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jan.bartolj@fs.uni-lj.si (J.B.); tone.godesa@fs.uni-lj.si (T.G.); matej.secnik@fs.uni-lj.si (M.S.);
marko.hocevar@fs.uni-lj.si (M.H.); franc.majdic@fs.uni-lj.si (F.M.)

2 Biotechnical Center Naklo, Strahinj 99, 4202 Naklo, Slovenia; tomaz.levstek@bc-naklo.si
* Correspondence: ana.trajkovski@fs.uni-lj.si

Abstract: Small-scale vegetable producers often do not have modern mechanical equipment; as a
result, a significant amount of inter-row and all intra-row weeding is performed manually. The devel-
opment of small, affordable machines increases the competitiveness of organic vegetable production,
improves sustainable land use, and reduces dependence on unwanted herbicides. In this study, a
simple modular lightweight e-hoe with the capability for both inter-row (1st degree of freedom) and
intra-row (2nd degree of freedom) weeding was proposed. The e-hoe uses battery-powered in-wheel
drives to move the platform (3rd degree of freedom) and additional drives to operate the tools. The
e-hoe was evaluated in a small greenhouse using three different tools: a traditional hoe, an adjusted
rounded hoe, and an adjusted spring tine narrow hoe. The experiments were conducted at four
different tool rotation speeds, using specially designed 3D-printed models for crops and weeds for
evaluation. The results indicate that the efficiency of the e-hoe rates up to 95% when the right tool
design and rotation speed are combined. Based on the battery capacity, the machine can be operated
for approximately 3.7 h, enabling the weeding of about 3050 plants.

Keywords: weed control; mechanical weeding; inter-row; intra-row; sustainable agriculture

1. Introduction

One of the goals of the EU Green Deal, through the Farm to Fork initiative, is to reduce
the use and risk of chemical and hazardous pesticides by 50% by the year 2030 [1]. Weed
management is crucial for agricultural production as well as landscape and environmental
management. Integrated weed management typically combines chemical, mechanical, and
crop management methods [2]. According to a comprehensive review of weed management
strategies [1], these can be categorized into five distinct pillars. To address the challenges
of increasing herbicide resistance and stringent chemical restrictions, while also meeting
the needs of both large and small farms, the pillar of non-chemical tools, equipped with
new technologies, will play a crucial role in providing essential services for sustainable
environmental protection with a significant impact on human health. The widespread
use and accessibility of mechanical weed control will help reduce the contamination of
groundwater caused by herbicides and other phytopharmaceuticals resulting from chemical
crop protection [3].

The most significant non-chemical integrated weed control strategy is mechanical
weeding. Although mechanical weed control strategies generally exhibit lower efficiency [4],
these tools are traditionally used in the field and can be easily modified or enhanced with
sensors and modern information systems [2,4]. Despite their relatively simple design, the
performance of non-intelligent, typically manually operated mechanical weeders is not sig-
nificantly inferior to that of advanced high-tech intelligent solutions [5], which incorporate
more expensive sensors and control systems [6–8].
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Mechanical weeders can generally be classified into two main groups based on their
mode of operation relative to the crop row: inter-row and intra-row weeders [6,9]. Tradi-
tionally, a number of inter-row weeding systems are used that relay on defined inter-row
space characteristic for particular plant: typically, small spacing is used (12.5 cm to 20 cm)
for small grain cereals and wheat, with 20–30 cm spacing being used for conventional
cropping systems, and wide spacing of up to 75 cm can be used [9,10]. Common inter-row
weeders include hoes, rotating disc tines, cycloid hoes, radius moving tines, rotating wheels,
rolling harrows, intra-row cultivators, rotary hoes, brash weeders, and rotary discs; there
are detailed reviews comparing their mechanisms [11–15]. Untreated intra-row weeds
can considerably reduce yields (up to 76% [6,16]); thus, chemicals or manual weeding is
involved. This highlights the importance of incorporating intra-row weeding that could
improve sustainable land use and human labour [17]. The most common intra-row weed-
ers include finger weeders [9], torsion weeders [18], flex-tine harrows [19], vertical spring
tines, rotary weeders [20], and rotary hoeing tools [20]. Currently, inter-row and intra-row
weeding operations are typically performed separately, which is both energy-intensive and
time-consuming, as well as costly [6,9]. Recently, several prototypes have been proposed
that incorporate intra-row weeding as an additional aspect for the separate function of
inter-row width [6]. There are also smart systems that avoid the plant damage caused by
simple rotaries with cranks [21], including co-robotic systems that need human supervi-
sion [22] or completely automated systems [23]; these have been tested for lettuces and
tomatoes. Although almost completely automated, some of abovementioned systems still
need hand hoeing, and can cause significant plant damage [22]. Most of the abovemen-
tioned innovative systems are not adaptable for small-scale farms, and have been tested as
cultivator or tractor equipment, or present bigger autonomous platforms [8,24]. Smaller
prototypes which could still be used as mobile platforms for bigger farms recently were
introduced and tested in the field [25,26]. Small family farms cannot invest in such effective
but expensive high-tech solutions [27].

