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Stress Evaluation Using Finite Elements in a Manual
Agricultural Tool

Evaluacion de esfuerzos mediante elementos finitos en una herramienta
agricola de accion manual

Laura Delgado-Bejarano®!, Hugo Gonzalez-Sanchez®? and German Garcia-Monsalve®?

ABSTRACT

This study addresses the imperative need for efficient hand-held agricultural tools, particularly in challenging contexts like hillside
agriculture, by focusing on the redesign and evaluation of a manual tillage tool. The objective is to comprehensively assess the
stress and fatigue life of a redesigned tool, considering different manufacturing materials such as steels (AISI/SAE 4140, 4130, 1060),
A356 aluminum, and nodular cast irons. Employing finite element method simulations and the Von Mises equation, this research
confirms an optimal performance within elastic limits for all materials, mitigating the risks of plastic deformation or breakage during
normal operation, with Von Mises stresses ranging from 8.39 to 16.30 MPa. All the tools yielded optimal results, meeting the critical
requirements for soil penetration resistance, reporting no fatigue failures, and exhibiting useful life values over 1.75 x 1013 years. In
terms of ergonomics, A356 aluminum stands out, as it is less heavy and implies a lower effort by the operator, promoting efficient
tillage without compromising comfort. This research provides nuanced insights for the design of agricultural tools, emphasizing the
harmonious balance between efficiency, longevity, and operator comfort in sustainable practices.

Keywords: handheld tools, elastic limits, fatigue, sustainable agriculture, ergonomics

RESUMEN

Este estudio aborda la imperiosa necesidad de herramientas agricolas manuales que sean eficientes, especialmente en dmbitos
desafiantes como la agricultura en laderas, centrandose en el redisefio y evaluacion de una herramienta de labranza manual. El
objetivo es evaluar exhaustivamente la tension y la vida dtil ante la fatiga de una herramienta redisefiada considerando diferentes
materiales de fabricacion como aceros (AISI/SAE 4140, 4130, 1060), aluminio A356 y hierros fundidos nodulares. Empleando
simulaciones del método de elementos finitos y la ecuacién de Von Mises, esta investigacion confirma un rendimiento dptimo
dentro de los limites eldsticos para todos los materiales, mitigando los riesgos de deformacion plastica o rotura durante la operacion
normal, con tensiones de Von Mises que van de 8.39 a 16.30 MPa. Todas las herramientas presentaron resultados dptimos,
cumpliendo con los requisitos criticos de resistencia a la penetracion del suelo, sin reportar fallas por fatiga y demostrando valores
de vida (til superiores a 1.75 x 1013 afios. En términos de ergonomia, el aluminio A356 se destaca por ser menos pesado e implicar
un menor esfuerzo por parte del operador, promoviendo una labranza eficiente sin comprometer la comodidad. Esta investigacion
proporciona percepciones matizadas para el disefio de herramientas agricolas, enfatizando el equilibrio armonioso entre eficiencia,
longevidad y comodidad del operador en practicas sostenibles.
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Hoes are among the most commonly employed manual
agricultural tools. A hoe is an instrument with a generally
curved metal blade that is used to graze, break soils with
high hardness, and cut thin roots, among others (Gonzdlez,
2018; Sanahuja, 1971). In addition, it has been reported that
mattocks and hoes have been widely used for agricultural
tillage since the Neolithic period and by different cultures
(Mazoyer and Roudart, 2006). According to Byzantine
manuscripts, the hoe was the most widely used tool in the
Hesiod era, and it appeared years later in the British Isles
during the late Mesolithic. This tool is likely responsible
for the emergence of agriculture as we know it. Sanahuja
(1971) refers to findings in Iberian deposits and Roman villas
in Catalonia, among which some agricultural tools such as
mattocks and hoes stand out. When comparing their design
against those currently marketed, this author noted little
variation in their geometry and manufacture (forged metals).
In addition to agricultural use, there are documents that
mention the use of hoes as weapons during battles between
the Irish and the Spanish (O’Donell and De Estrada, 2014).

