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Abstract: This article presents a division of methods to support mechanical weeding based on
mechatronic control systems and estimates their effectiveness. The subject was undertaken due to
the noticeable increase in interest in machine weeding methods, which is the result of the need for
farmers to meet the growing awareness of customers focusing on healthy and high-quality products
and the European Union policy promoting environmental protection programs, such as the European
Green Deal and supporting commission priorities like the Mission Soil as a flagship initiative of the
long-term vision for the EU’s rural areas. Mechanical weeding meets the stringent conditions set by
organic farming, and automation favours the development of these methods. Based on sources in
the literature, it has been shown that it is possible to increase the weeding speed by at least 1.6 times
by using the tool position correction system for row crops. In the case of crops requiring weeding,
and in the spaces between plants in a row, the use of specialised weeding machines allows for an
increase in the weeding efficiency by up to 2.57 times compared to manual weeding. Each of the
analysed methods used to support weeding are subject to a certain error due to the use of sources
in the literature, including manufacturers’ materials; however, it shows an upward trend in the
effectiveness of using mechatronic weeding support systems, which was part of the thesis. This
article presents the division of these systems and analyses the specific market solutions of machines,
which is its distinguishing feature.

Keywords: agriculture; automation; efficiency; mechanical weeding; mechatronics; precision;
sustainable agriculture

1. Introduction

The current trends in agriculture focus on finding new methods or improving existing
crop care methods. Activities aimed at reducing the use of plant protection products and
the development of mechanical care methods are particularly noticeable. Both approaches
meet the requirements of sustainable agriculture, which is becoming a quality determinant
for farmers and food producers [1].

Sustainable agriculture primarily comprises activities aimed at reducing the impact
of crops on non-agricultural areas and reducing the amount of waste that is not used in
production processes [2]. The characteristic features include striving to reduce production
on industrial farms, protecting soil and biological resources by organising agricultural
production in a way that does not adversely change the natural environment, or making
minor changes to reduce negative phenomena such as erosion. Sustainable agriculture is a
management system that combines economic, social and ethical aspects with ecological
safety [3]. It should be noted that the use of plant protection products is allowed in
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justified cases. The postulates of sustainable agricultural production are achieved through
appropriate management, the use of knowledge on the self-regulation of ecosystems,
the use of modern technologies, research and scientific findings. A more radical type of
cultivation is organic farming, which, by definition, excludes the use of synthetic plant
protection products and artificial fertilisers [4].

The European Green Deal is a package of initiatives combining the previously men-
tioned aspects, and its main idea is to be climate-neutral. A systemic approach to envi-
ronmental issues is noticeable in many areas, such as industry, transport, research and
innovation, energy and, of course, agriculture [5]. One of its key actions is the “farm to
fork” strategy, which aims to achieve climate neutrality by 2050, while turning the EU food
system into a sustainable model. The main priorities include ensuring sufficient quantities
of inexpensive and nutritious food and halving the use of pesticides and fertilisers. The
measures also include supporting the development of organic farming [6].

The common feature of these selected cultivation models is the desire to minimise the
use of plant protection products, which, in many cases, have led to local environmental dis-
asters, causing groundwater contamination or ecosystem extinction. The most frequently
identified group of pesticides in groundwater is herbicides, which directly affect the organ-
isms of humans and animals living in a given area [7–9]. The negative effects of the use of
herbicides contributed to the search for alternative methods of crop care and influenced the
development of technologies that are often consistent with precision agriculture.

These cultivation and farming models have contributed to the development of alter-
native weed control methods to herbicides. The most common group is mechanical weed
control by undercutting the roots with tools that penetrate the soil. Many research units and
machine manufacturers are developing methods to increase the efficiency and precision of
mechanical weeding. Vision systems are used to detect plants and correct weeding tools,
enabling faster driving of a tractor or an autonomous platform, e.g., CultiCam, Garford,
K.U.L.T., Steketee, FarmDroid, Robovator, etc. [10–24]. There are also other weeding meth-
ods based on the visual recognition of weeds and burning them with a laser beam. In this
case, it is possible to obtain average errors of 0.62 mm in position at the distance of 535 mm,
and the dynamic weeding efficiency is around 0.72 s/weed [25]. Flame control methods are
also used. The nozzles mounted on the weeding sections are equipped with special covers
that protect the plants in the rows against the influence of temperature [26]. A particularly
important role in precise weeding is played by the use of artificial intelligence algorithms
to detect crops and highly specialised mechatronic equipment—these are more and more
often used on autonomous field robots [15]. The search for weed control methods that
reduce the impact on the natural environment is in line with the principles of integrated
pest management, which is a part of sustainable agriculture activities [27].