From a mechanical perspective, weeders can be categorized into two groups based
on their weed control mechanisms. The first group employs cutting tools that perform
translatory movements in the direction of weeder travel, typically associated with trac-
tors or cultivators. This category includes traditional hoes (featuring various geometries),
spring hoes or spring tines, torsion weeders, and sweeps [5,6,22,28,29]. The second group
utilizes rotating cutting tools, which can be further divided into three subcategories based
on the rotation axis: (a) horizontally and transverse to the direction of movement—finger
weeders, basket weeders, and rotary brushes [9]; (b) horizontally and around an axis
parallel to the direction of movement—rotary hoes [20,25,30]; or (c) vertically and around
an axis normal to the direction of movement—brush weeders, cycloid hoes [21,24], and
the well-known Garford weeder [14]. The efficiency of weed control is significantly in-
fluenced by intrinsic weeder parameters (such as tool shape, tool angle, and working
depth), weeding parameters (including translational/rotational speed and normal load), as
well as soil parameters (such as soil bulk density, compaction, and moisture) and outside
weather [19,31,32]. Additionally, weed density and crop type also affect the efficacy of the
weeder to a certain extent [9,27]. Although newly designed machines are usually tested in
the field, in recent studies, artificial weeding has been conducted and verified in controlled
conditions, as an effective simplified system useful for concept proof, enabling different
settings, adjustments, and easier comparison of results [33].

Minor crops, which mainly include vegetables and fruits, account for more than 20%
of the value of the EU’s total agricultural production. These crops are predominantly
cultivated by small-scale farmers who exhibit significant variability in farm management
practices and technological adoption. Consequently, weed control strategies for minor
crops are influenced by both technical and economic considerations [9].

In this study, a novel energy-efficient hoe (e-hoe) was designed to promote sustainable
agricultural practices by ensuring soil fertility and preventing erosion and degradation.
The e-hoe presents energy-efficient hoeing and serves as a viable alternative to internal
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combustion engines-driven tractors. It operates on a battery-powered drives, which can
be charged using renewable energy sources, depending on the resources available to
the farmer.

The aim of this study was to evaluate a novel e-hoe designed for both inter-row and
intra-row weed control, specifically tailored for small-scale farmers. The e-hoe’s ability
to facilitate easy tool changes allowed us to experimentally assess three distinct blade
designs at four different rotational speeds. The efficiency of the e-hoe was tested through
the cultivation of artificial weeds in a controlled greenhouse environment. Performance
parameters were analysed based on the measured motor torque, rotational speed, and
power consumption.

2. Materials and Methods

The e-hoe was designed as a lightweight tool for domestic use, or part time use on
small family farms. It was designed with an emphasis on cost-effective manufacturing
and ease of operation, while being capable of performing both inter-row and intra-row
mechanical weeding. The versatility of the e-hoe extends to its applicability across a diverse
range of vegetable crops.

2.1. Description of the Machine Design and Its Operation

To enable both inter-row and intra-row weeding operation and keep the e-hoe simple,
a robust platform with planetary gearbox mechanism with 3 degrees of freedom (3 DOF)
and two rotating tools was designed, as shown in Figure 1a,b. The planetary gearbox
enables the rotation and revolution of the tools (1st and 2nd DOF, respectively). Meanwhile,
the forward and backward movement is controlled by the wheels, representing the 3rd
DOF. The 1st DOF of the planetary gearbox is the centrally mounted sun gear. The 2nd
DOF of the planetary gearbox is the planet carrier and it is also mounted centrally.
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The operation can best be explained with the following:

1. Inter-row weeding: When the 1st DOF of the planetary gearbox is actuated and the
2nd DOF is held stationary, the e-hoe performs inter-row weeding (Figure 2a). In this
mode, the tool rotates around its axis without revolving around the crop. By adjusting
the revolution angle (which also determines the lateral distance to the crop row), the
position of the end effectors within the inter-row space can be set. During inter-row
weeding, the revolution speed is zero, and the tools only rotate around their axes.
The entire e-hoe platform can be moved forwards or backwards (3rd DOF) using the
wheel motors.