Today, there is a variety of hoes, which differ in size,
geometry, materials, and use type. Moreover, handheld hoes
are regarded as tools of great importance for agriculture and
are likely the most widely used in tillage and soil clearing
operations worldwide, which is why many farmers depend
on them (Sims et al., 1998). This may be the main reason
why they have evolved to the point of being commercially
differentiated by the aforementioned characteristics
(Ashburner and Kienzle, 2013). In this context, abrasive
wear is an important factor that affects functionality, and,
according to Agudelo (2013), it is a significant issue in soil
removal and agriculture, increasing the costs associated
with energy consumption, repair, part replacement, and
the downtime generated by these activities. Agudelo (2013)
estimates that the costs generated by friction and wear
on agricultural tools, both mechanized and manual, can
represent between 0.3 and 3.0% of a country’s GDP, and
that this situation is more critical in developing countries.
Similarly, Yazici (2011) mentions that performing preventive
maintenance can save around 337 million dollars a year.

The foregoing justifies undertaking innovation processes in
design, materials, use techniques, and ergonomics, among
others, in order to achieve greater efficiency in agricultural
tillage with hand tools.

This work presents an evaluation of the stress generated by
impact load on a manual tillage tool, considering different
manufacturing materials and using the finite element method
(FEM) incomputational simulations. In particular, theemployed
hoe, modeled for furrowing work, features an improved
geometric design, and it was manufactured with materials
resistant to wear and impact, i.e., AISI/SAE 4140, 4130, and
1060 steel; A356 aluminum castings; and nodular cast irons
with different surface treatments (annealed and normalized).
It should be noted that some of the materials mentioned above
have already been used for the manufacture of agricultural
tools and have been referenced by various authors in different
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patents. As per a patent on the construction of vertical plows
(Balvanz and Eldora, 2019), AISI/SAE 4140 steel is used to
make moldboards in the plows and is implemented in the
construction of backhoes with high resistance to wear (Gegel,
1998). Yu and Bhole (1990) report the high resistance of AISI/
SAE 4130 steel, hence its great usefulness in the manufacture
of plow tools. Teko et al. (2018) have reported this material in
regard to the construction of blades for sugar cane harvesters.
As for AISI/SAE 1060 steel, De Almeida Luz (2019) reports
their use in furrowers. A356 aluminum has been reported in
the manufacture of machine elements such as pistons, engine
blocks, and car wheels (Ahmed et al., 2016; Charco, 2017;
Fernanda et al., 2018). Finally, Bedndf et al., (2013) have used
nodular cast irons to manufacture tools for subsoilers, given
that this material has a high resistance to abrasive and erosive
wear and is regarded as a ductile iron (Enriquez Berciano and
Tremps Guerra, 2012).

For stress evaluation via the FEM, a maximum power of 300
W (Botta, 2003) was considered as a critical value, which
is reached upon the impact between a fertile soil and a
tool, considering the dynamic movement of the latter as
resembling a particle that hits the former for a short period
of time. The simulations were carried out using the ANSYS
software, taking the Von Mises equation in three dimensions
as a reference, to determine the elastic stress concentration
sites of each of the materials used for manufacturing the tools.
Stress is denoted as the uniaxial tensile stress that generates
a combination of maximum distortion energy, considered as
the actual combination of applied stresses, expressed in a
two-dimensional or three-dimensional manner (Cruz-Avilés
et al., 2018; Norton, 2011).

Most manual farming tools available in the market are
designed considering the force they can apply to the soil,
their producibility, and their efficiency, but the comfort of
the operator is rarely taken into account. It has been reported
that most of the agricultural workforce suffers from, pain in
the neck, shoulders, arms, and trunk (Benos et al., 2020;
Yusuf and Yusuf, 2006). Thus, designing a tool that allows
for the dissipation of forces, enables proper cultivation, and
reduces the effort required by the operator, would contribute
to greater efficiency in farming tasks, without compromising
the workers’ quality of life.

Therefore, the objective of this research was to evaluate
the stresses and lifecycle of a manual agricultural tool
through the FEM, analyzing tools of different materials when
subjected to impact loads.

Materials and methods

Manual tool modeling in computer software

Using the SolidWorks software, the redesign of aconventional
hoe (quadrangular) was modeled. Through image processing,
a final 3D model with the same dimensions and geometry
as the actual tool used in the soil preparation process was
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obtained. To create the design, photographs of the tool were
taken from the side, top, and front views. Measurements of
length, width, and height were taken, and, based on them,
the photographs were scaled in the software to generate a
model (Figures 1 and 2).

