 

Soil depth 
(mm) 

Loam 42.33 36.00 21.67 7.7 0.97 0.87 0-100 
Loam  42.00 38.00 20.00 7.7 0.85 0.79 100-200 

 
Soil infiltration rate was determined before 

crop harvesting each year using the double 
ring method (Kostiakov, 1932). Soil bulk 
density was also measured before crop 
harvesting in the first and second years of 
study. This parameter was determined in soil 
depth ranges of 0 to 100 and 100 to 200 mm 
using core samplers, and drying samples at 
105 degrees centigrade for 24 hours in the 
oven. The following equation was used to 
calculate the soil bulk density (Black and 
Harte, 1986): 

V

W
BD d                 (1)  

Where: 
BD = soil bulk density (g cm

-3
), 

Wd = sample dry weight (g), and 

V = Sample total volume (cm
3
). 

The cotton yield per unit area was obtained 
by harvesting an area of 22.5 m

2
 of each plot. 

Water applied to each main plot was measured 
using a three inches water flow meter (Abfar 
Company, Tehran) installed on the pipe 
supplying water to the main plots. Water 
productivity was then computed using the 
following equation (Ali and Talukder, 2008): 

W

Y
WP                  (2)  

Where: 
WP = water productivity (kg m

-3
), 

Y= crop yield (kg ha
-1

), and 
W = water consumption (m

3
 ha

-1
).  

Data collected from the field experiments 
were subjected to analysis of variance 
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(ANOVA) at the confidence level of 95% 
using SAS software and Duncan's multiple 
range tests (P=0.05) were used to compare the 
treatments means.  

Results and Discussion 

Cotton yield 

Variance analysis of cotton yield data 
showed that year, irrigation method, and 

interaction between year and irrigation had a 
significant effect (p˂0.05) on the cotton yield 
(Table 3). Tillage methods and interaction 
between irrigation and tillage methods had no 
significant influence on the cotton yield. This 
indicated that the conservation tillage methods 
did not significantly decrease cotton yield 
compared to the conventional tillage.     

Table 3-Variance analysis of cotton yield data 

Variation resources df Mean square F value 

Replication 2 3364378.6  6.79
**

 
Year 1 3085968.2 6.23

*
 

Irrigation methods 2 1477009.5 2.98
*
 

Tillage methods 2 552036.8 1.11
ns

 
Year × Irrigation 2 1939510.7 3.92

*
 

Year × Tillage 2 665370.5 1.34
 ns

 
Irrigation × Tillage 4 368781.1 0.82

 ns
 

Year × Irrigation × Tillage  4 653449.1 1.46
ns

 
Error 28 495325.5  

ns
: Non-significant; 

* 
: significant at p<0.05; 

**
: significant at p<0.01. 

Means comparison of cotton yield in 
different irrigation methods is presented in 
Table 4. According to the results shown in this 
Table, the cotton yield was significantly higher 
in the second year (2915 kg ha

-1
) compared to 

that of the first year (2437 kg ha
-1

) due to more 
moderate climate conditions during the cotton 
growing season in the second year (Table 1). 
The maximum cotton yield (2984 kg ha

-1
) was 

obtained from the sprinkler irrigation method 
which was significantly different from those of 
tape and surface irrigation. There was no 
significant difference between surface and drip 
tape irrigation from the cotton yield point of 
view. Sprinkler irrigation increased cotton 
yield compared to the surface and drip tape 
irrigation on average by 23.41 and 13.63%, 
respectively; while, Cetin and Bilgel (2002) 
found that drip irrigation increased cotton 
yield by 21 and 30% compared to the furrow 
and sprinkler irrigation, respectively. This 
discrepancy was probably because of the 
effects of region and climate conditions 
differences.    

