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Abstract

This article presents the development of a new pneumatic device for the precise application
of mineral fertilizers, designed for use in precision agriculture systems involving farming
robots. The proposed device is mounted on an autonomous agricultural platform and
utilizes a machine vision system to determine plant coordinates. Its operating principle is
based on accumulating a single dose of fertilizer in a chamber and delivering it precisely
to the plant’s root zone using a directed airflow. The study includes a theoretical inves-
tigation of fertilizer movement inside the applicator tube under the influence of airflow
and rotational motion of the tube. A mathematical model has been developed to describe
both the relative and translational motion of the fertilizer. The equations, which account
for frictional forces, inertia, and air pressure, enable the determination of optimal struc-
tural and kinematic parameters of the device depending on operating conditions and the
properties of the applied material. The use of numerical methods to solve the developed
mathematical model allows for synchronization of the device’s operating time parameters
with the movement of the agricultural robot along the crop rows. The obtained results and
the developed device improve the accuracy and speed of fertilizer application, minimize
fertilizer consumption, and reduce soil impact, making the proposed device a promising
solution for precision agriculture.

Keywords: precision agriculture; technological materials; pneumatic transport; farming
robot; parameters; pressure; time

1. Introduction

Modern machines primarily use disk centrifugal working units for uniform fertil-
izer distribution across the entire field surface. In row-based applications, fertilizer tubes
attached to the tines of soil-cultivating implements are used, allowing fertilizers to be
placed in the soil as a strip or band [1,2]. However, both methods fail to deliver a dif-
ferentiated fertilizer dose precisely to the root zone of each plant, which is essential for
precision agriculture [3-5].

In these approaches, the metering device operates continuously during motion, and
the application rate is expressed in kg ha~!. For perennial plantations such as orchards and
berry fields, however, the agronomic requirement is different: fertilizers should be applied
to plants rather than to the whole field, and the unit of dosage becomes kg per plant. In this
case, fertilizer must be delivered in discrete doses directly under the plant canopy rather
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than in a continuous flow between crop rows. To address this issue, we propose a modular
fertilizer application machine that will be mounted on an unmanned agricultural power
unit and designed to achieve targeted fertilizer delivery.

Compared to conventional fertilization methods, broadcasting and banding-localized
and precise application of mineral fertilizers offer significant environmental advantages.
Broadcasting ensures high productivity but often leads to excessive soil fertilization, nutri-
ent losses through leaching, and increased weed growth, negatively affecting the environ-
ment and fertilizer use efficiency. Banding reduces some of these losses but still applies
fertilizer not only to the plant but also to the inter-row space. In contrast, localized and
dose-controlled application directly to the root zone minimizes nutrient losses, reduces
the risk of soil and water contamination, limits weed growth, and thus decreases the need
for herbicides, enhancing the environmental sustainability of the technology. Potential
drawbacks include the need for more complex technical solutions and higher energy con-
sumption for robotic systems; however, these are offset by increased accuracy, reduced
overall fertilizer use, and positive environmental impact.

The conducted analysis revealed that some agricultural machines also utilize airflow
to deliver fertilizers to the application zone [6-8]. A known example is a pneumatic seeder
for subsurface fertilizer application [9], which includes a frame with a mounted hopper.
The lower part of the hopper has openings equipped with metering devices, beneath which
ejectors are installed. The ejectors’ confusors are connected via air ducts to the blower
outlet of a fan, while their diffusers, through material-conveying tubes, direct fertilizers
into the soil. The axes of the ejectors are aligned with the coulter pipe outlets, and the
confusor diameter exit openings increase proportionally to the angles between the ejector
axes and vertical planes parallel to the seeder’s movement direction.

The drawbacks of this machine, particularly for use in orchards and berry fields,
include its considerable weight, large width, disturbance of the turf cover, and its trailed
aggregation method [10-12]. Another known method is pneumatic transportation for
applying granular mineral fertilizers [13], which utilizes compressed air in a pneumatic
pipeline to transport fertilizers from a hopper through a material-conveying pipe to the
application zone in the soil. The fertilizers are transported through the material-conveying
pipe at an angle greater than the friction angle between the fertilizer granules and the inner
surface of the pipe, ensuring the initiation of fertilizer movement at the transition from
the material-conveying pipe to the pneumatic pipeline at a velocity matching that in the
material-conveying pipe. In this system, the fertilizers are accelerated by the accompanying
airflow, but it does not eliminate free-flight phase from the end of the fertilizer tube to the
soil surface, which can lead to dispersion [14-18]. Additionally, this method can reduce
energy consumption required for material transportation.