2. Intra-row weeding: For intra-row weeding the planetary carrier (‘sun’ gear, 2nd DOF)
is activated (Figure 2b). During this, the revolution of the planetary carrier and the
rotation of planet gears take place simultaneously. Planet gears with tools rotate
around each one’s axis, while at the same time, they both revolute around the sun
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gear, performing a circular movement around the crop. For intra-row weeding, the
e-hoe platform should be stationary and should not move forward.
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To adjust the weeding operation, the 1st DOF (rotation) and the 2nd DOF (revolution)
of the planetary gearbox can be also actuated separately. For instance, the user can vary the
revolution speed of the tools around the crop, while maintaining the rotation speed of the tool
around its axis. With the regulation of both DOF actuation rotational speeds, and arbitrary
ratio of tool rotation around the axis and revolution around the crop can be selected.

The e-hoe is actuated by BLDC (brushless DC) geared motors for all 3 DOF. The motors
for the 1st and 2nd DOF are 24 V, 220 W BLDC geared motors with a 50:1 reduction ratio
for the sun gear (1st DOF) and a 10:1 reduction ratio for the planetary carrier (2nd DOF).
Each forward wheel is equipped with a 24 V, 350 W, BLDC geared hub motor to move the
entire platform forwards or backwards.

During the experiments, the electric power consumption and total energy usage of
each motor were measured using the digital electric power analyser, specifically the GPM-
8330 Digital Power Analyser from Good Will Instrument Co., Ltd., New Taipei City 236,
Taiwan. The data acquisition sampling rate was 10 Hz, with recorded data stored on a
computer connected to the Digital Power Analyser via a USB cable for further analyses.

The operation and speed of electric motors were controlled by a microcontroller
(Teensy 4.1, 600 MHz Cortex-M7, PJRC, OR 97140, USA) through BLDC motor controllers.
The main technical parameters of the e-hoe are summarized in Table 1.

Table 1. Summary of main technical parameters of e-hoe.

Mechanical Electrical

Dimensions L 1.3 × W 0.52 × H 1.2 m Driving motor power (3rd DOF) 2 × 350 W

Weight 92 kg Sun gearbox motor (2nd DOF) 220 W

Driving wheel width 280 mm Planet carrier gearbox motor (1st DOF) 220 W

Wheelbase distance 350 mm Battery capacity 423 Wh

Forward driving speed 1–6 km/h

Tool operating depth 10–30 mm

Max tool rotating speed (1st DOF) 3.2 s−1

Max tool revolution speed (2nd DOF) 0.5 s−1
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During the experiment presented in this paper, the e-hoe was operated as follows:
Initially, the e-hoe was started towards the first crop location using two in-wheel

motors located at the front of the platform (3rd DOF). Simultaneously, the rotation of both
tools (1st DOF—planet gear) was initiated along with the forward movement, and the inter-
row weeding was performed while keeping the central planetary carrier stationary (2nd
DOF). As the tools approached the position just above the crop, the operator deactivated
the forward movement (3rd DOF) and activated the planetary carrier rotation (2nd DOF).
The planet gears and the attached tools both rotated and revoluted around the crop; thus,
intra-row weeding was performed. Upon completing a full rotation of the planetary carrier
gear, the entire cycle was completed, allowing the e-hoe to start forward movement towards
the next crop (3rd DOF).

During this experiment, the operator had to manually set the direction of travel with
the steering wheel. All movements can be initiated manually, as this is the usual case
during operation on the field. By pressing the controls, the operator can manually adjust
rotational speed of all three DOF, initiate all above-described movements, or combine them
for efficient weeding.