This article presents the solutions selected by the authors for weed control according
to the proposed division of mechanical weed control support methods [28]. The discussed
topic is consistent with the development of autonomous vehicles as specialised carriers of
working tools for weed control. It is estimated that the field robot market will reach USD
87.9 billion worldwide by 2025 [29]. Combining modern technology with natural cultiva-
tion methods allows us to meet the stringent conditions set by ecological farms; therefore,
one can expect newer and more efficient weeding machines. This article proves the validity
of the actions mentioned in the introduction and presents the division of the methods of
mechanical weeding support. It has been hypothesised that the use of mechatronic weeding
support methods increases the quality and speed of weeding compared to traditional weed-
ing machines. Previous publications focus on determining the effectiveness of weeding in
the field of conventional methods—without systems based on automation [30,31].

2. Division of Methods of Mechanical Weeding Support

The digitisation of machines resulting from the development of precision agriculture,
the EU policy and, at the same time, the growing consumer awareness of the quality of
purchased products have contributed to the investment in natural methods of crop care. The
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reversion to conventional cultivators runs the risk of not achieving sufficient performance.
This is especially noticeable in the case of large-scale farms. Given the labour problems on
farms and population growth, machinery manufacturers face a huge challenge [32,33].

As a consequence of the analysis of the technical solutions available on the market,
a division based on selected evaluation criteria was proposed. The first criterion was the
use of weeding machines for specific plant species, and thus, the need to meet specific
agronomic guidelines. The second criterion was the kinematics of the tool movement in the
soil and the necessity to adapt the machine to the current working conditions. Therefore,
work automation is the main criterion qualifying the machines for the proposed division of
weed control techniques. The authors distinguished the following methods of mechanical
weeding support by taking into account the following criteria:

- Mechatronic systems supporting inter-row weeders;
- Mechatronic systems supporting intra-row weeders;
- Hybrid systems combining mechanical weeding with other methods, e.g., chemicals.

3. Characteristics of Weeding Support Methods
3.1. Mechatronic Systems Supporting Inter-Row Weeders

This is currently the most common group of machines designed to support the care
of row crops, where the specialised tools for cutting weeds and loosening the soil move
between the plants planted in rows. Conventional weeding tools are often used to operate
the machine, which can be seen in standard weeders. A characteristic feature of machines
assigned to a given method of weeding support is having a mechatronic control system
that combines a vision system for detecting rows with actuators to correct the position of
the soil cutting elements. The speed of the weeding tool in the space between the rows
of plants results from the vehicle speed with which the machine is aggregated. The most
important feature is that it enables the cultivator to increase its efficiency by ensuring that
the tools are positioned to maintain a safe distance from the plants. The use of automation
elements contributes to the compensation of possible losses resulting from the inaccuracy of
the trajectory of a human-driven tractor—it is influenced by work ergonomics and operator
fatigue. These are the main reasons for limiting the speed of conventional row cultivators
and the reasons for using automatic tool correction systems.

Currently, there are several commercial solutions on the market that operate according
to the described performance characteristics. The precursors in this field of machines are,
for example, the Steketee with the Ec-weeder [10], the Claas with the Culti Cam [11] and
K.U.L.T. with iVision SV [12]. The Łukasiewicz Research Network–Poznan Institute of
Technology and Expom Krośniewice Ltd. also designed a unique system to correct the
tools’ positions between crop rows (Figure 1). Each of the above-mentioned solutions is
characterised by the use of a camera and a computing unit to implement a control algorithm
to correct the positions of the tools. Based on the manufacturers’ data, thanks to the weeding
support system, it is possible to perform work at speeds of up to 20 km·h−1 [12].