However, this method also has drawbacks. Fertilizers are supplied from the hopper
through a material-conveying pipe at a specific angle to the pneumatic pipeline, which is
positioned at a small angle to the horizontal. This design does not eliminate the risk of
clogging when using different types of fertilizers or when their moisture content increases.
Additionally, this method does not allow for precise dosing and portioned delivery of
fertilizers at a specific moment in time to an individual plant. In other words, all known
pneumatic spreaders work in a permanent airflow mode, while the requirement in berry
plantations is a cyclical process: first, the prescribed portion must be measured and only
then rapidly ejected to the target location beneath the plant canopy. Without such plant-
wise dosing, fertilizer is wasted on weeds, crop care becomes more difficult, and both
ecological and economic efficiency are reduced.

In recent years, several studies have addressed the challenges of automation and
precision in fertilizer application. The paper in [19] presents Agrobot Gari, a multimodal
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robotic platform for blueberry management, which performs soil sampling, weed spraying,
and plant-status monitoring, but it does not provide granular plant-wise fertilizer dosing
or pneumatic timing and steering. A review of pneumatic centralized fertilizer discharge
systems analyzes the main mechanical components, such as metering units, airfertilizer
mixers, and distributors, focusing on continuous airflow designs, distribution uniformity;,
and anti-clogging considerations [20]. Another review of precision fertilizer application
technologies summarizes actuator innovations and sensing-to-actuation control, reporting
centimeter-level placement accuracy in seedling crops, but this still emphasizes contin-
uous or row-wise application paradigms [21]. In contrast, the proposed device ensures
plant-specific discrete dosing (kg per plant) by combining accumulation of a defined dose
with rapid pneumatic ejection, synchronized with tube orientation and valve timing on
a lightweight agro-robot.

Since there are currently no designs or technical solutions that ensure high-quality
and rapid mineral fertilizer application using an agricultural robot in precision farming,
this research topic is highly relevant and important for the field of agricultural machinery
engineering and the efficient use of mechanized systems. The novelty of the proposed
device lies in this two-stage principle: accumulation of a defined dose followed by fast,
oriented ejection and its integration with the robot’s perception and actuation system for
synchronized operation.

The aim of the research was to increase the efficiency of the developed pneumatic
device for precise mineral fertilizer application using an agricultural robot by theoretically
substantiating its optimal structural and kinematic parameters. The work is limited to
theoretical modeling as a necessary first step; subsequent experimental validation on
a benchtop rig and robotic platform will be addressed in follow-up research.

2. Materials and Methods
2.1. Device Description

For the precise fertilizer application operation during plant care (Figure 1), a wheeled
farming robot (1) is used, equipped with a modular fertilizer application device (2). The
farming robot (1) moves at a constant speed V},; along the crop row, while the treated plants
(3) are positioned within its inter-wheel space.

2

Figure 1. General view of the farming robot during the fertilizer application process: 1—farming
robot; 2—fertilizer application device; 3—crop row.

A more detailed schematic of the proposed fertilizer application device is shown
in Figure 2.
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Figure 2. Fertilizer Application Device: 1—hopper; 2—metering unit; 3—accumulation cham-
ber; 4—fertilizer particle; 5—compressed air source; 6—solenoid valve; 7—valve; 8—spring;
9—restrictive surface; 10—applicator tube; 11—treated plant; 12—soil surface; b—distance between
plants; i—height at which the end of the applicator tube is placed; c—distance projection from plant
to the end of applicator tube onto a horizontal plane.

The operating principle of the device is as follows: as the farming robot moves, fertil-
izers are dispensed from the hopper (1) using the metering unit (2) into the accumulation
chamber (3), where a single dose of fertilizer (4) is collected. The longitudinal coordinate of
the treated plant (11) within the farming robot’s inter-wheel space is determined. A logical
extension of this work is the integration of machine vision systems for real-time perception
and control. Our group has already initiated research in this area [22], and it has been iden-
tified as a priority for future studies. The applicator tube (10), inclined at an angle « to the
horizontal, is automatically directed toward the plant’s root zone. At the precise moment,
the solenoid valve (6) is activated. The compressed air source (5) generates an airflow,
which enters the accumulation chamber (3), overcomes the spring tension (8) of the valve
(7), captures the accumulated fertilizer dose (4), and transports it through the applicator
tube (10) directly to the root zone of the plant (11). The outlet end of the applicator tube is
positioned at a height i above the soil surface (12). After the fertilizer is applied, the valve
(7) is pressed against the restrictive surface (9) by the spring (8), and the working cycle
is repeated.

