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Abstract: Sowing is critical for successful crop establishment and productivity, particularly in preci-
sion agriculture management strategies. However, topsoil characteristics directly affect agribusiness
maximization (i.e., crop-yield increase, machinery efficiency, operating-cost reduction) even in the
most advanced farming management techniques. The excessive presence of coarse fractions or stones
in arable soil layers prevents modern machinery from reaching optimal efficiency. This work focuses
on sowing to verify whether the vibration and noise arising during this operation significantly change
with varying soil conditions according to the stoniness degree of disturbance on soil workability. To
make this assessment, an experimental sowing activity was carried out on four soil plots with two
different disturbance degrees. The results confirmed that the noise and acceleration of the sowing
machine significantly correlated with the soil disturbance degree and related workability profile.

Keywords: sustainable agriculture; precision farming; stoniness degree of disturbance; stony-soils
workability; seeder machine; seeding speed

1. Introduction

In modern agricultural management strategies, especially in precision-agriculture (PA)
systems, sowing is one of the key factors influencing crop establishment and yield. Usually,
before sowing, various tillage methods and types of machinery are used to prepare the
soil, according to soil characteristics, farming techniques and crop needs, to destroy weeds
and pests and improve the structural conditions of the arable layer, so as to maximize
the efficiency of seed planters, and enhance seed germination and the growth of seedling
roots. In the most advanced farming management typologies, maximizing arable farming
outputs—in terms of crop yield, machinery efficiencies and reduction in operating costs—
directly depends on topsoil quality. When defining and assessing the textural characteristics
of arable layers, soil fractions over 2 mm in diameter (gravel and stones) are usually
excluded because they are considered inert fractions.

However, an excessive presence of coarse fractions or stones in the soil’s arable layers
hinders or is incompatible with the operational requirements of modern cultivation tech-
niques and machinery (i.e., minimal tillage, precision sowing), which require fields without
obstructions and topsoil of fine earth to work at their best [1–3].

This work focuses on sowing to verify if the vibration and noise arising during
such operation significantly change at varying soil conditions according to the stoniness
disturbance degree on soil workability. The importance of vibration on the seed metering
performance has been also highlighted for the design of a seed metering device and entire
seeder, as well as the determination of operation speed [4,5].
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1.1. Sowing Efficiency Issues: Precision Seeders

In the panorama of digital and precision farming machinery, seeders are a key tool
for optimizing crop results. According to different sowing requirements, various types of
precision seeders have been developed to meet the needs resulting from the geographical
environment, farm scale, mechanization level and crop type of different countries, for both
tilled and untilled soils [6,7].

Across their different types and structural and operational characteristics, such ma-
chines maximize sowing efficiency in terms of costs and time savings. Moreover, precise
seed positioning along the row and at the proper sowing depth avoids seed wastage and
fosters optimal crop growth.

Precision seeders are generally semi-portable machines consisting of a variable number
of independent planter units fixed to the frame. Each element, therefore, constitutes a
complete sowing unit, consisting of a hopper, distribution and damping devices, seed
covers and a compaction device. In some cases, they can be combined with equipment for
complete and minimal tillage or equipped with simple implements suitable for opening
the furrow for depositing the seed in the firm soil (sod seeding).

Under optimal soil conditions, mechanical seeders operate at speeds between 5 and
7 km h−1 with power requirements varying between 1.5 and 2.0 kW per row. Pneumatic
seeders can operate at speeds of up to 10–12 km h−1, ensuring good uniformity of distribu-
tion, albeit with higher power requirements, typically 4–5 kW per row [8]. The planters
are suitable for precision planting under a working speed of 6.9 km h−1 [9]. The most
recent ISOBUS [10] models, with electrically driven seeding units, tractor auto-guidance
system and global navigation satellite system (GNSS) positioning, can operate at speeds
of up to 15 km h−1 with high levels of precision [11]. Various authors have evaluated
the operational performance of different seeders in different areas and for different crops.
However, neither bibliographic references nor technical documentation report correlations
between machinery performances and soil condition, assuming that the soil is optimal
for the performances of the described machines [12–15]. On the contrary, the type and
structural conditions of the soil on which sowing occurs heavily affect the operational
efficiency of seeders in terms of waving, humidity, and seedbed preparation methods: the
presence of skeleton in the arable soil layer is widespread in a great part of the world’s
arable lands [16,17].

