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Abstract: Nowadays, in the face of continuous technological progress and environmental require-
ments, all manufacturing processes and machines need to be optimized in order to achieve the
highest possible efficiency. Agricultural machines such as seed drills and cultivation units are no
exception. Their efficiency depends on the amount of sowing material to be used and the patency
of seed transport tubes or colters. Most available control systems for seed drills are optical ones
whose operation is not effective when working close to the ground due to large dusting. Thus, there
is still a need to provide seed drills with sensors to be equipped with control systems suitable for
use under conditions of massive dusting that would shorten the time of reaction to clogging and be
affordable for every farmer. This study presents an analysis of grain motion in the sowing system
and an analysis of the operation efficiency of an original piezoelectric sensor with patent application.
The novelty of this work is reflected in the new design of a specially designed piezoelectric sensor in
the sowing unit, for which an analysis of indication errors was carried out. A seed arrangement of
this type has not been described so far. An analysis of the influence of the seed tube tilt angle and the
type of its exit hole end on the coordinates of the grain point of collision with the sensor surface and
erroneous indications of the amount of sown grains identified by the piezoelectric sensor is presented.
Low values of the sensor indication errors (up to 10%), particularly for small tilt angles (0◦ and 5◦)
confirm its high grain detection efficiency, comparable with other sensors used in sowing systems,
e.g., photoelectric, fiber or infrared sensors and confirm its suitability for commercial application.
The results presented in this work broaden the knowledge on the use of sensors in seeding systems
and provide the basis for the development of precise systems with piezoelectric sensors.

Keywords: control system; rape seed; piezoelectric sensor; DEM; tilt angle; exit hole end; distance
after collision; particle trajectory

1. Introduction

Technological progress poses numerous challenges for researchers and constructors.
Constant pursuit of manufacturing efficiency improvement methods involves application
of better agrotechnical soil cultivation and sowing procedures. Crop yield can be increased
by use of higher processing speeds [1], or machines with high working width, at least 4–6 m,

Appl. Sci. 2022, 12, 1594. https://doi.org/10.3390/app12031594 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12031594
https://doi.org/10.3390/app12031594
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-4040-5718
https://orcid.org/0000-0002-9909-5112
https://orcid.org/0000-0001-6760-3752
https://orcid.org/0000-0002-2535-8370
https://orcid.org/0000-0002-8244-2763
https://doi.org/10.3390/app12031594
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12031594?type=check_update&version=2


Appl. Sci. 2022, 12, 1594 2 of 18

or even up to 9–12 m with a system of folding frames [2–4]. High performance seed drills
and soil tilling and sowing machines are most commonly applied in sowing [5]. They use
integrated soil cultivation [6], application of which involves control of the piping system
and colter clogging [7] as well as monitoring the amount of seeds to be sowed which is of
key importance in precision farming systems [8–10].

The elements of standard seed drills with mechanical or pneumatic dosing systems
such as seed delivery tubes or colters are not commonly equipped with electronic systems
for control of seed delivery tube clogging or for the amount of grains. Modern machines
consistent with farming standards 4.0 are equipped with modern control units with sen-
sors [11]. Application of computer technologies in combination with modern sensors
enhances productivity, has a positive impact on the natural environment, and reduces the
costs of manufacturing [12].