To optimize the route of the farming robot (1) (Figure 3) during movement, its control
system, which can be based on data obtained from the front camera, directs it along the
conditional row line (13) using the front steerable wheels. To determine the movement
vector, 3 to 5 nearest plants are taken into account, while also evaluating the distance b
between neighboring plants in the row. To recognize individual plants, it is advisable to
use machine vision [22]. This is necessary to synchronize the timing and duration of the
opening of the air valve. Since in field conditions the treated plants are often shifted from
the conditional row line, steering the entire farming robot (1) toward each individual plant
is inefficient and leads to unproductive time losses. Therefore, it becomes necessary to
move the end of the applicator tube (10) within the inter-wheel space by a certain angle §,
which varies within a range from 0 to Smax (@ maximum value). When the angle  changes,
the horizontal projection of the distance c (Figure 2) that the fertilizer particle (4) travels
from the applicator tube (10) to the root zone of the plant also changes. Since the distance ¢
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changes with the angle § and directly depends on the ejection speed of the fertilizer particle
from the applicator tube, it is necessary to adjust the duration of the air valve opening to
ensure that the fertilizer accurately reaches the plant’s root zone.

Figure 3. Fertilizer Application Device (Top View): ¢y and cmax—maximum and minimum values of
the distance c.

Since the time required for the farming robot to travel the distance between two plants
is 1.5 to 2.5 s, and the entire process occurs while the robot is in continuous motion,
the fertilizer must be applied within a very short time frame.

Therefore, it is necessary to develop a mathematical model describing the movement
of the fertilizer particle (4) through the inclined tube (10) under the influence of the airflow
from the compressed air source (5). This model should establish the relationship between
the opening time ¢ of the solenoid valve 6 and the travel time t,, of the fertilizer particle
(4) to the soil surface, taking into account the rotation angle f of the applicator tube (10).

The general view and 3D model of the developed prototype of the mineral fertilizer
applicator with pneumatic system elements are shown in Figure 4.

(@) (b)

Figure 4. Prototype of the mineral fertilizer applicator: (a) general view; (b) 3D model; 1—metering unit;
2—accumulation chamber; 3—applicator tube; 4—solenoid valve; 5—compressor; 6—air receiver.

The prototype was equipped with a fertilizer pipe of 0.019 m inner diameter, a maxi-
mum fertilizer dose capacity of 0.04 kg, an Air-Zenith 2nd Gen. 200PSI AZOB2 compressor
(Air-Zenith, Las Vegas, NV, USA) with an airflow rate of 2 L s~1,and a 10 L air receiver.

The developed device belongs to the field of agricultural engineering, specifically to
machines used for localized mineral fertilizer application in precision farming systems.



AgriEngineering 2025, 7, 320

6 of 16

2.2. Mathematical Model

Since the movement of the fertilizer portion M occurs along the inclined tube, and the
tube itself rotates at a certain angle , the fertilizer portion M performs a complex motion:
relative motion along the tube and translational motion with the tube. Therefore, the abso-
lute motion of the fertilizer portion, as is known, will represent the geometric sum of the
relative and translational movements [23].

First, we will set up the differential equations for the relative motion of the fertilizer
portion M along the tube. To do this, we need to build an equivalent diagram of all the
forces acting on the fertilizer portion during relative motion and choose the necessary
coordinate systems (Figure 5).

‘Q’E T

4

S

—

Figure 5. Equivalent diagram of the interaction of the fertilizer portion with the surface of the tube,
inside which it moves.

First, we will choose an absolute spatial Cartesian coordinate system Ojx1y1z1,
in which the axis Ojx; is directed along the row line of plants, against the movement
direction of the farming robot, the axis O1y; is perpendicular to the O;x1-axis and directed
to the left relative to the movement of the robot, and the axis O;z; is vertical. The origin of
the absolute coordinate system (point O) is located on the row axis, with the suspension
point O of the inclined tube located on the O;z1-axis (Figure 5).

In the coordinate system O;x1y1z1, the inclined tube is shown at an angle « to the
horizon, with a fertilizer portion M located inside it at an arbitrary moment in time. The
tube itself is deflected from its initial position (from the O;xj-axis) by an arbitrary angle 5,
which changes within the range from 0 to Smax, where Bmax is defined as the maximum
deviation of the plants from the row axis.