There was no significant difference 
between cotton yields in different tillage 
methods and conservation tillage methods 
even increased cotton yield compared to the 

conventional tillage method (Table 4). These 
results showed that conventional tillage can be 
easily replaced by conservation tillage 
methods (no-till and reduced tillage) in cotton 
production. These results are in good 
agreement with the results of research 
performed by Karamanos et al. (2004). 
Water applied and water productivity 

Results of comparing water applied to 
different irrigation methods showed that the 
maximum water application (average of 16483 
m

3
 ha

-1
) was occurred in the surface irrigation 

for cotton production because of its lowest 
irrigation efficiency and the minimum water 
application (average of 8113 m

3
 ha

-1
) was 

related to the drip irrigation (Table 5). The 
sprinkler irrigation method with an average 
water application of 11889 m

3
 ha

-1
 had the 

second place from the water application point 
of view among the irrigation methods tested. 
As a result, the drip and sprinkler irrigation 
reduced water application in cotton production 
compared to surface irrigation for 50% and 
28%, respectively. Haq (1990) and Latif 
(1990) also reported that sprinkler irrigation 
decreased water application compared to 
surface irrigation. 
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Table 4- Means comparison of cotton yield in different treatments 
Year Cotton yield (kg ha

-1
) 

First year 2437 b 
Second year 2915 a 
Irrigation methods - 
Drip tape 2626 b 
Surface 2418 b 
Sprinkler 2984 a 

Tillage methods - 
Conventional tillage 2474 a 
Reduced tillage 2768 a 
No-tillage 2786 a 
Year × Irrigation - 
First year Drip tape 2290 b 
First year Surface 1910 c 
First year Sprinkler 3111 a 
Second year Drip tape 2962 a 
Second year Surface 2926 a 
Second year Sprinkler 2857 a 

a, b, c: Averages with different letters in each column are statistically different at p<0.05. 

Table 5- Water applied for cotton growing in different irrigation methods 

Irrigation methods 
Water applied (m

3
 ha

-1
) 

2010 2011 Average 

Drip tape 8139 8087 8113 
Surface 16320 16645 16483 
Sprinkler 11692 12086 11889 

 
Variance analysis of water productivity data 

revealed that year and irrigation methods had a 
significant effect on water productivity in 
cotton production, while tillage methods and 
interaction between irrigation and tillage 
methods had no remarkable influence on 
cotton water productivity (Table 6). Since 
water applied to the various irrigation methods 

was different, a significant effect of irrigation 
methods on water productivity was expected. 
On the other hand, cotton yields were not 
significantly different in the various tillage 
methods and identical water was applied to the 
tillage methods in this research; therefore, 
tillage methods had no drastic effect on the 
cotton water productivity.  

Table 6- Variance analysis of cotton water productivity data 
Variation resources df Mean square F value 

Replication 2 0.029 7.53
**

 
Year 1 0.020  5.00

*
 

Irrigation methods 2 0.143 36.68
**

 
Tillage methods 2 0.007 1.76

ns
 

Year × Irrigation 2 0.016 4.15
*
 

Year × Tillage 2 0.007 1.78
 ns

 
Irrigation × Tillage 4 0.004 0.98

 ns
 

Year × Irrigation × tillage  4 0.007 1.87
ns

 
Error 28 0.004  

ns: Non-significant; * : significant at p<0.05; **: significant at p<0.01. 

Means comparison of cotton water 
productivity showed that cotton had higher 
water productivity in the second year (0.26 kg 
m

-3
) compared to the first year (0.22 kg m

-3
) 

(Table 7). This was mostly because of the 

more moderate climate condition of the second 
year which resulted in higher crop yield this 
year. Results also indicated that drip tape 
irrigation had the maximum water productivity 
(0.324 kg m

-3
) and surface irrigation had the 
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minimum water productivity (0.146 kg m
-3

). 
Means comparison of interaction between year 
and irrigation method revealed that there was 
no significant difference between drip tape and 
sprinkler irrigation from the water productivity 
point of view in the first year; while, this 
difference was significant in the second year. 
Drip tape irrigation had maximum water 
productivity in both years.  

Water productivity is a function of two 
factors including water consumption (inverse 
relationship) and crop yield (direct 
relationship); therefore, in spite of having 
higher water application, the sprinkler 
irrigation had water productivity close to that 
of drip irrigation in 2010 because of having 
higher crop yield in this year. The results of 
this study also revealed that pressurized 

irrigation methods (drip tape and sprinkler 
irrigation) had higher water productivity in 
cotton production compared to surface 
irrigation; thus, surface irrigation should be 
replaced by pressurized irrigation systems in 
cotton growing. Cetin and Bilgel (2002) also 
reported that drip irrigation improved water 
use efficiency compared to furrow and 
sprinkler irrigation methods. 

Results of means comparison of water 
productivity in different tillage methods 
indicated that there was no significant 
difference between tillage methods for water 
productivity; however, conservation tillage 
methods increased cotton water productivity 
for an average of 16% compared to the 
conventional tillage (Table 7).  

