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Accurate information on the time available for operations 
is essential for planning agricultural operations and 
determining the required working capacity of agricultural 
machinery. Each agricultural operation is usually limited 
to a specific timeframe, but factors such as adverse 
environmental conditions can cause the loss of days in the 
working season. The ratio of working days to total days 
during the working season is known as the probability of 
a working day (PWD). This parameter is used in calculation 
of minimum and optimum capacities of needed machines, 
and timeliness cost of operations. To determine the PWD 
or number of workdays, it is important to determine the 
feasibility of operations during a specific period. Therefore, 
the feasibility of operations is examined separately for each 
day and period. In rice harvesting, the ripening of rice grains 
determines the time for operation beginning. The end time 
is also determined by ear drying and increased seed fall. On 
certain days during this period, it is impossible to perform 
the harvest due to unsuitable conditions. Huang et al. (2017) 
identified harvest time as one of the most important factors 
in grain loss.

Factors that may prevent rice harvest include soil 
moisture and panicle moisture. Modern rice combine 
harvesters can harvest and thresh panicles with relatively 
high moisture content. Therefore, the only parameter 
considered to influence the feasibility of rice harvesting 
operations is soil moisture. In this regard, the harvester 
should be able to enter the field and move through the 
field easily; i.e., the field must be trafficable. Trafficability is 
the capacity of soil to support and withstand traffic with 
negligible soil structural damage and no adverse effects on 
crop yield (Rounsevell and Jones, 1993).

Moisture content at field capacity (Cooper et al., 1997; 
Simalenga and Have,1992; Rutledge and McHardy, 1968) and 
plastic limit (Dexter and Bird, 2001) are the most common 
soil moisture thresholds used to examine the feasibility of 
operations. However, a certain limit cannot be specified for 
all conditions and soils, because the interaction between 
soil and machine depends on machine characteristics 
including machine mass (McPhee et al., 2020), and size and 
pressure of tire (Antille et al., 2013; Stevens et al., 2016), as 
well as soil properties including texture, organic matter 
content and bulk density. Carranza et al. (2019) stated that 
root growth can also affect soil trafficability. Therefore, the 
best way to determine the trafficability limit is experimental 
investigation.

The primary method to determine the PWD is to 
survey the real situation in order to directly examine the 
possibility of performance of operations for several years. 
Despite its high accuracy, this method is very costly and 
time-consuming, and the results can only be applied to the 
climate, soil, and particular crop under consideration.

The most common method is to estimate the conditions 
for assessing the feasibility of operations in the previous 
years. In this method, field conditions in the working season 
are estimated using the meteorological data and other 
required data from previous years. Then, the feasibility of 
operations is judged by comparing the estimated conditions 
and workability criteria. Soil moisture is one of the most 
important limiting factors in most agricultural operations. 
This parameter is estimated using soil-water balance 
models. This method has been used for tillage (Abdulsalam 
et al., 2017; Cooper et al., 1997; Khani et al., 2011; Simalenga 
and Have,1992), as well as planting and harvesting of corn 
(Jahun et al., 2014).
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World rice production amounts 
to approx. 618 million tons per year 
(Rahimi-Ajdadi et al., 2018), but no 
research has investigated the workdays 
of the rice crop. In rice farming, 
harvesting is the most sensitive period 
in terms of operation time. Improper 
knowledge about the available time 
leads to inappropriate timing of 
operations and considerable economic 
losses. Existing soil-water balance 
models are generally developed to 
estimate the water requirement of 
plants during the growing season and 
are not suitable for estimation of the 
soil moisture during harvest season. 
In particular, the gradual senescence 
of rice plants can be a source of error 
in the evapotranspiration calculation. 
Even after developing a suitable 
model, it should be calibrated to 
improve the estimation accuracy. In 
this study, a model was developed for 
estimating the soil moisture during the 
rice harvesting period and calculating 
the PWD by comparing the moisture 
content estimated with a trafficability 
limit. Then, the model efficiency and 
the reliability of its output data were 
evaluated by a validation test.

Model structure 
According to the mass conservation 
law, the amount of water entering the 
soil profile is equal to the algebraic 
sum of released and stored water. 
The moisture output and input to the 
soil profile can be calculated using 
meteorological and soil properties 
data. In this manner, new moisture 
content can be attributed to the soil 
by adding the initial soil moisture. This 
cycle continues repeatedly, and soil 
moisture is determined throughout the 
days under consideration. The general 
structure of the model is as follows:

	 θi + 1 = θi + Pi – Di – Ri – ETi	 (1)

where:
θi	 –	 soil water content at the 

beginning of a given time step
Pi	 –	 rainfall (or irrigation)
Di	 –	 drainage
Ri	 –	 runoff
ETi	 –	 evapotranspiration at the given 

time step
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θi + 1	 –	 soil water content at the end 
of this time step or at the 
beginning of the next time step

Appropriate workdays are 
determined after calculating the soil 
moisture and comparing it with the 

moisture limit. The PWD for a period 
is obtained by dividing the number of 
workdays by total amount of period 
days. The general model flowchart is 
shown in Fig. 1.

To calculate the evapotranspiration, 
this parameter is first obtained for the 

Fig. 1	 General model flowchart 
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reference plant (grass) under standard conditions using the 
Penman-Monteith equation (Allen et al., 1998) (Eq. 2):

		  (2)

where:
ET0	 –	 reference evapotranspiration (mm·day-1 for daily 

time step)
Rn	 –	 net radiation at the crop surface (MJ·m-2·day-1)
G	 –	 soil heat flux density (MJ·m-2·day-1)
T	 –	 mean daily air temperature at 2 m height (°C)
u2	 –	 wind speed at 2 m height (m·s-1)
es	 –	 saturation vapour pressure (kPa)
ea	 –	 actual vapour pressure (kPa)
es – ea – saturation vapour pressure deficit (kPa)
∆	 –	 slope vapour pressure curve (kPa·°C-1)
γ	 –	 psychrometric constant (kPa·°C-1)
		  the Cn and Cd constants for daily values are 900 and 

0.34, respectively

Information on the calculation of parameters of this 
equation is given in Allen et al. (1998). To obtain the potential 
evapotranspiration (ETp) of the plant under consideration, 
the reference evapotranspiration (ET0) must be multiplied 
by the corresponding crop coefficient (Kc) (Eq. 3). The value 
of this coefficient is determined based on the type of plant 
and its growth stage. A value of 0.6 was considered for this 
coefficient, since rice is in the late stage of growth at the 
time of harvest (Allen et al., 1998).

	 ETp = Kc · ET0	 (3)

As long as soil moisture is sufficient, atmospheric 
parameters determine the evapotranspiration rate. When 
the plant starts to lose access to the readily available water, 
the actual amount of evapotranspiration will be less than its 
potential value. To convert ETp into actual evapotranspiration 
(ETa), a correction factor – the stress coefficient (Ks) – is used:

	 ETa = Ks · ETp	 (4)

The stress factor is obtained as follows:

		  (5)

where:
TAW	 –	 total available water in the root zone (obtained 

by multiplying the difference in moisture content 
at the field capacity (FC) and permanent wilting 
point (PWP) in the effective root depth)

RAW	 –	 readily available water, which is considered to be 
0.4 (Allen et al., 1998) of TAW due to the shallow 
root of rice in the paddy field

Dr	 –	 root zone depletion. These parameters are 
expressed in millimetres of water. The Eq. 5 is 
applicable after the depletion of RAW; prior to this 
point, the Ks is assumed to be equal to 1

The runoff was calculated using the curve number (CN) 
method (Eq. 6) introduced by the US Soil Conservation 
Service (SCS, 1972):

		  (6)

where:
R	 –	 runoff (mm)
P	 –	 precipitation (mm)

		  (7)

where:
S	 –	 potential maximum retention (mm)

The CN value (i.e., 0 to 100) depends on soil characteristics, 
crop cover, and hydrological conditions.

When the soil moisture in surface layer exceeds the FC, 
moisture transfer to soil lower layers occurs due to deep 
percolation. Due to the presence of hardpan, a constant 
rate is considered for deep percolation in paddy soils. In 
this model, the percolation rate is considered a model input 
that can be obtained from different references according to 
the soil texture, e.g. Razavipour et al. (2005) measured this 
parameter in different types of soils in the Guilan province. 
The rate of deep percolation in this study was determined 
based on their work.

Subsequently, the soil moisture can be obtained by 
having the initial soil moisture content using the soil-
water balance equation. This process continues from the 
beginning to the end of the simulation, and soil moisture 
is calculated throughout the days of the considered period. 
The trafficability limit as the model input is determined by 
the user. If soil moisture is less than the trafficability limit, 
that day will be considered as a workable day; otherwise, the 
operation is not possible. In this study, the moisture content, 
in which the farmer could bring a combine harvester to the 
field for the first time (44.8 vol.% for the validation field) and 
start harvesting, was considered to be a trafficability limit.

The model was coded in VBA (Visual Basic for 
Applications) – the MS-Office suite programming language. 
Input data are introduced into the Excel spreadsheet and 
output data are also displayed in the same software.

Model calibration
The time period considered in this study is the last days 
of rice plant lifetime when the plant evapotranspiration 
capacity decreases due to the leaf senescence onset. Since 
the effects of plant leaf senescence on its transpiration have 
not been well discussed by scientists, this issue was taken 
into account in model calibration process. To calibrate the 
model, a comparison was made between simulated and 
measured soil moisture values.

In this regard, firstly, the process of soil moisture 
changes in rice harvest season was simulated using the 
model for a  plot of land at the Faculty of Agricultural 
Sciences, University of Guilan. Next, soil samples were 
collected to determine the soil characteristics, such as 
texture, bulk density, and moisture content at FC, and PWP. 
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Meteorological data in 2017 were obtained from the Rasht 
Agricultural Synoptic Station in the vicinity of the field under 
study. The soil bulk density, moisture content at FC, and soil 
texture were measured by a sampling cylinder, a pressure 
plate apparatus, and hydrometer method, respectively. The 
moisture content at PWP was estimated by the percentage 
of soil particles and bulk density using the Rosetta software.

The rice (Var. Hashemi) was harvested on August 20. On 
July 24, the first moisture data were collected in the field to 
determine the initial moisture content at the stimulation 
onset. 

The simulated results and measured data were 
compared statistically using normalized root-mean-square 
error (NRMSE).

At the ripening period onset and with senescence 
of certain plant leaves, its transpiration capacity  and 
subsequently the field potential for evapotranspiration 
decrease each day relative to the previous day by 
a  coefficient. To incorporate this effect in the model, daily 
ETp was calculated as follows:

	 ETpr (i) = ETp (i) × (1– a)i – 1	 (8)

where:
ETp (i) – potential evapotranspiration on the ith day regardless 

of plant senescence
ETpr (i)	–	 potential evapotranspiration on the ith day taking 

into account the plant senescence
i	 –	 number of given days
α	 –	 ratio of decreasing of evapotranspiration each day 

to its value in the previous day (0≤ α ≤0.1)

Therefore, rather than obtaining ETa directly from ETp, 
the effects of plant senescence are first considered on ETp, 
followed by obtaining ETa (which depends on soil moisture 
conditions) from the modified potential evapotranspiration 
(ETpr). 

Different values of α (1–10%) were considered for 
calibration. Subsequently, the α value showing the highest 
agreement between the simulated and measured data 
(minimum NRMSE value) was considered an appropriate 
value of plant senescence factor for the studied conditions.

Model validation
The model performance should be ensured for practical use. 
To this end, a validation test was also performed to compare 
simulation results with measured data at a time and location 
different from the calibration test. The test was carried out 
at another field of the University of Guilan during the rice 
harvest period in 2018. For these purposes, five samples per 
day were collected as experimental replicates. The samples 
were taken only from the depth of 15 cm. Sampling started 
on 25 July 2018 and continued until 24 August 2018.

To statistically compare the results and determine the 
model inputs, the same procedure used in calibration test 
was also employed in this test. The default senescence 
factor (α) applied to this test was determined according to 
the calibration test results.

Soil test
The soil texture test results and measurement of its hydraulic 
parameters for the studied fields during calibration and 
validation steps are shown in Table 1.

Table 1	 Soil properties of fields used in the calibration 
and validation tests

Validation 
field

Calibration 
field

Soil 
properties

57.2 45.2 clay (%)

30.2 46.3 silt (%)

12.6 8.5 sand (%)

clay silty clay soil texture

1.5 1.5 deep percolation rate (mm·day-1) 

1.12 1.13 bulk density (g·cm-3)

36.7 37.6 gravimetric moisture at FC (%)

19.5 16.4 gravimetric moisture at PWP (%)

Calibration
Correlation values between the estimated and measured 
moisture for different values of the senescence factor during 
calibration test are shown in Fig. 2. Taking into account that 
the senescence factor yields a more reasonable estimate 
of the evapotranspiration rate as the most important 
component of soil-water balance, it improves the correlation 
between the simulated and measured data. As shown in 
Fig. 2, the moisture estimation accuracy enhances with 
increasing α (senescence factor) until the highest correlation 
is achieved between the measured and estimated data. 
Excessive increase in α leads to the underestimation of 
evapotranspiration and reduces the moisture estimation 
quality. The highest agreement (NRMSE = 5.38%) between 
simulated and measured data was obtained with an α of 
0.05. As a result, an α of 5% was selected for the basis of this 
model in order to correct the evapotranspiration calculation 
and estimate the soil moisture content. In the following 
conduction, the validation test and PWD calculations were 
performed accordingly.

Fig. 2	 NRMSE values obtained by taking into account 
different values for the senescence factor (α) in the 
calibration test

Results and discussion
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Validation
The validation test (with an α of 0.05) yielded an NRMSE value 
of 6.53%, indicating the acceptable model performance in 
estimating the soil moisture.

Fig. 3 shows the trend of moisture changes in simulated 
and measured conditions in non-calibrated (without 
senescence factor) and calibrated modes.

Fig. 3	 Comparison of simulated and measured moisture in 
the validation test

According to Fig. 3, the simulated and measured data 
are much consistent at the beginning of period, but the 
difference between results grows in the final days. The main 
reason for this seems to be the senescence of certain plant 
leaves and decreased transpiration. However, evaporation 
from the soil surface was not affected by this process.

The model calibration and considerations of the dropped 
leaf transpiration capacity due to leaf senescence led to an 
increased agreement between the measured and simulated 
data, particularly in the final days prior to rice harvest. There 
are several moisture changes with upward trend due to 
rainfall on certain days.

Considering the different times and locations of 
calibration and validation tests, this model can be also used 
in other rice fields with similar conditions to those of these 
tests, and there is no need to repeat the calibration test for 
each field.

A good model performance in validation test due to the 
modifications in calibration test does not mean a constant 
senescence factor under all conditions. The calibration 
test must be rerun if the model is to be used for different 
climates and possibly different rice varieties. It can, however, 
be deduced that it is possible to use the senescence factor 
obtained here to accurately calculate the evapotranspiration 
of rice plant and soil moisture. As a result, a realistic 
estimate of the feasibility of rice harvesting operations can 
be obtained under majority of conditions similar to those 
presented here.

Instead of comparing the measured and simulated soil 
moistures, Rotz and Harrigan (2005) and Yousif et al. (2014) 
compared the number of observed workdays with the 
estimated ones to evaluate their models.

The advantage of this method is that it simultaneously 
includes the accuracy of moisture estimation and the 
accuracy of determining the moisture threshold. However, it 
may lead to a misunderstanding about the model reliability.

There may be a significant difference between the 
simulated and actual soil moisture on a given day, but due 
to the selected moisture threshold, the model simulation 
result and field observations are the same in terms of 
operation feasibility.

Furthermore, soil moisture underestimation in particular 
parts of a working period can be offset by overestimation 
in other parts of the period, since this method takes into 
account only the total number of working days in the 
entire working period, suggesting that this method can 
exaggerate the accuracy of the model.

Conclusion
The model developed has an acceptable performance 
to determine the PWD. Therefore, it can be used in many 
rice fields that do not significantly differ from the studied 
field in terms of climatic conditions. It is recommended to 
conduct further studies on the climate change impact on 
the time available for operations. The methods proposed 
for PWD determination implicitly assume that average 
weather conditions in forthcoming years are similar to those 
of previous years. Nonetheless, climate change caused 
by greenhouse gas emissions may affect the accuracy of 
calculations for the number of workdays. However, certain 
efforts have been made to investigate the effect of climate 
change on the PWD (Cooper et al., 1997). Nevertheless, 
more state-of-the-art and extensive studies are required 
to determine the degree of changes and their effects on 
available working time. 

It is recommended to study the plant senescence 
process using more accurate and generalizable methods. 
The plant dropped transpiration in the final period of plant 
establishment can be estimated more accurately if more 
comprehensive and accurate equations are obtained from 
the yellowing process of plant leaves. In such a manner, it 
would be possible to expand the model application scope.

With yellowing of the rice plant, the field soil drying 
process drastically decreases through evapotranspiration. 
Accordingly, in years with concerns about limited available 
workdays, field planning should be in such a way that the last 
irrigation can be done earlier. In this case, the evaporative 
capacity of the plant is used before drying its leaves, thereby 
accelerating the process of soil moisture reduction.