In the initial position, the tube is located in the plane x10O;z;. The angle B is measured
from the Ojx7-axis to the Oqy;j-axis. The end of the inclined tube describes a trajectory
that is an arc of a circle, with the center located on the O;z1-axis, and the radius equal to
L - cos w, where is the length L of the tube.

Next, we will choose a relative Cartesian coordinate system Oxyz, rigidly attached
to the tube. The origin of this coordinate system (point O) is located on the O;z1-axis at
the suspension point of the inclined tube to the accumulation chamber. The Ox-axis is
directed along the longitudinal axis of the tube, in the direction of the movement of the
fertilizer portion. The Oz-axis lies in the vertical plane that passes through the longitudinal
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axis of the tube and is directed perpendicular to the Ox-axis and upward. The Oy-axis is
perpendicular to the plane xOz, directed towards the rotation of the tube.

As shown in the equivalent diagram (Figure 5), during the movement of the fertilizer
portion M inside the tube, the following forces act on the fertilizer portion [24].

The weight G of the fertilizer portion, directed vertically downward, is given by:

G =mg, (@)

where m—is the mass of the fertilizer portion; g—is the gravitational acceleration.

The centrifugal force of inertia F,, directed along the radius of the arc described by the
point where the fertilizer portion M is located inside the tube at a given moment in time ¢, is
in the horizontal plane, i.e., perpendicular to the O;z1-axis of rotation of the inclined tube:

The magnitude of this force is given by:

F. = mxcosa - w?. (2)

where x—is the coordinate of the point where the fertilizer portion M is located on the axis
Ox at any given time t; w—is the angular velocity of the tube’s rotation.

Since the tube’s translational motion is rotational, the fertilizer portion M is acted
upon by the Coriolis inertial force Fy, which is perpendicular to the plane formed by the
vectors @ and V, (plane xOz1), and directed to the left along the path of fertilizer movement
in the inclined tube. As is known, this force is determined by the following expression:

Fr=2m(@ x V), 3)

where V,—the relative movement velocity of the fertilizer portion M in the tube.
The magnitude of this force will be equal to:

F, =2mV, - w - cos «. 4)
Considering that V; = x, expression (4) takes the following form:
F. =2mx - w - cos a. (5)

Next, as the fertilizer portion moves along the tube, it experiences a frictional force Fy,
directed opposite to the vector V,, which, as is known, is determined by expression:

Fy=f-N. (6)

where f—the coefficient of sliding friction; N—the normal reaction from the inner surface
of the tube.

At the same time, the normal reaction N arises due to the action of forces G, F. and Fy.
As can be seen from the presented force scheme and the above:

N = \/(PC sina — Geosa)® + F, (7)

or, considering expressions (1), (2), and (5), we get:

N=m- \/(wa cosa - sina — g cos a)’ + 4% w? - cos? . (8)
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Substituting expression (8) into (6), we will have:

Fy = fm\/(xw2 cosa - sinx — g cos 06)2 + 4562602 - cos? . ©)

Finally, the fertilizer portion experiences the force F, of the airflow, which is the
primary driving force, directed along the longitudinal axis of the inclined tube (along the
Ox-axis). The value of this force primarily determines the time it takes for the fertilizer
portion to move along the inclined tube and, ultimately, the time it takes for the portion to
reach the root zone of the specific plant.

By changing the value of this force in the equation of motion for the fertilizer portion,
we can obtain the desired values for the time it takes the fertilizer to reach its destination.

Based on the developed force diagram acting on the fertilizer portion as it moves
through the inclined tube, we can write the required equation of motion in vector form:

mia =G+ Fc+F+N+Fy+Fp, (10)

where a—the acceleration of the fertilizer portion M as it moves through the inclined tube.
In projection onto the Ox-axis (the longitudinal axis of the inclined tube), the required
equation of motion takes the following form:

mx = G -sina + Fc - cosa — Fy + Fp. (11)
Then, taking into account (1), (2), (5), (9), and dividing both the left and right sides of
Equation (11) by mass m, we will have a differential equation of the following form:

2 2

X =gsina+x-cos”a - w —

: (12)
—f- \/(xwzcosoc .sina — g cosa)? + 4% w? - cos?  + %

The differential Equation (12) is the equation of relative motion of the portion of
fertilizer along the inclined tube. This is a second-order differential equation, it is nonlinear,
and it can only be solved using numerical methods.