2.2. Description of the Weeding Tools

The e-hoe enables basic mechanical tool adjustments: the tool design and the working
depth below the soil surface. For the purpose of e-hoe evaluation, three tool designs
were proposed (Figure 3a–c), designed, and evaluated in this paper. The first two types
(Figure 2a,b) are based on the traditional hoe design, made out of stainless steel that was
3 mm thick. Tool 1 was robust, with the side cutting tooth bent at a 120◦ angle. Tool 2
presented modified Tool 1, with the curved blade, with 4 cutting teeth bent at a 90◦ angle.
Tool 3 used a completely different principle of flexible spring tine harrow. They were made
of stainless steel and were 3 mm in diameter and 75 mm long, formed as straight tines;
these were placed at both ends of the rotating tool, at a distance of 33 mm, normal to the
ground. During all experiments, the working depth was constant; it amounted to 30 mm
below the surface for tool types 1 and 2, while the tool 3 height was such that the springs
touched the ground.
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2.3. Experiments

In order to improve the repeatability of the tests and enable the statistical evaluation
of the results, experiments were performed in a greenhouse located in the Biotechnical
Centre Naklo, Slovenia. The greenhouse dimensions were 6 m (width) and 20 m (length).
During the entire time of soil preparation and experiments, the greenhouse air temperature
and humidity were kept constant around ~25 ◦C and 80% RH.

2.3.1. Soil Preparation

The soil type was sandy loam with the spherical structure (spongy, lumpy, nut-shaped).
The soil organic matter content is 5.8%. The soil was prepared using the same procedure
before each test. A day before the tests, the soil was sprayed with water and left overnight.
Before the experiment was conducted each time, the soil was tilled twice with a small
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cultivator at a depth of 50 mm, and then levelled and compacted with a roller. The same
soil preparation process was followed for each test to enable similar conditions for all
tests. The average soil moisture content was 35%, and the average soil dry bulk density
was 1.3 g m−3. A similar soil preparation procedure that we used for the repeatable
measurements protocol was also used in previous studies [21,33].

2.3.2. Model Weed and Crop Distribution

The experiments were performed using model crop and model weed as shown in
Figure 4. Both models were 3D-printed using the fused deposition modelling (FDM)
method. The 3D-printed models were inspired by the lettuce dimensions expected at
the best time for hoeing, as suggested by local farmers who were a part of the project
consortium (~100 mm maximal diameter). Weed distribution was designed to maximally
cover the expected hoeing area (300 × 300 mm, also defined as project requirement by
local farmers).

Agriculture 2024, 14, x FOR PEER REVIEW 6 of 14 
 

 

Centre Naklo, Slovenia. The greenhouse dimensions were 6 m (width) and 20 m (length). 
During the entire time of soil preparation and experiments, the greenhouse air tempera-
ture and humidity were kept constant around ~25 °C and 80% RH. 

2.3.1. Soil Preparation 
The soil type was sandy loam with the spherical structure (spongy, lumpy, nut-

shaped). The soil organic matter content is 5.8%. The soil was prepared using the same 
procedure before each test. A day before the tests, the soil was sprayed with water and left 
overnight. Before the experiment was conducted each time, the soil was tilled twice with 
a small cultivator at a depth of 50 mm, and then levelled and compacted with a roller. The 
same soil preparation process was followed for each test to enable similar conditions for 
all tests. The average soil moisture content was 35%, and the average soil dry bulk density 
was 1.3 g m−3. A similar soil preparation procedure that we used for the repeatable meas-
urements protocol was also used in previous studies [21,33]. 

2.3.2. Model Weed and Crop Distribution 
The experiments were performed using model crop and model weed as shown in 

Figure 4. Both models were 3D-printed using the fused deposition modelling (FDM) 
method. The 3D-printed models were inspired by the lettuce dimensions expected at the 
best time for hoeing, as suggested by local farmers who were a part of the project consor-
tium (~100 mm maximal diameter). Weed distribution was designed to maximally cover 
the expected hoeing area (300 × 300 mm, also defined as project requirement by local farm-
ers). 

 
Figure 4. Model crop and model weed schematics. 

To enable repeatable measurements, the weed model (Figure 5b) was placed around 
lettuce model with the help of a 3D-printed stencil mould 300 × 300 mm (Figure 5b), rep-
resenting a real lettuce in a typical row (Figure 5a). Both lettuces and weeds were embed-
ded in the ground to the mark shown in Figure 4. 