Models for PWD determination are developed for 
a particular plant and operation and are rarely used for other 
conditions. Therefore, the development of a comprehensive 
model that can estimate the PWD in majority of conditions 
can be one of the primary objectives of future studies. In this 
regard, it is recommended to develop an efficient model 
that can work for different plants (with or without hardpan), 
bare soil, row crops, etc.
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The future will be challenge-full for the agriculture industry. 
The world population is estimated to reach 9.7 billion by 
2050; therefore, the food quality and quantity should be 
doubled (FAO, 2009, 2017). Natural disasters and global 
warming will influence the total factor productivity of the 
agriculture industry. The water shortage and pollution, 
same as rainfall pattern change, will limit the watering 
methods (Oktem, 2008). The labour shortage will be one 
of the critical issues worldwide soon (Marinoudi et al., 
2019). Less than one percent of the US population will deal 
with farming by 2050 (Accenture, 2017). The average age 
of farmers reached 66, 58, and 53 years in Japan, the USA, 
and Iran, respectively. Farmers also struggle with labour 
employment costs, including insurance, taxes, and salary 
(Dorward, 2013).

Digital farming as an interdisciplinary field between 
robotic and agriculture sciences has many solutions for the 
mentioned concerns. The digital farming comprises two 
main parts: precision farming (measuring parameters for 
data generation), and smart farming (using the generated 
data for different applications). Many valuable studies 
were done in this field, i.e. social science on digital and 
smart agriculture (Klerkx et al., 2019), digital innovation 
in smart farming (Ayre et al., 2019), innovation in digital 
farming (Bronson, 2019), and digital farming and ICT 
(Shibusawa, 2018). It is obvious that farm robots will assist 
future farmers in many aspects. Multiple researchers have 
focused on developing a new robotic system to plant, 
protect, and harvest a variety of crops, such as apple (Lv 
et al., 2019), orange (Garner et al., 2006), tomato (Li et 
al., 2019), strawberry (Xiong et al., 2019; Aliasgarian et 
al., 2015), kiwifruit (Williams et al., 2019), grape (Luo et al., 
2018), heavy-weight crops (Roshanianfard et al., 2018; 

Kamata et al., 2018; Roshanianfard and Noguchi, 2017, 
2018b; Roshanianfard, 2018), and pumpkin (Roshanianfard 
and Noguchi, 2016, 2018a).

The manipulation system and robotic arm as the main 
component of a robotic system play a significant role in 
the smart operation. Most of the developed systems were 
installed on a prototype platform which meets many 
limitations in real farms. Several researchers installed 
controlling systems on commercialized platforms, such 
as tractors (Wang and Noguchi, 2019), combines (Zhang 
et al., 2013), boats (Liu et al., 2017), all-terrain-vehicles, 
utility vehicles (UTVs), and drones for farm applications 
(Roshanianfard et al., 2019; Kashkarov et al., 2018). However, 
the development of robotic arms and manipulation 
systems for the aforementioned platforms still requires 
extensive research. Furthermore, it is worth mentioning 
that the majority of commercialized robotic arms have not 
been developed for agriculture in dusty, dirty, and humid 
environments. They require indoor and isolated working 
environment. 

In this regard, the development of a specifically 
designed robotic arm, which would be installed on the 
autonomous tractors working in real agricultural field is 
a new area (Cviklovič et al., 2016). The research objective is 
to design a robotic arm that can handle the unpredictable 
farm situation such as rain, wind, dust, mud, and vibration 
with an optimized number of degrees of freedom (DOF). 
Therefore, it can be concluded that the novelty of designed 
robotic arm is in:
1.	 its adaptability to real agricultural farm conditions 

because of its specifically designed components (joints, 
links, and controlling unit), resilient against vibration, 
dust, and humidity;
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three joints move the EE in the X- and 
Y-directions. The material applied for 
the body was aluminium (AL5052), 
because the light aluminium alloy used 
shows good weldability by gas, arc, 
and resistance. The structure design 
and all simulations were conducted for 
20 kg of payload and 1.5 of the factor 
of safety (FOS). 

Configuration 
and coordination

The agricultural farms and horticultural 
environments are complicated, 
unstructured, and dirty environments. 
This is especially true for robotic arms 
with multiple sensitive components, 
such as servo motors, amplifiers, 
cables, and control units. Because 
of that, it is important to develop 
a  robotic arm with simple and 
repairable components. Moreover, it is 
important to shield all electronic and 

electrical parts; design stainless joint 
and component; and use specifically 
selected ball bearing and bearings. 
This simplicity in structure makes 
the algorithm development much 
easier. Therefore, after DOF selection 
process, a SCARA type robotic arm 
with a 4-DOF was designed, as shown 
in Fig. 1. This robotic arm has 4 joints: 
J1, J2, J3, J4. Each joint was designed for 
a different task. The J1, connected to a 
long screw, can control the position of 
endpoint in Z-axis. The J2 and J3 move 
the rear arm and forearm, respectively, 
and control the endpoint in X- and 
Y-directions. Ultimately, the J4 was set 
specifically for rotating the attached 
EE. The designed robot can manoeuvre 
in a 3D environment smoothly and it 
can perform the majority of agriculture 
operations, i.e. seeding, watering, 
fertilizing, weeding, and harvesting, 
etc. The coordination of joints and 

2.	 specifically simplified quick 
algorithm for collaboration with an 
autonomous tractor with minimum 
delay;

3.	 its sufficient payload per weight 
compared with industrial robotic 
arms.

Designed system
Based on the mentioned concerns in 
farming, a 4-DOF SCARA type robotic 
arm was designed, as shown in Fig. 1. 
The 3D CAD design was done using 
Solidworks (Dassault Systèmes, 
France). First, several configurations 
and structures of robotic arms were 
searched and evaluated from different 
points of view, including the number 
of joints, working space, access length, 
orientation of endpoint, and strength 
of elements. Multiple simulations 
were performed in order to reach an 
optimized structure. As the objective of 
this research was developing a robotic 
arm for farm use, a vertical orientation 
through the Z-axis along the front 
and lateral access was required. The 
simplicity of orientation can make the 
structure manufacturing process and 
algorithm development much easier. 
The designed robotic arm is equipped 
with a linear screw to move in the 
Z-direction. This axis will be used when 
the robot transports a crop or when it 
wants to change the structure height. 
The robotic arm also has three more 
joints for the rear arm, forearm, and 
rotation of end-effector (EE). These 

Material and methods

Fig. 1	 Robotic system for real agricultural field (left), and designed robotic arm (right)

designed robotic arm

robot tractor
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R-axis
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Fig. 2	 Coordination of robotic arm (left), parameter description (right)
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home coordination were adjusted based on the right-
handed coordinate system, as shown in Fig. 2. The rotations 
in X-, Y-, and Z-direction were named roll (rx), pitch (ry), and 
yaw (rz), respectively.

Kinematics of robot

Forward kinematics
After numerous calculations using different methods, the 
Denavit-Hartenberg (D-H) method was selected because 
of its simplicity and quick response. Using the D-H method 
allows for setting the rotation angles J1, J2, J3, J4 and tool 
offsets as input; and for obtaining a position in X-, Y-, and 
Z-directions (Px, Py, and Pz, respectively), orientation (rx, ry, rz) 
of tool centre point (TCP) and angle of each joint as outputs. 
As the motion in the Z-axis depends only on the rotation of 
J1, the Lo can be calculated as follows:

		  (1)

		  (2)

where:
Lo	 –	 length of displacement in the Z-direction
l	 –	 screw lead
n	 –	 number of J1 rotations
θi	 –	 joint-i rotation angle

 
Then:

	 	 (3)

Therefore, the position of TCP in the 3D environment can 
be resulted as: 

	 Px = L1 + L2 cos θ2 + L3 cos (θ2 + θ3)	 (4)

	 Py = L2 sin θ2 + L3 sin (θ2 + θ3)	 (5)

	 Pz = Lo – a – b – c	 (6)

where:
Pi	 –	  position of endpoint in the i-direction
a, b, c	 –	 offset between the J2 and J3, the J3 and J4, and the 

J4 and EE
θn	 –	 angle of joint-n. The rest of the parameters is 

illustrated in Fig. 2

Inverse kinematics
The forward kinematic calculation is a progressive task that 
is performed to find the position of EE from a variation of 
joint angles. To develop a robotic arm, one of the time-
consuming and hard tasks is to find the desired joint angle 
if the EE's position is input. This section presents the inverse 
kinematics calculation of designed robotic arm. 

Let set the position and orientation in the X-, Y-, and 
Z-directions as Px, Py, and Pz, respectively, and rx, ry, and rz of TCP 
as inputs, and rotation angle of joints J1, J2, J3, and J4, and tool 

offsets as outputs. Based on Eqs 4–6, it is possible to calculate 
each angle continuously. The θ1 is calculable using Eq. 6:

	 	 (7)

To calculate the θ3 by means of Eqs 4 and 5, there is:

	 L2 cos θ2 + L3 cos (θ2 + θ3) = Px – L1 = A	 (8)

	 L2 sin θ2 + L3 sin (θ2 + θ3) = Py = B	 (9)

By (Eq. 4)2 + (Eq. 5)2, then:

(L2 cos θ2 + L3 cos (θ2 + θ3))2 + 
	 (L2 sinθ2 + L3 sin (θ2 + θ3))2 = A2 + B2	 (10)

Subsequently:

		  (11)

From Eq. 11:

		  (12)

Using Eqs 11 and 12:

	 	 (13)

To calculate θ2 by means of cosθ2 · Eq. 8 + sin θ2 · Eq. 9, 
there is:

	 A · cos θ2 + B · sin θ2 = L2 + L3 · cos θ3	 (14)

Using -sin θ2 · Eq. 8 + cos θ2 · Eq. 9, there is:

	 -A · sin θ2 + B · cos θ2 = L3 · sin θ3	 (15)

Using A · Eq. 15 + B · Eq.16, there is:

		  (16)

From Eq. 16:

		  (17)

Since the range of rear arm is (-90°, +90°), then the cos θ2 
can be calculated using Eqs 17 and 18:

		  (18)
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The orientation of EE is always toward the Z-direction, 
and the angle of J4 does not affect the orientation of TCP. It 
can only affect the rotation of EE during grasping.

DOF selection and economic optimization 
Roshanianfard et al. (2020) presented a method for finding 
an optimized number of DOF for a robotic arm. Based on 
that methodology, it is necessary to evaluate an invariant 
structure (with constant main parameters) under different 
conditions. For this robot, the overall length of links

, and the height of the installation position

(h = 1.5a) were considered constant (Fig. 3). At constant L 
and h, the number of joints, type of joints, and DOF were 
varied, and the results were compared, as shown in Fig. 4. The 
a = 20 cm and all parameters were simplified based on this 
unit. All ratios were adjusted based on the designed robotic 
arm parameters. The length of the main link was 6a, which 
was equally divided in order to reach the desired n-DOF.

The aim was the simulation and comparison of workspace

index  harvesting surface index  minimum

front access (FAmin), and height length (HL). As shown in Fig. 
4, the workspace of 1-DOF and 2-DOF was zero, because this 
DOF could move at Fig. 5, the Iv, Is, and HL were increased 
when the DOF increased from 3 to 5, and the FAmin decreased. 
The HL of 3-DOF was less than required. This parameter 
increased between 4-DOF and 5-DOF, making the 4- and 
5-DOF suitable in terms of physical point of view.

The economic and energy aspects of different DOF 
were the same as presented by Roshanianfard et al. 
(2019) research (Fig. 6). However, this evaluation took into 
account different expense sources, i.e. actuating cost, 
material cost, manufacturing expenses, mechanical parts, 
electronic component prices, and energy consumptions. 
Each parameter was calculated based on Japanese 
market price and then the indices (such as actuator index 
(price per 100,000  ¥), material index (price per 100,000 ¥), 
manufacturing index (price per 100,000 ¥), mechanical index 
(price per 100,000 ¥), electronic index (price per 100,000 ¥), 
energy price index (required power price per 100,000  ¥)) 
were measured and compared with the harvestable surface 
(Sn) and HL. As the results indicated, economic and energy 
indices increased by DOF growth. With an increase in 
the DOF, the number of required actuator (servo motor), 
amplifier, connection cables, joint components, control 
components, and manufacturing time are also increased. 
More servo motor required more energy and connection 
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Results and discussion

 
Fig. 3	 DOF optimization methodology 

 
Fig. 4	 Comparison of different DOFs in the workspace
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constant length and different DOF, a 4-DOF could be an 
adequate structure that can support a maximum Vn and Sn 
at the minimum cost. Based on these evaluations, a 4-DOF 
structure was selected to develop a harvesting robotic 
system.

 Working space
After developing the controlling algorithm, the robot 
working space resulted based on kinematic equations, as 
shown in Fig. 7. The designed robotic arm should be able to 
manoeuvre in the field and move aside tractors for reloading 
harvested crops in a truck or predetermined elevator on the 
right or left tractor side. Based on that, the working space 
should reach a long distance aside from Fig. 7, the designed 
robotic arm can reach 2.9 m and 2.4  m in the X- and 
Y-directions, respectively, the workspace area is 11.4 m2, and 
L1, L2 and L3 are 500, 1,200; and 1,200; respectively. The Li is the 
length of link number-i. By increasing the values of L1, L2, L3, it 
is possible to increase the working space, but it is important 
to consider the torque value on each joint due to the 
weight and distance increases. Furthermore, by increasing 
the length of each link, the inertia applied increases due to 
velocity during acceleration and deceleration.

 Conclusion
In this paper, a 4-DOF SCARA type robotic arm was designed 
for agriculture application using the Solidworks software; 
this arm is capable of carrying out the farm works, such as 
seeding and planting of various crops using different EEs, 
performing a variety of farming tasks, including minimal 
cultivation, watering, fertilizing, spraying, and weeding; and 
doing selective harvesting for various crops. The forward 
and inverse kinematics calculation were conducted based 
on the designed robotic arm calculation and the controlling 
algorithm was written in Visual C++ using the equations. 
In a complementary paper, the dynamic simulations and 
calculations identical to the controlling algorithm will be 
presented.
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Fig. 7	 Working space of designed robot, top view (left), 3D view (right)

cable; furthermore, the controlling algorithm got also more 
complex. However, increasing the DOF from 4 to 5 did not 
increase the Is and HL significantly. Therefore, the 5-DOF 
robotic cannot be an optimized structure for described 
application and required parameters. In considering the 
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The red bell pepper (Capsicum annuum) is a fruit vegetable, 
which is rich in terms of nutritional and medicinal properties 
(Wallace et al., 2020; Slavin and Lloyd, 2012). Unfortunately, 
approx. 20–30% of it (and other kinds of peppers) are lost 
yearly during the post-harvest stage (Okunoya, 1996). One 
of the ways of curtailing the incidence of post-harvest losses 
and ensuring all year-round supply of red bell pepper is 
to subject it to appropriate pretreatments and efficient 
moisture reduction via drying.

Osmotic dehydration is one of the methods for 
pretreating foods, especially fruits and vegetables. It is 
a  simultaneous movement of liquid out of a product and 
corresponding movement of solute into the product in 
a  counter-current manner when the product is immersed 
in osmotic solution (Yadav and Singh, 2014; Tortoe, 2010).
Furthermore, osmotic dehydration is the partial removal 
of water by direct contact of a product with a hypertonic 
medium, i.e. high concentration of sugar or salt solutions 
(Ozen et al., 2002). It is one of the simpler and more 
economical methods of extending the shelf life of perishable 
products, and it preserves the colour, flavour, and texture of 
foods that would be affected by heat, thereby improving the 
nutritional, sensory and functional characteristics of foods 
(Singh et al., 2006). 

Drying is a simultaneous heat and mass transfer 
process, which is achieved by the removal of enough or 
predetermined moisture from food and other biological 
materials. The objectives of drying are the prevention 
of decay and spoilage of food; extension of shelf life; 
reduction of costs of storage, handling and transportation; 

and improvement of quality. There is a need for promotion 
of drying of fruits and vegetables in order to ensure their 
all-year-round supply (Kiremire et al., 2010). The best 
temperature range for drying fruits and vegetables was 
reported to be 35–75 °C (Idah et al., 2011; Phisut, 2012; 
Mu’azu et al., 2012). 