2.3. Mathematical Model Analyzes

The initial conditions for the differential Equation (12) are as follows:
att = 0: x=xy=0; x =xp = 0.

The solution to Equation (12) should be carried out until the value of x = L, where L
is the length of the inclined tube. The time t;, at which the displacement x of the fertilizer
portion reaches x = L, will be the time of flight of the fertilizer from the inclined tube. The
relative velocity V,1 = x(t1) represents the speed at which the fertilizer portion exits the
tube. By setting different values for the force F,, of the air flow, various values for the time
t; and velocity V;1 can be obtained based on Equation (12).

However, during the time t; that the fertilizer portion exits the inclined tube, it must
deviate from the O;x; axis towards the O;y; axis by an angle 8, where the angle B is such
that the projection of the tube onto the horizontal plane lies along the line connecting point
O; with the location of the plant. Therefore, the time t; for the fertilizer portion to exit the
tube must be coordinated with the time ¢, for the tube to rotate by the angle , and it must
be equal to t;. If the angular velocity w of the tube’s rotation by angle f is assumed to be

B

constant, it should be equal to w = - radians per second.
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On the other hand, t; appears in expression (12), from where the time of fertilizer exit
from the tube is determined. The coordination of the time for the fertilizer portion to exit
the tube and the time for the tube to rotate by angle  can be carried out as follows.

Since the time taken to pass the distance between two plants is 1.5 to 2.5 s, we start by
assuming f,0 = 2.0 s, the midpoint of the interval 1.5...2.5 s. We then substitute the value
/3

w = 7 into Equation (12). After performing the calculations with Equation (12), we obtain

the calculated value t1 and compare it with the initially assumed t,o = 2.0 s. If tl # tpo, we
proceed with the next calculation, replacing f,0 with a new value: t,; = t,0 + A, where A is
the step size for the parameter change, and we substitute w = ﬁ into Equation (12). After
the recalculation, the obtained value t% is compared with tp1-

If |7 —tp| < |H —t
Otherwise, if the condition is not met |t% — tpl’ > |t% —tpo

, we continue increasing f; by A, meaning we set: {5 = t,1 + A.

, we decrease t; by A, meaning

we set: fp = ty0 — A.
Thus, at some k-th step, we obtain the calculated value ’tll‘ —tpk1 ‘ ~ 0. The calculated

value tX can be considered the coordinated time for the rotation of the tube by angle f and
the time of flight of the portion of fertilizer from the tube.

Another algorithm can also be applied to coordinate the time f; of the fertilizer
portion’s flight from the tube and the time for the tube to rotate by angle 8, using a simplified
mathematical model derived from Equation (12), assuming a constant value for w = 0.
Then, from expression (12), we get:

. F
x:gsinzx—f-gcosoc—l—%. (13)

Solving Equation (13) gives us some value t; = tj for the time of flight of the portion
/3

of fertilizer from the tube. Next, we determine w = T and substitute this value of w into

Equation (12). After solving it, we get the value #1. If |1?l — tpof ~ 0, then we accept the
value of the time of flight t; = #{. If |#] — t,0| # 0, we set: t,; = t;0 + A, where A is the step
size for the parameter change. We then determine w = ﬁ -, substitute it into Equation (12),
and get £3. If |7 — t,,1| ~ 0, we accept 2 as the agreed- upon time.

If |2 — t,1| # 0 and at the same time | — t,1| < [t] — ¢
ﬁ

s and continue the calculation using Equation (12) until: ‘tk tpk— 1’ ~ 0.

,weset: ty =ty + A We

determine w =
In this case, we accept tk as the agreed-upon time.

If [ —ty| > [t —t
direction, until a certain k is reached, for which the equality ’tl — tp,k—l‘ ~ 0 holds. The

,weset: t,;1 = tpo — A, which means moving in the opposite

resulting value % is then accepted as the agreed-upon time.

Thus, the time of flight will be: t; = t’l‘.

Next, in the translational motion, after being deflected by the angle B from the axis
O1x1, the tube will be positioned on the segment OB (Figure 5), where B is the plant location.
In this position, the distance from the tube end to the plant will be: C = OB — L. In the
first approximation, we can assume that the flight time of the fertilizer portion from the

moment of departure from the tube will be: t;, = V% = O‘lir L where V,; is determined

when t| = t’f.
If the distance Cy is given from the end of the tube horizontal projection to the plant
in the row, then when the tube is deflected by an angle B from axis O;xy, this distance

increases and becomes
c=_—%

cos B-cosa

The actual distance C from the tube end to the plant will be:

cos /S
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Thus, the time for fertilizer portion M to move from accumulation chamber to the
plant, deflected by angle  relative to the row (axis O1x1), is: t; + t2. If B = Bmax, then:
@
C= cosﬁmag-cosuc'
In the proposed algorithms for coordinating fertilizer ejection time ¢; from the inclined

tube with tube’s rotation by angle Bmax, B should be replaced by Bmax.