3.2. Mechatronic Systems Supporting Intra-Row Weeders

The presented group of machines is dedicated, in particular, to vegetable crops. The
main characteristic is the use of drives for each weeding tool. The geometry of each of them
is specified in detail by the manufacturer, and the flexibility is rather unacceptable as in the
case of systems intended for weeding along rows. For the proper operation of the devices, it
is necessary to combine the geometry of the tool, driving speed and the positions of plants
in rows so as to obtain the assumed precision of weeding. The operating speeds of the
weeding systems in rows range from 2 to 8 km·h−1 [14]. Weeding support systems in rows
are characterised by a high precision—even 8 mm from the stem of the weeding plant [14].
Due to the need to weed the area around the plants in rows, vision systems are more complex.
There are solutions that assign a dedicated camera to each row of plants [13] and machines
that analyse the area of four rows with one camera [14]. There are solutions, the tools of which,
as a result of combining the rotational movement of the weeding blade and the driving path,
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define a cycloid [34]. It is then necessary to precisely control the rotational speed of the tool
and its instantaneous position. The second variant involves the cyclic extension and retraction
of the knives, which weed the spaces between the plants in the row.
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Figure 1. An example of a mechanical weeding support system designed by Łukasiewicz Research
Network–Poznań Institute of Technology and Expom Ltd. (source: own work).

The commercial solutions included in a given group are, among others, the Garford
Robocrop inrow with one camera for four rotating weeding sections [14], Robovator with
spring-loaded tools that move along a specific angle [13] and the IC-weeder by Steketee with
pneumatics forcing the movements of the soil cutting knives and a vision system with a cover
that minimises the influence of light on the operation of the algorithm [35]. The Łukasiewicz
Research Network–Poznan Institute of Technology also owns an intra-row weeder solution,
which was so far combined with the Agrorob agricultural robot (Figure 2).
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3.3. Hybrid Weeding Support Systems

This is a new group of weeding support systems that combines the advantages of the
two selected methods, e.g., chemical and mechanical or thermal and mechanical methods.
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A characteristic feature of the machines included in this group is that they have a vision
system to correct the positions of tools in the rows and nozzles that apply the chemical to
the plants in the row. Thanks to the technology used, it is possible to save up to 60% of
the chemical agent compared to standard spraying [36,37]. Spraying is carried out only in
the protected zone of the plants, where the tools do not cut the soil. When analysing the
case of maize crops (Figures 3 and 4), the row spacing, r, is 0.75 m, while the protection
zone, p2, for the hybrid weeding method is about 0.15 m. This means that only 40% of
the row width is sprayed. This method is ideal for spraying maize as there are specialised
and highly effective herbicides that prevent weed growth. Further development of the
presented method is expected, e.g., via spot application of the fluid in the spaces between
the plants or the use of thermal weed control. This will further reduce the use of herbicides
and further reduce the negative impact on the ecosystem. The automation elements used
in hybrid weeding support systems significantly improve weeding efficiency.

An example of hybrid weeding assistance systems is the newly developed SprayHub
solution by Steketee [36] and the Venterra 2K cultivator developed by Schmotzer [38]. Both
machines are equipped with an herbicide tank, specialised nozzles and tool guidance systems.
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4. Methods

This article is based on an analysis of sources in the literature from the Google Scholar
and Scopus databases. Articles were searched for the following keywords: precision inter-
row weeding; precision strip spraying; precision intra-row weeding; mechanical weeding
efficiency. In addition, sources from websites and brochures of leading manufacturers of
automatic weed control systems were included in the analysis—these are reliable companies
with established positions in the agricultural machinery market.