In terms of thickness of products to be dried, drying 
method can be classified as either a thin layer, or deep 
bed. In thin-layer drying, products with approx. 15–20  cm 
thickness are fully exposed to drying air and drying 
conditions are assumed to be constant.However, in deep 
bed drying, product thickness exceeds 20 cm and can reach 
up to 45  cm (Kumar et al., 2012). Moreover, products are 
not exposed to the same drying conditions, which leads to 
formation of drying zones along the drying products. One of 
the relationships between the thin-layer drying and deep-
bed drying is that a deep bed drying analysis is performed 
by taking a small part of a product undergoing deep bed 
drying to form a thin layer. The thin layer formed would 
then be subjected to numerical integration procedures 
along the whole dimension of the product undergoing 
deep bed drying. Ojediran and Raji (2010) and Raji et al. 
(2010) reported numerous studies on thin-layer drying of 
food and other agricultural products. Existing mathematical 
models such as Henderson and Pabis, Page, Modified Page 
(I and II), Thomson, Newton, and Wang and Singh have 
been frequently used (and are still in use) to describe the 
drying characteristic of certain products under thin-layer 
drying conditions (Ojediran and Raji, 2010). Vitázek and 
Havelka (2013, 2014) studied the sorption isotherms 
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of  agricultural products with the use of Henderson model 
equation. Seiiedlou et al. (2010), Faisal et al. (2013), Ojediran 
and Raji (2010, 2011), Ademiluyi and Abowei (2013), and 
Awogbemi and Ogunleye (2009) described the thin-layer 
drying modelling of different products. Most frequently, the 
indices used to evaluate and select the best models in terms 
of deviation between predicted values (by existing models) 
and observed (experimental) values were the coefficient of 
determination (R2), chi-square value (χ2), root mean square 
error (RMSE), and sum of square error (SSE) statistics. 

Although there exist several published works on 
pretreatment and drying of peppers (including red bell 
pepper) to different value-added products (Arslan and 
Ozcan, 2011; Bareh et al., 2012; Osunde and Makama-Musa, 
2007; Odewole and Olaniyan, 2016; Tunde-Akintunde et 
al., 2011; Chaethong et al., 2012; Famurewa et al., 2006); 
however, attention has not really been focused on the 
thin-layer drying behaviour of osmo-pretreated red bell 
pepper. Therefore, the objective of this study was to 
establish the thin-layer drying model(s) that would best 
describe the drying behaviour of osmo-pretreated red bell 
pepper. The established model(s) would help to have better 
understanding of the process in terms of reliable prediction 
and estimation, system and process design, analysis, and 
simulation for industrial scaling up of the process in the 
future. 

Experimental materials
Red bell pepper fruits (87% wb), common salt (NaCl) 
and distilled water were the major materials used for the 
osmotic dehydration pretreatment process. The equipment 
used included two water baths (HH-W420, XMTD-204 model 
and SL Shell Lab model), Genlab electric oven, electronic 
weighing balance (OHAUS 3001, capacity: 3,000  g; 
readability: 0.1 g; stabilization time: 3 sec) and desiccators 
and a locally fabricated convective dryer (Odewole and 
Olaniyan, 2016). The dryer basically consists of drying 
chamber, heating chamber and blower. The external 
dimensions of dryer are 56 × 56 × 86 cm, while the internal 
dimensions are 50 × 50 × 80 cm. Its drying chamber has 
three perforated trays 15 cm apart. The heating chamber is 
of pyramidal shape and equipped with electrical heating coil 
of 1.8 kW, which is directly positioned in front of the blower 
for faster heat circulation. The blower rated power is 373 W. 

Osmotic dehydration process
The red bell pepper fruits were deseeded after washing and 
manually cut into pieces to a width of approx. 3 mm using 
a prefabricated stainless-steel knife, and this width was 
maintained for all samples. The cutting was performed in 
order to enhance the exposure of samples to the osmotic 
solution. After cutting, 50 g of the red bell pepper was 
measured with the electronic weighing balance and used 
as the experimental quantity. The experimental design 
used was 43 factorial experiment in a randomized complete 
block design with three replicates, which resulted in 
192  experimental runs in total.All samples were subjected 
to osmotic dehydration pretreatment process in hypertonic 

salt (NaCl) solution of four different concentrations – 5, 10, 
15 and 20% (w/w), in two water baths set to four osmotic 
solution temperatures (30, 40, 50 and 60 °C), and left for 
60-, 90-, 120- and 150-min osmotic process durations, 
respectively. The ratio of osmotic solution to mass of red bell 
pepper was 4 : 1.

Pre-drying and drying of osmo-pretreated samples
After the osmotic dehydration pretreatment process, all 
pretreated samples were left under a running fan for approx. 
20 min. This was conducted in order to get rid of surface 
water that can unnecessarily prolong the drying time. 
Subsequently, all osmo-pretreated samples were re-weighed 
using the electronic weighing balance. There was observed 
a reduction in mass of each sample to 40–30 g from the 
initial 50 g used for osmotic dehydration pretreatment. 
This confirmed that the osmotic dehydration took place. All 
samples were dried inside the fabricated convective dryer 
at 60 °C. The mass values of samples were recorded hourly 
using the electronic weighing balance until effective drying 
of all samples was achieved at an average moisture content 
of 10% (wb). The average drying time was seven hours. The 
data obtained (mass of samples during drying) were used to 
estimate the moisture content values using the procedures 
similar to the one in Sunmonu et al. (2018), as briefly stated 
below: a clean crucible was first dried in oven for approx. 
30 min and then cooled in a  desiccator. Cooled crucible 
was weighed as (W1) using an analytical balance. Weighed 
quantity of about 5 g of cut red bell pepper was then 
introduced into the previously dried and weighed crucible 
and weighed as (W2) before drying. This was placed in an 
electric oven, which was set to 105 °C for approx. 3 hours. 
The crucible with dried red bell pepper was then removed 
from the oven and immediately cooled in a desiccator and 
then weighed as (W3). The moisture content of samples was 
estimated as follows: 

 		   (1)

where:
M	 –	 moisture content (wet basis) at time (t)
W1	 –	 weight of clean crucible (g)
W2	 –	 weight of clean crucible plus sample (g)
W3	 –	 weight of clean crucible plus dried sample (g)
W2 – W3	–	total loss in weight (g)
W2 – W1	–	weight of sample (g)

The average room temperature and relative humidity 
were approx. 30 °C and 65%, respectively.

Model fitting and model selection
The moisture content values initially obtained from the 

experiment after estimation were converted to moisture 
ratio values using Eq. 2. This was in line with the approach 
adopted in Ojediran and Raji (2010).
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where:
MR	 –	 moisture ratio
M	 –	 moisture content at time (t)
Mo	 –	 initial moisture content of the sample
Me	 –	 equilibrium moisture content

The conversion of moisture content to moisture ratio 
was conducted to make the experimental data conform to 
the terms of all selected seven existing thin-layer drying 
model equations used for model fitting (Table 1). Each 
equation was linearized and solved with the use of EXCEL 
2016 spread sheet in order to get all the statistical indices 
(R2, χ2, SSE and RMSE) needed to judge and select the 
equations that would best describe the thin-layer drying 
behaviour of the product. The data analysis was primarily 
based on the differences between predicted data (moisture 
ratio) by the models and the observed (experimental) data 
obtained from the experiment. Ranking and selection of 
the best models were carried out on the basis of highest R2 
values and lowest χ2, SSE and RMSE values.

Model equation solution 
Selected model equation that best described the process 
characteristics was solved in order to simplify it. The 
solution was performed by first substituting the values of 
coefficients and constants obtained at osmotic solution 
temperatures 30, 40, 50 and 60 °C into the selected model 
equation. This was followed by manual analytical style of 
solving mathematical equation until simplest forms of 
equations were obtained.

Model performance and selection
Performance results of all seven models at each osmotic 
solution temperature are presented in Tables 2, 3, 4 and 5. 
The existing thin-layer drying model that best described the 
behaviour of dried osmo-pretreated red bell pepper is the 
one with “1st” notation under the rank column. Considering 
all the osmotic solution temperatures used for the 
pretreatment (30, 40, 50 and 60 °C), the two-term exponential 
model best described the behaviour of red bell pepper at 
drying temperature of 60 °C. Similarly, Newton model took 
the second position (2nd) in terms of ranking and it is thus 
considered the second best. The reason for different ranking 
of the models can be caused by different terms and number 
of coefficients of the terms of each model. This might have 
consequential impact on the numerical values of statistical 
indices used for adjudging the models. Furthermore, 
another reason might be due to the fact that several existing 
models had initially certain shortcomings before they were 
later improved. The latter statement is in agreement with 
Ojediran and Raji (2010), who reported that Page model was 
modified to correct some of the shortcomings of Henderson 
and Pabis model. Ojediran and Raji (2011) used the five 
thin-layer drying models to study the drying pattern of 
castor seed (Ricinus communis); modified Page model was 
reported to be the best model equation for description 
of the seed drying pattern. Seiiedlou et al. (2010) carried 
out the mathematical modelling of apple slices under 

Table 1	 Seven selected existing thin-layer drying model equations

SN Model equation Model name Model code

1 MR = exp (-kt) Newton M1

2 MR = exp (-ktn) Page M2

3 MR = aexp(-kt) Henderson and Pabis M3

4 MR = 1 + at + bt2 Wang and Singh M4

5 MR = aexp (-kt) + b logarithmic M5

6 MR = aexp (-ktn) + bt Midilli M6

7 MR = aexp (-kt) + (1 – a) exp (-kat) two-term exponential M7

MR – moisture ratio, t – drying time; a, b, n, k – model constants and coefficients

Table 2		  Model performance for 30 °C osmotic solution temperature

Models R2 χ2 RMSE SSE Coefficients Rank

M1 0.9738 0.0781 0.1818 0.8590 k = 0.0815 2nd

M2 0.9432 0.1374 0.2299 1.3739 k = 0.0063 n = 1.053 6th

M3 0.9696 0.0986 0.1947 0.9861 k = 0.0967 a = 1.0529 4th

M4 0.9834 0.1149 0.2102 1.1486 a = -0.0615 b = 1.0413 5th

M5 0.9696 0.1059 0.1915 0.9531 k = 0.0967 a = 1.037 b = 0.0099 3rd

M6 0.9441 0.1720 0.2300 1.3756 k = 0.0065 a = 0.0868 b = 0.9621 n = 0.1066 7th

M7 0.9690 0.0723 0.1668 0.7231 k = 0.1037 a = 0.0012 1st

Results and discussion
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convective drying; out of approx. ten model equations used, 
the model equation presented in Aghbashlo et al. (2009) 
best described the drying behaviour of product. Faisal et 
al. (2013) reported that Midilli model best described the 
drying characteristics of pretreated potato cubes dried at 
the maximum temperature of 80 °C, as well as thin layer 
drying of cassava slices in a convective dryer (Dairo et al., 
2015). Furthermore, Ojediran and Raji (2010) concluded 
that modified Page and Page models best described the 

drying characteristics of EX-BORNO and SOSAT C88 millets, 
respectively, at drying temperature range of 30–70 °C.

Solution and simplification of selected model 
equation

Table 6 presents different solutions of the selected two-term 
exponential model equation (coded M7 in Tables 2–5). The 
equations obtained after the solution are simplified for ease 
of use and for faster execution of computation. 

Table 3	 Model performance for 40 °C osmotic solution temperature

Models R2 χ2 RMSE SSE Coefficients Rank

M1 0.9447 0.0659 0.1670 0.7251 k = 0.0859 2nd

M2 0.9972 0.0936 0.1897 0.9359 k = 0.0189 n = 1.6609 5th

M3 0.9393 0.0761 0.1711 0.7614 k = 0.0966 a = 1.0985 4th

M4 0.9682 0.1034 0.1995 1.0343 a = -0.0611 b = 0.0009 7th

M5 0.9393 0.0807 0.1671 0.7263 k = 0.0966 a = 1.1701 b = -0.0651 2nd

M6 0.9969 0.1177 0.1903 0.9414 k = 0.0152 a = 0.9769 b = -0.0002 n = 1.7470 6th

M7 0.9389 0.0642 0.1572 0.6424 k = 0.0992 a = 0.8697 1st

Table 4 	 Model performance for 50 °C osmotic solution temperature

Models R2 χ2 RMSE SSE Coefficients Rank

M1 0.9760 0.1012 0.2069 1.1134 k = 0.0711 2nd

M2 0.9766 0.1467 0.2375 1.4669 k = 0.0218 n = 1.4862 6th

M3 0.9751 0.1217 0.2164 1.2170 k = 0.0759 a = 1.0699 4th

M4 0.9806 0.1390 0.2312 1.3903 a = -0.0553 b = 0.0007 5th

M5 0.9753 0.1309 0.2129 1.1780 k = 0.0751 a = 1.1542 b = -0.0807 3rd

M6 0.9704 0.1861 0.2393 1.4891 k = 0.0172 a = 0.9662 b = 0.0008 n = 1.5399 7th

M7 0.9751 0.1073 0.2032 1.0731 k = 0.0772 a = 0.8976 1st

Table 5 	 Model performance for 60 °C osmotic solution temperature

Models R2 χ2 RMSE SSE Coefficients Rank

M1 0.9782 0.1427 0.2457 1.5692 k = 0.0546 2nd

M2 0.8912 0.2758 0.3257 2.7578 k = 0.0018 n = 2.2680 7th

M3 0.9770 0.1963 0.2747 1.9626 k = 0.0624 a = 1.1479 4th

M4 0.9813 0.1740 0.2587 1.7404 a = -0.0478 b = 0.0006 3rd

M5 0.9780 0.2181 0.2744 1.9632 k = 0.0557 a = 1.2936 b = -0.1501 5th

M6 0.8615 0.3398 0.3233 2.7183 k = 0.0008 a = 0.9582 b = -0.0004 n = 2.5436 6th

M7 0.9768 0.1503 0.2404 1.5027 k = 0.0669 a = 0.7878 1st

Table 6	 Solutions of the two-term exponential model equation

Osmotic solution temperature a k MR = aexp(-kt) + (1 – a)exp(-kat): M7 (two-term exponential model equation)

30 °C 0.0012 0.1037 MR = 0.0012(0.9015t) + 0.9988(0.9999t)

40 °C 0.8697 0.0992 MR = 0.8697(0.9056t) + 0.1303(0.9173t)

50 °C 0.8976 0.0772 MR = 0.8976(0.9257t) + 0.1024(0.9330t)

60 °C 0.7878 0.0669 MR = 0.7878(0.9353t) + 0.2122(0.9487t)
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Conclusion
The drying behaviour of osmo-pretreated red bell 

pepper using seven existing thin-layer drying models was 
studied. The two-term exponential model best described 
the drying behaviour of the product in osmotic solution 
temperature range of 30–60 °C and drying air temperature 
of 60 °C. The solved two-term exponential model equations 
can be used to predict and estimate the moisture ratios 
and drying times of red bell pepper pretreated in osmotic 
solution temperatures ranging from 30 °C to 60 °C. Moreover, 
these solutions can serve as useful tools for optimizing and 
simulating the food processing operations with a view to 
upscaling it to industrial level, as well in designing efficient 
dryers needed for the process. Values obtained for other 
models that were not selected can be also used as reference 
and guide for other similar studies in future.
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One of the most important types of feed in the diet of farm 
livestock is silage. It approx. amounts to 40% of the nutritional 
value (Kalashnikov, 2003; Khokhrin, 2002). Globally, the 
main crop for silage production is corn (Boyarsky, 2011a). 
The silage production accounts for approx. 70% of the total 
cattle forage in Western Europe (Jones, 1998). 

Nowadays, various forage storage facilities are used 
for the preparation and storage of silage, including silo 
trench (or pit), silo bunker, silo tower, and silo bags. However, 
all existing technologies utilize mechanical means under 
stationary conditions using expensive equipment to compact 
the silage mass (Boyarsky, 2001b; Holmes and Muck, 2000; 
Revich and Nekrasevich, 2013; McAllister and Hristov, 1995; 
Karpenko, 1974; Sagyndykova et al., 2019a, 2019b). 

Analysis of the feed ensiling using the aforementioned 
facilities shows a number of significant drawbacks, i.e. high 
costs of construction of trenches and towers, large losses 
of silage mass and nutrients (reaching 3–25%), silage mass 
acidification (Asplund, 1994; Erdman, 1993; Harrison et al., 
1994; Keller et al., 1998; Limin Kung et al., 2018; Ferraretto et 
al., 2018; Kažimírová et al., 2020).

The top priority in silage production is to rapidly reduce 
oxygen level and increase acidity so that lactic acid bacteria 
are able to grow in order to stabilize and preserve the forage. 
In 2–3 days after ensiling, cell juices become available as 
a food source to silage bacteria. By this time, the oxygen 
should have been eliminated, and silage pH should have 
declined to a level at which the lactic acid bacteria can grow 
(pH = 5.5–5.7). The lactic acid bacteria start to propagate, 
producing lactic acid (C3H6O3) and certain amount of acetic 
acid (C2H4O2), which results in increased silage acidity. 
After approx. six weeks later, silage should reach a final 
pH value (3.8–4.0 in corn silage) according to Ward and 
Ondarza (2009), Ralh and Ondarza (2008), and Limin Kung 
et al. (2018). Furthermore, these researchers reviewed the 
evaluation of forage fermentation, which produce higher 
amounts of lactic acid, typically resulting in the lowest dry 
matter losses.

The construction of expensive structures, such as silo 
trenches and silo towers, is not effective on a small farm scale 
due to a long payback period (Orsik and Revyakin, 2008; 
Yemelyanov et al., 2019). Therefore, the search for efficient 
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existing technological processes under 
industrial production conditions.