Sensors such as ‘seed eye’ are now available on the growing market for agricultural
machines. They are offered with seed drills by the Väderstad-Verken AB Company [13]
and the newest sensors ‘Pro-Seeder D30’ of Italian MC Electronics [14]. These, however,
are optical sensors whose seed tubes and colters operate inefficiently near the ground
where there is a significant amount of dust. In such difficult conditions impact sensors are
found to be more efficient. A PVDF sensor which is already applied in harvesters as a crop
loss indicator is one of such solutions [15]. Entire systems with piezoelectrical sensors are
installed inside the distribution head of pneumatic seed drills [16] and behind the output
connection pipe, in the upper part of the seed delivery tubes [17]. The piezoelectrical sensor
is also used for assessment of the sensor force where the seeds hit a stiff surface [18]. There
are also control methods for seed sowing quantity based on weighing [19], however, due
to vibrations that occur on seed drills these methods have not been developed. Recently,
sowing with simultaneous fertilizing has been introduced, though here again powdered
fertilizer easily settles on the sensors decreasing their sensitivity [20,21]. A dispenser in the
form of a grooved shaft is often used for simultaneous wheat sowing and mineral fertilizing
(granular fertilizer) [22,23]. It is recommended to apply a self-calibration system for each of
them to maintain sowing precision [24]. Self-calibration systems need to be equipped with
sensors and the impact sensors sustain their functions under difficult dust conditions.

Thus, there is still a need to build seed drill control systems with sensors able to
operate close to the ground (dust resistant) and characterized by shorter reaction time to
indication of clogging to be available for all, even small or medium, farms. Between the
available sensors (PVDF and PZT), it was found that in the tested impact plate ceramic PZT
sensors were characterized by better properties [25].

The goal of this work is to optimize structural features of a patent applied (P.438435)
piezoelectric sensor to enable the counting of grains in the seed unit through an analysis
of the grain motion and their collisions with the sensor surface. This solution was also
distinguished in the IENA2021 Fair that was held on the 4–7 November 2021, Germany,
by a special award—Korea Invention Promotion Association. (P.438435-impact system for
control of granular mixture flow in the form of a casing attached to the end of the seed
delivery tube or in a colter containing an impact plate fixed by a ceramic piezoelectric
converter PZT) The research problem was formulated as a question: What values of the
structural features (shape, length, width, tilt angle) and grain motion parameters (seed
motion rate) will provide the sensor with the biggest efficiency in grain counting? Maximum
efficiency of the sensor can be achieved when each grain present in the chamber hits the
sensor surface only once. To achieve the goals, analytic and experimental procedures of
grain motion were carried out in a sowing unit in terms of the grain contact with the sensor
surface including determination of the optimization conditions of its structural features.

LIDER project, this study is part of the involved construction of a system with the use
of alternative technology for detection of grains in seed tubes by means of piezoelectric
impact sensors mounted directly at the ends of the seed tubes or in colters. Unlike optical
sensors, sensors of this type are entirely dust resistant and therefore, they can be fixed
to the elements that contact the soil where high dusting occurs. Early detection of seed



Appl. Sci. 2022, 12, 1594 3 of 18

delivery tube clogging allows the reduction of crop loss caused by breaks in seeding and
shortens the system reaction time.

Simulation methods are being increasingly used for the design of agricultural machines
and their control systems as they exhibit good consistence with the results of laboratory
tests [26]. FEM (finite element method) and DEM (discrete element method) are the most
commonly used. FEM is used for tests [27], and for tests of joints between the machine
elements [28]. DEM is used in simulation of the transport process [29], milling [30], crushing,
sieving, and many more processes that use granular material. According to the results of
analyses and the literature, the DEM method is an effective tool to be used for simulation
of granular materials [31] and is the most suitable for optimization of a piezoelectric
sensor chamber.

2. Materials and Methods

In this study an analysis of the accuracy of measurements of a piezoelectric sensor and
a grain movement analysis in the sowing unit were conducted. The research consists of
four parts: (1) theoretical discussion of the grain movement in a system with a piezoelectric
sensor, (2) experimental tests on a specially developed test stand for measurement of the
number of grains detected by the sensor and determination of the point of collision with the
sensor and the length of grain flight after collision for different tilt angles of sowing tubes
and different shapes of exit holes, which will support the sensor system optimization, (3)
the simulation verification of the system using DEM, (4) an analysis of the results involving
determination of the relative error as an accuracy measure of the sensor performance and a
correlation analysis. A diagram of the study framework is presented in Figure 1.

Figure 1. The framework of the conducted research.