Figure 1. Manual tool taken as a reference for modeling in SolidWorks
Source: Authors

Figure 2. SolidWorks model of the manual tool
Source: Authors

Mechanical properties and materials used for the
simulation

To perform the FEM stress simulations, the following groups
of materials were considered: nodular cast irons (annealed
and normalized), low-alloy steels with medium-carbon
content (AISI/SAE 4140 and 4130), carbon steel (AISI/SAE
1060), and cast aluminum (A356).

The FEM analysis considered an impact between the tip
of the manual tool and the soil, simulating the energy that
a farmer would exert during tillage. Through calculations
using Newton’s third law (action and reaction), the
simulation results were found to be equivalent, i.e.,
the force exerted by the tool against the soil was of the
same magnitude as that exerted by the soil on the tool,
but in the opposite direction. Regarding the magnitude
of the impact force, the critical value reported by Botta
(2003) was considered. This author concluded that,
during a normal working day, a person exerts a force of
approximately 60 N, at a speed of 1.1 m/s (equivalent to
66 W), albeit stating that, for some instants, an operator
can impart a power close to 300 W on the agricultural tool.
This value was taken as a reference in our simulations,
which were performed using the ANSYS 2019 R2 V19.4
software. The mechanical module was employed, which
required entering the characteristics and properties of each
material. Molten aluminum (A356) was modeled based on
information on physical properties obtained from Mott
(2009) and Matweb (2016). The data for the nodular cast
iron were obtained from Agudelo (2013), Angus (1976),
and Herring (2018). In the case of steels, information
from Matweb (2016) and Budynas and Nisbett (2015) was
employed. The mass of the materials was calculated based
on the density values obtained in the aforementioned
sources and the volume provided by SolidWorks, i.e.,
9.2977 x 10 m®. Based on the constant velocity, a static
structural analysis was performed.

Table 1 presents the mechanical properties and the mass
calculations considered for each hand tool material. This
information was used in Equation (1) to model the dynamics
of the impact during tillage, considering the tool as a particle.

,[Edt = mayv M

Table 1. Mechanical properties of the materials used for the impact force calculations and the FEM stress simulation

Elastic . . Elastic Tensile
. Mass Poisson’s Density ..
Material (ke) modulus ratio (kg/m?) limit strength
8 (GPa) (MPa) (MPa)
AISI/SAE 4140 0.73 205.00 0.29 7850.00 675.00 1020.00
AISI/SAE 4130 0.73 205.00 0.29 7850.00 460.00 731.00
AISI/SAE 1060 0.73 205.00 0.29 7850.00 427.00 779.00
Annealed nodular cast iron 0.66 168.33 0.29 7120.00 275,79 413.69
Normalized nodular cast iron 0.66 168.33 0.29 7120.00 482.63 689.48
A356 aluminum permanent ), ¢ 72.40 0.33 267000  179.00  255.00

mold cast

Source: Agudelo (2013), Angus (1976), Budynas and Nisbett (2015), Herring (2018), Matweb (2016), Mott (2009)
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Where:

e F:impact force due to weight (N)

e dt: differential time for impact (s)

®  maV mass variation due to the speed of the tool during
the impact (kg-m/s)

By solving the integral in Equation (1), the formula for the
linear motion of an impacting particle was obtained, as
shown in Equation (2).

F(At) =my, —my, 2)

Where:

® m:mass of the tool (kg)
® v, :initial speed of the tool (m/s)
® v, :final velocity just before impact (m/s)

To obtain the impact force, the initial velocity (Vv;) was set
as 0, considering that the tool starts from a resting position.
Following Botta (2003), afinal speed of 1,1 m/s was assumed,
as well as an impact time 0.001 s. For similar situations, the
analysis of Marcon (2018) was taken into account, where
the maximum impact time used was 10 ms. However, for
the impact to be more critical, a minimum value was taken,
i.e., approximately one thousandth of a second.

In accordance with the above, the impact force for each hoe
was calculated with the following values, as represented in
Equation (3).

mass of hoe 1.lmj
I s ) I
(At) 0.001s

During the impact, it was considered that the operator
applied a force of 272.73 N. This value was added to that
obtained in Equation (3) and tabulated as the total force for
each material (Table 2).