The scheme of the technological 
process for preparation and storage 
of silage based on the proposed 
technology is shown in Fig. 1.

Transport and grinding of silage are 
performed by a combine. The ground 
mass is loaded into flexible containers 
placed on a truck cargo body. A flexible 
polyethylene container with a load-
carrying bag is located inside a metal 
matrix. Matrix volume depends on 
the transport body size (Sagyndykova 
et al., 2019b; Zhukovskyy et al., 2019; 
Kuzmin and Sharifullina, 2014). 

Silage preparation technology 
includes the following operations: 
preparation of green mass by cutting, 
grinding and loading into the vehicle; 
preparation of containers for filling with 
green mass, involving also insertion 
and hanging of intermediate bulk 
container in the matrix, and insertion of 
the airtight flexible container into the 
flexible intermediate bulk container; 
sealing of the container filler by 
continuous heat sealers; loading of the 
prepared containers into the vehicle 
using manipulator for transportation 
to storage facilities.

Compaction of silage in a  soft 
container was presented by 
Nekrashevich et al. (2015, 2017, 2020).

A pycnometer method based on 
Archimedes Principle was used to 
determine the dependence of changes 
in volume of silage mass contained in 
flexible container on different vacuum 
pressures. A sealed mini container 
with silage mass was immersed in 
a container with water of a known 
volume and a volume of displaced 
water was measured before and after 
the mini container was compacted. The 
water level in a water-filled graduated 
cylinder was recorded before 
vacuuming the container with silage. 
After that, the air was pumped out 
of flexible container using a  vacuum 
pump, resulting in an increase in the 
density of silage in container, and 
the water level was recorded again. 
Subsequently, the vacuum pressure 
inside the flexible mini container was 
increased. Each increase in vacuum 
pressure was repeated five times. 
Changes in the mini container volume 
were measured with each increase in 
the vacuum pressure. The differences 
in water levels in the measuring 
container were used to determine the 
silage mass volumes at each observed 
vacuum pressure (Sagyndykova et al., 
2019a).

As a result of measuring the 
volumes of silage mass, different 

methods for forage preparation, 
including silage mass, is relevant.

In addition to this, readily 
available materials made of 
polyethylene films used in solar 
drying equipment (Khazimov et al., 
2018a) and in growing vegetables 
(Khazimov et al., 2018b, 2019) 
appeared on the market, which were 
observed to have a wider range of 
application. Polyethylene films can 
be also used as wrapping materials in 
feed preparation (Korotkevich, 1990; 
Woolford, 1989; Toková et al., 2020).

In the last two decades, the study 
of vacuum effect on the ensiling 
process using polymer material has 
begun (Johnson et al., 2005; Patent 
RU 2625480; Patent RU 193970). The 
corn is ground by a forage harvester 
and the resulting green mass is loaded 
into soft containers made of airtight 
polyethylene film, which are installed 
in transport bags (Big-Bag type). The 
Big-Bags are placed inside truck-
mounted cassettes with rigid solid 
walls (Patent RK 33415; Sagyndykova 
et al., 2019a, 2019b; Nekrashevich et 
al., 2015, 2017; Malarev et al., 2020). 
The filler of a flexible container with 
silage is sealed using a heat sealer. Air 
is pumped out of the flexible container 
via a flap valve using a vacuum pump. 
Flexible containers are vacuumed until 
the juice will flow out. Subsequently, 
such containers are extracted from 
a matrix by a manipulator and loaded 
into transportation unit and delivered 
to a storage facility. 

Feed is stored in flexible containers 
inside Big-Bags folded on each other 
under airless conditions. In two to 
three storage days, the gas produced 
by a  fermentation process inside 
containers should be pumped out. 
After 40 days, feed in the flexible 
containers can be used to feed livestock 
(Sagyndykova et al., 2019a, 2019b).

The research purpose was to 
develop the essentials for silage 
preparation in flexible polymer 
containers by vacuuming and assess 
the silage quality (Sagyndykova et 
al., 2019a, 2019b). The tasks that 
were solved include theoretical 
and experimental justification of 
parameters of flexible containers used 
for preparation, transport, and storage 
of silage, as well as comparative 
study of qualitative composition of 
silage prepared using proposed and 

Material and methods

 
Fig. 1	 Scheme of technological process for silage preparation 

1 – generator; 2 – compressor; 3 – tank with compressed air; 4 – vacuum pump; 
5 – continuous heat sealers; 6 – tank; 7 – matrix for a flexible container; 8 – forage 
harvester
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density values were obtained at each level of vacuum 
pressure. The density was defined as the ratio of mass to 
volume, i.e.:

	 ρ = M · V-1 or ρ = MM (V2 – V1)-1	 (1)

where:
ρ	 –	 density (kg∙m-3)
М	 –	 mass (kg)
V	 –	 volume of silage mass (m3)
Мm	 –	 mass of silage monolith (kg)
V2 – V1	– water volume in cylinder before and after putting in 

the container (m3) 

The silage mass compaction factor was calculated as 
follows:

	 λy = Vk · V-1 = γ · ρ-1	 (2)

where:
V and Vk	 –	volume of silage before and after compaction 

(m3)
ρ and γ	 –	density of compacted and noncompacted silage 

(kg∙m-3)

Based on the results of laboratory experiments, graphs 
of changes in the volume and density of silage depending 
on the vacuum pressure were obtained.

For the purposes of field experiments, the flexible 
container was made of flexible polyethylene hoses (PE-115) 
with a diameter of 1.6 m and a height of 3.8 m. The thickness 
of polyethylene plastic hoses was 200 microns. The lower 
side of flexible container was sealed by continuous heat 
welding. On one side of the flexible container, a check valve 
was installed for the purposes of pumping the air from 
a flexible container (Patent RK 33425).

A matrix for placing a Big-Bag and flexible container 
was made of steel in a shape of square truncated pyramid 
(lower 1.0 × 1.0 m, upper 1.2 × 1.2 m). The matrix height is 
1.7 m. The dimensions of Big-Bag were selected from the 
standard sizes based on the possibility of using mechanized 
lifting devices (up to 1 ton) at farm facilities. The matrix was 
mounted on a plain surface. Subsequently, the Big-Bag was 
inserted inside the matrix until it reached the flat bottom. 
Lifting loops (in the upper corners) of the Big-Bag were 
attached to the matrix corners (in the upper part). A flexible 
container was placed inside the Big-Bag, reaching the flat 
bottom as well. The container filler was fastened along the 
perimeter of upper cassette base (Fig. 2).

Ground green mass was loaded into flexible containers 
up to the top matrix level. The neck surface of soft container 
was welded after cleaning the impurities. Subsequently, 
the air was pumped out of a flexible container through the 
check valve using the vacuum pump. Vacuum pressure was 
controlled by a vacuum gauge in the vacuum line. External 
structural dimensions of the container with silage mass 
were determined using a tape measure. The mass of the 
container with silage was determined using pre-calibrated 
dynamometric scales. The determination of parameters of 
vacuumed container was replicated five times.

For the purposes of biochemical analysis, the silage 
samples (Federal Standard R55986-2014) were taken from 
a silo trench and from flexible vacuum containers. Thirty 
flexible vacuum containers have been stored under the 
same conditions since September 2018 and located near 
the silo trench. The first flexible vacuum containers were 
opened in March 2019, the second in July 2019, and the 
last in September 2019. All silage samples came from the 
same corn variety and field, were transported during the 
same period, and had the same physical and mechanical 

Fig. 2	 Scheme and general view of flexible container “Big-Bag” and flexible plastic container in the matrix for field test

schemes overall view
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increased energy costs and packing 
time, which is unreasonable.

The change in silage volume due 
to compaction pressure is presented 
in a form of curve with decreasing 
tendency with increasing pressure. 
The ordinate report starts at 10  kPa, 
which is due to the fact that, after 
welding the neck of container with 
silage, a certain amount of air remains 
inside the folds. Therefore, for the 
purposes of experiment reliability, a 
calculation was performed for range 
10–60 kPa of vacuum. Based on the 
curve obtained, the decrease in silage 
mass volume at 60 kPa was approx. 
37%, which is why the container for 
field test was taller than the Big-Bag 
by 30–40%. This approach takes into 
account the silage mass compaction 
according to the theoretical 
calculations and  the compaction will 
occur along the height of the flexible 
container to a  greater extent (due 
to the self-weight mass of silage). 
The compaction coefficient λy was 
employed for the purposes of practical 
control of mass compaction in field. 
It characterizes the ratio of residual 
volume to initial volume. A  sufficient 
compaction value λy equals to 0.7, 
which represents a  decrease in 
volume by 30% (Fig. 3). By vacuuming 
the flexible container with silage 
in the field, the compacted mass 
acquired the shape of Big-Bag in the 
form of a  rectangular prism and the 
dimensions decreased in comparison 
to original size (Table 1).

The field test showed that 
dimensions reduced by 9–10% in 
length and width, and by 40% in 
height. A  significant change in height 
is related to the fact that there acts the 
silage weight itself besides the vacuum 
pressure in the vertical direction. This 
change was assumed in the theoretical 
description (Nekrashevich et al., 2020). 
Furthermore, this test also showed 
that the average density of silage in 
containers was 850 kg∙m-3 (at vacuum 

properties. Assessment methods 
of silage quality were carried out 
according to the requirements of 
Federal Standards RF 23638-90 and 
53903-2010. 

A graphical dependence of the density 
and volume of silage mass on the 
compacting pressure obtained by 
vacuuming the container is presented 
in Fig. 3. The density curve in a range 

of vacuum pressure of 0 to 60 kPa 
increases from 460 to 820 kg∙m-3. 
Reaching the pressure of 50 kPa, there is 
a stop to density increasing, which can 
be explained by the fact that the green 
mass acquires almost the density of 
corn stalk (approx. 850 kg∙m-3). Further 
compaction causes the succus to flow 
out. Usually, the silage density in silo 
trenches does not exceed the value 
of 650 kg∙m-3. Therefore, the silage 
density in flexible plastic containers 
will be ranging from 650 to 800 kg∙m-3. 
Further compaction would result in 

Results and discussion

 Fig. 3	 Changes in density and volume of silage in a flexible plastic container 
depending on vacuum pressure

Table 1	 Indicators of the geometric dimensions of the container before and after vacuuming

Items (metrics) Height (m) Width (m) Length (m)

Before vacuuming 1.60 1.05 1.05

After vacuuming 0.90 0.85 0.85

After repeated vacuuming after 2 days 0.90 0.85 0.85

 

Fig. 4	 Results of forage chemical analysis in terms of natural moisture (%)
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pressure of 60 kPa), which is higher by 30% in contrast to the 
silage density in trench.

The quality indicators of silage obtained by two 
technologies (vacuum and trench) are shown in Fig. 4, 
depicting each quality indicator in pairs (the left is for silage 
from vacuumized container; the right is for silage from 
trench) for visual comparison.

According to the analysis results, the nutrient and 
estimated metabolizable energy (ME) composition in each 
vacuum-packed sample compared to a  trench sample 
exceeded: dry materials (DM) by 2.05%; protein more than 
by a factor of 1.47; nitrogen-free extractive substances 
(NFES) more than by 1.37; starch by 1.56; Ca by 1.83%; 
P  more than by 2. Considering the other indicators which 
were not determined in percentage terms: digestible 
protein (DP) was increased by a factor of 1.24; feed unit by 
1.31; exchange energy (EE) by 1.16. Furthermore, there were 
indicators that showed decrements: fat was decreased by a 
factor of 1.16; fibre by 1.21; sugar by 1.18; ash by 0.14%.

The reliability of silage quality study was achieved by 
conducting five repetitions for each analysis throughout the 
year. The error deviation was estimated by statistical analysis 
in order to ensure that the indicators of deviations are in 
confidence interval (Table 2). Furthermore, these results 
were supported by analysis of variance of data.

Vacuum-packed silage showed good sensory properties, 
such as yellow-green colour and the odour showed a clear 
gentle linear pattern of change like pickled vegetables. 
Considering the visual comparison (Fig. 4), the silage 
extracted from the flexible plastic container showed 
a  brighter colour than the silage from trench, which was 
much darker. The indicators relevant for chemical analysis 
of the vacuum-packed silage suggest a good quality, which 
was achieved thanks to good sealing of the container for 
storage period and storing of the succus (juice) released 
during the compression process together with the silage 
mass inside the container. Silage succus in the silo trench 
flows out, resulting in the loss of valuable nutrients and 
deterioration of storage environment. The excess of DM by 
2.05% in a flexible container is due to the fact that, in case 
of flexible container, sampling is performed in the middle 
part and moisture accumulates in the lower part of the 

container; in case of trenches, the sampling is conducted 
in the lower part with high residual moisture. In addition 
to this, the DM values in the container and trenches are in 
accordance with the requirements given by the standard. 
Loss of dry matter in silage depends on quality of grinding; 
quality of compaction; sugar content, etc. Thanks to the 
high-quality compaction in the flexible container, the 
succus does not flow out. In a trench, the silage mass is 
squeezed and the succus leaks out into the ground, taking 
numerous components with it. Therefore, the indices of 
individual substances, such as protein, NFES, starch, Ca and 
P in a soft container turned out to be underestimated due to 
the succus preservation. However, DM values in container 
and trench are in accordance with the standards (Gerlach 
et al., 2013; Kristensen, 2010). The research results prove 
the benefits of silage preparation in a soft container with 
the possibility of transportation and storage (without the 
necessity of special structures) with a guarantee of its quality 
preservation. From an environmental point of view, silage 
storage in a soft container is also a way to avoid the loss of 
silage (due to decomposition after opening the traditional 
storage facility) and succus leakage into the ground.

Conclusion
The research results for the technology of preparation and 
storage of silage in flexible containers using vacuuming 
showed that its utilization eliminates the majority of 
disadvantages typical for the classic methods (silage trench, 
etc.). The construction of special facilities and storage places 
is not required for its use. Compaction of the silage mass in 
flexible containers via vacuuming at a pressure of 60 kPa 
resulted in a density of 800–850 kg∙m-3. This value is higher 
by 30% in contrast to the silage density prepared using the 
traditional method.

Comparative study of the quality indicators of silage 
obtained by the vacuuming technology and traditional 
method made it possible to establish an improvement in 
indicators in favour of the proposed method: dry matter was 
increased by 2.05%; ash by 0.14%; protein by a factor of 1.47, 
nitrogenous substances by 1.37; starch by 1.56; calcium by 
1.83; phosphorus by 2; digestible protein by 1.24; fodder 
units by 1.31; exchange energy by 1.16.

Table 2	 Statistical analysis of silage quality indicators

Repetitions Indicators

DM protein oil cellulose NFES sugar starch ash Ca P DP EE

1 27.5 2.89 1.1 7.47 13.93 1.95 6.08 1.82 0.39 0.15 17.91 2.94

2 29.11 3.2 1.13 7.49 15.32 0.97 5.3 1.97 0.31 0.13 19.82 3.09

3 28.65 2.34 1.08 6.94 16.9 1.82 6.94 1.39 0.28 0.09 17.54 3.13

4 27.13 1.9 1.35 7.79 14.19 2.08 5.3 1.9 0.23 0.09 16.81 2.8

5 29.01 3.41 0.94 6.03 16.29 1.66 5.34 2.31 0.38 0.16 21.12 3.07

Totality 141.4 13.74 5.9 35.72 76.63 8.64 28.96 9.39 1.59 0.62 93.2 15.03

Average 
readings 28.28 2.748 1.18 7.144 15.326 1.73 5.79 1.878 0.318 0.124 18.64 3.006

Root mean 
square 
deviation

0.811 0.556 0.172 0.620 1.152 0.41 0.65 0.295 0.060 0.029 1.59 0.121
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After opening the container, its content with an average 
volume of 1 m3 was fully used as animal feed (no losses 
from oxidation). After opening the trench, the free space in 
the silo caused oxidation in the surface, making the silage 
unusable. The method proposed showed the advantages of 
storing all silage volumes (30 m3) in separate containers for 
2 years during the research.
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Energy consumption is increasing worldwide, with 
estimated 30% increase in consumption by 2040 (IEA, 2017). 
For this reason and issues associated to it, the European 
Union Renewable Energy Directive (RED) 2009/28/EC 
was established, obliging the EU to increase the share of 
renewable energy in gross final energy consumption from 
8.5% to 20% by 2030 (Gerritsen, 2015).

Utilization of targeted biomass (SRCs – short rotation 
crops, maize monocultures, etc.) brings significant 
environmental impacts, such as biodiversity change, land-
use change, food availability, etc. (Gallagher, 2008; Popp et 
al., 2014; Genbach et al., 2018). A more suitable approach 
would be to utilize the secondary products from agriculture, 
forestry, and other activities as renewable energy sources. 
Such exploitation of these residue materials can bring 
environmental, economic and energy benefits (Spöttle 
et al., 2013; Dhaundiyal and Hanon, 2018). Furthermore, 
the costs arising due to processing of these residues can 
be compensated by the profit from the energy obtained. 
Pruning vineyard residues can be considered such a source. 
In addition to this, grapes are also profitable crops in the 
country (Alves et al., 2019). The residues of agricultural 
products, especially biomass by-products from vineyards, 
are used as a strategic fuel source of in many European 
countries (Beccali et al., 2009; Velazquez-Marti et al., 2011; 
Scarlat et al., 2011).