One of the main factors characterizing the efficiency of a seeder in terms of work rate,
with the related costs for the tractor, operator, and fuel consumption, is the maximum
allowable forward speed. Apart from technical considerations, such speed can depend
on soil composition. For example, Figure 1a reports operation on soil with high skeleton
which allowed a maximum speed of 5.6 km h−1. Figure 1b reports the performance of the
same tractor and seeder during an experimental sowing experience at various forward
speeds on soil without skeleton, correctly sowing at 11.5 km h−1. In this last case, the limit
was the maximum power of the tractor used.

Research on sowing quality associated with high speeds [18,19] report operational
limits due to excessive lateral soil throw, reduction in furrow backfill and interactions
between adjacent furrows. In addition, they showed potential for new opener technology
to increase operating speeds, increasing the timeliness of sowing, grain-yield potential
and lowering total seeding time per season [20,21], encouraging the approach to technical
improvements in the implement specific to particular soil conditions.
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Figure 1. The forward speed of two different sowing operations on soil with different skeleton levels.
(a) reports operation on soil with high skeleton which allowed a maximum speed of 5.6 km h−1.
(b) reports the same tractor and seeder on soil without skeleton correctly sowing at 11.5 km h−1.

1.2. The Stony-Soils Disturbance Degree

The type and amount of coarse fractions define the workability class of soils as a
function of the degree of disturbance (DD) caused to cultivation machinery (Figure 2) [22].
Soil stoniness can severely impair the efficiency of this machinery, in particular of seeders, in
terms of both sowing effectiveness and structural integrity, even for those equipped with the
most advanced vibration-damping systems and downforce control of sowing elements [23].
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Figure 2. Stony-soil classes and workability limits of some operating machines (a), according to the
stone classes disturbance degree (b) [22].
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Understanding the effect of soil conditions on sowing performance in terms of preci-
sion and work rate requires the possibility of monitoring the parameters correlated with
the operation.

The monitoring of some parameters is already adopted in rotating machines for
the diagnostic analysis of the correct functioning. For example, vibrations and noise
could be specific signals that indicate abnormal functioning [24]. Focused engineered
sensors measuring vibrations have been developed for measurements on a hay-handling
machine and have confirmed the capability of the online monitoring system to diagnose
malfunctions. The proposed measuring system could also be used to improve the durability
of agricultural machinery [25].

A purpose-designed array of instruments has been developed to install accelerometers
and microphones for evaluating grain losses in key points of combined harvesters [26].
With this aim, this study focuses on the possibility of evaluating whether the level of
vibration/acceleration or the noise of seeder units upon their impact with soil could be
a signal correlated to the seeding quality or mechanical protection of the machine when
operating on stony soils. Reducing vibration at a seeder distributor element to optimize
sowing quality (uniform distribution) has also been developed as a patent [27].

This work aims to verify whether vibrations and noise during sowing can be measured
and acquired and can identify significant changes in soil conditions according to the
stoniness degree of disturbance on soil workability.

The results could also be discussed alongside the recent development of the ISOBUS
function tractor implement management system (TIM). TIM is an ISOBUS-based agricul-
tural technology system which enables the implement to control tractor functions such as,
for example, forward working speed.

2. Materials and Methods
2.1. Soil Geoelectric Analysis/Test Plots

At the Council for Agricultural Research and Economics (CREA) experimental farm in
Treviglio, Bergamo, Italy (45◦31′14′ ′ N; 9◦35′27′ ′ E; +128 m asl), in a soil classified as Calcic
Skeletic Mollic Umbrisol, with neutral-sub alkaline pH, according to the International
Union of Soil Science (IUSS) classification [28], a geoelectric analysis followed by the
application of a classification algorithm on the 0–1 m deep soil’s resistivity values resulted
in the zoning of three homogeneous macro areas (Figure 3) [29].
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Figure 3. The shape of the homogeneous geoelectric soil zones.