Table 2. Impact force of a hoe on the soil for each tool material

Material Force (N) Fy (N) -Fz (N)
AISI/SAE 4140 1075.58 1036.47 287.44
AISI/SAE 4130 1075.58 1036.47 287.44
AISI/SAE 1060 1075.58 1036.47 287.44

Annealed nodular castiron ~ 1000.92 964.52 267.49
Norma"zefr[;:d“'ar @st 100092 964.52 267.49
Aluminum A356 545.80 525.95 145.86

Source: Authors
Simulation and finite element model

In the FEM simulations, a mesh size of 2 mm was selected
for optimal and precise results. 207 799 nodes and 132
830 tetrahedral elements were obtained, as this type of
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mesh allows for a better adjustment of the tool’s geometry,
adapting to changes in shape and to smaller areas. In general,
the mean quality was 0.7617, and reductions in this regard
were caused by sudden changes in geometry. However,
considering that the tool has a complex shape, the reported
values are good, as they are closer to 1, which denotes the
highest quality (Seeni et al., 2020). Additionally, the aspect
ratio was 2.3041 — a good-quality mesh has an aspect ratio
between 1 and 5. The Jacobian ratio obtained was 0.9984,
with the ideal value being 1 (SolidWorks, 2022). In addition,
greater precision can be obtained with a larger number of
nodes (Dutt, 2015; Molino et al., 2003). The static module
of the ANSYS finite element software was used for modeling
and calculating the maximum Von Mises stress after
assigning a type of material to the studied tools. Then, the
boundary conditions were selected, i.e., the type of stress,
corresponding to the force exerted by the farmer when using
the furrowing hoe; and the impact force of each material,
concentrated on the tip of the tool, using approximately
one third of the total area (2.9 x 10° m?). This procedure
is illustrated in Figure 3. Here, the area in red receives the
impact. The direction follows the rib (tangential to the tool
and perpendicular to the soil), which is considered the
most critical factor. The tool stub is centered on the z-axis,
implying that the forces are distributed in the y- and z-axes
(Table 2). Regarding the distribution, a tool angle of 15.5°
was taken into account. The magnitude of the force applied
by each material is presented in Table 2. Each material was
simulated with these parameters.

90.00 (mm)
]

2250 67.50

0.000 0.050 0.100(m)

0.025 0.075

Figure 3. Zone of greatest influence of the impact force on the soil
Source: Authors
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Itis important to note that, internally, the software calculates
the Von Mises stresses that can produce failures due to
deformation or breakage. For a deformation of the material
to occur, it is necessary to equal or exceed the elastic limit
stress in tension for each material. In the event of a break,
the maximum stress at break must be equaled or exceeded.

The Von Mises stress can be expressed as in Equation (4)
for a three-dimensional system using the XYZ components
(Budynas and Nisbett, 2015).

: Von Mises stress

: normal stress in the x-direction
: normal stress in the y-direction
: normal stress in the z-direction
1w : shear stress in the xy plane

: shear stress in the yz plane

: shear stress in the zx plane

In order to compare the values obtained from the simulation
against those of the manual calculations, the simplified Von
Mises equation was used:

2 2 2
O, —O. +(o, —O +\o,—O
oo o) H(o=0y) +(oy-a))
2
Where:
e o's:simplified Von Mises stress
® 0, =0, :normal stress in the x-direction
® 0, =0, :normal stress in the y-direction
® 0, =0, :normal stress in the z-direction

The percent error is presented in Equation (6).

FEM Value — Manual Value
Manual Value

%E = *100  (6)

Lifecycle simulation

Using the ANSYS software, a simulation of the tool’s
lifecycle was carried out, based on the fatigue parameters
for each of the materials, in addition to using the Von
Mises stresses generated in the previous simulations and
the geometry of the tool. We predicted the number of
cycles that the tool could withstand under the conditions
provided by the stress analysis, considering a reversible
stress and Goodman relation. For an eight-hour workday
and a work efficiency of 70%, the number of cycles in
a conventional ploughing day was determined, finally
obtaining the number of days that the tool can work before
failing due to fatigue.