 
Figure 5. (a) Single crop and (b) 3D-printed crop model with weed organized in a mould. 

Figure 4. Model crop and model weed schematics.

To enable repeatable measurements, the weed model (Figure 5b) was placed around
lettuce model with the help of a 3D-printed stencil mould 300 × 300 mm (Figure 5b),
representing a real lettuce in a typical row (Figure 5a). Both lettuces and weeds were
embedded in the ground to the mark shown in Figure 4.
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2.4. Field Tests

The model crop was planted in a row with a 600 mm intra-row distance (Figure 6),
which was only for the purposes of easier counting and classification of weeds. Our prelim-
inary tests, which were also conducted in real fields and with real lettuces, were carried
out with a 300 mm intra- and inter-row width, which is the working width enabled by
construction. In each experimental setup, a total of 5 crops were planted in a row alongside
12 accompanying weed specimens, as illustrated in Figure 6. To ensure repeatability, each
measurement was conducted three times for statistical evaluation. Thus, a total of 15 crops
with 180 weed specimens were evaluated for each operating point of the e-hoe.
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Figure 6. Greenhouse experimental setup.

Three different tools were tested, and each tool was tested at four different rotational
speeds. The selected rotational speeds of tools (1st DOF), as set by the controller, were as
follows: 1.2 s−1; 1.8 s−1; 2.4 s−1, and 3.2 s−1. The revolution speed (2nd DOF) was set to
0.5 s−1 and was during the entire experiment constant. The forward movement of the e-hoe
platform (3rd DOF) was set to 0.3 m/s and was also constant during the entire experiment.

After weeding, the efficiency of weed removal was assessed based on percentage of
weed removal, classified into three groups: Wcr—completely uprooted; Wpr—partially
removed; Wi—intact. The weed removal procedure was manual, with an operator taking
images of weed removal before counting them and classifying them into categories. All
three categories of weed removal are show in Figure 7. Later, for the evaluation, the number
of weeds from each group was compared to the initial weed number (W0) before the tests.
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3. Results
3.1. Statistical Evaluation of E-Hoe Efficiency

The results of the experiments of weed removal are shown in Figure 8. The efficiency
of weed removal is shown in the percentages of the total initial weed number (W0).
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Based on the results, presented in Figure 8a, the efficiency of the e-hoe when using
tool 1 is 70.6 ± 11.4% (completely removed weed); this is not significantly affected by the
tool rotational speed. Although the percentage of intact weeds is the smallest at the highest
rotational speed (6.7 ± 3.4%), on average, the percentage of intact weeds is not significantly
affected by rotational speed, and is below 12%.

When analysing the efficiency of e-hoe with tool 2 (Figure 8b), there is significant
effect of tool rotation speed on the percentage of completely removed weeds. The efficiency
increases from 44 ± 11.2% at 1.2 s−1 up to 82.8 ± 7.4% at a tool rotation speed of 3.2 s−1. At
the same time, the percentage of intact weeds decreases from 25.5 ± 13.4% to 6.7 ± 5.6%,
similar to the intact weed percentage at highest tool rotation speed when using tool 1. In
the case of tool 2, the percentage of partially removed weeds is also significantly affected
by the tool rotational speed; the percentage decreases from 30.3 ± 14.6% to 10.5 ± 9.2% and
the amount of partially removed weeds in the case of tool 2 is lower compared to that of
tool 1, which is a result of the higher overall efficiency of tool 2 (completely removed weed).

Tool 3 has the highest overall efficiency compared to the other two tools, which is
significantly affected by the tool rotational speed; the percentage of completely uprooted
weed increases from 73.9 ± 16.1% up to 95.1 ± 5.9%. The increase in the percentage of
completely removed weeds is mainly due to the significant decrease in partially removed
weeds at a higher tool rotation speed (from 18.33 ± 14.8% to 0.5 ± 1.9%). Although the
percentage of intact weeds decreases (from 7.2 ± 5.3% to 4.4 ± 5.3%), it is not significantly
affected by the tool rotation speed, and is the lowest compared to the other two tools used.



Agriculture 2024, 14, 1483 9 of 14

The crop was partially damaged, i.e., touched and slightly displaced, but not com-
pletely uprooted. The probability of a partially damaged crop was not significant and was
less than 7% under all conditions tested.