Profile No. 4 is representative of soil class “A”, consisting of soils with a depth of
about 60 cm, with a medium sandy texture, characterized by a surface layer of about 20 cm
of dark-brown color, with skeleton (25–35%) consisting of pebbles and gravels, of moderate
subangular polyhedric, fine and medium structure and with fine pores. On the surface,
there is a relatively abundant presence of pebbles. From a depth between 20 cm to about
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60 cm, there is a brown-color layer, with abundant medium and large skeleton (50–60%)
with weak fine subangular polyhedric structure and fine and medium pores. At depths
over 60 cm, the skeleton is very abundant (>70%), consisting of pebbles and gravel.

Profile No. 1 represents soil class “C”, with soils with a depth of about 100 cm,
medium to silty texture, characterized by a surface layer of about 20 cm of dark-brown
color, with 10–15% skeleton consisting of small and medium gravel; fine and medium
polyhedric structure; and abundant fine pores. From 20 to about 700–800 mm deep, there is
a brown/olive-brown layer with a frequent (25–35%) medium and large skeleton. It has
medium and large angular polyhedric structures and fine pores. Over 700–800 mm deep
the skeleton is abundant (35–50%), consisting of pebbles and gravel.

Two test plots of 10 × 20 m surface area were chosen (P1 and P3) as the plots to carry
out deep burial stone reclamation digging the soil up to 1 m deep (Figure 4a). The dug soil
was then sieved (Figure 4b), gradually discharging in the trenches the stones retained by
the grid (Figure 4c); then, the filling of the trenches with the sieved fine earth, including
skeletal fractions up to 40 mm (classes Y and Z) was completed (Figure 4d); levelling and
compacting the layer of fine earth was performed with repeated passages of the crawler
excavator (Figure 4e).
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Figure 4. Diagram of the processing phase: (a) trenches digging; (b) soil sieving; (c) discharging
of retained stones in the trenches; (d) refilling of trenches with sieved fine earth; (e) compaction of
sieved fine earth layer.

Two other contiguous plots of the same area of undisturbed soil were delimited as
control tests (P2 and P4) (Figure 5) [30].

AgriEngineering 2022, 4, FOR PEER REVIEW  6 
 

 

 

Figure 5. Experimental plots on soil geoelectric profiles (0–1 m deep): P1, P3 reclaimed plots; P2, P4, 

undisturbed control plots. 

As a result, a clear improvement in the topsoil appearance was obtained without 

changing the plane of the field (Figure 6). 

 

Figure 6. Appearance of the top soil on the P1 (reclaimed) vs P2 (undisturbed) experimental plots 

(40 m aerial picture). 

2.2. Georadar Survey 

The results of the described stone reclamation system on soil profile were evaluated 

by performing the Ground Penetrating Radar (GPR) mapping of the experimental plots 

using a GSSI UtilityScan RLT3 with 350 MHz HyperStacking antenna (Geophysical Sur-

vey Systems Inc., Nashua, NH, USA; Figure 7) [31]. 

Figure 5. Experimental plots on soil geoelectric profiles (0–1 m deep): P1, P3 reclaimed plots; P2, P4,
undisturbed control plots.



AgriEngineering 2022, 4 1144

As a result, a clear improvement in the topsoil appearance was obtained without
changing the plane of the field (Figure 6).
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Figure 6. Appearance of the top soil on the P1 (reclaimed) vs P2 (undisturbed) experimental plots
(40 m aerial picture).

2.2. Georadar Survey

The results of the described stone reclamation system on soil profile were evaluated
by performing the Ground Penetrating Radar (GPR) mapping of the experimental plots
using a GSSI UtilityScan RLT3 with 350 MHz HyperStacking antenna (Geophysical Survey
Systems Inc., Nashua, NH, USA; Figure 7) [31].
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2.2.1. The Ground-Penetrating Radar Technology

GPR is a non-invasive geophysical technique [32] which employs radio waves, typi-
cally in the 10 to 3000 MHz frequency range, to map features buried in the ground. This
nondestructive method detects the reflected signals from subsurface structures. When the
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signal hits a target or a boundary between materials having different permittivity values, it
may be reflected from the surface and then detected by the GPR device. GPR is a convenient
methodology for the imaging of subsurface features. It is an efficient investigation tool for
studying the variations in the soil [33–35]. This technology can be used in agriculture to
estimate the spatial pattern of lithological subsurface layers and reveal layer discontinu-
ities [36]. This technique provides significant advantages over traditional methods such as
soil cores or excavation.