2.1. Model of Grain Motion in the System of a Piezoelectric Sensor

Sowing crops and cultivated plants requires appropriate dosing of grains to be posi-
tioned in rows, which ensures utilization of an optimal amount of grains at an appropriate
distance between them (appropriate grain distribution in the soil). For this purpose, it is



Appl. Sci. 2022, 12, 1594 4 of 18

necessary to control the material feeding into the colter. A control chamber with a piezo-
electric sensor PZT (ceramic) was proposed to count the grains. By means of the chamber,
grains that fall down a delivery tube are counted. Figure 2 shows the scheme of the control
chamber equipped with a PZT (ceramic) piezoelectric sensor. Selection of an appropriate
shape and dimensions as well as the distance between the sensor and its chamber walls is
of key importance in the presented solution. They need to be matched so that a falling seed
will contact the sensor surface only once. It is important to provide grains with a suitable
tilt angle as this conditions the grain motion direction and the impact range. A small impact
range causes a double hit against the sensor surface which results in a double count of
the same grain and the control system indication error. In terms of usability, this is not a
desired situation, and it would disrupt the regularity of the control system performance.

Figure 2. Scheme of a piezoelectric sensor chamber, d—grain exit hole diameter, h—distance between
the highest point of the sensor mounting place, H—height of the chamber with sensor, l—length of
piezoelectric sensor, c—length between the most protruding point of the sensor and the casing wall,
α—tilt angle with the horizontal, a—width of the chamber with sensor, k-seed.

To optimize the structural features of the sensor chamber and its dimensions it is
necessary to take into account the grain motion in the chamber and its characteristic
extreme situations. Dimensions of the sensor and the chamber must be correlated with
each other in such a way that after exiting the output tube a grain hits the sensor only once.

Grain movement was considered for a flat sensor in the form of a plate (Figure 2).
Grain motion can be divided into four stages:

1. Motion in the seed delivery tube,
2. Motion after leaving the seed delivery tube until hitting against the seed drill surface,
3. Impact with the sensor surface, with partial energy loss,
4. Grain motion after collision with velocity vk, different (smaller due to impact) from its

velocity before a collision with the sensor.

An equation of grain motion in a chamber results from Newton’s law of dynamics.
Grain can be transported gravitationally or pneumatically in the form of a grain–air mixture.
Gravitational transport, that is, falling under the impact of G gravitation force and Magnus
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M [32] force was considered first. It should be assumed that a falling grain performs transla-
tional motion and a rotational motion around its own axis. During collision with the sensor
surface a grain is affected by the force of contact FC with normal component N (connected
with the impact pressure and damping) and tangential component T resulting from grain
sliding friction (Figure 3). The equation of grain translational motion is expressed by:

m
d
→
v

dt
=
→
G +

→
F c +

→
M (1)

and rotational motion:

I
d
→
ω

dt
=
→
Mω +

→
MT (2)

where: m—grain mass,
→
v —translational motion velocity,

→
G—gravitational force,

→
F c—force

resulting from the seed contact with the sensor surface,
→
M—Magnus force, I—inertia

moment,
→
ω—speed angular velocity,

→
Mω—torque,

→
MT—rolling resistance moment.

Figure 3. Scheme of forces affecting grains upon impact with the sensor surface, N–normal force,
T–tangential force, G–gravitation force, α–tilt angle of sensor surface, x–the distance the grain collides
with the sensor, l–the sensor length.

Both the force of contact and the moment of rolling resistance against the surface occur
when a particle hits a surface or another particle. In the remaining cases they are equal to 0.