Results and discussion

The Von Mises theory, also known as the maximum
distortion energy theory, offers a versatile framework for
understanding the behavior of diverse materials across
various service conditions. These conditions encompass
factors such as stress application rates, impact severity,
and working temperatures, as well as specific design
characteristics like material properties, defects, and
geometry. This theory posits that yielding and failure occur
when the total deformation energy per unit volume reaches
or surpasses the energy corresponding to the material’s
yield strength (Budynas and Nisbett, 2015; Vanegas
Useche, 2018). According to Pérez-Gonzalez et al. (2011)
the Von Mises criterion is a good option for materials with
a ductile tendency, but it is not suitable for materials with
a brittle tendency (in such materials, they recommend
using another one, such as the Christensen criterion). The
materials used in this research exhibit a ductile tendency,
as it is common to find rock fragments in agricultural soils,
where a sudden impact can more frequently lead to cracks
or catastrophic failures in the material. In the case of the
materials under study, the Von Mises equivalent stress
values, calculated based on normal stresses, consistently
remained below the yield strength of each material. This
observation indicates that the actual stresses experienced
during impact did not surpass the material’s elastic limit,
highlighting that the material’s performance primarily
resides within its elastic zone.

The computational results reveal that the geometric design of
the tool’s tip facilitates stress distribution and concentration
in localized areas, effectively dissipating the deformation
energy generated during operation. While the computational
graphs demonstrate stress concentration in small regions
relative to the tool’s size, none of the materials exceeded
their yield limits or elastic strength. This reaffirms that the
materials predominantly operate within their elastic zones.

Table 3. Von Mises elastic stresses for each tool material

Von Mises Stress Elastic limit

Material (MPa) (MPa)
AISI/SAE 4140 16.30 675.00
AISI/SAE 4130 16.30 460.00
AISI/SAE 1060 16.30 427.00

Annealed'nodular cast 15.17 275.79
iron
Normallze_d nodular 15.17 482.63
cast iron
Aluminum A356 8.39 179.01

permanent mold cast

Source: Authors

For the steels, stress magnitudes between 69.67 x 10
and 16.30 MPa were obtained (Figure 4). In general, the
concentration of Von Mises stresses in the conic area where
the cape is installed was evident for each type of material,
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mainly due to the change in the geometry of the tool and
the presence of the moment generated by the cape during
agricultural work. Particularly, the highest stress magnitudes
were obtained in the area of the nerve, as it has a greater
contact with the soil and due to the change in section
from its pointed geometry, implying areas with high stress
concentrations. This is similar to the results of Cazin et al.,
(2020), who found that the maximum efforts occurred in
joints and geometry changes.

14.487 Steels

80.00(mm)
40,00

0.00 90.00(rmrm)

-

k4

Figure 4. Von Mises stress calculated for steel tools. Views: a) front,
b) back.
Source: Authors

The nodular steel tools simulated (Figure 5) reported values
between 64.85 x 10* and 15.17 MPa, with a behavior similar
to that of steels regarding the stress concentration areas.
These values, although slightly lower (by 7%) than those of
steels, do not represent great differences in the Von Mises
stress calculated in this study. However, given the nature of
the materials, they could eventually exhibit a different wear
behavior, which was not within the scope of this study.

In the case of the A356 aluminum tool, the calculated Von
Mises stress ranged from 40.46 x 10 to 8.39 MPa (Figure
6), which is significantly lower than the values obtained for
steels and iron castings. The main reason for this difference is
that the aluminum hoe is significantly lighter than the others,
as well as the impact force exerted on the tip of the tool. The
maximum values are observed in the nerve and the area of
connection with the end of the furrowing hoe, maintaining a
behavior similar to that of the other materials, as a result of
the geometry of the tool and the stress concentration areas.
In addition, the tillage conditions and the impact model are
similar for all the studied materials.
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15.167 Max
i Nodular foundries
10111

8426

6.7408

5.0556

33704

1.6852
6.4846e-5 Min

0.00 90,00 (rm) ¥
b, ——) -
45.00

Figure 5. Von Mises stress calculated for the nodular foundry tools.
Views: a) front, b) Back.Source: Authors