Burning of plant residue of this nature in an open fire is 
a worldwide and long-term bad practice. This is a fast and 
cheap method of processing large volumes of material 
residue, yet it is not environmentally friendly (Alves et al., 

2019); moreover, the emissions from this type of burning 
have negative impacts on air quality, human health, and 
environment (Chen et al., 2017; Zhao et al., 2017; Liu et 
al., 2018; Malaťák et al., 2020). Therefore, it is advisable 
to carry out the burning under controlled conditions in 
boilers. In order to facilitate the feeding of these materials 
prior combustion in boilers, they can be either pelletized or 
chipped (Holubčík et al., 2018; Hamedani et al., 2019).

The relatively high ash and moisture contents can cause 
issues to small residential biomass boilers (Zanetti et al., 
2017). The yield of vineyard pruning residue material can 
reach up to approx. 1 t·ha-1, making it suitable for application 
in boilers under domestic conditions. However, Zanetti 
et al. (2017) measured ash content of vineyard pruning 
residues (3.3–5.5%) and compared it with biomass wood 
ash content (0.4%), coming to conclusion that these values 
can represent a limiting factor to proper operation of these 
types of boilers. Nevertheless, according to Spinelli et al. 
(2012), these materials can still be exploited under industrial 
conditions despite their high ash contents.

The aim of this study is to determine the contents of 
ash, moisture, and volatiles. These results, especially the ash 
content result, can be used in further development of the 
efficient technology for the purposes of combustion.

For this study, the samples of vineyard pruning residues from 
Rakvice Stand in the Moravian viticultural region were used. 
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temperature for 60 min., the residues correspond to ash 
content. The proportions of particular components are 
calculated according to the following equations:

		  (1)

where:
w	 –	 moisture content
m1	 –	 original sample weight
m2	 –	 dry matter weight

		  (2)

where:
A´	 –	 sample ash content
m3	 –	 ash weight

		  (3)

where:
pps	 –	 ash content in dry matter

		  (4)

where:
h´	 –	 combustible content in the sample
m4	 –	 weight of combustible content

		  (5)

where:
phs	 –	 weight of combustible content in dry matter

In order to determine these variables, the following 
standards were utilized: STN EN 15148; STN EN 14775; and 
STN ISO 1171.

The thermogravimetric analysis results (Fig. 2) show different 
behaviour of used biomasses from vineyards during 
heating, especially in the first phase, which corresponds to 
the release of moisture and adsorbed water. The mass loss 
during 175 and 250 minute of measurement corresponds 
to the main phase of decomposition (Ondro et al., 2018; 
Vitázek et al., 2019).

In certain cases, the main phase of decomposition is 
shifted to lower temperatures. This can be caused by the 

Four different vine varieties were utilized for this experiment: 
Welschreisling, Grüner Veltliner, Gewürztraminer, Palava; 
these samples were collected in area with average annual 
temperature of 9–10 °C. These samples were ground in the 
cutting mill Retsch SM 100  in order to obtain the sample 
particle size less than 1 mm.

For the purposes of thermogravimetric experiments, 
furnace Nabertherm L9/11/SW/P330 with Kern digital scales 
were used (Fig. 1). The measurements were carried out under 
the static air atmosphere conditions using the samples with 
mass ~10 g. For each sample, three or more experiments 
were performed, according to the reproducibility of the 
obtained results.

The experiments were performed in accordance with 
the STN ISO 1171. Table 1 shows the parameters during 
thermogravimetric measurement. These intervals allow the 
determination of moisture content, combustibility, and ash 
content.

Firstly, the samples were heated to 105 °C and dried for 
120 min. in order to remove the moisture. Subsequently, 
the samples were heated to 500 °C, where the mass loss 
contributes to combustible volatiles. The last step was 
to heat the samples to 815 °C – after subjection to this 

Fig. 1	 Apparatus for thermogravimetric experiments

Table 1	 Parameters obtained in thermogravimetric measurement

Interval 1 2 3 4 5 6

Time (min) 60 120 60 60 60 60

Temperature (°C) 20–105 105 105–500 500 500–815 815
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weakest bond sites of hemicelluloses, 
since bond power and degradation 
rate may vary (Melcer et al., 1990). 
Considering the Grüner Veltliner 
sample, the concentration of 
weaker bonds was probably higher, 
which led to occurrence of thermal 
decomposition at lower temperatures 
in contrast to the other vineyard 
pruning residue samples. After the 
isotherm at 500 °C, there was no 
other process phase that could cause 
another mass loss of the sample.

On the basis of these 
thermogravimetric measurements, 
the moisture, combustible, and ash 

contents were calculated according to 
Eqs 1–5, and the obtained values are 
listed in Table 2.

Table 2 provides the basic 
characteristics of pruning residues 
from vineyards. The moisture content 
ranged from 27.84% to 37.48%, the 
ash content ranged from 1.80% to 
2.61%, the combustible matter content 
ranged from 60.25% to 69.55%, the 
ash content in the dry matter ranged 
from 2.76% to 3.62%, and the content 
of combustible matter in dry matter 
ranged from 96.37% to 97.24%.

Calorific value types of woody 
biomass have been studied often, 

e.g. the articles by Burg et al. (2017) 
and Manzone et al. (2016), who 
presented 14  years of observational 
data, report the calorific values (Lower 
Heating  Values, LHVs) of various 
samples of vineyard pruning residue 
of 18.2 MJ·kg-1 and 17.96  MJ·kg-1, 
respectively. However, the ash content 
is also important due to the well-
known fact that the energy content is 
inversely proportional to ash content 
(Picchi et al., 2018).

This value is important, because 
the EN ISO 17225 divides the solid 
fuels (wood chips) into various groups 
on the basis of this data. Parameters 
determined in thermogravimetric 
measurements (Table 1) show that 
there is no significant difference 
between the ash contents of 
individual samples. However, the 
Palava sample was the only sample 
that met prerequisites for inclusion 
to the B category. On the other hand, 
based on the measurements, the ash 
content in the rest of samples was 
higher than the limit for this category. 
Therefore, it can be concluded that 
the samples of Welschreisling, Grüner 
Veltliner, and Gewürztraminer can 
be mixed with other types of woody 
biomass in order to achieve the lower 
ash content in dry matter. On the 
contrary, Giorio et al. (2019) reported 
the ash content of 3.07–3.10%; 
however, this value strictly depends 
on grape variety. Consequently, for 
the technological purposes, it is better 
to combust the mixtures of different 
types of wood biomass.

It is well-known that the methods 
of processing vineyard pruning 
residues include composting and 
thermal composition. If the material is 
to be for combustion (e.g. as a mixture 
with another wood biomass), it is 
better to dry it before storage, since it 
was observed that it takes approx. two 

Fig. 2	 Thermogravimetric curves (solid lines) of used different grape varieties
a) Palava, b) Welschreisling, c) Gewürztraminer, d) Grüner Veltliner (dashed lines 
characterize the temperature program)

Table 2	 Thermogravimetric measurement results

Biofuel Parameter

W A´ h´ pps phs

Welschreisling 33.27 ±1.40 2.045 ±0.073 64.70 ±1.47 3.0502 ±0.18 96.95 ±0.18

Grüner Veltliner 27.84 ±1.49 2.61 ±0.084 69.55 ±1.41 3.62 ±0.044 96.38 ±0.044

Gewürztraminer 37.48 ±1.76 2.27 ±0.0012 60.25 ±1.76 3.63 ±0.11 96.37 ±0.11

Palava 35.012 ±0.12 1.80 ±0.10 63.19 ±0.24 2.76 ±0.14 97.24 ±0.14
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weeks to form the mould on ground samples of vineyard 
pruning residues (Fig. 3).

Conclusion
Majority of scientific studies are aimed to determine 
the calorific value of different types of vineyard pruning 
residues. However, considering the technological 
point of  view, the ash content also represents 
a significant factor and it is important to take into account 
its potential negative impacts on small boilers. For this 
very reason, this study observes ash content and the 
parameters associated with it of various vineyard pruning 
residues by means of thermogravimetric analysis under 
static air atmosphere condition. The main results can be 
summarized as follows:

	– The main thermal decomposition of samples occurs 
approximately in the same temperature range. However, 
this range was markedly shifted to the lower temperature 
in case of Grüner Veltliner sample, which is caused by the 
weaker bond sites of hemicelluloses.

	– Considering all the samples of vineyard pruning residues 
from Rakvice Stand in the Moravian viticultural region, 
the lowest ash content in dry matter was observed in the 
Palava sample.

	– The other samples did not meet the requirements for the 
B category determined by the EN ISO 17225.

	– Based on the results, it can be concluded that it is better 
to combust the mixtures of different types of wood 
biomass for technological applications.

Palava Welschreisling

Gewürztraminer Grüner Veltliner

Fig. 3	 Mould on the ground samples of Palava, Welschreisling, Gewürztraminer and Grüner Veltliner after two weeks
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Widespread application of gear hydraulic machines in 
hydraulic systems is a result of simplicity and compactness 
of their design, reliability, low work content and low 
manufacturing costs, ease of maintenance, and the 
possibility of their direct connection to drive mechanisms 
(Tulík et al., 2017; Kučera and Aleš, 2017; Tkáč et al., 2017). 
Despite the long history of the development of gear 
hydraulic machines and a great number of publications 
in relation to this issue (Casoli et al., 2008; Huang and 
Chen, 2008), certain features of their operation remain 
unexplained, indicating that there is still scientific space 
for further theoretical and experimental studies in order 
to improve their technical parameters. For example, Wang 
et al. (2011) addressed the issue of reducing the gear noise 
and increasing the mechanical efficiency by optimizing their 
design. Stryczek et al. (2019) investigated the possibilities 
of application of trochoidal gearing and solved the issue 
of reducing the contact pressures by optimizing their 
geometric parameters. Furthermore, Gamez-Montero et al. 
(2018) developed a method aimed at creating the basic rules 
in design of trochoidal gear pumps. Ivanovic et al. (2012) 
built a mathematical model determining the minimum 
backlash in gearing in relation to the instantaneous gear 
ratio and examining the influence of geometric parameters 
of gearing in order to achieve quiet and accurate 
operation. Zhou et al. (2017) addressed the issue of bearing 
optimization. |Considering the aforementioned, it is clear 
that gear pumps are still the subject of research by scientists 
around the world. Researchers are still unable to explain 
and determine the causal relationship of multiple operation 
features of gear hydraulic machines, including formation 
of and changes in the geometric parameters of the cut-off 

plane, decrease in the displacement in contrast to expected 
value, the causes of the inlet pulsation and pressure, and the 
pulsating change in the gear hydraulic motor torque.

Presented paper describes a theoretical contribution 
aiming to further develop the mathematical models of 
movement of hydraulic oils in the pump body in relation 
to the pulsation of pressure and oil supply, and changes in 
bearing load.

The research results presented can become the basis 
for further development of the theory of gear hydraulic 
machines. The main directions of these theoretical studies 
are as follows:

	– study of the input nature taking into account the 
aforementioned features in the operation of gear 
hydraulic machines;

	– study of the features of changes in the cut-off plane and 
hydrodynamic processes occurring in it;

	– study of the inlet pulsation and pressure;
	– study of the load dynamics in pump bearings and motor;
	– study of the dynamics of torque developed by a gear 
hydraulic motor;

	– study of the dynamics of power developed by a gear 
hydraulic motor.

The research objectives include: 
	– establishing the relationship between the pivot angle of 
driving gear φ1 and rotation angles χ1, χ2 of radii ρ1, ρ2 
connecting the axes of rotation of gears O1 and O2 with 
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gearing point T, taking into account 
the slip of involute teeth profiles of 
the gears, which are relative to each 
other;

	– identification of the patterns of 
change in the lengths of radii ρ1, ρ2 
from the parameter φ1.

As a geometric interpretation of tooth 
gearing, the gear teeth are visualized in 
a form of system of plates O1A1, O2A2, 
O1T and O2T (Figs 1–4). This method 
was also used by other researchers 
(Kuleshkov et al., 2010). However, an 
approach to describe the hydraulic oil 
flow dependence on the geometric 
parameters and movement features of 
gears is used for the first time.

Fig. 1 presents tooth-gearing 
diagram of a gear hydraulic machine 
when a new pair of teeth comes into 
gearing. Fig. 2 presents a gearing 
diagram at the current moment of 
time. Fig. 3 shows the gearing diagram 
when the teeth are in the contact point, 
and Fig. 4 depicts the gearing diagram 
when the first pair of teeth comes out 
of gearing.

While developing the suggested 
mathematical model, for the reference 
point purposes, the radius OM was 
selected to determine the pivot angles 
of the driving gear elements and the 
radius ON of the driven gear.

For the driving gear, the point 
O1 is the centre of its rotation. At the 
same time, for a positive direction, the 
rotation of the radius is clockwise.

For the driven gear, the point O2 
is the centre of its rotation; for the 
positive direction, the rotation of the 
radius is taken counter-clockwise.

The reference system is selected 
in such a way that the pivot angles of 
the driving and driven gears φ1 and φ2 
from the beginning to the end of the 
tooth gearing (Figs 1–4) will be positive 
despite the fact that the gears rotate 
in opposite directions. This is because 
the volume of hydraulic oil is a  scalar 
quantity and can only be positive.

Here is the description of the 
proposed geometric model of tooth 
gearing of a gear hydraulic machine.

In Figs 1–4, the following gear 
elements and their relationships are 
presented: MN – teeth gearing line; 
P – contact point; αw – gearing angle; 
ra1 – addendum circle radius; ρ1, 

Results and discussion

 
Fig. 1	 Diagram at instance of new pair of teeth coming into gearing

 
Fig. 2	 Diagram of gearing elements position in real time

 
Fig. 3	 Diagram of teeth position at contact point



86

Acta Technologica Agriculturae 2/2021Yuri V. Kuleshkov et al.

Further rotation observation of 
these radii in Fig. 2 indicates that the 
differences in angles χ1 – φ1 and χ2 – φ2 
decreased. Fig. 3 depicts the instance 
when the points K, and T and L and T 
simultaneously reach the gearing point 
P. In this case, the radii O1K and ρ1, and 
the radii O2L and ρ2 coincide and lie on 
the centre line, and the differences in 
angles are χ1 – φ1 = 0 and χ2 – φ2 = 0. 
This suggests that the angular rotation 
velocity of radii O1K and O2L is higher 
than the angular rotation velocity of 
radii ρ1 and ρ2, which can be explained 
by the slip of involute profiles of gear 
teeth. With further rotation of gears, 
this trend continues (Fig. 4).

In this context, the aforementioned 
feature of gear operation of a gear 
hydraulic machine was not reflected 
in scientific works (Vacca and 
Guidetti, 2011). It should be noted 
that similar approach for developing 
a mathematical model for the input 
in gear pump was taken by other 
researchers. However, the initial 
assumptions associated with the fact 
that the angle of rotation of the radii ρ1 
and ρ2 is rigidly connected to the angle 
of rotation of the driving gear φ1 and 
the driven gear φ2 are erroneous.

There is a relationship between the 
angle of rotation of the driving gear φ1 
and the angles of rotation of the radii 
ρ1 and ρ2. Such a relationship can be 
obtained based on the definition of 
involute (Artobolevsky, 1988).

Based on the diagrams (Figs 1–4), 
for the driving gear, it is possible to 
give the expression taking into account 
the concept of the angle involute as 
follows (Artobolevsky, 1988):

	 χ1 = φ1 + inv αw – inv χ1 	  (2) 

After definition of involute inv  x = 
tg  x – x,  
after adjusting:

	 χ1 = arctg (φ1 + tg αw – αw)	

	 or χ1 = arctg (φ1 + inv αw) 	  (3)

Alternatively:

	 φ1 = tg χ1 – tg αw + αw	

	 or φ1 = tg χ1 – inv αw 	  (4)

Similarly, the dependence between 
angles χ2 and φ2 is created: 

	 χ2 = φ2 – inv χ2 + inv αw	 (5)

ρ2  – radii from the centres of rotation 
of gears O1 and O2 to the current point 
T of the gearing of involute profiles on 
the gearing line MN; x – distance from 
the contact point Р to the gearing 
point of teeth Т; O1C1; O2C2 – radii from 
the centre of rotation of gears to the 
intersection points of base circles with 
involute profiles; TE – height of the 
triangle O1O2T; rb1, rb2 – radii of base 
circles; r1, r2 – radii of pitch circles; rf1, 
rf2 – radii of dedendum circles; O1K = r1, 
O2L = r2 – radii from the rotation centres 
of gears rolling over each other; φ1, φ2 – 
current pivot angles of the driving and 
driven gears at measuring reference 
point from the radii ОМ for the driving 
gear and from the radii ОN for the 
driven gear. 