2.4. Methodology for Verifying the Adequacy of Theoretical Studies

To verify the adequacy of the developed mathematical model of mineral fertilizer
portion movement through an inclined tube, preliminary experimental studies were carried
out to measure the transit time of fertilizer portions weighing 0.01 kg and 0.04 kg through
a tube with a diameter of 0.019 m and a length of 1 m, installed at an angle of 45° to the
horizontal. The transit time was recorded at distances of 0.33, 0.66, and 1.0 m from the tube
inlet using a chronograph. Each experiment was repeated five times. The experimental
results were used to evaluate the accuracy of the mathematical model and to confirm
it adequacy.

The obtained experimental transit time data were compared with the results of the
numerical solution of the differential equation describing particle motion in the tube. To
assess model accuracy, graphical dependencies of fertilizer portion displacement over
time were constructed, and the correlation between theoretical and experimental values
was calculated.

3. Results and Discussion

The solution using numerical methods of the developed mathematical model for the
movement of a portion of fertilizer through the inclined tube of the pneumatic fertilizer
application device, considering the rotation of the applicator tube, demonstrated its func-
tionality [25,26]. The analysis of this mathematical model showed that the key parameters
significantly influencing the fertilizer dose movement time f; are the mass m of fertilizer
dose and airflow pressure force F,. For a more detailed analysis of how these parameters
affect process, graphical dependencies of the fertilizer dose movement x over time #; along
the inclined applicator tube were constructed (Figures 6 and 7).

. 1/ 1/

= o /S s

/)

s A
-

0 0.013 0.025 0.038 0.050
Timet, ,s

Figure 6. Dependence of the fertilizer dose movement x on time f; along the applicator tube at
different airflow pressure forces F,: (1) F, =3 N; (2) F, =2N; (3) F, =1N.
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Time ¢, , s

Figure 7. Dependence of the fertilizer dose movement x on time ¢; along the applicator tube at
different fertilizer dose masses m: (1) m = 0.01 kg; (2) m = 0.02 kg; (3) m = 0.03 kg; (4) m = 0.04 kg.

The obtained graphical dependencies allow for an accurate determination of the time
t1 it takes for a fertilizer portion of a given mass m to leave the applicator tube and continue
its flight to the root zone of the plant. This time ¢; directly depends on the structural and
kinematic parameters of the fertilizer application device itself and on the parameters of the
accompanying airflow.

All curves in Figure 7 demonstrate accelerated displacement, indicating the influence
of the thrust force of the airflow. The greater the mass of the fertilizer dose, the slower it
accelerates, which can be explained by inertial properties. For example, an increase in mass
(m = 0.04 kg) leads to a decrease in the displacement rate.

We can also say that the exit time directly depends on the design of the device and the
characteristics of the airflow. Thus, reducing the mass of the fertilizer dose contributes to
faster movement and reaching the final point. The structural parameters of the device and
the airflow characteristics have a significant impact on the fertilizer displacement speed.
These dependencies are important to consider when designing the fertilizer delivery system
to ensure precise application to the plant’s root zone.

Figures 8 and 9 present the results of the practical application of the developed
mathematical model of fertilizer dose movement in the proposed pneumatic device for
precision fertilizer application. These figures show the calculated results of the required
angular velocity of the applicator tube rotation mechanism as a function of time needed to
rotate it to the maximum set angle of § = 30 deg.
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Figure 8. Dependence of the angular velocity w of the applicator tube rotation on time ¢, at: F, =1N;
m =0.01kg; p=30deg; L =0.6m.
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Figure 9. Dependence of the airflow pressure force F, on time ¢ at: m = 0.01 kg; 8 = 30 deg; L = 0.6 m.

The dependence in Figure 8 illustrates the time required for a fertilizer particle to pass
through the channel of the applicator tube with a length of L = 0.6 m and the necessary
airflow pressure force during this process. Thus, the obtained dependencies allow for full
synchronization of the fertilizer particle movement time with the time required for the
farming robot to travel the distance between adjacent plants in a row.

