Hindawi

Journal of Sensors

Volume 2020, Article ID 3504389, 13 pages
https://doi.org/10.1155/2020/3504389

Research Article

Hindawi

Application of Low-Cost Sensors for the Development of a
Methodology to Design Front-End Loaders for Tractors

H. Malon®,! A. Ayuda,1 F. J. Garcia-Ramos (9,> M. Vidal,! and J. Cuartero®'

"Departamento de Ingenieria Mecdnica, Escuela de Ingenieria y Arquitectura, University of Zaragoza, 50018, Spain
Departamento de Ciencias Agrarias y del Medio Rural, Escuela Politécnica Superior, University of Zaragoza, C/Cuarte s/n,

22004 Huesca, Spain

Correspondence should be addressed to H. Malon; hml@unizar.es

Received 22 November 2019; Revised 27 January 2020; Accepted 5 February 2020; Published 28 February 2020

Guest Editor: Jingwei Wang

Copyright © 2020 H. Malon et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Tractor front-end loaders are an essential part of the equipment used on farms. At present, there are an important number of small-
and medium-sized companies involved in the manufacturing of this equipment. These companies rely heavily on experience for
innovative designs, as in the vast majority of cases they lack access to adequate methodology for the optimal design of new
front-end loaders. The study conducted has developed a methodology to design tractor front-end loaders with a view of
obtaining their accurate design during the bucket loading process. The methodology comprises two phases: the first phase
involves a numerical analysis of the structural behaviour of the front-end loader components by means of the Finite Element
Method; the second phase, the experimental phase, makes use of low-cost sensors, in particular, strain gauges, to analyse
existing strains at selected points in the front-end loader structure. The experimental results obtained by means of low-cost
sensors fitted onto the front-end loader allow analysing the existing strains at the points measured, as well as validate the
numerical model developed. This methodology is validated by applying it to a commercial front-end loader, more specifically to

model 430E2 of the company Maquinaria Agricola El Ledn S.A (Spain).

1. Introduction

Tractor front-end loaders are frequently used in the daily
tasks carried out on agricultural holdings [1]. A loader is
fitted to the front part of the tractor so as to carry or move
loads around [2]. There are currently an important number
of small- and medium-sized companies involved in the
manufacturing of this equipment. These companies heavily
rely on its experience for design, as in the vast majority of
cases they lack access to adequate methodology for the opti-
mal design of new front-end loaders. Current methodology
used by these companies does not include traditional experi-
mental testing. On the contrary, after the manufacture of a
prototype, companies analyse its operation thanks to the help
of reliable customers who detect faults in it which are used to
improve its design. In this methodology, the manufacturer
does not have an exhaustive control of the work carried out
by the machine. For this reason, it is not possible to confirm

whether the failures indicated by the customer are really due
to a design failure or to a misuse of the prototype.

While some studies deal with tractor loaders [3-5], no
reference to the structural behaviour of the loader is made
in them. Likewise, those studies analysing the structural
safety of front-end loaders focus on the study of impact
loads (2, 6].

Technical experts point out that most damage occurring
to the structure of a front-end loader fitted to a tractor stems
from the misuse of the equipment during the carrying out of
daily tasks. More specifically, the majority of the defects
detected are plastic strains or even breaking of welded joints
in the resistant structure, which occur as a result of the mis-
use of these devices during the loading manoeuvres where the
bucket is involved. The most frequent instances of misuse are
the excessive speed of tractor in the bucket loading process or
the use of the bucket to pull down walls or uproot trees. Both
instances lead to the same outcome: there is a point in time
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when the bucket is unable to move forward while the tractor
keeps doing so. This fact results in a deformation of the
resistant structure of the front-end loader, leading to plastic
strains or even the breaking of some welded joints.

Thus, it is evident that there is a need for a methodology
to develop the design of front-end loaders mounted on trac-
tors during the bucket loading process. This methodology
must allow obtaining the strains and stresses at the selected
points of the front-end loader structure. The results should
be obtained by means of low-cost sensors, specifically strain
gauges. The use of these types of sensors is widespread as a
technique for the structural analysis of components of metal
structures in general [7-10]. In addition, this methodology
must allow analysing the structural behaviour of each com-
ponent of the front-end loader by means of numerical tech-
niques based on the Finite Element Method (FEM). The
structural analysis by means of the FEM is a technology with
a proven track record frequently used for the analysis of vehi-
cles [9, 11-16] and more recently in some agricultural imple-
ments [6, 17, 18]. Moreover, it is necessary to define two
manoeuvres: static and dynamic. The static manoeuvre
allows analysing the structural behaviour of the front-end
loader in a load case in which load is known. On the other
hand, the dynamic manoeuvre allows analysing the structural
behaviour of the front-end loader in a load case in which load
is unknown.