2.2.2. Ground Penetrating Radar Survey

The GPR survey has proven able to detect the difference between two different contents
of the soil. The survey was carried out in the 4 areas mentioned hereafter: A (P1, P3:
reclaimed) and B (P2 and P4: undisturbed). The difference between A and B is related to
the first shallow layer (60 cm depth). Soil A is more homogeneous than soil B because the
stones have been removed and buried under the arable layer.

Twenty-two GPR profiles were collected inside the A and B areas by recording GPR
traces (inline sampling) every 1 cm, with the maximum depth of investigation being 1.65 m
(83 ns in terms of time window).

It has always been possible to detect the difference between soil A and soil B in the
acquired profiles. The low backscatter of the signal is due to the lack of agglomerations
and stones in the reclaimed areas (A) (Figure 8); meanwhile, in non-reclaimed areas (B), the
signal has greater backscatter and attenuation along the depth axis (Figure 9).
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2.3. The Machines Used

On all plots, a preliminary seedbed preparation was carried out by harrowing with a
combined tiller (Figure 10) at an approx. depth of 20 cm for the rupture of the soil crust
and the burial of the previous crop residues.
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Figure 10. Seedbed preparation harrowing.

The machines used were chosen to ensure the data record matched the chosen plots.
For this reason, geo-positioning and auto-guidance systems were necessary to precisely
ensure the three longitudinal passages.

The chosen tractor was a 117-kW nominal power tractor with continuously variable
transmission (CVT) equipped provided with commercial PA technologies, consisting of
a navigation system: GNSS receiver; real time kinematic (RTK) antenna, a terminal unit
(VT), and a drive-wheel electric system for auto-guidance. The seeder was a 4.0 ISOBUS,
pneumatic, 3 m wide, with 24 planter units, combined with disks (Figure 11).
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2.4. Survey Methods

The considered factors are:

• Plot: 4, 2 reclaimed (B1; B2) and 2 undisturbed (NB1; NB2);
• Accelerometer position: 1 to 5;
• Axis of solicitation of the accelerometers: x; y; z.

The method involved three passes per plot at 1.25 ms−1 (4.5 km h−1). The forward
speed was established based on the experience of the operator as the maximum allowable
in the worst-case plot scenario, and was kept constant in all the plots.

The acquired signals resulted in the three axes of the accelerometer (x = longitudinal;
y = lateral; z = vertical) for all the 5 sensors and the microphone’s sound pressure level.
With this setting, the analyzed factors resulted in 16 channels. The frequency of acquisition
was 1 kHz for the accelerometers and 50 kHz for the microphone.

Regarding noise, it will be reported as sound pressure level (SPL) and expressed
in decibel (dB) unit. In order to consider the sound perceived by the human ear, the A-
weighted decibel (dBA) was adopted. Since it is assumed that the sound pressure levels may
be higher than 85 dBA, indicating a noisy environment, it is believed that the C-weighted
decibel (dBC) may be more suitable for the purpose of the study. For this reason, in addition
to the commonly adopted dBA, approach, the measurements will also be analyzed in dBC.
Regarding acceleration, the analysis included root mean square (RMS), maximum and
minimum acceleration.

Consequently, the measurements made were:

• Accelerations: 3 (rep) × 5 (positions) × 4 (plots) × 3 (axis) × 3 (RMS, max, min) = 540;
• Noise: 3 (rep) × 4 (plots) × 2 (weighted dB) = 24 for a total of 564 values.

2.5. Instruments

The study focused on the measurement of acceleration and sound pressure.
The sensors used were accelerometers and microphones. The sensors, software and

acquisition system are shown in Table 1.

Table 1. The instruments used.