In the analysis of individual sources, the main criterion for inclusion in the analysis
was an unambiguous indication of the weeding speed for a given meto-method and/or the
weeding precision achieved using the system described. Sources were excluded if the above
parameters were not described or if there were problems with a clear understanding of the
material analysed. This was influenced by a lack of access to the full text of the publication
or language barriers—the vast majority of publications were analysed in English and
Polish. The analysed sources were systematised according to four categories: conventional
inter-row weeding, conventional intra-row weeding, automated inter-row weeding and
automated intra-row weeding. Several cases of weeding methods from one source in
the literature were allowed to be included in the analysis, e.g., from review articles. On
the basis of the categories mentioned above, the coefficients of increase in the mechanical
weeding efficiency were determined for the three identified methods of mechanical weeding
assistance: inter-row, intra-row and hybrid weeding. The reported results are subject to
error because the speed of weeding depends on many factors, including soil type, plant
size and soil moisture. In most cases, the sources in the literature provided values for the
minimum and maximum speeds, which were assumed to represent the accuracy of the
method used. Such an assumption made it possible to homogenise the data that were
compared; the weeding methods included in the analysis were averaged.

The authors declare that there are no conflicts of interest that could have an effect on
the selection of sources or the interpretation of results.

5. Evaluation Metrics

The article used a systematic search strategy for the sources in the literature. The
aim was to find materials containing information on the speed v and performance p of
mechanical weeding using mechatronic control systems and to classify them into the
categories listed. On this basis, the rates of increase in the weeding efficiency due to the use
of mechatronic control systems were determined.

Weeding accuracy p is understood as the space in which the tools do not penetrate the
soil—this is the protective distance from the centre of the plant (Figure 4). The article used
a systematic search strategy for the sources in the literature.

The speed v and weeding precision p are the main parameters that directly influence
productivity. The width of the machine depends on the number of duplicated weeding
sections and the power of the tractor combined with it or the power of the autonomous
robot. The authors therefore decided not to include it in the analyses, as it is a subjective
parameter that is irrelevant to the weed control methods analysed. Weeders are usually
available in many different widths, which are often determined by the number of seeding
sections used.

The main aim and objective of this article was to determine the coefficients of increase
in the efficiency of mechanical weeding through the use of mechatronic control systems.
This was evaluated on the basis of the following metrics:

- Conventional weeding—a conventional weeding method for the intra-row and inter-row
categories. It is a general mechanical weeding method that is not equipped with
automatic control systems, plant detection sensors, vision systems and actuators
to make automatic lateral corrections or to automatically move the weeding tools
between plants in the rows.
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- Weeding with assist—mechanical weeding methods equipped with plant detection
systems and automatic guidance of the weeding tools in a way that reduces crop
damage and/or increases the speed of the weeding process.

- Improvement index = weeding with assistance/conventional weeding.
- v—the arithmetic mean of the weeding speeds of the selected sample for each category.
- p—the arithmetic mean of the weeding accuracy of the selected sample for each

category.
- s—standard deviation.
- cv—coefficient of variation = standard deviation/arithmetic mean *100.

These evaluation metrics, especially the averaging of different weeding methods,
are subject to error due to the wide variety of data analysed. However, the indicators
obtained are very useful from the point of view of providing guidelines for new weed
control methods, for all kinds of economic analyses, for precision farming systems and for
Agriculture 4.0.

6. Results—Weeding Efficiency Increase Indicators

The proposed division of weeding support methods was supported by examples
of commercial machines that meet the criteria and characteristics assumed for a given
method. The advantages of their functionality are obvious and range from improving user
ergonomics to increasing the tractor speed while maintaining an accuracy that is no worse
than conventional mechanical weeding. However, it should be considered to what extent
these methods improve the work. The aim of this publication was to show the relationship
between the use of modern weeding support systems in relation to conventional methods.

Based on the sources from the literature listed in Table 1, it was shown that the use of
mechatronic systems to correct the positions of the weeding tools enables an average weed-
ing speed of 10.33 km·h−1. The speed for conventional weeding methods is 6.46 km·h−1.
The results were obtained from the analysis of the literature and from the analysis of a
sample consisting of 28 items for assisted weeding and 14 items for conventional weeding,
respectively. The standard deviations, s, are 5.2 km·h−1 and 3.61 km·h−1, respectively.
The variation coefficients cv for the tested weeding speed with an automatic correction
is 50.32, which proves the average variability of the parameter. The same coefficient for
conventional weeding is 55.93, which proves a large scatter of the analysed values.