Table 7- Means comparison of cotton water productivity in different treatments 
Year Water Productivity (kg m

-3
) 

First year 0.222 b 
Second year 0.260 a 
Irrigation methods - 
Drip tape 0.324 a 
Surface 0.146 c 
Sprinkler 0.251 b 

Tillage methods - 
Conventional tillage 0.218 a 
Reduced tillage 0.253 a 
No-tillage 0.250 a 
Year × Irrigation - 
First year Drip tape 0.281 a 
First year Surface 0.117 b 
First year Sprinkler 0.266 a 
Second year Drip tape 0.366 a 
Second year Surface 0.176 c 
Second year Sprinkler 0.236 b 

a, b, c: Averages with different letters in each column are statistically different at p<0.05. 
  

Soil bulk density 

Variance analysis of soil bulk density data 
indicated that bulk density was affected by 
year and irrigation method at the soil depth of 
0-100 mm; while, soil bulk density was 
affected by year and tillage method at the soil 
depth of 100-200 mm (Table 8). Results also 
showed that soil bulk density was not 
influenced by the interaction between 
irrigation and tillage methods. 

Results revealed that soil had a higher bulk 
density in the first year compared to the 
second year that was probably because of 
more decomposed crop residue at the end of 

the second year (Table 9). Comparing soil bulk 
density in different irrigation methods showed 
that drip tape irrigation had the highest soil 
bulk density and surface irrigation had the 
lowest soil bulk density at the soil depth of 0-
100 mm. Soil bulk density amount was 
inversely related to the soil organic matter, and 
soil organic matter was affected by the amount 
of decomposed crop residue. In drip tape 
irrigation, only a small fraction of crop residue 
was wetted by irrigation water; while, all crop 
residues were exposed to the irrigation water 
in the sprinkler and surface irrigation. 
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Therefore, soil organic matter was usually 
higher in the plots irrigated by tape irrigation 
compared to that of plots irrigated by sprinkler 
and surface irrigation. For this reason, plots 

irrigated with tape irrigation had higher soil 
bulk density compared to plots irrigated with 
sprinkler and surface irrigation methods. 

 

Table 8- Variance analysis of soil bulk density data 

Variation resources 
0-100 mm 100-200 mm 

df Mean square F value df Mean square F value 

Replication 2 0.005 3.45
*
 2 0.004 1.68

 ns
 

Year 1 0.035 22.42
**

 1 0.041 18.38
**

 
Irrigation methods 2 0.007 4.69

*
 2 0.004 1.77

 ns
 

Tillage methods 2 0.003 2.16
 ns

 2 0.019 8.39
**

 
Year × Irrigation 2 0.002 1.55

 ns
 2 0.005 2.14

 ns
 

Year × Tillage 2 0.003 1.66
 ns

 2 0.002 0.95
 ns

 
Irrigation × Tillage 4 0.001 0.80

 ns
 4 0.001 0.48

 ns
 

Year × Irrigation × tillage  4 0.001 0.94
 ns

 4 0.005 2.18
 ns

 
Error 28 0.002  28 0.002  

ns
: Non-significant; 

* 
: significant at p<0.05; 

**
: significant at p<0.01. 

Conservation tillage methods (reduced and 
zero tillage) had a higher soil bulk density 
compared to the conventional tillage at the soil 
depth of 100-200 mm (Table 9). In the 
conservation tillage methods, soil disturbance 
was less than conventional tillage; therefore, 
soil bulk density was higher in conservation 
tillage methods compared to the conventional 
tillage. Results of some previous studies also 
show the higher soil bulk density in the 

conservation tillage methods compared to the 
conventional tillage (Afzalinia et al., 2012; Liu 
et al., 2005; Taser and Metinoglu, 2005). It 
should be noted that the difference between 
conservation and conventional tillage methods 
from the soil bulk density point of view is 
bigger at the beginning of the growing season 
compared to the end of growth season 
(Afzalinia and Zabihi, 2014).  

Table 9- Means comparison of soil bulk density (g cm
-3

) 

Treatments 0-100 mm 100-200 mm 

Year - - 
First year 1.37 a 1.44 a 
Second year 1.32 b 1.38 b 
Irrigation methods - - 
Drip tape 1.36 a 1.43 a 
Surface 1.33 b 1.40 a 
Sprinkler 1.33 b 1.41 a 
Tillage methods - - 
Conventional tillage 1.36 a 1.37 b 
Reduced tillage 1.34 a 1.44 a 
No-tillage 1.33 a 1.42 a 

a, b: Averages with different letters in each column are statistically different at p<0.05. 