2. Objective

The main objective of this study is to develop and validate a
methodology for the design and development of front-end
loaders for agricultural tractors, which can be used by com-
panies that do not have resources to apply expensive design
methodologies. In order to achieve the comprehensive objec-
tive of this project, two technical objectives need to be met:
the definition of an experimental test phase and a numerical
analysis phase. The experimental test phase is aimed at
obtaining, by means of low-cost sensors, more specifically
strain gauges, the strains and stresses generated at the
front-end loader structure during the bucket loading process,
where most damage occurs. Likewise, the aim of the numer-
ical analysis phase is to obtain the comprehensive structural
behaviour of a front-end loader mounted on a tractor during
the bucket loading process.

3. Materials and Methods

The methodology is made up of two phases. In the first phase
(experimental), low-cost sensors—more specifically strain
gauges—are used to measure strains and stresses at selected
points of the front-end loader structure. In the second phase
(numerical analysis), the structural behaviour of the front-
end loader components are analysed by means of the FEM.

The methodology developed has been validated through
its application to a commercial front-end loader, more spe-
cifically to a 430E2 model of Maquinaria Agricola El Le6n
Company (Spain). The technical specifications have been
obtained from its commercial brochure [19], as well as from
information provided by the company itself.
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FiGURrE 1: Front loader 430E2 mounted on a FENDT 718 Vario
tractor.

The method used during the experimental and numerical
analysis phases is described below.

3.1. Experimental Phase. For the experimental test, a front-
end loader 430E2 was mounted on a FENDT 718 Vario
tractor, as shown in Figure 1.

Once the front-end loader was coupled, 11 low-cost
sensors were fitted, more specifically 9 unidirectional strain
gauges and 2 rosettes. A rosette is a sensor with multiple
strain gauges on a common carrier. The rosettes used in the
study are composed by three strain gauges [20]. In addition,
a further unidirectional strain gauge (in a total series of ten
strain gauges) was used, so as to perform due corrections
arising from temperature effects. Table 1 describes the
position where the strain gauges were placed. Figure 1 shows
the position of sensors on the front-end loader. Figures 2 and
3 show in detail rosette 1 and strain gauges 8 and 10,
respectively.

The strain gauge signals were recorded by a strain
gauge measurement system (StrainBook/616, Measurement
Computing, Norton, MA, USA). This equipment allows
simultaneous measurements of twenty-four channels. The
measurement system was connected to a laptop computer
equipped with data acquisition software (Waveview 7.15,
Measurement Computing).

During this phase, two types of tests were defined. The
first involved a static load test, while the second one was a
dynamic load test. These tests were conducted in the facil-
ities of Virgen de la Oliva Cooperative, in Ejea de los
Caballeros (Spain), while the Cooperative was open. The
experimental tests had to be conducted with the tractor
engine running for safety reasons. This fact implies the
presence of vibrations in the front loader transmitted by
the tractor engine.

The acquisition frequency used for the recording of data
during the tests was 1 Hz for the static load case and 50 Hz for
the dynamic load test.

3.1.1. Static Load Test. Strains and stresses were obtained for
the case of a mass of 320 kg placed in the loader bucket. To
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TaBLE 1: Location of the strain gauges.

Strain gauge Location

1 Rosette fitted onto the left longitudinal beam in front of the fastening blot for the hydraulic cylinder

2 Unidirectional strain gauge placed onto the front area of the left longitudinal beam, close to the crossbeam gap
3 Unidirectional strain gauge attached to the right longitudinal beam, in a symmetric position to strain gauge 2
4 Unidirectional strain gauge located at the upper fold of the left longitudinal beam

5 Unidirectional strain gauges placed at the top of the parallelogram beams of the left longitudinal beam

Unidirectional strain gauges placed at the top of the parallelogram beams of the right longitudinal beam,

6 in a symmetric position to strain gauge 5
Unidirectional strain gauge located at the lower area of the outer surface of the front-end loader left support
Rosette was placed close to the support area of the front-end loader in the clamping pillar
9 Unidirectional strain gauge fitted onto the front face of the clamping pillar, at the same height
where the clamping pillar is attached to the tractor chassis
10 Unidirectional strain gauge placed on the rear face of the clamping pillar
11 Unidirectional strain gauge placed onto the outer surface of the front loader left support,

close to the loader’s lock-in mechanism

that aim, 8 bags of fertiliser, with a mass of 40 kg each, were
located in the loader bucket. They were evenly distributed
on the bucket surface. Once the mass was in place, the posi-
tion of the front-end loader was maintained for at least 60s,
so as to obtain a steady record of stresses and strains. In the
test conducted, the time of the loading process was 88 seconds
and the time of maintaining the position was 86 seconds.