8.3906 Max
74583 .
6526 Aluminum A3546
5.5937

4.6615

379

2.7960

18646

083232
4.0461e-5 Min

0.00 £0.00 (rm)
[ S|

80,00 ()
[ e
40.00 L

Figure 6. Stress generated in the aluminum tool. Views: a) front, b)
back.
Source: Authors
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As per Von Mises theory, the elastic limit of the material
and the maximum stress generated must be compared. In
Table 3, it is evident that none of the furrowing hoe materials
exceeds the creep limit, i.e., no tool material will fail under
the established working conditions, which are similar to
those proposed by Leslie and Aguila (2014) for the FEM
analysis of a multiple chisel plough, where the tool did not
any exhibit failures caused by exceeding the elastic limit. This
leads to the hypothesis that the tool materials’ useful life
could be long and lack plastic deformations. Consequently,
the tools’ lifecycle may be influenced by tribological factors
such as wear.

Table 4 presents the results obtained in the simplified von
Mises stress analysis, in addition to the percent error.

Table 4. Simplified Von Mises elastic stresses for each tool material

Simplified Von

. Mises stress o’
Material (MPa) %E

Manual  FEM
AISI/SAE 4140 4.93 5.27 6.90
AISI/SAE 4130 4.93 5.27 6.90
AISI/SAE 1060 4.93 5.27 6.90
Annealed nodular cast iron 4.58 4.90 6.99
Normalized nodular cast iron 4.58 4.90 6.99
Aluminum ASSSa[;::rmanent mold 250 2,69 760

Source: Authors

Note that the percentage errors are below 8%. This indicates
a satisfactory outcome of the simulation, and this error can
be attributed to the geometry and distribution of the areas
during the simplified calculations.

According to the previous analysis and given that the tool is
unlikely to fail by exceeding its elastic limit, a fatigue analysis
was carried out to determine the number of lifecycles to
which the different tool materials could be subjected before
exhibiting damage to their microstructure. Figures 7, 8, and
9 present the lifecycles for the steel, iron, and aluminum
foundries, respectively. These analyses were performed
while assuming constant loads, without any variability during
different agricultural tasks. However, it should be indicated
that lifecycles can be affected because of the interaction
between the tool and a heterogeneous and anisotropic
material, such as agricultural soils. Furthermore, it is known
that fatigue is not a critical factor of failure in this type of
tool, as discussed below.

As shown in Figure 7, the number of lifecycles for the tool
under load conditions is very high. In the case of AISI/SAE
4130 steel, there is a stress concentration zone similar to
that obtained in the Von Mises simulation, with values
of up to 7.65 x 10% lifecycles before exhibiting failures,
particularly in the area adjacent to the nerve and on the
cape, representing the notching areas subjected to higher
concentrations of stress. Additionally, it is important to note

that, for the AISI/SAE 1060 and 4140 steels, a clear visual
reference is not given since they have higher tensile strength
and lifespan.

1e+32 Max
5.6753¢ +31
| 3.2200+31
| 18279 31
| 10374 31
|| 5.8076: +30
|| 33416430
| 1,8963¢ +30
L 10762e430
6.1079€-+29 Min

AISI/SAE 4130

80.00 (mm)
40.00

Min

B80.00 (rnm)

R

Figure 7. Simulated lifecycles of the 4130 steel tool. Views: a) front,
b) back.
Source: Authors

The opposite occurs with iron castings, although the
normalized nodular casting has a higher tensile strength
than the annealed one. However, the fatigue properties
of the latter are better, implying that the tool material
subjected to the standardization process exhibits a greater
susceptibility to failure due to fatigue. Those differences lead
to the hypothesis that the microstructure of iron foundries
influences fatigue cycles due to the heat treatment of the
tool. However, the number of cycles necessary for fatigue
to occur is very high; given the analyzed conditions, it takes
about 3.06 x 10% cycles for the tool to fail.

Figure 8 shows a higher stress concentration zone in the
standardized nodular casting tool, implying a difference in
the number of lifecycles when compared to that shown in
Figure 7 for AISI/SAE 4130 steel, whose fatigue resistance is
greater. The latter also has a better distributed tool geometry.