3.2. Statistical Evaluation of E-Hoe Power Consumption

The results of the instantaneous power measurements of in-wheel geared motors (3rd
DOF) and actuators (1st and 2nd DOF) are shown in Figure 9, for inter- and intra-row
weeding for five crops in a row. From the blue curve, the driving motor operational average
power was calculated—the 3rd DOF (for example, section depicted with the blue arrow in
area of 1st crop, Figure 8). From the yellow curve, the planet actuator operational average
power was calculated—1st DOF (for example, section depicted with the yellow arrow in
area of 2st crop, Figure 9). From the grey curve, the sun actuator operational average power
was calculated—2nd DOF (for example, the section depicted with the grey arrow in area of
3rd crop, Figure 9).
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row (tool 2 case).

The average powers for each movement (inter + intra-row weeding for a single crop)
are shown in Figure 10a. When time for each operation was considered, power consumption
was calculated for each actuator, tool rotational speed, and tool type (Figure 10b).

Based on the average power calculated for tool 1 (Figure 10a)—although there was
an increase of up to 25.3% in the needed power at a higher tool rotational speed (increase
from 1.2 s−1 to 1.8 s−1)—there was no significant rotational speed effect on the average
driving motor power needed (at a significance level p < 0.005), which was 91.8 W on
average. Similarly, there was no significant effect of the tool rotation speed on the ‘sun’
actuator power needed for tool 1, and it was 22.1 W on average. The tool rotational speed
significantly affected the increase in the power needed for the tool 1 ‘planet’ actuators, from
21.8 W (at 1.2 s−1) up to 60.8 W (at 3 s−1).

When analysing the results for tool 2 (Figure 10a), the rotational speed significantly
affected the decrease in the driving motor power when changing the tool rotational speed
from 1.2 s−1 to 1.8 s−1 (from 173.1 W to 84.6 W); further, the rotation speed increase did
not significantly affect the driving wheel power (on average 90 W). Similarly, for both
planet and sun actuators, when using tool 2, the power needed decreased at 1.8 s−1 (from
55.1 W to 26 W for planet actuators, from 27.4 W to 16.2 W for sun actuators), but did not
significantly change at higher rotation speeds (planet average 34 W, sun average 17.4 W).

When analysing the results for tool 3 (Figure 10a), if the tool rotational speed increased
from 1.2 s−1 to 1.8 s−1, then the driving motor power decreased (from 118.4 W to 90.7 W);
further, the rotation speed increase did not significantly affect the driving wheel power,
although the decreased trend was observed (from 90.7 to 73 W). For both the planet and
sun actuators, when using tool 3, the power needed did not significantly change at higher
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rotation speeds: for planet actuators, 37.7 W was needed, and for sun actuators, 19.8 W was
needed on average.
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Overall, when analysing all the tools used, there is an evidence of an effect of higher
tool rotational speed only between 1.2 s−1 and 1.8 s−1; further rotational speed increases
did not significantly affect the power needed. The smallest power needed was observed
when using tool 3, especially if the rotational tool speed was 1.8 s−1 or higher.

When considering power consumption, the highest effect of higher rotational speed
was the decrease in the power consumption that was observed for tool 2. Nevertheless, the
average power consumption for all actuators was smaller and comparable for both tool
1 and tool 3, regardless the rotational speed, compared to tool 2. The smallest and most
constant values were observed for tool 3.

For a complete weeding process of five plants in a row, the machine consumed an
average of 2500 Ws. The weeding process for these five lettuces took approximately
22 s. Based on the available battery capacity of a 423 Wh, the machine can operate for
approximately 3.7 h, allowing it to weed approximately 3050 plants. Based on plant
(working) area coverage and battery power, approximately 300 m2 could be cultivated with
one full battery, which is the average area of a small-scale farm.