There is a dependence between 
the increase in pivot angle of the 
driving gear Δφ1 and increase in pivot 
angle of the driven gear Δφ2: 

	 Δφ2 =  Δφ1/i 	  (1)

where:
i	 –	 gear ratio
i =   z2/z1   = r2/r1   = ω1/ω2 = n1/n2
z1,  z2	 – number of teeth of the driving 

and driven gears
φ1n, φ2n and φ1k, φ2k – start and end 

pivot angles of the driving and 
driven gears at the beginning 
and end of tooth gearing by 
counting from radii OM for the 
driving gear and from radii ON 
for the driven gear

χ1n, χ2n and χ1k, χ2k – start and end 
pivot angles of the radii ρ1, ρ2

It should be taken into account that 
the driven gear rotates in the opposite 
direction relative to the driving gear 
and the angular coordinates of turning 
of the driven and driving gears have 
different reference points. This will be 
taken into consideration later.

Using gearing diagrams presented 
in Figs 1–4, it is possible to demonstrate 
the differences in rotational motion of 
the radii O1K and O2L, and the radii ρ1 
and ρ2. As it can be seen in Figs 1–4, the 
radii O1K and O2L are directly related 
to the pitch circle and move together 
with the gears without slip. The radii ρ1 
and ρ2 related to the gearing point also 
participate in the rotational motion 
with the slip of involute gear profiles. 
This is the difference in motion of these 
radii.

Fig. 1 shows the gearing beginning; 
the radius O1K is rotated relative to 
the radius O1M by angle φ1n, and the 
radius ρ1 is rotated by the angle χ1n. 
Accordingly, for the driven gear, the 
radius O2L is rotated relative to the 
radius O1N by angle φ2n, and the radius 
ρ2 is rotated by angle χ2n. In its rotation, 
the radius ρ1 is ahead of the radius O1K 
and the difference in the angles of 
their rotation is χ1n – φ1n. Similarly, the 
radius ρ2 is ahead of the radius O2L in 
its rotation and the difference in the 
angles of rotation is χ2n – φ2n. 

 
Fig. 4	 Diagram at the instance when the first pair of teeth are coming out of gearing
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	 χ2 = arctg (φ2 + tg αw – αw) or χ2 = arctg (φ2 + inv αw) 	 (6)

	 φ2 = tg χ2 – tg αw + αw or φ2 = tg χ2 – inv αw 	  (7)

Dependence of the angle χ2 (4) on the variable φ2 was 
obtained, which is inconvenient. Let us get the dependence 
of angle χ2 on the variable φ1, i.e., the dependence χ2 (φ1). It 
is possible to use the concept of gearing ratio.
Using Eq. (1) and Figs 1 – 4, one can see that:

	 ∠LO2P = ∠KO1P/i	  (8)

	 ∠KO1P = αw – φ1	 (9)

	 φ2 = αw + ∠LO2P	 (10)

Subsequently, taking into account Eqs (8) and (9), one 
gets:

	 φ2 (φ1) = αw + (αw – φ1)/i	 (11)

for the gearing with the same number of teeth (i = 1), 
leading to:

	 φ2 (φ1) = 2αw – φ1	 (12)

Then, the dependence in Eq. (6) can be presented in the 
following way:

	 χ2 (φ1) = arctg [(αw – φ1)/i + tg αw]	
	 χ2 (φ1) = arctg [αw + (αw – φ1)/i + inv αw]	  (13)

For the gears with the same number of teeth i = 1 and 
the dependence (13), one gets:

	 χ2 (φ1) = arctg (αw – φ1 + tg αw)	

	 or χ2 (φ1) = arctg [2αw – φ1 + inv αw]	 (14)

The dependences of pivot angles χ1, χ2 of the radii ρ1, ρ2 
on the position of gearing point Т on the gearing line MN 
can be useful. This is determined by the distance x of point Т 
from the gearing point Р. From orthographic ⊲MO1T in Figs 
1 and 2, it is possible to write:

	 χ1 = arctg (MT/rb1)	 (15)

On the other hand, from orthographic ⊲MO1P (Figs 1 and 
2), it is also possible to write: 

	 MT = rb1 tg αw – TP = rb1 tg αw – x	 (16)

By substituting the value МТ from Eq. (16) in Eq. (15), one 
gets the expression for the angle χ1 from x:

	 χ1 = arctg ((rb1 tg αw – x)/rb1) 	  (17)

By substituting Eq. (17) in Eq. (4), one gets the 
dependence of angle φ1 on x:

	 φ1 = αw – x/rb1 	 (18)

Furthermore, it is possible to get the dependence of the 
driven gear pivot angle φ2 on x.

From orthographic ⊲NO2T (Fig. 1, 2), it is possible to write 
NT = rb2 tg αw + x and:

	 tg χ2 = NT/rb2	 (19)

By applying Eq. (19), one gets:

	 χ2 = arctg (NT/rb2) 	 (20)

After adjustments, there is:

	 χ2 = arctg ((rb2 tg αw + x)/rb2) 	 (21)

By substituting Eq. (21) in Eq. (6), one gets the driven 
gear pivot angle dependence on x:

	 φ2 = α + x/rb2 	 (22)

It is possible to get inverse dependences from Eqs (18) 
and (21):

	 x = rb1 (αw – φ1)	 (23)

	 x = rb2 (φ2 – αw) 	 (24)

Dependence (24) with the help of φ1:

	 x = rb2 (αw – φ1)/i 	 (25)

The graphs of the studied dependencies were plotted for 
gears with various parameters and calculated on the basis of 
pumps NSH-32 UK, which is the most mass-manufactured 
type in Ukraine. The parameters of the studied NSH-32 UK 
gearing are presented in Table 1.

Next, the range of argument φ1 was defined. Based on 
the geometric model of hydraulic oil input shown (Figs 1–4), 
it can be argued that the variation range of the argument φ1 
for the gearing cycle of one pair of teeth can be defined as:

	 φ1 = [(αw – π · ε/z1); (αw + π · ε/z1)] 	 (26)

	 φ2 = [(αw + π · ε/z2); (αw – π · ε/z2)]	 (27)

where:
ε	 –	 coefficient of teeth overlaps in gearing

The limits of the changes in pivot angles of the driving 
and driven gears for tooth gearing with different parameters 
are presented in Table 2. 

The pivot angles of driving and driven gears relative to 
the radii O1M and O2N, and alternatively, (Figs 1–4) will have 
the following form:

	 φ1n = αw – π · ε/z1	 (28) 

	 φ1k = αw + π · ε/z1	 (29)
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	 φ2n = αw + π · ε/z2	 (30)

	 φ2k = αw – π · ε/z2	 (31)

Alternatively:

	 χ1n = arctg (tg αw – π· ε/z1) 	 (32)

	 χ1k = arctg (tg αw + π · ε/z1) 	 (33)

	 χ2n = arctg (tg αw + π · ε/z2) 	 (34)

	 χ2k = arctg (tg αw – π· ε/z2) 	 (35)

Next, the length dependences of radii ρ1 and ρ2 on the 
gearing point position on the gearing line MN and on the 
driving gear rotation angle φ were found. This position can 
be determined by the linear coordinate on the gearing line 
MN (Kuleshkov et al., 2010; Kuleshkov et al., 2009).
Using Figs 1–4, the Pythagorean theorem is applied:

	 ρ1,2 = (rb1, 2 tg αw – x)2 + rb1, 2	 (36)

After certain adjustments, one gets:

	 ρ1
2 = (rb1 tg αw – rb1 (αw – φ1))2 + rb1	 (37)

Similarly, in Figs 1–4, it is possible to see that:

	 ρ2
2 = (rb2 tg αw + rb2 (φ2 – αw))2 + rb2	 (38)

Alternatively:

		  (39)

		  (40)

Eq. (40) can be re-written in relation to φ1 taking into 
account Eq. (14) in the following form:

		  (41)

Ultimately, dependences for determining the radii ρ1 
and ρ2 and their rotation angles χ1 and χ2 were obtained. 
It is often necessary to have dependencies that would 
reflect the relationship between the radii ρ1 and ρ2 and the 
angles of their rotation χ1 and χ2. For these purposes, these 
dependencies were obtained in a different form.

From the right triangle ⊳O1MT and triangle ⊳O2NT, one 
gets: 

	 ρ1, 2 = rb1, 2/cos χ1, 2	 (42)

Table 1	 Technical parameters of tooth gearing in the pumps of NSH-32 UK type

Parameters Parameter values for the number of teeth 

z1 = z2 = 8 z1 = 9 z2 = 7 z1 = 7 z2 = 9

Number of gear teeth z 8 z1 = 9 z2 = 7 z1 = 7 z2 = 9

Gearing module m (mm) 5

Angle of base profile a 20º

Diameter of base circle db (mm) 37.588 db1 = 42.3 db2 = 32.8 db1 = 32.38 db2 = 42.49

Addendum diameter da (mm) 55.0 da1 = 60 da1 = 50 da1 = 50 da2 = 60

Angle of tooth gearing aw 33.355º

Centre distance aw (mm) 45.0

Width of tooth Sa (mm) 1.0

Length of the bigger axis of the gear pump G (mm) 100.0

Overlap coefficient of tooth gearing e 1.044 1.030 1.032

Table 2	 Intervals of pivot angle changes of the driving and driven gears and the radii

Gearing parameters Interval of angle changes

driving and driven gears radii r1 and r2

z1, 2 = 8, e = 1.044 φ1 ∈ [9.86º; 56.84º]
φ2 ∈ [56.84º; 9.86º]

χ1 ∈ [13.936º; 46.886º] 
χ2 ∈ [46.886º; 13.936º]

z1 = 9, z1 = 7, e = 1.030 φ1 ∈ [12.75º; 53.95º]
φ2 ∈ [59.836º; 6.864º]

χ1 ∈ [16.695º; 45.502º] 
χ2 ∈ [48.25º; 11.082º]

z1 = 7, z2 = 9, e = 1.032 φ1 ∈ [6.813º; 59.887º] 
φ2 ∈ [53.99º; 12.71º]

χ1 ∈ [11.032º; 48.272º] 
χ2 ∈ [45.521º; 16.588º]

2 2

2

2

2
1 1 1(tg ) 1b w wr       

2
2 2 2(tg ) 1b w wr       

 22 2 1tg ( ) / 1b w wr i        
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Next, it was necessary to define a different form of 
expressions for the lengths and angles of rotation χ1 and 
χ2 of the radii ρ1 and ρ2. Furthermore, by determining the 
length of the radii ρ1 and ρ2, it is possible to find the angles 
of their rotation χ1 and χ2 in the form:

	 χ1, 2 = arccos  (rb1, 2/ρ1, 2) 	 (43)

The obtained expressions for tooth gearings were 
indicated with the number of teeth z1, 2 = 8; z1 = 9, z2 = 7; and 
z1 = 7, z2 = 9.

In certain cases, it is more convenient to use a different 
reference system, i.e., from the longitudinal axis of the gear 

hydraulic machine O1O2. In this case, when the driving gear 
is rotated clockwise, the angle φ1 will take negative values 
in the direction from the axis O1O2 up, and it will take 
positive values in the direction from the axis down. The 
dependences of the angles χ1 and χ2 on the parameter φ1 
take the following form:

	 χ1 = αw – arctg (tg αw – φ1) 	 (44)

	 χ2 = arctg (φ1/i + tg αw) – αw 	 (45)
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Fig. 6	 Dependences of the lengths of radii ρ1 and ρ2 on the 
driving gear rotation angle φ1with the teeth number 
z1 = z2 = 8
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the driving gear rotation angle φ1 with teeth number 
z1 = z2 = 8
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Subsequently, for the dependences of the lengths of the 
radii ρ1, 2 on the parameter φ1: 

		  (46)

		  (47)

Corresponding graphical dependencies will have the 
same form, but the gearing point will be at the point with 
coordinate 0 (Figs 11, 12).

Conclusion
1.	 The source analysis of scientific and technical findings 

showed that, in the existing models of gear hydraulic 

machine working process, the feature of involute gearing 
is not taken into account. The feature lies in a fact that 
involute tooth profiles in their movement mutually slip 
along each other.

2.	 To study this feature, the task was set and successfully 
solved to determine the dependences of rotation angles 
χ1 and χ2 of radii ρ1 and ρ2 connecting the rotation axes 
of gears with the gearing point T at the driving gear 
rotation angle φ1 or the position coordinates of teeth 
gearing point T on the gearing line. At the same time, the 
slip of involute gear tooth profiles has been taken into 
account.

3.	 The dependences of lengths of radii ρ1 and ρ2 connecting 
the rotation axes of gears with the gearing point T at the 
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Fig. 10	 Dependences of the lengths of radii ρ1, 2 on the driving 
gear rotation angle φ1 with teeth number z1 = 7, z2 = 9

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
10

14

18

22

26

30

34

38

42

46

50

1 1( )
deg

2 1( )
deg

1
deg  

Fig. 9	 Dependences of the rotation angles χ1, 2 (φ) of radius ρ1, 
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driving gear rotation angle φ1 or the position coordinates 
of teeth gearing point T on the gearing line were found.

4.	 The expressions obtained will improve the existing 
mathematical models of the hydraulic oil movement in 
gear hydraulic machines, allowing to study a number of 
processes in hydraulic machines, namely:

	– input nature with taking into account the new 
features in work of gear hydraulic machines;

	– features of changes in the cut-off cavity and 
hydrodynamic processes occurring in it;

	– pressure pulsation and hydraulic oil input;
	– nature of change in the load on bearings of pump 
and motor;

	– nature of change in combined torque developed by 
the gear motor;

	– nature of change in power developed by the gear 
hydraulic motor.
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The efficacy of many herbicides, including acetyl CoA 
carboxylase (ACCase) inhibitors, can be affected by spray 
volume (Knoche, 1994). Therefore, selecting a proper 
spray volume is considered a simple method to optimize 
the herbicide dose (Aliverdi and Zarei, 2020), reducing its 
adverse environmental effects (Shahgholi et al., 2015). The 
ACCase inhibitors have shown different behaviour with 
changing spray volume. In clodinafop-propargyl (Gauvrit 
and Lamrani, 2008; Naser and Aliverdi, 2020) and sethoxydim 
(McMullan, 1995), the efficacy increased as spray volume 
reduced. In fenoxaprop-P-ethyl (Gauvrit and Lamrani, 2008) 
and fluazifop-p-butyl (Creech et al., 2015a,b), spray volume 
does not affect the efficacy. In quizalofop-p-ethyl (Sikkema 
et al., 2008) and cycloxydim (Aliverdi and Karami, 2019), the 
efficacy increased as spray volume increased. In haloxyfop-
R-methyl (Buhler and Burnside, 1984), the effect of spray 
volume on the efficacy depended on species against 
which it was applied: against Sorghum bicolor, the efficacy 
increased as spray volume reduced, however, against Setaria 
lutescens, spray volume did not affect the efficacy. There are 
two possible methods for adjusting the spray volume – 
changing either the sprayer driving speed or nozzle size. If 
either a very low or high spray volume is required to achieve 
optimal herbicide efficacy, the first method’s applicability 
is problematic. For this reason, the second method always 
seems to be more feasible (Knoche, 1994; Pourdarbani, 
2019).

Grassy species, including winter wild oat (Avena sterilis 
ssp. ludoviciana), should usually be treated with ACCase 

inhibitors, including pinoxaden, at the three- to four-leaf 
stage. At such a growth stage, their leaves are almost 
perpendicular to the ground. When a single flat fan nozzle 
is used to spray ACCase inhibitors, the spray droplets, which 
move perpendicular to the ground, impact the leaf surface 
non-vertically. Hence, it is likely that a large proportion of 
them will bounce off the leaf surface to the soil surface 
and be wasted. Moreover, the faster the sprayer driving 
speed, the more the spray droplets bounce off (Jensen 
et al., 2001; Jensen, 2012). For this reason, if low spray 
volume is required, it is necessary to use a small orifice 
nozzle. Previous research has shown that changing the 
spray direction from vertical to non-vertical significantly 
improves the efficacy of haloxyfop-ethoxyethyl (Jensen et 
al., 2001), clodinafop-propargyl, fluazifop-P-butyl (Jensen, 
2012), sethoxydim (Aliverdi, 2018; Aliverdi and Zarei, 
2020), cycloxydim, and sethoxydim (Aliverdi and Zarei, 
2020). Non-vertical spray can decrease the non-vertical 
spray droplet impact to the leaf surface (Jensen, 2012). 
Twin flat fan nozzles create two non-vertical sprays (flat 
fans), and the angle between them can be symmetrical or 
asymmetrical. Therefore, they can also decrease the non-
vertical spray droplet impact to the leaf surface. There has 
been already reported better performance for twin flat fan 
nozzle in contrast to single flat fan nozzle (Nordbo et al., 
1995; Combellack et al., 1996; Vallet and Tinet, 2013; Aliverdi, 
2018; Aliverdi and Zarei, 2020). They are recommended for 
application of low spray volumes at high driving speeds 
(Vallet and Tinet, 2013).
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Although a proper selection of nozzle type and 
spray volume is essential to optimize the herbicide dose, 
reducing its adverse environmental effects, the comparative 
performance assessment of twin symmetrical and twin 
asymmetrical flat fan nozzles has not been carried out. 
Furthermore, there is a lack of information on whether the 
pinoxaden is more effective if applied at a low or high spray 
volume. Hence, this study intends to fill the gaps mentioned.