The front loader’s bucket base was placed horizontally,
5cm high from the ground. Figure 4 shows the position of
the front-end loader and the even distribution of the bags
for the static load case.

3.1.2. Dynamic Load Test. The dynamic load test seeks to
analyse the behaviour of the structural components of a
front-end loader during the loading process. The usual load-
ing process with this type of equipment consists of placing
the bucket in a horizontal position on the ground while the
tractor drives forward. During this process, the bucket fitted
to the front-end loader is shoved into the heap of the material
to load, generally grain, fertiliser, or soil. The bucket is subse-
quently turned upwards, thus ending the bucket loading pro-
cess. Figure 5 shows the front-end loader and its load, in this
case, of fertiliser.

To define the test, the possibility of defining a dynamic
essay with real-life loads was ruled out, owing to its low
repeatability, given the high variability in the density of the
materials used (grain, fertiliser, and soil) associated to
changeable environmental conditions. Instead, a dynamic
experimental test showing high repeatability was designed.
Thus, the ensemble formed by the tractor and front loader
was set to push against a concrete loading bay. To execute
this action, the front loader was placed onto the ground, with
its bucket placed in a horizontal position. The contact with
the loading bay by the ensemble formed by the tractor and
the front loader occurred at the front part of the front
loader’s bucket. Figure 6 shows how the tractor-front loader
FIGURE 3: Strain gauges 8 and 10 placed at the left clamping pillar. ensemble is positioned during the execution of the dynamic
load test. The same manoeuvre was performed twice. Data
from strain gauges was recorded at a frequency of 50 Hz.
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FIGURE 4: Positioning of the front-end loader and distribution of bags for the static load test.

FiGURE 5: Fertiliser load in the front loader.

The execution of the dynamic test allows obtaining the
strains and stresses undergone during the front loader load
process for any material, with high repeatability regardless
of environmental conditions, getting to the critical point
where the tractor fails to move any further.

3.2. Numerical Analysis Phase. During the study conducted,
the front-end loader was modelled. The numerical model
(Figure 7) was formed by 71,039 nodes and 64,294 elements.
For the discretization of the front loader structural compo-
nents (shown in grey in Figure 7), shell-type elements were
used. Shell-type elements were also used for the bucket
model, shown in blue in Figure 7. The clamping pillar of
the tractor (in green in Figure 7) was discretized by means
of volumetric elements. The modelling of the hydraulic cylin-
ders and bolts of the movable joints in the front-end loader
was carried out by means of beam-type elements, as shown
in red in Figure 7. Multipoint constraints (MPCs) were used
to avoid completely rigid joints between bolts and bush and
thus replicate their actual behaviour.

The material used in the numerical analysis in all compo-
nents for the front loader, the bucket, and the clamping pil-
lars has been Steel S355-JR. On the other hand, linear
elastic steel has been applied for the hydraulic cylinders and
bolts. The mechanical properties of the steels used are shown
in Table 2.

Similar to the experimental phase, two load cases have
been defined for the numerical analysis. The first one was a
static load case, whereas the second was a dynamic load case.
Both tests are described in detail below.

3.2.1. Static Load Case. The static load case is aimed at ana-
lysing the comprehensive structural behaviour of the front
loader in terms of stiffness and strength when known loads
are applied to it. The numerical analysis has been carried
out by means of the software Abaqus 6.14-2, with a standard
formulation for the analysis of a static load case.

To perform the numerical analysis, the ensemble bucket-
front loader was positioned with the bucket base horizontal
5cm high from the ground.

The load applied corresponds to a descending vertical
force of 3,136N, evenly distributed over the base of the
bucket in the numerical model. This is shown in blue in
Figure 8. The load applied corresponds to the weight used
in the experimental phase (320 kg).

As for the boundary conditions defined in the numerical
analysis, displacements were restricted in the bores for the
attachment bolts of the clamping pillars to the tractor. These
areas where displacements were restricted for the numerical
analysis are shown in red in Figure 8.