Gravitational force is defined as follows:

→
G = m

→
g (3)

Contact force
→
F c is defined as a resultant of the surface reaction forces upon impact

→
Nc and tangential forces

→
T c [32]:

→
F c =

n

∑
i=1

(→
Nc +

→
T c

)
(4)

When modeling contacts, i.e., an impact between two bodies, a few available models

of normal and tangential forces can be used [33]. Normal force
→
Nc that occurs during the

impact can be determined according to Hertz theory [32,33], whereas determination of tan-
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gential forces
→
T c was carried out using a model proposed by Mindlin and Deresiewicz [34]

for stick-slip behavior during contact. Both normal forces
→
Nc and tangential forces

→
T c are

the effect of stiffness components
→
Nsi and

→
T si and damping

→
NTi or as

→
T Ti, hence contact

force can be expressed as:

→
F c =

n

∑
i=1

(→
Nc +

→
T c

)
=

n

∑
i=1

(→
Nsi +

→
NTi +

→
T si +

→
T Ti

)
(5)

Normal force results from two forces—elastic force
→
Nsi and damping force

→
T Ti:

→
Nc =

→
Nsi +

→
NTi (6)

Elastic force according to Hertz theory [32,33] is defined by dependency:

Nsi =
4
3

E∗
√

R∗|ho|
3
2 (7)

1
E∗

=
1− υ2

1
E1

+
1− υ2

2
E2

⇒ E∗ =
E1E2

E1
(
1− υ2

2
)
+ E2

(
1− υ2

1
) (8)

1
R∗

=
2
R
⇒ R∗ =

R
2

(9)

ho = d− R (10)

where: E*—reduced Young modulus (Equation (8)), R*—effective radius of contact with
a flat surface (Equation (9)), ho—particle overlap (Equation (10)), E1, E2—Young moduli
of two bodies at contact, υ1, υ2—Poisson coefficient of bodies at contact, R—radius of
grain curvature at the contact point, d—length between the grain gravity center and the
contact surface.

The damping force dependent on the restitution coefficient is expressed as:

NTi = 2cnH

√
m∗

4
3

E∗R∗
1
2 · h

1
4
o · vrel

n (11)

where: cnH—damping coefficient of normal forces in Hertz theory, m*—effective mass
(relative), vrel

n —relative velocity of normal component.
The damping coefficient of normal forces in Hertz theory is connected with the linear

damping coefficient cn according to equation:

cnH =

√
5

2
cn (12)

whereas cn is determined based on the value of the restitution coefficient ε. The restitution
coefficient and damping coefficient are connected by the following dependency:

ε =



exp
[
− cn√

1−c2
n

(
π − arctan 2cn

√
1−c2

n
1−2c2

n

)]
i f 0 ≤ cn < 1√

2

exp
[
− cn√

1−c2
n

arctan 2cn
√

1−c2
n

2c2
n−1

]
i f 1√

2
≤ cn ≤ 1

exp
(
− cn√

c2
n−1

ln cn+
√

c2
n−1

cn−
√

c2
n−1

)
i f cn > 1

(13)

The relative mass for contact with a flat surface is equal to:

1
m∗

=
1
m

⇒ m∗ = m (14)
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The tangential force at the contact point is made up of a tangential elastic force and a
tangential damping force:

→
T c =

→
T si +

→
T Ti (15)

The tangential elastic force is given by an equation according to Mindlin–Deresiewicz
theory and based on the Coulomb linear friction coefficient [34]:

Tsi = −µNc

(
1− ζ

3
2

) sτ

|sτ |
(16)

whereas:

ζ = 1− min(|sτ |, sτ,max)

sτ,max
(17)

sτ,max = µ

(
1− υ1

2− υ1
+

1− υ2

2− υ2

)−1
ho (18)

where: µ—linear coefficient of friction, sτ—tangential component of relative displacement,
sτ,max—maximum relative displacement.

The tangential component of damping expressed by dependency:

TTi = ct

√
6µm∗Fn

sτ,max
· ζ

1
4 vrel

t (19)

ct = −
ln ε√

ln2 ε + π2
(20)

where: ct—tangential coefficient of damping, vrel
t —tangential component of relative velocity.