Dose-response study 
The winter wild oat seeds, from which lemma and palea 
had been removed, were treated using the same method as 
described by Aliverdi and Zarei (2020). When the coleoptile 
of seedlings reached 1 cm, they were planted at 1 cm depth 
(five seedlings in each 2-l pot ~195 plant·m-2). The pots were 
filled with a sandy loam soil with 1.1% organic matter and 
a pH of 7.6. The pots were placed in the Research Greenhouse 
of Bu-Ali Sina University, Hamadan, Iran, and irrigated once 
every five days. The greenhouse temperature was within the 
range of 17–26 °C during the day and 12–15 °C during the 
night with a natural photoperiod of 11–13 h. 

The experiment was performed as a factorial (6 × 3 × 6) 
in a completely randomized design with four replications. 
Treatments included six doses of pinoxaden (0, 3.75, 7.5, 15, 
30, and 60 g a.i. ha-1), which were sprayed using three nozzle 
types (single, twin symmetrical, and twin asymmetrical flat 
fan nozzles) of six sizes (110015, 11002, 110025, 11003, 
11004, and 11005; which provide 120, 160, 200, 240, 320, 
and 400 l∙ha-1 spray volume, respectively) at the three-
leaf stage of winter wild oat. A 20° forward angled spray 
and a 20° rearward angled spray can be provided by twin 
symmetrical flat fan nozzle, the angle between which is 
40°. A 70° forward angled spray and a 30° rearward angled 
spray can be provided by twin asymmetrical flat fan nozzle, 
the angle between which is 100°. The spray patterns of 

nozzle types used in the study are illustrated in Fig. 1. At 
constant pressure of 300 kPa attaining with CFValveTM (Gate 
Co., USA) assembled between sprayer lance and nozzle, 
the range of volume median diameter was 61–105 µm for 
twin symmetrical and twin asymmetrical flat fan nozzles 
110015, 236–340 µm for single flat fan nozzle 11005, 
and 106–235  µm for other nozzles (MagnoJet, 2020). The 
treatments were applied with a hand compressor sprayer 
in the open air outside the greenhouse. Air temperature 
ranged from 15 °C to 18 °C, relative humidity ranged from 
48% to 59%, and wind speed ranged from  0.2  m∙s-1 to 
0.5 m∙s-1. The pots were placed again in the greenhouse after 
treatment. 

Four weeks after treatment, the plants were harvested 
1  cm above the soil surface, oven-dried at 70  °C for two 
days, then weighed to obtain dry weight. The data were 
analysed by non-linear regression analysis using R software 
(Ritz et al., 2015). According to Lack-of-fit test (p-value 
>0.05), a logarithmic four-parameter model was identified 
as a suitable one:

	 	 1)

where:
Y	 –	 dry weight
D and C – upper and lower limits for Y, respectively
X	 –	 dose of pinoxaden
EDz	 –	 effective dose (g a.i. ha-1) required to reduce the dry 

weight of winter wild oat by z % as compared to the 
control treatment

Spray deposition study 
This study was performed simultaneously with the dose-
response study when 60 g a.i. ha-1 was being sprayed to 
investigate the coverage percentage of moisture-sensitive 
papers (MSP; 26 × 76 mm) from the treatments. The MSPs 
were placed in three positions (Fig. 2): horizontally on the 
ground (MSP1), vertically in front of the nozzle trajectory 

Material and methods

 
Fig. 1	 Spray pattern of nozzle types used in the study
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The MSPs were scanned and 
image-processed in Image J software 
version 1.48. to detect the spray 
coverage (%). A normal distribution 
of data was stabilized (Shapiro-Wilk 
test >0.91). The data were subjected to 
analysis of variance using SAS software 
version 4.9. The means were compared 
using Duncan’s test at the level of 5% 
probability.

The coverage of all MSPs was 
significantly affected by nozzle type 
and size. There was an interaction 
effect between simple effects (p-value 
<0.01). 

The MSP1 was entirely covered by 
single and twin symmetrical flat fan 
nozzles in sizes 11003, 11004, and 
11005 (Table 1). The MSP1 was covered 
minimally (12.5%) when the spray 
solution was applied using the twin 
asymmetrical flat fan nozzle 110015. 
Considering all the nozzle sizes, the 
MSP1 was covered the least using 
asymmetrical flat fan nozzle in contrast 
to other nozzle types. Theoretically, the 
droplets from the 70° forward angled 
spray of asymmetrical flat fan nozzle 
will have to pass a distance of 146.2 cm 
to the MSP1 when the height of the 
nozzle is 50 cm (distance = 50/cos 
70°). With such a distance, the droplets 
spend more time in space to the target, 
causing them most likely to drift. 

The MSP2 was entirely covered 
using the single and twin symmetrical 
flat fan nozzles in sizes 11003, 11004, 
and 11005 (Table 1). The MSP2 was 
covered minimally (21.5%) when the 
spray solution was applied by the 
single flat fan nozzle 11002. In general, 
the twin flat fan nozzles were more 
successful in covering the MSP2 than 
the single flat fan nozzles. Using the 
single flat fan nozzle, the droplets 
move vertically from the nozzle to 
the ground. Therefore, the droplets 
cannot have an effective impact on the 
MSP2. Conversely, by the twin flat fan 
nozzles, the forward angled spray can 
direct the droplets towards the MSP2, 
resulting in better coverage. The MSP3 
was entirely covered using the twin 
symmetrical and asymmetrical flat 
fan nozzles in sizes 11004 and 11005 
(Table 1). The performance of the twin 
symmetrical flat fan nozzle in covering 

 
Fig. 2	 Position of moisture-sensitive papers (MSP) relative to the nozzle trajectory

Table 1	 Effect of nozzle type and size on the coverage of moisture-sensitive 
papers (MSP) placed in the positions shown in Fig. 2

Nozzle type Nozzle size MSP1 (%) MSP2 (%) MSP3 (%)

Single flat fan 

110015 24.3 g 29.1 f 0.0 g

11002 69.2 de 21.5 g 0.3 g

110025 76.7 c 42.7 de 0.3 g

11003 100 a 40.0 ef 0.0 g

11004 100 a 73.6 b 0.0 g

11005 100 a 79.2 b 0.0 g

Twin symmetrical flat fan

110015 24.6 g 34.3 ef 12.2 f

11002 72.3 cd 62.1 c 30.1 e

110025 88.1 b 72.9 b 72.5 c

11003 100 a 100 a 97.5 a

11004 100 a 100 a 100 a

11005 100 a 100 a 100 a

Twin asymmetrical flat fan

110015 12.5 h 32.6 f 10.3 f

11002 23.9 g 49.3 d 13.2 f

110025 36.4 fg 49.7 d 38.2 d

11003 35.4 fg 100 a 88.6 b

11004 40.9 f 100 a 100 a

11005 63.4 e 100 a 100 a

In each MSP, the means with a common letter are not statistically different based on Duncan test 
at the 0.05 probability level

Results and discussion

(MSP2), and vertically behind the nozzle 
trajectory (MSP3). For each position, 
the experiment was performed as 
a  factorial experiment (3  × 6) in 
a  completely randomized design 
with three replications; the factor of 

nozzle type in three levels (single, twin 
symmetrical, and twin asymmetrical 
flat fan nozzles) and the factor of 
nozzle size in six levels (110015, 11002, 
110025, 11003, 11004, and 11005).
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the smaller the droplet size. Smaller 
droplets may deposit better over the 
leaf surface, resulting in improved 
herbicide efficacy (Butts et al., 2018). 
The lower the spray volume, the higher 
the concentration of herbicide. More 
concentrated herbicide may create 
a greater concentration gradient for 
herbicide between the spray solution 
and leaf, increasing the diffusion 
of herbicide into leaf, resulting in 
improved herbicide efficacy (Buhler 
and Burnside, 1984). Therefore, the 
smaller, more concentrated droplets 
can improve the efficacy of pinoxaden 
against winter wild oat than the larger, 
more diluted ones. 

When averaged over the six nozzle 
sizes, the ED50 values for single, twin 
symmetrical, and twin asymmetrical 
flat fan nozzles were 16.42, 9.15, and 
16.68 g a.i. ha-1, respectively; and the 
ED90 values were 51.59, 39.43, and 50.90 
g a.i. ha-1, respectively. These results 
showed that the nozzles’ performance 
was twin symmetrical > single = twin 
asymmetrical flat fan nozzles. The lower 
performance of single flat fan nozzle in 
contrast to twin symmetrical flat fan 
nozzle can  be due to various reasons, 
e.g. the former creates one vertical 
spray and leaves of grassy species are 
relatively perpendicularly oriented to 
the ground.

Therefore, the impact angle of 
droplets on the leaves is most likely 
low. Hence, it is likely that a large 
number of them will bounce off the 
leaf surface to the soil surface and 
be wasted. Simultaneously, the latter 
creates two non-vertical sprays, which 
leads to a situation when the impact 
angle of droplets on the leaves is most 
likely high, reducing the number of 
the droplets bounced off (Jensen 
et al., 2001; Dorr et al., 2015). At the 
same size as the latter, the former will 
always show smaller droplet size due 
to atomizing through two orifices. This 
is true even for sizes 11002, 110025, 
11003, and 11004. Although the 
former is provided with a similar spray 
classification as the latter (MagnoJet, 
2020), we know that the latter has to 
have a smaller average droplet size. As 
mentioned above, smaller droplets may 
deposit better over the leaf surface, 
resulting in improved herbicide 
efficacy (Butts et al. 2018). In our 
previous study, an increased number of 
flat fans (single, twin symmetrical, and 

MSP3 was better than that of the twin 
asymmetrical flat fan nozzle. The single 
flat fan nozzle could not wet MSP3 at 
all. Except for the latter, all nozzle types 
showed better coverage of all MSPs 
with increasing nozzle size. A similar 
result was reported by Hunter et al. 
(2019) with the single flat fan nozzle 
and Naser and Aliverdi (2020) with the 
single and twin symmetrical flat fan 
nozzles.

Among all treatments, the lowest 
values of ED50 and ED90 were observed 
with the twin symmetrical flat fan 
nozzle 110015 (5.2 and 21.2 g a.i. ha-1, 
respectively). The highest values of 
ED50 and ED90 were observed with the 
single flat fan nozzle 11005 (39.2 and 
91.9 g a.i. ha-1, respectively) (Table 2). 
In other words, the performance of 
the twin symmetrical flat fan nozzle 
110015 was 5.2 times higher based 
on ED50 and 4.3 times higher based 
on ED90 than that of the single flat 
fan nozzle 11005. In all nozzle types, 
the ED50 and ED90 values increased 
significantly with increasing the nozzle 
size (spray volume). Therefore, there 
was found a negative relationship 

between spray volume and the efficacy 
of pinoxaden against winter wild oat. 
Moreover, this relationship was more 
negative when the single fan nozzle 
was used. A 65% and a 64% increase in 
the ED50 and ED90 values, respectively, 
occurred when the size of the single 
fan nozzle increased from 110015 to 
11005. A 49% and a 59% increase in 
the ED50 and ED90 values, respectively, 
occurred when the size of the twin 
symmetrical fan nozzle increased from 
110015 to 11005. A 57% and a 62% 
increase in the ED50 and ED90 values, 
respectively, occurred when the size 
of the twin asymmetrical fan nozzle 
increased from 110015 to 11005. As 
mentioned above, previous studies 
have reported a positive, neutral, or 
negative relationship between spray 
volume and the efficacy of ACCase 
inhibitors. In case of pinoxaden, the 
results showed that a larger nozzle 
size could improve the coverage of 
MSPs (Table 1), but it decreased the 
efficacy (Table 2). Increased efficacy 
of pinoxaden when spray volume 
was reduced can  be due to certain 
reasons. The smaller the size nozzle, 

Table 2	 Effective dose (ED) of pinoxaden required to reduce the dry weight of 
wild oat by 50% and 90% compared to control treatment

Nozzle type Nozzle size ED50 (g a.i. ha-1) ED90 (g a.i. ha-1)

Single flat fan

110015 8.8 (0.1) c 33.9 (1.6) cd

11002 11.3 (0.8) e 35.6 (0.9) d

110025 11.0 (0.6) e 41.5 (0.8) f

11003 17.7 (0.9) g 47.0 (2.0) g

11004 22.4 (0.9) i 59.6 (0.7) i

11005 27.2 (1.1) j 91.9 (3.1) k

Twin symmetrical flat fan

110015 5.2 (0.3) a 21.2 (0.5) a

11002 7.7 (0.3) b 24.2 (1.9) b

110025 8.9 (0.5) c 41.7 (1.2) f

11003 10.4 (0.5) de 39.9 (0.4) e

11004 12.6 (0.8) ef 55.5 (0.9) h

11005 10.2 (0.9) de 54.0 (2.7) h

Twin asymmetrical flat fan

110015 9.8 (0.3) d 25.4 (1.5) b

11002 12.6 (0.4) f 30.6 (2.3) c

110025 13.7 (0.7) f 48.8 (0.9) g

11003 19.3 (1.3) h 61.7 (1.7) i

11004 22.0 (1.3) i 70.8 (1.6) j

11005 22.7 (1.8) i 68.1 (2.4) j

Standard errors are in parentheses. In each ED, the values with the same letter are not different 
(p <0.05)
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triplet-orifice flat fan nozzles) reduced the values of ED50 for 
cycloxydim against wild barley (Aliverdi and Karami, 2019). 
In the current study, however, the performance of twin fan 
asymmetrical flat fan nozzle was equal to that of the single 
flat fan nozzle. This weakness can be due to the fact that the 
droplets produced by the 70° forward angled spray of twin 
fan asymmetrical nozzle are driftable (Table 1).

Conclusion
Based on the literature review, the efficacy of herbicides is 
correlated with spray volume, which can be identified only 
by experiment. Current results accepted this theory found in 
the literature. In all nozzle types, the efficacy of pinoxaden 
against winter wild oat increased with decreasing the 
nozzle size (spray volume), indicating a requirement for the 
smaller, more concentrated droplets to achieve the optimal 
pinoxaden efficacy. Using low spray volume not only 
improves the efficacy of pinoxaden but is also economically 
advantageous in terms of water-saving. Regardless of the 
type of nozzle, such droplets can be produced with the nozzle 
size of 110015. Based on the results of spray deposition 
study, it seems that the front of plant was weakly covered 
using the twin asymmetrical flat fan nozzle and the back 
of plant cannot be wetted using the single flat fan nozzle 
at all. The twin symmetrical flat fan nozzle showed none of 
these weaknesses. As a result, regardless of the nozzle size, 
the highest pinoxaden efficacy was observed using the 
twin symmetrical flat fan nozzle. Current results suggest 
that the twin symmetrical flat fan nozzle of size 110015 
can be selected as a proper nozzle type for producing the 
appropriate spray volume for pinoxaden application against 
winter wild oat.
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When using agricultural machinery with different working 
widths, majority of fertile soil (approx. 75%) is subjected to 
unfavourable impacts of the tractor and machinery wheels 
(Barwicki et al., 2012; Chen et al., 2010; Isbisteret al. 2013; 
Galambošová et al., 2020). Controlled traffic farming confines 
all machinery loads to the least possible area of permanent 
traffic lanes. Moreover, it provides a wide range of benefits, 
e.g. greater rainfall infiltration rates, increased available 
water capacity, etc. (Tullberg et al., 2018). It represents an 
efficient way for managing the soil compaction by confining 
all load-bearing wheels to the least possible area of 
permanent traffic lanes (Galambošová et al., 2017).

The tractor theory informs that rolling of a wheel with 
an elastic rim along a deformable surface is characterised by 
energy consumption for overcoming the rolling resistance 
forces (Simikič et al., 2014; Kutkov, 2014).In this case, the 
main research tasks of tractor wheel rolling are: identification 
of a correlation of parameters and conditions of its rolling; 
search for criteria for evaluating the wheel rolling process; 
and determination of the ways how to reduce the rolling 
resistance (Kutkov, 2014). It should be noted that the 
dependence of rolling resistance coefficient of tractor 
wheels on the physical and mechanical properties of soil 
surface (especially the moisture, density and hardness) 
along which the wheels move has not been sufficiently 
considered and studied. The process of rolling of bridge 
agricultural equipment wheels along the compacted soil of 
permanent lanes practically remains unstudied although its 
energy costs are lower.