Table 10- Variance analysis of soil infiltration rate data 
Variation resources df Mean square F value 

Replication 2 0.144 6.53
**

 
Year 1 0.735 33.36

*
 

Irrigation methods 2 0.584 26.50
**

 
Tillage methods 2 0.319 14.47

**
 

Year × Irrigation 2 0.132 5.98
*
 

Year × Tillage 2 0.084 3.79
 *
 

Irrigation × Tillage 4 0.275 12.49
 **

 
Year × Irrigation × Tillage  4 0.122 5.55

**
 

Error 28 0.022  
ns: Non-significant; * : significant at p<0.05; **: significant at p<0.01. 
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Soil infiltration rate 

Variance analysis of soil infiltration rate 
data showed that year, irrigation methods, 
tillage methods, and interaction between 
irrigation and tillage methods had a significant 
influence on the soil infiltration rate (Table 
10). Since soil disturbance and crop residue 
decomposition were different in various 
irrigation and tillage methods, a significant 
effect of irrigation and tillage methods on the 
soil infiltration rate was expected. 

Results of means comparison of soil 
infiltration rate showed that plots had 
significantly higher infiltration rate in the 
second year compared to the first year which 
was probably because of the increase of soil 
organic matter due to crop residue retention on 

the soil in this research (Table 11). Comparing 
irrigation treatments for soil infiltration rate 
indicated that drip tape irrigation had the 
maximum soil infiltration rate which was not 
significantly different from that of sprinkler 
and surface irrigation had the minimum 
infiltration rate. Water reached the soil 
gradually in tape irrigation and clay leaching 
in this irrigation method was low; therefore, 
the soil had a more porous structure and higher 
infiltration rate in this irrigation system. In 
contrast, more clay leaching and adhesion of 
soil aggregates in surface irrigation slowed 
down the water movement in the soil in this 
irrigation system. 

Table 11- Soil infiltration rate in different irrigation and tillage methods 
Year Soil infiltration rate (mm min

-1
) 

First year 0.79 b 
Second year 1.03 a 
Irrigation methods - 
Drip tape 1.08 a 
Surface 0.72 b 
Sprinkler 0.92 ab 

Tillage methods - 
Conventional tillage 1.06 a 
Reduced tillage 0.80 b 
No-tillage 0.88 b 
Year × Irrigation× Tillage - 

First year Drip tape 
Conventional tillage 1.07 c 
Reduced tillage 0.81 d 
No-tillage 0.86 d 

First year Surface 
Conventional tillage 0.53 e 
Reduced tillage 0.59 e 
No-tillage 0.58 e 

First year Sprinkler 
Conventional tillage 1.02 c 
Reduced tillage 0.63 e 
No-tillage 1.06 c 

Second year Drip tape 
Conventional tillage 1.62 a 
Reduced tillage 1.36 b 
No-tillage 0.78 d 

Second year Surface 

Conventional tillage 0.81 d 

Reduced tillage 0.72 d 

No-tillage 1.11 c 

Second year Sprinkler 

Conventional tillage 1.28 b 

Reduced tillage 0.67 de 

No-tillage 0.88 d 
a, b, c: Averages with different letters in each column are statistically different at p<0.05. 

Results of means comparison of soil 
infiltration rate in different tillage methods 
revealed that conventional tillage had the 
highest soil infiltration rate compared to the 

conservation tillage methods (Table 11). The 
minimum soil infiltration rate was related to 
the reduced tillage; however, there was no 
significant difference between reduced and no-
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tillage for soil infiltration rate. The higher soil 
infiltration rate in the conventional tillage was 
probably because of more soil disturbance in 
this tillage method. Means comparison of soil 
infiltration rates affected by the interaction 
between irrigation and tillage methods 
indicated that conventional tillage method 
irrigated by tape irrigation had the maximum 
soil infiltration rate and the reduced tillage 
method irrigated by sprinkler and surface 
irrigation had the minimum soil infiltration 
rate (Table 11). 