Due to the likelihood of grain rotation around its axis, the path of falling is under the
influence of the Magnus force [32]. According to Kutty–Joukowski theorem, the Magnus
force for seed in non-viscous air flow will be [32]:

→
M =

1
8

ρv2
r πd2

pCM

→
ωr ×

→
v r∣∣∣→ωr

∣∣∣ · ∣∣∣→v r

∣∣∣ (21)

The torque of mass M for rotational motion Mw is determined from equation [35]:

Mω =
(→

x j −
→
x i

)
· Fc (22)

Considering that upon contact, friction involved in grain rotation around its axis is
likely to occur it can be written:

→
MT = −µr

∣∣∣→r ∣∣∣Nc

→
ω∣∣∣→ω∣∣∣ (23)

where: µr—coefficient of rolling friction,
→
ω—vector of angular velocity,

∣∣∣→r ∣∣∣—rolling radius.

2.2. Experimental Tests

Experimental tests involved the determination of the point of grain collision with the
surface of a piezoelectric sensor developed for the needs of sowing and the identification
of the number of erroneous indications based on the number of grain collisions with the
sensor surface. The experiment was conducted with the use of Kite winter rape seeds of
9.0% humidity and medium size 2.02 ± 0.14 mm. The seeds came from Seed Center Top
Farms Nasiona-Zakład in Runowo, Wielkopolskie Voivodeship.
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An original test station was constructed to provide real conditions of the control
system operation (Figure 4) which consisted of the following elements:

• seed dosing unit (rotational plate with 23 holes) powered by an electric motor with
the use of a belt transmission with adjustable speed,

• Chronos 1.4. video camera
• screen with a scale in the form of graph paper,
• vertical-telescopic seed delivery tube (tube for seed drill S107, PMR Meprozet, Miedzyrzecz

Podlaski, Poland,
• two led lamps with stabilizing systems, 400 W each,
• laboratory table.

Figure 4. Scheme of a laboratory station for tests of the piezoelectric sensor PZT (ceramic): 1. Casing
of sensor enabling adjustment of the seed delivery tube tilt angle, 2. Seed dispenser- in the form of a
plate with holes, 3. Telescope seed delivery tube (length 65 cm), 4. Fast video camera, 5. Dedicated
lighting 2 psc. LED lamp with a stabilization system).

During the experiment the grains were fed from a height of 65 cm, with a frequency
similar to real rape sowing parameters, that is 18 psc./s. Grains were fed through a
rotational plate with 23 holes into a telescope seed delivery tube. Next, coordinates of the
collision point were measured in the X and Y axes for each grain as well as the length after
collision with sensor X0 in axis X. The measurement distance in the Y axis was assumed to
be 0 for a grain after collision. In the experimental tests, 4 different tilt angles of the grain
transport tube were analyzed: 0◦, 5◦, 10◦, 15◦, presented in Figure 5, diversifying in this
way the angle of grain falling on the sensor, in order to assess the impact of the tube tilt
angle on the efficiency of the piezoelectric sensor and the number of its indication errors.
Additionally, two different configurations of the exit hole end with internal diameter 15 mm
were used: straight end (yellow), and diagonal end (red), cut at an angle of 45◦ (Figure 6).
Measurements of coordinates were performed for 20 grains in each configuration.
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Figure 5. Scheme of the transport tube tilt (seed delivery tube) and its end at angles: 0◦, 5◦, 10◦, 15◦:
1—sensor housing, 2—piezoelectric sensor, 3—exit hole.

Figure 6. Tested configurations of the exit hole: (a) straight system, (b) diagonal system: 1—sensor
housing, 2—piezoelectric sensor, 3—exit hole.
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Coordinates of the grain collision point were measured based on graphic data obtained
using a fast frame camera Chronos 1.4, which is characterized by a high range of image
display frequency. This video camera has a built-in, 1.3-megapixel image converter, which
records the transmission speed up to 1057 kb/s for 1280 × 1024 resolution or even up to
38,500 kb/s for lower resolution. A lens of the recording camera was placed at a distance of
70 cm from the research object (piezoelectric sensor chamber), as according to the distance
specification this provides the highest image sharpness. In effect, MP4 format recordings
were obtained for which the registered data speed was app. 9400 kb/s for image resolution
640 × 360. When using video devices, continuity (frequency) of the image display is
important—the more frames per second the better the image. According to the European tv
standard, the correct range of image frequency is 24 fps. To provide repeatability of results
for the analyzed trajectories of the grain flight, the same image frequency parameters were
used, that is, 58 fps. Based on an analysis of the seed motion images, a few frames depicting
the grain collision point were chosen and the distance of X and Y was measured on a graph
paper placed behind the sensor, according to Figure 8, and the frames depicted the grain
maximum distance after a collision.