The very appearance of controlled traffic farming (Antille 
at al., 2015; Bulgakov et al., 2017; Gasso et al., 2013; Bulgakov 
et al., 2018) makes it possible to solve a fundamental 
contradiction in the “driver–soil” system. Essentially, if the 
energy tool is to achieve the high traction and hitching 
properties, its drivers must encounter dry, levelled, and 
solid supporting surface. However, plant cultivation requires 
fluffy-structured environment with optimal density and 
moisture. In practice, such requirements can be satisfied 
only when the movement zones of energy tools (the 
technological zone of field) and the zones of plant growth 
(the agrotechnical zone of field) are clearly differentiated 
(Chamen, 2015; Kingwelland Fuchsbichler, 2011; Onal, 
2012.). In this system, the agricultural bridge represents 
permanent traffic lanes; permissible boundaries for 
performing technological operations can vary significantly. 
Furthermore, optimal working conditions for the bridge 
agricultural equipment can differ significantly from the 
ideal conditions for the growth and development of 
cultivated plants. Issue of studying the impact dependences 
of physico-mechanical properties of the soil of permanent 
traffic lanes on the rolling resistance of bridge agricultural 
equipment wheels when moving along them becomes 
relevant.

In tractor theory, the coefficient of rolling resistance fk 
is a dimensionless criterion for the wheel rolling evaluation, 
which takes into account the tangential force and resistance 
(Kutkov, 2014). It is calculated as the ratio of rolling resistance 
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The impacts of tire design, air 
pressure, movement speed, vertical 
load, etc. on the resistance coefficient of 
its rolling has been studied in sufficient 
detail (Panchenko and Kyurchev, 2008; 
Nadykto at al., 2015; Nadykto and 
Velichko, 2015; Nadykto et al., 2019). 
In practice, the rolling resistance 
coefficient value of tractor wheel is 
not calculated, but it is selected from 
the reference tables depending on the 
soil structure or road type. Moreover, 
the rolling resistance coefficients of 
propulsors of different machines differ 
significantly when driving under the 
same conditions. However, the wheel 
performance of agricultural bridge 
while moving along the permanent 
traffic lanes has not been sufficiently 
studied. The rolling process of bridge 
agricultural equipment wheels along 
compacted soil of permanent traffic 
lanes remains practically unstudied.

This investigation strives to 
establish relationships between 
the impacts of physico-mechanical 
properties of soil tracks of permanent 
traffic lanes and the rolling resistance 
of agricultural bridge equipment 
wheels.

The physical object of experimental 
research was a bridge agricultural 
equipment (Fig. 1) that was developed 
by Bulgakov et al. (2019). Equipment 
undercarriage is a trolley and the 
wheels with pneumatic tires of 
a standard size 9.5R32 are attached to 
its frame by four axles.

When considering the rolling 
process of bridge agricultural 
equipment wheels along the soil 
tracks of permanent traffic lanes, the 
general factors accompanying the 
operation of wheels were excluded: 
uneven movement, ascent or descent, 
the bearing resistance in the wheel 
hub, and air resistance. This research 
is based on the assumption that the 
bridge agricultural equipment wheels 
with constant air pressure in their 
tires roll along the tracks of horizontal 
section of permanent traffic lanes at 
a uniform speed.

The rolling resistance force of 
bridge agricultural equipment wheels 
along the tracks of permanent traffic 
lanes was determined by the principle 

Fig. 1	 Experimental agricultural bridge equipment during a laboratory research of 
its rolling resistance along the permanent traffic lanes

 

Fig. 2	 Laboratory complex for the rolling resistance force determination of 
agricultural bridge equipment along the tracks of permanent traffic lanes

Fig. 3	 Devices for determination of physical and mechanical properties of the soil in 
tracks of permanent traffic lanes
1 – Revyakin hardness tester; 2 – MG-44 hygrometer; 3 – densitometer

Pf to normal vertical load acting upon 
the wheel fk (Kutkov, 2014):

 		  (1)

There are many scientifically 
substantiated expressions for the 
calculation of rolling resistance 
coefficient fk of a  tractor wheel. The 
most frequently used is the Granvuane- 
-Goryachkin dependence:

 		  (2)

where:
kr	 –	 volumetric crushing 

coefficient of soil (N·m-3)
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of its “free” movement along the supporting surface. The 
indicated “free movement” of agricultural bridge equipment 
along the tracks of permanent traffic lanes was carried out 
by its forced movement (Fig. 2).

The laboratory complex (Fig. 2) consisted of agricultural 
bridge equipment [1], wheels rolling freely along the formed 
tracks [2] of permanent traffic lanes. The free movement of 
agricultural bridge equipment [1] along the tracks [2] was 
effectuated by means of a traction mechanism [3], which 
was attached to it by the cable [4]. The effort necessary for 
free movement of the equipment [1] along the tracks [2] was 
recorded using dynamometer [5].

The basis for laboratory determination of the rolling 
resistance force of agricultural bridge equipment along the 
tracks of permanent traffic lanes is the equality of its rolling 
resistance force Pf and the force PN at which it was rolling 
according to the dynamometric device (Fig. 2).

Physico-mechanical properties of the soil tracks of 
permanent traffic lanes were measured in a depth of 0–5 cm. 
For the purposes of soil hardness determination, Revyakin 
hardness tester was used (Fig. 3).

The soil density in the tracks was measured by 
a densitometer of own design (Fig. 3). The soil moisture was 
measured by MG-44 moisture meter (Fig. 3).

The standard Revyakin hardness tester (Fig. 3) consisted 
of a guide rod with a relatively small support surface, and a 
telescopic rod with a tip (a flat plunger with a working surface 
of 1 cm2), which was used for soil penetration to a depth of 
5 cm. Tester telescopic rod was connected to the handle by 
a spring. When pressure is applied to the handle, the spring 
is compressed. Its deformations are recorded by a recording 
device through a special transmission mechanism. The tip 
was plunged through the compacted soil layers of the tracks 
in a slow manner and with a uniform force. On a millimetre 
paper, the hardness tester recorded a hardness diagram 
with continuous distribution of hardness value by depth. 
Ultimately, the hardness H (Pa) was determined as follows:

 		  (3)

where:
ha	 –	 average ordinate value of the hardness diagram (cm)
q	 –	 instrument calibre (hardness of the hardener spring) 

(N·cm-1)
s	 –	 cross-sectional area of the hardness tester piston 

(cm2)

The MG-44 on-board electronic digital moisture meter 
(Fig.  3) is designed to measure the relative soil moisture 
using a sensitive radio frequency sensor with the range of 
1–100%.The unit measurement time is max. 3 s. It is powered 
by an internal DC power supply unit. The measured relative 
humidity is counted from the liquid crystal indicator located 
on the front panel of indicator device. When measuring 
the soil track moisture, the electrode of MG-44 device was 
plunged into the soil to the depth of 0–5  cm. The sensor 
emits directed electromagnetic wave of high frequency, the 
part of which is absorbed by water molecules, and part is 
reflected in the sensor direction. By measuring the reflection 
coefficient of wave from a substance, which is directly 

proportional to the moisture content, the relative moisture 
value is shown on the device display.

A specially developed densitometer (Fig.  3) based on 
the “cutting cylinder” principle was used to measure the soil 
track density in permanent traffic lanes. It is a metal base with 
a handle, which has three cutting cylinders attached to it (to 
determine the average sample value). To take soil samples 
from the top layer (0–5 cm) of tracks, a densitometer with 
cutting cylinders is put into soil by hitting the device´s back 
part with a hammer. After filling the cutting cylinders with 
soil, the density value ρ (g·cm-3) can be calculated as follows:

 		  (4)

where:
mt, m0	– weight of suspended densitometer with and 

without soil (g)
vc	 –	 single cutter cylinder volume (cm3)

Measurement of each parameter was repeated 10 times 
with their uniform placement along the entire length of pilot 
section of permanent traffic lanes. The measurement results 
were averaged. Statistical characteristics of measurements 
were calculated using the Microsoft Office Excel software. The 
error of direct experimental measurements of parameters 
using the devices shown in Fig. 3 did not exceed 2%.

In addition to mathematical calculations, statistical 
analysis of data was performed using the Microsoft Office 
Excel software. To establish the functional dependence 
between measured parameters, the standard procedure of 
statistical analysis using the “Trend Line” function was used in 
Microsoft Office Excel software. The functional dependence 
accuracy was estimated by determining the coefficient 
of (R2) reliability (correlation) of model, the best value of 
which is 1. For these purposes, the additional settings were 
adjusted in the Microsoft Office Excel software. The closer 
the obtained value to 1, the higher the model reliability.

Based on the measurement results, the following 
statistical characteristics were determined:
1.	 Average value Y:

 		  (5)

where:
yi	 –	 parameter value in i measurement
n	 –	 measurement quantity

2.	 Average quadratic deviation (standard) σ:

 		  (6)

3.	 Coefficient of variation K (%):

 		  (7)

Variability of the index measurement process was 
considered insignificant if the coefficient of variation K did 
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in this case, the energy consumption 
for soil deformation significantly 
exceeds the energy consumption for 
tire deformation of agricultural bridge 
equipment wheels (Bulgakov et al., 
2019).

The dependence between the 
rolling resistance coefficient fk and 
the soil moisture is sufficiently exactly 
approximated as follows:

fk = 4 · 10-5 W2 – 5 · 10-4 W + 0.0562	 (8)

where:
W	 –	 soil moisture in tracks of 

permanent traffic lanes (%)

The accuracy of obtained analytical 
expression (Eq. 8) can be estimated 
by the value of correlation coefficient, 
the square value of which is R2 = 
0.8767 in relation to experimental 
data. The high value of the latter 
indicates potential practical use of 
the analytical dependence obtained 
(Eq. 8) in assessing the energy losses 
due to the movement of agricultural 
bridge equipment wheels along the 
permanent traffic lanes, taking into 
account the soil moisture content.

Since the soil moisture in tracks 
of permanent traffic lanes naturally 
affects hardness and density indicators, 
their changes are also reflected in 
the rolling resistance coefficient of 
agricultural bridge equipment wheels 
(Figs  5 and 6). Figs 5 and 6 show the 
average quadratic deviation of these 
indicators.

Analysis of experimentally 
obtained dependences (Figs  5 and 6) 
showed that increasing the hardness 
H and density ρ of the soil tracks lead 
to decreasing of the rolling resistance 
coefficient fk of agricultural bridge 
equipment wheels moving along 
them. This decrease is of quadratic 
nature. The coefficient of variation of 
rolling resistance did not exceed 8.5%, 
indicating a slight variability in the 
definition of this indicator. Therefore, 
it is sufficiently accurately described as 
follows:

 	 fk = 0.0247H2 – 0.2093H + 0.499	 (9)

where:
H	 –	 soil hardness in tracks of 

permanent traffic lanes 
(determined by the Revyakin 
system) (MPa)

 
Fig. 4	 Dependence of the rolling resistance coefficient fk of bridge agricultural 

equipment wheels on the moisture content W in soil tracks of permanent 
traffic lanes

not exceed 10%. If its value is higher 
than 10%, but less than 20% – the 
variability was considered average. 
If K  >20%, then the variability was 
considered significant. In this case, 
the reasons for obtaining such 
measurement results were studied, 
and the method of their determination 
was corrected and repeated.

The results showed that there is 
a  sufficiently strong correlation 
between impacts of physical and 
mechanical properties of soil of 
permanent traffic lanes on the rolling 
resistance coefficient of agricultural 
bridge equipment wheels. The impact 
of soil moisture in tracks of permanent 
traffic lanes on the rolling resistance 
coefficient of equipment wheels is 
shown in Fig.  4. Here, the columns 
show the average quadratic deviation 
of this indicator. Analysis shows that an 
increase in soil moisture in tracks leads 
to an increase in the rolling resistance 
coefficient as well. Based on Fig.  4, 
the coefficient of variation of rolling 

resistance did not exceed 10%, which 
indicates a slight variability (variability) 
in the definition of this indicator.

When the soil track moisture 
content increases from 10% to 45%, the 
rolling resistance coefficient of wheels 
increases from 0.06 to 0.1, which is 66% 
in percentage terms. However, in order 
to overcome the rolling resistance of 
agricultural bridge equipment wheels, 
the engine power consumption is 
proportional to value of fk during the 
movement, resulting in increasing 
of energy consumption by the same 
percentage. The nature of relationship 
between the indicators shown in 
Fig.  4 can be explained by the fact 
that, with an increase in the moisture 
content of soil tracks, the losses due 
to soil compaction increase when the 
agricultural bridge equipment moves 
along the lanes. The indicated losses 
grow larger through the increase in 
the contact area of wheel tire with 
the supporting surface, and the 
increase in track depth produced 
by the wheels pressing on the soil. 
As a result, the rolling resistance 
coefficient of wheels increases while 
moving along the tracks. Ultimately, 

 
Fig. 5	 Dependence of the rolling resistance coefficient fk of agricultural bridge 

equipment wheels on the hardness H of soil tracks of permanent traffic lanes
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By substituting the 9.5R32 tire 
parameters D0 and b0 of agricultural 
bridge equipment (of own design), 
and the value of normal vertical 
load GN acting upon the equipment 
wheels, an analytical dependence (Eq. 
12) was obtained, which establishes 
a relationship between the coefficient 
of volumetric crushing kr of soil in 
tracks of permanent traffic lanes and 
soil hardness H (Fig. 7).

Analysing the dependence 
presented in Fig. 7, with an increase of 
2.5–4.0 MPa in hardness of soil tracks of 
permanent traffic lanes, the coefficient 
of volumetric crushing of soil also 
increases from 4  MPa to 45  MPa. 
Further increasing of soil hardness did 
not result in any significant increase in 
the coefficient of volumetric crushing 
of soil. The experimentally obtained 
graphical dependence (Fig. 7) is suitable 
for indirect estimation of the kr value 
by the soil hardness indicator H, since 
the very methodology of determining 
the coefficient of volumetric crushing 
of soil is somewhat more complicated 
than determining its hardness.

The results indicate that indirect 
estimation of the rolling resistance 
coefficients of agricultural bridge 
equipment wheels moving along 
the tracks of permanent traffic lanes, 
and the coefficient of volumetric 
crushing of soil in terms of its hardness 
is sufficiently exact. This allows, if 
necessary, to determine the indicated 
parameters analytically from the 
experimentally measured values of 
hardness of soil tracks of permanent 
traffic lanes according to Eqs 9 and 12.

Conclusions
1.	 When the moisture content of 

soil tracks of permanent traffic 
lanes increases from 10% to 45%, 
the rolling resistance coefficient 
of agricultural bridge equipment 
wheels (of own design) increases 
from 0.06 to 0.1, which is 66%.

2.	 When the hardness of soil tracks of 
permanent traffic lanes increases 
from 2.8  MPa to 4.5  MPa and its 
density from 1.3 g·cm-3 to 1.6 g·cm-3, 
the rolling resistance coefficient 
of agricultural bridge equipment 
wheels moving along the lanes 
decreases from 0.1 to 0.06, and it is 
of a quadratic nature.

3.	 Increasing the hardness of the soil 
tracks from 2.5 MPa to 4.0 MPa results 

fk = 0.335ρ2 – 1.1256ρ + 0.9991	 (10)

where:
ρ	 –	 soil density in tracks of 

permanent traffic lanes (g·cm-3)

It should be noted that the 
correlation between the hardness of 
soil tracks with the rolling resistance 
coefficient fk (Eq. 9) is stronger than 
the relationship between the density 
of soil tracks and the rolling resistance 
coefficient fk (Eq. 10). The square of 
correlation of fk is R2 =  0.9395 for the 
hardness of soil tracks, and R2 =  0.8419 
for the density of soil tracks.

The nature of experimentally 
obtained dependencies shown in 
Figs  6 and  7 can be explained by the 
circumstance that the increase in 
hardness and density of soil tracks 
lanes promotes reduction of the 
energy applied to agricultural bridge 
equipment wheels to perform such 
operations as vertical crushing of the 
soil and the formation of compacted 
tracks and friction of the tire tread upon 
the supporting surface in the contact 
area. Therefore, in order to reduce the 
coefficient fk during the movement of 
agricultural bridge equipment along 

the tracks of permanent traffic lanes, it 
needs to be a practically undeformable 
surface. When moving along such 
a  solid and dense supporting surface, 
the wheel rolling resistance is minimal.

Based on the aforementioned, 
the rolling resistance coefficient 
of agricultural bridge equipment 
wheels moving along soil tracks 
of permanent traffic lanes can be 
sufficiently accurately estimated by 
the track hardness value. This allows 
establishing a relationship between 
the equipment wheel parameters 
and physico-mechanical properties 
of soil tracks with the indicators of 
track formation. For this, we equate 
dependencies (2) and (9). As a result, 
there is:

 		  (11)

From the obtained equality (Eq. 11), 
it is possible to express the coefficient 
of volumetric crushing of soil:

 		  (12)

 
Fig. 6	 Dependence of the rolling resistance coefficient fk of agricultural bridge 

equipment wheels on the density ρ of soil tracks of permanent traffic lanes

 
Fig. 7	 Dependence of the coefficient of volumetric crushing kr of soil tracks on soil 
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in intense increasing of the coefficient of volumetric 
crushing of soil from 4 MPa to 45 MPa. However, further 
increasing of hardness of soil tracks did not lead to any 
practical development of the coefficient of volumetric 
crushing of soil.

4.	 To reduce the rolling resistance coefficient of agricultural 
bridge equipment wheels moving along the soil tracks of 
permanent traffic lanes, the contact surface needs to be 
undeformable.
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