3.3. Outlook and Discussion

Based on the experimental evaluation of weeder designed in this study, we can
conclude that a relatively high weed removal efficiency (higher than 70%) can be reached;
this is accompanied by a low level of plant damage probability (less than 7%), regardless
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the tools used. However, tool rotational speed can improve the tool efficiency by up to
95%, with lower power needed for weeding. The highest efficiency with lower power
needed for the driving motor and the tools actuators was accomplished with tool 3, which
was designed as two pairs of rotation flexible spring tines, compared to tool 1 and tool 2,
which represent traditional rotating hoes. However, it should be noted that the proposed
weeder was evaluated in small greenhouse, under controlled conditions, with 3D-printed
models used for both the plants and the weeds; this enabled repeatable measurements
and statistical evaluation of results [21,33]. Thus, the direct correlation of the e-hoe’s
efficiency in the performed experiments with how it would perform in real vegetable fields
is challenging. However, measured efficiency is comparable to the performance of smart
system on a maize field (90.03% [30]), tine weeding conducted in soil bins (80–93% [33]), or
for transplanted cabbages, with similar 240 mm working zones (67% to 87% efficiency [15]).
Furthermore, with its compact in-wheel motors and battery configuration, the proposed
system achieves significant power savings, enhancing its potential as a highly autonomous
and sustainable agricultural tool.

The proposed weeder has some disadvantages and technical limitations that need
further improvement. First of all, both the inter-row and intra-row widths are currently
limited to 30 mm by the construction of the e-hoe. This was aligned with typical inter-row
widths observed in vegetable farming, which range between 20 and 75 mm for various
weeders [9]. If a weeder is to be used for different working widths, or for other types
of vegetables, then a modular mechanism should be used to reposition the tools; for
example, a crank arm similar to one used in [21] could be employed. Another limitation
of the current e-hoe module is that, for intra-row weeding, there is a need for an operator
to have a visual on the plant, and stop the e-hoe translator movement above the plant;
there is also an additional knob which activates the intra-row weeding (2nd DOF). It is a
drawback compared to machines that have a cycloidal path, like Garford or tools developed
in [14,15,26], where tools move around the plant (same movement for inter- and intra-row);
it is also different from the system that automatically activates intra-row weeding after plant
recognition has been performed [21–25]. Thus, another possibility for improvement is the
addition of an artificial intelligence learning system to recognize plants and automatically
stop the machine, activating the intra-row weeding cycle. However, program refinement
can also be challenging and can potentially lead to higher plant damage (up to 25% for
chili and tomato) [21]. Many research groups have been working on the development
of autonomous intelligent vehicles and robotic technologies to optimize precise weed
control [22,30,34–37]. These solutions, mostly prepared for large-scale vegetable and crop
fields, with technology that can be successfully used to upgrade the proposed e-hoe with
smart object detection method, using, for example, the You Only Look Once (YOLO)-based
network method [25,30,37] coupled with low-cost vision sensors.

Most of existing abovementioned advantageous and effective machines are high-tech
tools that are inaccessible for small-scale family farmers. They are in need of effective and
simple mechanical weed control approaches to enable them to follow EU regulations on
sustainable vegetable production. The e-hoe proposed in this study is lightweight and
modular, and allows for the tool type, tool height, and rotational speed to be easily adjusted
to respond to varying field conditions (such as tillage type, temperature, humidity, and
weed type).

Another advantage is that they are battery driven; thus, the proposed design reduces
CO2 emissions and fuel consumption. With the currently integrated battery, the e-hoe can
work for approximately 3.7 h (i.e., about half a working day), weeding about 3050 plants
with an average power consumption of 0.14 Wh per plant (coverage area 0.09 m2 per plant).
In a next step, the use of renewable energy, such as solar panels (integrated on e-hoe or set
up in the yard) would allow the machine to be completely energy-independent.
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4. Conclusions

A lightweight, modular, effective e-hoe was developed for simultaneous inter-row
and intra-row mechanical weeding of small crops; it was specially designed for small-scale
vegetable producers. The results of this study contribute to more competitive organic
vegetable weeding, promoting sustainable use of agricultural land by reducing reliance on
chemicals. Since many herbicides have been withdrawn from the EU market, minor crops
and farmers have to adopt innovative non-chemical strategies; furthermore, expensive high-
tech effective and advanced machines are often not available. Additionally, the developed
e-hoe led to a significant reduction in the required labour for weeding, since a human
operator is frequently needed to guide and supervise the machine. Although further
improvements of the proposed machine are possible—to enable a flexible working width,
autonomous plant recognition, and inter-row weeding activation, as well as renewable
energy source integration—the current design has been verified in a small greenhouse, and
was proven to have high efficiency (up to 95% when the right tool design and rotation
speed are combined). Based on the used battery capacity, the machine can be operated
for approximately 3.7 h, enabling weeding of about 300 m2, which is the average area of a
small-scale farm.
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