2.3. Simulation Tests with the Use of the Finite Element Method

Simulation tests involved determination of the coordinates of the collision point,
trajectory of particles, the distance after collision, and the identification of the wrong
indications of the piezoelectric sensor counting grains on the basis of the number of
collisions with the sensor surface. The simulation model was consistent with a real grain
transport tube represented in the test station (Figure 4). The image of a model for the two
considered exit hole configurations (straight and diagonal) is shown in Figure 7 (consistent
with real configurations presented in Figure 6). The simulation was carried out using
RockyDEM software for rape grains with parameters presented in Table 1. Rape grains
were assumed to be identical, in the form of a spere with 2.2 mm diameter.

Figure 7. Geometry of simulation using the discrete element method: (a) straight system, (b) diago-
nal system.
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Table 1. Physical properties of rape seeds.

Model

Diameter [mm] 2.2
Mass of one thousand seeds [g] 3.5

Density [kg/m3] 631
Young’s modulus [MPa] 700

Poisson coefficient 0.3
Mass flow [kg/h] 10

Figure 8. Axes of the coordinate system during determination of the grain point of collision with the
sensor and the distance after the impact for the vertical tube (tilt 0◦).

Based on similar tests carried out by other authors [33,36,37], the Hertzian Spring
Dashpot model was accepted for normal force, the Mindlin–Deresiewicz model for tangen-
tial force, and the linear model for adhesion forces. Due to the grain single contact with the
sensor during the collision, rolling resistance was neglected. Table 2 shows the values of the
particle–particle and particle–surface contact parameters used in the simulation tests using
parameters provided by the literature [38,39]. The simulation lasted 5 s, and the output
frequency was 0.1 s.

Table 2. Rape grain contact parameters used in the simulation.

Parameter Particle-Particle Particle-Surface

Restitution coefficient 0.5 0.6
Tangential friction coefficient 0.6 0.8
Dynamic friction coefficient 0.2 0.2
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2.4. Analysis of Results

An average (Equation (24)) and standard deviation (Equation (25)) were calculated in
RockyDEM software for each configuration of the seed delivery tube tilt and for the exit
hole shape from experimental tests and simulation results.

X =
∑ Xi

n
(24)

s =

√√√√√ n
∑

i=1

(
Xi − X

)2

n− 1
(25)

where: X—mean value, Xi—values of the i-th measurement, n—number of measurements.
Pearson correlation analysis was carried out to investigate the impact of the exit hole

tilt on coordinates of the collision point and the grain flight length after collision with the
sensor, assuming the significance level to be 0.1.

To evaluate the sensor for commercial applicability a relative error of the sensor
indications was defined according to the following formula [40,41]:

δ =
∆x
x
· 100% =

|x− x0|
x

· 100% (26)

where: ∆x—absolute measurement error, x—exact value, x0—measured value.