Additionally, the results of mathematical modeling allow for more precise synchro-
nization of the ejection time #; of the fertilizer portion from the inclined applicator tube
and the time ¢, of its rotation.

Comparison of the theoretical and experimental data demonstrated a high level of
agreement in both cases. A graphical comparison of the results is presented in Figure 10.
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Figure 10. Dependence of the fertilizer dose movement x on time #; along the applicator tube at
different fertilizer masses m: 1 and 2—theoretical; 3 and 4—experimental.

For the 10 g dose, the mean absolute error was 0.030 s, the relative error was about 3%,
the correlation coefficient was 0.995, and the coefficient of determination was R? = 0.989,
confirming the high accuracy of the model. For the 40 g dose, the mean absolute error was
0.009 s, while the relative error increased to 9.5%. The Root Mean Squared Error (RMSE)
value of 0.000811, correlation coefficient of 0.992, and R? = 0.984 indicate a sufficiently
strong agreement between the calculated and experimental results.

The increase in relative error for the larger dose is explained by the greater number of
particles, which introduces additional variations in the movement process, while the transit
time was recorded up to the moment when the last particle exited the tube, increasing the
data spread. The obtained results confirm the adequacy of the model and its suitability
for further use, while highlighting the need to detail particle interaction effects in future
DEM-based studies.
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Previous studies confirm the effectiveness of simulation and experimental valida-
tion for improving fertilizer and seeding devices. Lv et al. [27] demonstrated the use-
fulness of the Discrete Element Method (DEM) for modeling particle motion and opti-
mizing metering systems, reducing prediction errors to below 12%. Similarly, in our
work time-displacement dependencies were constructed for different fertilizer doses
(0.01-0.04 kg) and airflow pressures (1-3 N), confirming that modeling is essential for
improving application accuracy.

The study of Xiong et al. [28] showed that a mechanical-pneumatic seed metering
device can achieve high accuracy and versatility when airflow velocity and structural
parameters are optimized. In our case, it was established that synchronization between the
fertilizer particle ejection time and the applicator tube rotation angle is the key factor for
precision during continuous robot motion.

According to Bangura et al. [29], spiral grooved-wheel metering devices outperform
straight-groove designs by improving uniformity and discharge rate, with DEM simulations
showing good agreement with experiments. This supports our finding that synchronization
of particle dynamics with applicator geometry is critical to achieving precise delivery.

Zhong et al. [30] proposed a flow-adsorption principle for quinoa seeding, reducing
particle accumulation and improving uniformity compared with traditional suction devices.
Their work highlights that both dosing and the timing of particle-device interaction strongly
affect performance. Our research adds a new perspective by showing that, for fertilizers,
not only the dose but also the synchronization of ejection time with tube orientation relative
to the plant ensures accurate placement and minimizes losses.

Valero et al. [31] presented a proof-of-concept robotic platform for single-plant fertiliza-
tion in organic cropping, integrating Light Detection and Ranging (LiDAR), multispectral
imaging, and a robotic arm to deliver site-specific doses of liquid fertilizer. Their results
showed that accurate plant detection and platform localization (error below 0.005 m after
convergence) enabled precise application around individual plants, thus reducing waste
and avoiding crop damage. Although their focus was on organic vegetables and liquid
fertilization, the study highlights the same principle demonstrated in our research: fertiliza-
tion must be plant-oriented rather than field-oriented. Unlike our pneumatic dosing system,
which relies on synchronization of fertilizer ejection with robot movement, their approach
emphasizes advanced sensing and plant health assessment. Both methods converge on the
goal of improving resource efficiency and minimizing environmental impacts.

Cheng et al. [32] analyzed a pneumatic fertilizer discharge system using coupled
EDEM-FLUENT simulations and bench tests, demonstrating that stable particle trans-
port can be maintained without blockages when inlet air speeds are within the range of
30-40 m s~ L. Their results indicated low coefficients of variation for row-to-row discharge
consistency (3.93-5.55%), confirming the suitability of pneumatic systems for multi-row
fertilization with high efficiency and uniformity. These findings align with our results,
where airflow pressure and synchronization with particle release time proved decisive for
application accuracy. Both studies emphasize that maintaining stable airflow parameters
minimizes backflow effects and ensures precise dosing, supporting the broader conclusion
that pneumatic-assisted delivery can significantly improve the efficiency and reliability of
fertilizer application systems