In the fatigue simulation, the A356 aluminum tool has the
lowest fatigue lifecycles, since it is made of the material
with the lowest tensile strength and has the lowest
ductility coefficient. However, Figure 9 shows that, except
for the stress concentration area, the lifecycles are similar
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to those of the other tools (1 x 10%* cycles). It is worth
noting that A356 aluminum is the material that supports
the lowest load.
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Figure 9. Simulated life cycles for the A356 aluminum tool. Views:
Views: a) front, b) back.
Source: Authors

The application of loads below the creep limit on
agricultural tools generates changes in the internal
microstructure of each material. When this process occurs
repeatedly under different conditions, it can damage the
tool over time, as it is subjected to fluctuating and variable
stresses. This type of failure is called high cycling failure,
and it occurs when the stresses are very far from the
creep limit. In the case of the studied metals, the number
of lifecycles needed for failure is very high. This could
only be demonstrated after the tools have been operated
for much of their useful life and/or by performing specific
microstructure and even nanostructure tests (Espejo and
Herndndez, 2017).

Table 5 presents the parameters calculated regarding the
number of days that the A356 aluminum tool could withstand
under traditional working conditions. This material was
selected because, according to the fatigue results, it is the
one with the most critical fatigue lifecycles.
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Note that, under normal working conditions, the tool would
have a very long lifespan, in the order of thousands of years.
Thus, the critical factor for a damage to the tool is determined
through other mechanisms, such as abrasive wear given the
soil-tool interaction, but not through fatigue.

Table 5. Fatigue parameters

Parameter Value Units
Impacts/day 18 144 Cycles/day
A356 aluminum lifecycles 7.60 x 10" Cycles
8.38 x 10" Weeks
Lifespan of A356 2.09 x 10" Months
1.75x 10" Years

Source: Authors

From a perspective of ergonomics and the principle of lowest
energy expenditure by the operator, the furrowing hoe with
the best performance is the one designed with aluminum
casting; its lower weight implies the lowest impact force,
hence the lower energy requirements. The stress required
for penetrating the soil should be considered, since the
tool must withstand the soil’s resistance without failing.
Jaramillo (2014) reports that a soil resistance value greater
than 35.5 kg/cm? (3.48 MPa) constitutes the limit for root
development in a great proportion of crops. Still, considering
the load necessary to break the soil in very critical situations,
none of the tools exceeds its elastic limit, indicating that the
agricultural soil does not offer sufficient resistance to cause
the tool to fail due to impact load. Therefore, based on the
stress and fatigue analysis, all the studied materials have
a potentially long useful life, in addition to the fact that all
of them exceed the critical agricultural soil stress, allowing
for an adequate decompaction. If worker ergonomics are
considered, A356 is the recommended furrower material.
However, to select the optimal material, it is necessary to
perform an abrasive wear analysis, given that, although
there is no fatigue failure, the loss of useful life can be
caused mainly by the abrasion generated by agricultural
soils, especially those with a higher concentration of sand
particles, which in turn causes the loss of shape and mass
of the tool (Singh et al., 2020). Abrasive wear is considered
to be one of the most serious issues in agricultural tools,
reporting losses of up to 40 million dollars in countries such
as Australia, which are associated with the replacement of
tools due to wear by continuous use (Malvajerdi, 2023).
Thus, we suggest conducting future research focused on
the abrasive wear of each of the materials studied herein, in
order to enhance the selection process.

Conclusions

The Von Mises stress calculated for the six manual tool
materials, which were simulated using the ANSYS software,
did not exceed the elastic limit. Therefore, under normal
operating conditions, plastic deformation is unlikely, as well
as the breakage of the materials, due to impact against the
soil. Finite element analysis determined that the material
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with the highest Von Mises stress was AISI/SAE 4140 steel
(16.30 MPa), and the lowest value was reported by A356
aluminum (8.39 MPa).

Through the ANSYS fatigue analysis, it was predicted that the
tools would not exhibit fatigue failures and would feature a
great number of operating cycles, with the most critical value
reported for A356 aluminum, corresponding to a useful life
of 1.75 x 10" cycles. Meanwhile, the lowest critical value
regarding fatigue was observed in AISI/SAE 1060, steel with
1 x 10% cycles. Hence, all the materials are suitable for
tool design, offering a long lifespan and meeting the stress
requirements for completing their tasks.

As for ergonomics, A356 aluminum exhibits a good behavior,
given that it is less heavy and, consequently, the efforts
generated are lower, enabling an efficient tillage while
ensuring the operator’s comfort.
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