Conclusions 

The following conclusions can be drawn 
from the results of this research: 
1. The cotton yield was not affected by tillage 
methods in a short research period; while, 
irrigation methods had a significant effect on 
cotton yield. Pressurized irrigation systems 
produced more cotton yield on average 
compared to surface irrigation; therefore, 
conservation tillage methods irrigating with 
drip tape and sprinkler irrigation system was 
recommended for cotton growing in semi-arid 
climate conditions of Iran.  
2. The maximum water was applied in surface 
irrigation and the minimum water application 

was related to the drip tape irrigation. Drip 
tape and sprinkler irrigation methods saved 
water for 51 and 28% and increased water 
productivity for 120 and 71% in growing 
cotton compared to surface irrigation, 
respectively.  
3.  Conservation tillage methods increased the 
soil bulk density compared to the conventional 
tillage in growing cotton. Tape irrigation had 
also the higher soil bulk density among the 
irrigation systems tested. 
4. Drip tape irrigation treatment had the 
maximum soil infiltration rate and the 
minimum infiltration rate belonged to surface 
irrigation. Among the tillage methods tested, 
the conventional tillage treatment had a higher 
infiltration rate. 
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ورزی حفاظتی و آبیاری در  های خاک وری مصرف آب تحت تأثیر روش عملکرد پنبه و بهره
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 چکیده 
پٌجِ دس قبلت -ظتی ٍ آثیبسی ثش خصَصیبت خبک، عولکشد پٌجِ ٍ کبسایی هصشف آة دس تٌبٍة گٌذمبٍسصی حف ّبی خبک ‎دس ایي تحقیق، اثش سٍش

ضبهل  ٍسصی ّبی خبک ای ًَاسی ٍ ثبساًی ثَد. سٍش طشح آصهبیطی اسپلیت پلات ثشسسی ضذ. فبکتَس اصلی سٍش آثیبسی ضبهل آثیبسی سطحی، قطشُ
داسی ثش  ٍسصی اثش هعٌی عٌَاى فبکتَس فشعی دس ًظش گشفتِ ضذًذ. ًتبیج ًطبى داد کِ سٍش خبک ٍسصی هشسَم ًیض ثِ ٍسصی ٍ خبک خبک ٍسصی، کن خبک ثی

ًَاسی ٍ ثبساًی دس ای  ّبی آثیبسی قطشُ . سٍش(p˂0.05) داس سٍش آثیبسی قشاس گشفت کِ عولکشد پٌجِ تحت تأثیش هعٌی عولکشد پٌجِ ًذاضت، دس حبلی
کیلَگشم  324/0ای ًَاسی ثیطتشیي هقذاس کبسایی هصشف آة ) دسصذ کبّص دادًذ. آثیبسی قطشُ 28ٍ  51تشتیت  هقبیسِ ثب آثیبسی سطحی هصشف آة سا ثِ

وچٌیي، ًتبیج ًطبى داد کِ کیلَگشم ثش هتش هکعت( هشثَط ثِ آثیبسی سطحی ثَد. ّ 146/0ثش هتش هکعت( سا داضت ٍ کوتشیي هقذاس کبسایی هصشف آة )
ٍسصی  ای ًَاسی ٍ خبک آثیبسی قطشُ کِ طَسی داسی ثش جشم هخصَظ ظبّشی ٍ ًفَرپزیشی خبک داضتٌذ، ثِ ٍسصی ٍ آثیبسی اثش هعٌی ّبی خبک سٍش

  ٍسصی ثَد. کخب ای ًَاسی ٍ کن ثیطتشیي ًفَرپزیشی خبک سا داضتٌذ ٍ ثیطتشیي جشم هخصَظ ظبّشی خبک هشثَط ثِ آثیبسی قطشُهشسَم 

 آة هصشف ًفَرپزیشی خبک،ٍسصی، کبسایی هصشف آة،  ّبی خبک سٍش خبک، ظبّشی هخصَظ جشم پٌجِ، کلیدی:‌های‌واژه
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Table 1- Consumption of inputs during the first year of saffron cultivation 

Type of inputs Consumption (kg ha
-1

) 

Consumed corms 3000 

Urea 100 

Ammonium phosphate 100 

Animal manure 32000 
Consumed irrigation water 3000 (m

3
)

* 

* The annual water consumption for saffron cultivation was considered equal to 3000 m3 (Mahdavi, 1999). 

 

 

 
Fig. 3. The effects of harvesting time and machine type on the percentage of cracked shells in 

the outlet  
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