The outcomes of this study align with earlier works where mathematical and numerical
models were validated by experimental tests. Similarly to the combination of DEM simula-
tions and bench trials reported by Lv et al. [27], Bangura et al. [29], and Cheng et al. [32], our
use of experimental transit-time data for 0.01 kg and 0.04 kg doses confirmed the adequacy
of the developed model. The observed dependence of fertilizer transport on airflow force
and dose size further supports prior evidence that aerodynamics and system geometry are
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decisive factors for particle velocity and uniformity [28,29]. Finally, the integration of the
dosing mechanism into a robotic platform highlights the importance of synchronization be-
tween perception and actuation modules, echoing the plant-oriented fertilization strategies
demonstrated by Valero et al. [31]. Together, these findings strengthen the case for coupling
validated modeling approaches with system-level engineering solutions to achieve higher
precision and sustainability in robotic fertilization.

In summary, our results are consistent with earlier works yet extend them by demon-
strating the importance of coupling temporal and spatial parameters of fertilizer delivery.
The developed technical solution and mathematical model are highly versatile and can
be adapted to various operating conditions, including work on uneven terrain and in
confined spaces, such as orchards or berry plantations. Accordingly, the use of the modu-
lar fertilizer application device opens up prospects for further development of precision
farming technologies.

4, Limitations and Future Work

This study primarily focused on developing and experimentally verifying a simpli-
fied model of fertilizer particle motion, using transit time measurements of 0.01 kg and
0.04 kg doses through a 0.019 m x 1 m tube as a benchmark. While the results confirm
the adequacy of the proposed approach, certain aspects remain outside the current scope.
In particular, possible particle breakage due to collisions with the pipe wall, the limits of
airflow capacity at higher dosing rates, and the coupled dynamics of multiphase transport
will require further investigation. Although the accumulation chamber of the device is al-
ready equipped with a check valve that prevents backflow, future research will incorporate
DEM-based simulations to analyze particle-wall interactions and air—particle coupling,
providing a more comprehensive description of the process and supporting optimization
for different operating conditions.

Future developments will focus on the transition from theoretical research to integrated
system-level validation of the proposed robotic fertilizer applicator. At present, prototypes
of the agro-robot, the mobile support station, and the battery replacement unit have already
been manufactured and are under experimental investigation, while the artificial vision
subsystem remains at the stage of theoretical study. To meet the technological demand
for compressed air, the agro-robot is equipped with a 10 L receiver and an Air-Zenith
2nd Gen. 200PSI AZOB2 air compressor (Air-Zenith, Las Vegas, NV, USA). Complete
pressurization of the receiver is performed during battery replacement, which lasts about
two minutes, with the compressor powered by the electrical grid of the mobile support
station; during field operation, the compressor only maintains the required pressure level.
Future work will also address the synchronization of the applicator, the artificial vision
system, and the translational movement of the agro-robot to ensure reliable and precise
fertilizer placement. The outcomes of these ongoing experimental investigations will be
reported in subsequent publications.

5. Conclusions

1.  Asaresult of the conducted research, a new design solution for a device for precise
mineral fertilizer application to the root zone of plants using a farming robot has been
proposed. This contributes to the implementation of precision farming technology
and enables the efficient and accurate application of fertilizers to specific points in
the field.

2. It was established that the synchronization of the fertilizer particle ejection time t;
from the applicator tube and the angle  of its rotation towards the plant is a key factor
in ensuring the accuracy of fertilizer application during the continuous movement of
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the farming robot. To improve the accuracy of this process, graphical dependencies
of the fertilizer dose movement x over time ¢; were constructed and analyzed for
different masses (m = 0.01-0.04 kg) and airflow pressure forces (F, = 1-3 N).

3. Experimental comparison confirmed the adequacy of the developed model for pre-
dicting the transit time of fertilizer portions through the tube. For a mass of 0.01 kg,
the relative error was approximately 3%, and for 0.04 kg, about 9.5%, which is ex-
plained by the increased number of particles and the fixation of the exit moment of
the last granule. The obtained results confirm the reliability of the model and provide
a basis for its further refinement using DEM modeling. Future DEM simulations will
evaluate particle-wall collisions, granule breakage, and airflow interactions to further
optimize application precision and efficiency.

4. The conducted research creates prerequisites for minimizing energy costs through the
efficient use of compressed air, as well as for reducing fertilizer losses and improving
their effectiveness.

5. The research results have practical significance for agricultural engineering, as the pro-
posed design contributes to the integration of robotic systems into the agricultural sector.
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