3. Results and Discussion

The tests involved determining the coordinates of the collision point with the sensor
surface and the relative error of the sensor detection indications for grains fed into the seed
delivery tube. Based on the results, changes in the values of the collision point coordinates
and grain flight length along with the tilt angle were observed which is presented in
Figures 7, 9 and 10. Experimental tests of straight and diagonal exit ends provided high
values of the correlation coefficient for collision points X and Y and grain flight length
X0 (Table 3), though not all values were statistically significant which could have been
caused by a small sample size (four values of tilt angle). An analysis of correlation showed
that for the straight exit hole the coordinate of the grain collision with the sensor in axis X
and grain flight length were positively correlated with the tilt angle, whereas the collision
point coordinate in axis Y was negatively correlated (Table 3). In the case of a diagonal
opening, coordinates of the collision point in axis X and Y were negatively correlated,
whereas the flight length was correlated positively with the tilt angle (Table 3). Similar
correlations between the variables were obtained for the straight exit hole from a simulation
analysis in RockyDEM (Table 4). For the diagonal exit end, the results of a correlation
analysis in DEM simulation differed from those obtained from the experiment. Contrary
to experimental tests, there were negative correlations (though statistically insignificant),
between the collision point coordinates on axis Y and the grain flight length after the impact
(Table 4).

Comparing the values of the collision point coordinates and the coordinate of the
grain flight finish provided by DEM simulations and experimental tests for different exit
ends and tilt angles it should be said that the results are similar, however, some differences
occurred which is reflected by the non-overlapping ranges of the values of the coordinates
presented in Figures 9–11. These differences can be the effect of simplifications of the
models used in the simulation software, calculation errors, and the uncertainty of the
simulation input data. In this case differences in the collision points and grain flight length
in experimental and simulation tests are caused mostly by initial assumptions and input
data regarding the feed material [42]. A constant grain diameter equal to 2.2 mm was
assumed and the rape grain shape was assumed to be an ideal sphere. In reality, rape grains
differ in terms of size (diameters in the range 1.8–2.2 mm) and shape as sometimes they
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do not make ideal spheres. Seeds of biological materials are characterized by significant
shape diversity within one species and a wide range of values for one feature, as found
in previous studies [43,44]. Diversity of the grain shapes has a significant influence on the
grain flight destination point because the grain shape includes, among others the following:
angle of impact with the sensor surface which affects the length of flying as well as inertia
moments that cause rotation of the grain around its own axis upon collision. Moreover,
the impact parameters are affected by the coefficients of restitution, rolling, and dynamic
friction accepted in the simulation which in reality are not constant for rape grains, and in
this case a constant value was accepted for each grain in the simulation. As proven in [45],
the coefficient of restitution, depending on the grain size, allows the grain speed after the
impact to be determined which in turn has a large influence on the grain flight range.

Figure 9. Grain collision point measured in axis X for different tilt angles—experimental and
simulation results.

Figure 10. Grain collision point measured in Y axis for different tilt angles—experimental and
simulation results.
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Table 3. Analysis results of correlation between tilt angle of the exit hole and the grain collision point
coordinates and sensor indication error in experimental tests.

Type of Exit Hole Factor X Y X0
Relative

Error

Straight exit hole Pearson Corr. 0.755 −0.786 0.752 0.867
p-value 0.245 0.214 0.248 0.133

Diagonal exit hole Pearson Corr. −0.701 −0.958 * 0.933 * 0.058
p-value 0.299 0.042 0.067 0.942

* statistically significant correlation for p < 0.1.

Table 4. Analysis results of correlation between tilt angle of the exit hole and coordinates of the grain
collision point and the sensor indication error in simulation tests.

Type of Exit Hole Factor X Y X0
Relative

Error

Straigth exit hole Pearson Corr. 0.905 * −0.873 0.685 1.000 *
p-value 0.095 0.127 0.315 -

Diagonal exit hole Pearson Corr. −0.183 −0.667 −0.894 0.944 *
p-value 0.817 0.333 0.106 0.056

* statistically significant correlation for p < 0.1.

Figure 11. Final position of grain X0 after collision for different tilt angles during experimental and
simulation tests.