Table 1. The effect of using the mechatronic support system for inter-row weeders in terms of
parameters: v—averaged speed of the treatment; s—standard deviation; cv—coefficient of variation.

v (km·h−1) s cv Ref.

Conventional weeding 6.46 3.61 55.93 [16,21,26,40–43]

Weeding with assistance 10.33 5.2 50.32 [10–12,16,20–22,24,39,41–49]

Improvement index 1.6 - - -

In the case of methods of supporting intra-row weeding, a significant increase in
speed is noticeable compared to the method of manual weeding (Table 2). The speed of
conventional (manual) weeding was estimated based on the analysis of a sample consisting
of nine elements at 1.1 km·h−1. The automation of the process with the use of specialised
control systems enables weeding at an average speed of 2.83 km·h−1, according to an
analysis of 29 elements. The standard deviations, s, were 1.58 km·h−1 for manual weeding
and 2.97 km·h−1 for assisted weeding, respectively. The coefficients of variation for the
obtained data were, respectively, 143.26 and 105.13, which proves the high variability of
the analysed data.
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Table 2. The effect of using the mechatronic support system for intra-row weeders in terms of
parameters: v—averaged speed of the treatment; s—standard deviation; cv—coefficient of variation.

v (km·h−1) s cv Ref.

Conventional weeding 1.1 1.58 143.26 [31,40,43]

Weeding with assistance 2.83 2.97 105.13 [13–17,23–25,34,50–53]

Improvement index 2.57 - - -

Hybrid methods (Table 3) were compared in relation to conventional intra-row me-
chanical weeding. The adopted conditions were identical to those in the comparative
analysis for mechatronic intra-row weeding support systems because hybrid methods
achieve the same weeding results. The conventional weeding speed was estimated at
1.1 km·h−1 based on a 9-item test. The hybrid weeding speed was 10.33 km·h−1, which was
the same as that for inter-row weeding with assistance. Hybrid systems usually combine a
chemical weed control method that is applied only in a small area with mechanical weeding
with a vision system.

Table 3. The effect of using hybrid methods for support weed control process—in this case, a combi-
nation of using strip spraying and a mechatronic support system for inter-row weeders compared to
conventional weeding method in terms of parameters. v—averaged speed of the treatment.

v (km·h−1) Remarks Ref.

Conventional
weeding 1.1 Compared to conventional

intra-row weeding [31,40,43]

Weeding with
assistance 10.33

Speed like inter-row weeding
with assist. It is not

fully ecological.

[10–12,16,20–
22,24,36,38,39,41–49]

Improvement index 9.39 - -

The average weeding accuracy p for inter-row weeding with assistance is 39.54 mm,
the standard deviation s is 15.73 mm and the coefficient of variation cv is 39.79, which proves
the low variability of the data. The average weeding accuracy p for intra-row weeding
with assistance is 46.88 mm, the standard deviation, s, is 17.42 mm and the coefficient of
variation, cv, is 37.17, which proves the strong variability of the data. The results were
estimated on the basis of trials of 24 elements for inter-row weeding with assistance and
25 items for intra-row weeders with assistance.

7. Discussion

Based on the sources from the literature listed in Table 1, it has been shown that the
use of mechatronic systems to correct the positions of the weeding tools in the rows allows
for the speed to be increased by 1.6 times compared to conventional weeding using a
mechanical drill hoe aggregated with a tractor. The use of automatic tool correction systems
allows one to significantly increase the efficiency of mechanical weeding without the need
to engage a second operator. Attention should also be paid to the accuracy of weeding,
which, according to the analysis, is, on average, 39.54 mm relative to the centre of the
plants (Table 4).
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Table 4. Weeding methods precision: p—averaged precision of weeding, i.e., weeding distance from
the plant stalk; s—standard deviation; cv—coefficient of variation.

Weeding Method p (mm) s cv Ref.