Instrument/Material Make/Model

Triaxial accelerometer PCB 356A02
Triaxial accelerometer Dytran 3263A2

Microphone PCB 378B02
Data logger Dewesoft Sirius

Data-acquisition software Dewesoft X3
PC laptop Panasonic CF31

The accelerometers used were all triaxial: three were positioned on the distribution
elements of the machine, i.e., one on the left (position 1), one in the middle (position 2) and
one on the right (position 3) (Figure 12a,b). Another was positioned on the main frame of
the seeder (position 4), and the last one was placed on the pivoting roller (position 5).

The microphone was positioned in the horizontal position on the ladder railing and
pointed toward the back of the machine.
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Figure 12. (a): the position of the triaxial accelerometers 1, 2 and 3 (on sowing elements, yellow
circles) and the position of the microphone in the middle of the ladder railing of the upper portion on
the hopper (yellow circle). (b): the position of the triaxial accelerometers 4 and 5 (yellow circles).

3. Data Analysis

The data acquired were processed with Minitab 17 statistical software [37] using the
analysis of variance (ANOVA), which applied a generalized linear model (GLM) [38]. The
plot (NB/B), the sensor position on the frame (1 to 5), and the acquisition axes (x, y, and z)
were assumed to be fixed factors, while the root mean square (RMS) of the accelerations and
the maximum and the minimum values of the time histories were the dependent variables.
The Levene test (p < 0.05) [39] evaluated the homogeneity of the dataset’s variances before
the variance analysis.

4. Results

The results as root mean square (RMS) are reported in Table 2.

Table 2. RMS value of the acquired acceleration.

Axis

Plot Accelerometer
Position x y z

(g)

B1

1 0.12 0.09 0.19
2 0.09 0.13 0.17
3 0.11 0.13 0.23
4 0.06 0.08 0.14
5 0.29 0.18 0.25

NB1

1 0.27 0.21 0.39
2 0.18 0.25 0.34
3 0.2 0.23 0.38
4 0.1 0.13 0.22
5 0.59 0.35 0.48

B2

1 0.14 0.14 0.24
2 0.1 0.14 0.19
3 0.1 0.11 0.22
4 0.06 0.08 0.14
5 0.3 0.2 0.26

NB2

1 0.23 0.21 0.37
2 0.17 0.23 0.32
3 0.19 0.24 0.38
4 0.1 0.13 0.2
5 0.47 0.31 0.41
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The highest accelerations were found at the roller and ranged from 0.3 g in the destoned
soil to 0.59 g in the undisturbed plots with a high skeleton level. The lowest accelerations,
as expected, were at the frame, where the differences were less clear.

The mean acceleration value at the elements on the stony soils resulted in about double
the destoned one.

Interestingly, the highest values were not found exclusively at the vertical axis, but all
three axes were essential for the study. This aspect was observed, above all, at the pivoting
roller (position 5), which appeared to be the most interesting: the longitudinal stress has
the highest value (position 5; x axis).

The application of the analysis of variance (ANOVA) not only on the RMS values but
also on the maximum and minimum values of the acquired time histories indicated the
possibility of using acceleration to define the sowing parameters (Table 3).

Table 3. Results of the ANOVA.

Source RMS 960904 p-Value Max 960904 p-Value Min 960904 p-Value

Plot 0.000 *** 0.000 *** 0.000 ***
Position 0.000 *** 0.000 *** 0.000 ***

Axis 0.000 *** 0.000 *** 0.035 *
Parcel x position 0.000 *** 0.000 *** 0.000 ***

Plot x axis 0.000 *** 0.005 ** 0.529 ns
Position x axis 0.000 *** 0.000 *** 0.000 ***

Plot x position x axis 0.012 * 0.017 * 0.058 ns
*** = p < 0.001; ** = p < 0.01; * = p < 0.05; ns (not significant) = p > 0.05.

The plot, the sensor position, and the kind of sensor were all found to be significant
factors (p < 0.05). Moreover, the data should be considered attentively as it is very interesting
to note that their interaction was also significant. All the five accelerometers recorded
significant differences. The accelerometer at the frame was the one with the smallest
difference while that at the roller recorded the most differences. Regarding the accelerations
of the distributors, measured as RMS, although these were the lightest elements, they were
not those with the highest RMS acceleration, probably because they were fixed to the frame.
As expected, the ANOVA analysis of the peak accelerations, both maximum and minimum,
also gave significant results, confirming the different behaviors of the seeder when changing
the plots. However, it must be noted that, in this case, it could be challenging to use this
signal for monitoring in continuous mode and active optimization.