Figures 12 and 13 show the results of analysis of the wrong indications of the piezo-
electric sensor depending on the dosing tube tilt angle and the exit hole end shape obtained
from the experimental and simulation tests using DEM. Both in computer simulation and
in experimental tests the largest error of the sensor indication was found for a tilt angle
equal to 15◦, whereas the smallest one for a tilt angle equal to 0◦. It is also noticeable that
the sensor indication error increases along with the tilt angle increase in the straight system
which is confirmed by the results of a correlation analysis (Tables 3 and 4). No distinct
tendency was observed for the diagonal system in the experimental tests which in turn
appeared in the simulation tests (Tables 3 and 4 and Figures 12 and 13). For a straight
system, the simulation and experimental tests show a similar tendency of the indication
error to increase along with an increase in tilt angle. Based on the results, it can be said that
tilt in the range of 0–5◦ will provide the grain with single impact against the sensor surface,
thereby the least number of wrong indications of all the analyzed configurations. Due to
the lower values of error, it would be better to use an exit hole with a straight end. Low
values of the sensor indication errors (up to 10%), particularly for small tilt angles (0◦ and
5◦) prove its high grain detection efficiency, comparable with other sensors used in sowing
systems e.g., photoelectric [46], fiber [47], or infrared sensors [48]. The whole chamber of
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a piezoelectric sensor and the end of the exit tube were carried out by fast prototyping
methods (3D printing), which again were found to be the best solution in construction of
prototype units and elements [49,50].

Figure 12. Relative error of piezoelectric sensor indication depending on its tilt angle in experimen-
tal tests.

Figure 13. Relative error of piezoelectric sensor indication depending on its tilt angle in simula-
tion tests.

An advantage of the presented grain detection system with a piezoelectric sensor
in the sowing unit is the resistance of its indications to dust while sowing, which may
occur when using photoelectric sensors, whereas the accuracy is comparable or higher (the
piezoelectric sensor accuracy range in this study for all tilt angles is 70–95% compared to
that of the photoelectric sensor described in [46] which is 47–63%). In addition, in this type
of sensor the accuracy is independent of the temperature increase, which is observed for
fiber sensors [46].

The results show that, the DEM simulation can be a good tool for simulating perfor-
mance of the sowing system with piezoelectric sensors even with simplifying assumptions.
The proposed methodology with an original test stand, a design solution for the sowing
unit, and a piezoelectric sensor, as well the results confirming high accuracy of the sen-
sor could be used as a basis for further development of sensors for sowing units and for
their design improvement and accuracy, which will significantly improve the efficiency
of sowing.

4. Conclusions

This study presents an analysis of grain motion in the sowing system and an analysis of
piezoelectric sensor operation efficiency according to an original solution with application
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to the Patent Office of the RP (P.438435). An analysis of the influence of the seed tube tilt
and the exit hole end type on the coordinates of the grain point of collision with the sensor
and the indication errors in the amount of sown seeds detected by the piezoelectric sensor
was carried out. The results show that the tilt angle has an influence on the coordinates of
the grain point of collision with the piezoelectric sensor and its indication errors. Based on
the analysis it was found that the seed delivery tube tilt within 0–5◦ and with application
of an exit hole with a straight end reduces the number of wrong indications. Initially, it was
assumed that application of an exit hole with a diagonal end would provide lower values of
erroneous indications, whereas the results of both laboratory and simulation tests did not
confirm this thesis. Low values of the sensor’s erroneous indications (up to 10%), especially
for small tilt angles (0◦ and 5◦) prove its high grain detection efficiency comparable with
other sensors used in seed drills such as: photoelectric, fiber or infrared sensors and confirm
its commercial applicability in rape seeders. Further research is planned for non-spherical
seeds to confirm that the chamber proposed for a piezoelectric sensor can be used both for
medium size grains such as wheat or rye-wheat and thick grains such as: lupin or peas.
Further research should focus on refining a design of the piezoelectric sensor chamber,
taking into account the distances of the grain collisions from the sensor surface. Differences
in the coordinates of grain collision and post collision flight length and the sensor indication
errors along with the inclination of the seed tubes, showing that the grain reflection angle
has a significant impact on indication errors, imply that it is worth analyzing the use of
sensors of various geometrical forms, e.g., spherical, in further research. Additionally, tests
of the influence of vibration, simulating the real conditions during sowing, should be done.
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