Inter-row weeding
with assistance 39.54 15.73 39.79 [11,12,20–22,24,39,41–49]

Intra-row weeding
with assistance 46.88 17.42 37.17 [13–16,24,35,50–53]

Hybrid method The whole field - - [37,42]

In the case of intra-row weeding, thanks to the use of control systems, it is possible to
increase the weeding speed by 2.57. This is a significant value considering the increase in
efficiency, taking into account the problem of the lack of seasonal workers faced by modern
farms. For the comparative analysis of effectiveness, the authors decided to adopt the
methods of manual weed removal, because only these methods can obtain an effect that
is similar to that obtained with specialised machines. The analysed method showed an
average weeding precision of 46.88 mm relative to the centre of the plant stems.

This article adopts a comparative criterion of speed in order to show differences in the
effectiveness of the methods themselves. Modern machines equipped with vision systems
and active weeding elements can be equipped with many weeding sections, which allows
for a significant increase in work efficiency—the standard is weeding 4–6 rows at the same
time. In the case of intra-row weeders, the number of weeding sections must be matched to
the number of seeder sections—the standard is to use up to 13 weeding sections selected
for the type of crop.

The authors decided to compare the hybrid weeding method with conventional
manual weeding because they ensure a similar accuracy of weed removal. Hybrid weeding
increases the weeding speed by 9.39 times, and it is the only method to provide weed
protection across the entire field. A high precision of weed control is only possible at the
cost of resigning from complete chemical indifference to the environment. However, these
methods are compatible with sustainable agriculture because they significantly reduce the
use of herbicides on the field surface.

The dispersion of the results analysed in the tables results from the diversification of
the technical capabilities of the producers and the research units that published the results
regarding the speed and precision of weeding. There is a noticeable increase in interest in
mechanical weeding and automatic control systems based on vision systems. This is related
to the continuous development of plant detection algorithms based on artificial intelligence.

The presented results numerically outline the profitability of using individual weeding
methods. It is obvious that modern automatic weeding systems are expensive, but the
demonstrated efficiency figures based only on speed and precision show their great potential.

8. Conclusions and Future Work

The main goal of this study was to divide the methods of mechanical weeding support
based on automatic elements and to demonstrate the impacts of their applications. In
this article, it was hypothesised that the use of mechatronic methods of weeding support
increases the quality and efficiency of weeding, which was proven by the examples collected
during the analysis of the literature and the data presented in the tables. The proposed
division of mechatronic weeding support methods is consistent with the current trends
in agriculture, i.e., sustainable agriculture, ecological agriculture and the European green
deal. The above-mentioned examples of machines are consistent with their postulates,
which positively influences the further development of mechanical weeding technology.
An increase in the effectiveness of weeding was demonstrated for individual methods on
the basis of the selected comparative criteria.

The use of mechatronic weeding support methods causes at least a 1.6 increase in the
weeding speed. Each of the described methods is characterised by a different accuracy



Sustainability 2023, 15, 15206 10 of 12

of weeding. For methods supporting intra-row weeding dedicated to vegetable crops, a
2.57-fold increase in the weeding speed is noticeable, which is the best evidence of the
sense of automation and digitisation of agriculture.

Only in the case of hybrid weeding support methods is it possible to achieve the
protection of the entire field surface from weeds; however, this comes at the expense of
using herbicides and, as a result, not meeting the requirements of organic farming. The
development of autonomous agricultural vehicles supports the development of mechani-
cal weeding methods. The necessary condition, however, is the use of selected weeding
support methods during the treatments, which are described in the article. It is also worth
mentioning the additional benefits of using mechanical methods of crop care. They have a
beneficial effect on soil aeration and positively influence the regulation of water manage-
ment by breaking the pores in the soil, preventing water from escaping and evaporating.
Thus, it indirectly counteracts the effects of droughts. Methods are expected to be further
developed to increase machine productivity while minimising human involvement in
tedious but important field work such as weeding. In particular, an important aspect from
the point of view of autonomous field robots and a further direction of development of
automatic weeding systems will be to reduce the energy consumption of the process, which
will additionally increase its profitability.

The next step should be to relate the results to the specific weeding treatments of
selected crops, calculate their productivity in hectares per hour and compare them with
conventional methods. The method presented in this article to compare the efficiency of
weeding with the listed methods can be developed to include a group of autonomous
machines used for weeding in order to assess the efficiency and profitability of farms using
these machines.
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