The results of the phonometric survey are reported in Table 4.

Table 4. Mean values of sound pressure level and result of the Tukey test.

Plot Mean Grouping Plot Mean Grouping

dBA dBC

B1 90.0 c B1 102.1 b
NB1 98.7 a NB1 110.5 a
B2 92.3 b B2 104.1 b

NB2 98.2 a NB2 110.2 a
Items with different letters are significant for p < 0.05.

In this case, too, a significant confirmed difference in noise value was found between
the different plots. Both dBA and dBC gave significant results with very high differences
(6 dBA and dBC). Therefore, both values could be adopted for monitoring the seeding.
In this case, there is no signal problem as the software was already set up to provide the
drive signal as both dBA and dBC. However, the results are of interest because it must
be considered that noise is also the main feedback for the operator to decide the correct
forward speed or the quality of the seeding.
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5. Discussion

The question of the quality and speed of sowing is widely debated and current. The
same sowing speed affects the outcome of the sowing. An increase in speed leads to a
high degree of soil disturbance, inaccurate laying of the seed and suboptimal closure of the
furrow. The issue was addressed by considering mainly two aspects: the properties of the
soil and the technical and mechanical structure of the seeder.

In the literature, the issue is of particular interest in the fields of minimum tillage
and soils with a high degree of stony disturbance. Many agricultural soils have variable
percentages of coarse fractions in their arable layer, which interfere with crop growth
and machine working. In addition, different techniques are available for destoning such
as (i) collection and removal, (ii) on-site stone crushing, and (iii) stone burial. All these
methods are expensive.

In addition, the further advent of geo-positioning, self-driving and isobus technologies
have highlighted how the workability of the soil is a bottleneck for such machines. The
limit highlighted by the operators is in the mechanical stress on the implement, which
limits the operating speed to one third of the maximum possible.

With this aim, this study was performed to investigate whether it was possible to use
noise and/or vibration values to monitor sowing performance in stony soils.

Four soil plots of two different disturbance degrees were prepared and an experimental
sowing was carried out. The chosen forward speed of this experiment was 4.5 km h−1,
chosen as the maximum allowable speed on a stony plot by the operator.

Sowing trials on reclaimed and undisturbed plots showed that the noise and accel-
eration measured and acquired significantly differed when changing the soil conditions
according to the stoniness degree of disturbance (DD) on soil workability.

Results confirmed that both noise and acceleration were significantly correlated with
soil DD, to the point of being able to hypothesize their use as indicators to optimize
mechanical operation.

Moreover, modern tractors with a global navigation satellite system (GNSS), auto
guidance and ISOBUS seeder could also work at 15 km h−1. This highlights not only
the three-fold higher field efficiency of the machines but also the correct way of using
the engine of high-powered tractors, whose power is limited by the maximum allowable
speed. Therefore, the economic considerations about destoning could enable a new ap-
proach considering not only the current growing scarcity of further farming land, but
also the opportunities offered by new digital technologies. For example, it is possible to
imagine providing information on the correct forward sowing speed to the operator by
means of acoustic or visual signals on the display or directly to the tractor’s electronic
control unit. The experiment also pointed out the capability of purpose-designed sensors
(i.e., accelerometers) and their most interesting measurement axis. Moreover, use of the
Tractor Implement Management technologies (TIM) system could optimize the operational
efficiency of precision seeders in terms of working rate. TIM enables automatic operation,
similarly to an on-the-go sensor, at the most suitable forward speed compatible with the
structural characteristics of the machine depending on the levels of acceleration or noise
induced in real time by the characteristics of the soil on which the machine operates, simul-
taneously reducing the risks of wear or breakage, and the related costs due to downtime
and repairs. TIM’s main concept is to enable bidirectional communication between tractor
and implement, i.e., a transfer of control in both directions, to automatically control the
main operational functions of the tractor.
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