3.2.2. Dynamic Load Case. The dynamic load case is aimed at
analysing the structural behaviour of the front-end loader in
terms of stiffness and strength during the loading process.
The numerical analysis has been carried out by means of
the commercial software Abaqus 6.14-2, with explicit formu-
lation for the analysis of a dynamic load case.

In the numerical model, the loader-bucket set has been
placed in the low position, with the base of the bucket in hor-
izontal position.

For this load case, a forward displacement of the tractor
rather than a force has been selected. More specifically, the
load case under analysis consisted in a 50 mm forward move-
ment in 1 second. This forward movement was defined tak-
ing into account the information provided by technical
experts in the manufacturing of tractor front loaders. The
forward movement was applied at the bores of the attach-
ment bolts of the clamping pillars to the tractor. The clamp-
ing pillars convey displacement of the tractor’s chassis to the
front-end loader in real life. The zones where the forward
movement was applied are shown in red in Figure 9.

The imposed boundary conditions restricted displace-
ment in forward direction of the tractor at the frontal line
nodes of the bucket base. These nodes are shown in blue in
Figure 9.
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FIGURE 6: Dynamic load test.

FiGURE 7: Numerical model of front-end loader 430E2.

TaBLE 2: Mechanical properties of steels used in the numerical model.

Material ~ Density (kg/m3) Young’s modulus (MPa) Poisson’s ratio Yield strength (MPa) Tensile strength (MPa) Elongation (%)

210,000 0.3
210,000 0.3

Steel S355 7,800
Steel 7,800

355 470 17

4. Results and Discussion

4.1. Experimental Phase

4.1.1. Static Load Test. In the static load test conducted, the
time of the loading process was 88 seconds and the time of
maintaining the load was 86 seconds. The results of the static
load test obtained are shown in Figures 10 and 11. These fig-
ures show the values of microstrains (y¢) from unidirectional
strain gauges, as well as Von Mises stress values obtained
from the rosettes. It must be pointed out that the metering

channels associated to unidirectional strain gauges 6 and 9
were damaged during the journey to the test area, and there-
fore, they recorded no strain variations over the entirety of
the tests performed.

The mean values as well as standard deviation of
recorded data from the 9 low-cost sensors during the test
are shown in Table 3.

The results obtained provide evidence that the load level
in the front loader was very low, with mean stress values for
rosettes 1 and 8 of 11.7 and 7.3 MPa, respectively, and maxi-
mum mean strain values of 88 pe from unidirectional strain
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FIGURE 8: Areas where load (blue) and boundary conditions (red) were applied in the static load case.

FIGURE 9: Areas where load (red) and boundary conditions (blue) were applied in the dynamic load case.

gauge 10. These results are consistent with the load applied
during the experimental test (320kg) with respect to the
maximum admissible load for the bucket in the defined posi-
tion (3,400 kg).

Standard deviations obtained from gauges 2 and 3 show
high values with respect to the mean. However, two consider-
ations must be taken into account when analysing these
results. The first one concerns the location of these gauges.
Gauges 2 and 3 were placed in the overhang of the loader,
where the vibrations generated by the tractor engine in oper-
ation had greater effect. Secondly, the average value recorded
by these gauges (1 pe and 6 pe, respectively) was very low.
These values are equivalent to a unidirectional stress of
0.21 MPa and 1.26 MPa, respectively. In addition, the results

obtained from strain gauge 2 were in a range between +5 pe
and -2 pe, while for gauge 3 the range was between 9 pe
and 2 pe. These results show that the strain variations were
less than 7 ue (equivalent to a unidirectional stress of
1.47 MPa) in both gauges. These minor variations generate
that the standard deviations have a high value with respect
to the mean, because the strain values recorded are very low.

On the other hand, the results obtained from the
gauges placed in more stable areas of the front-end loader
structure (gauge 10 placed in the clamping pillar or gauge
11 placed in the left support) had a minor standard devi-
ation in relation to the mean. In addition, these areas were
subject to greater efforts generated by the loading placed
in the loader bucket.
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TABLE 3: Mean and standard deviation values from the static load test.
Gauges
1 (MPa) 2 (pe) 3 (pe) 4 (pe) 5 (ue) 7 (ue) 8 (MPa) 10 (pe) 11 (pe)
Mean 11.7 1 6 29 18 -6 7.3 88 -25
Standard deviation 14 2 2 1 2 1 0.4 1 1

4.1.2. Dynamic Load Test. Results obtained from the nine  and therefore, no values from these gauges were obtained
unidirectional strain gauges and the two rosettes are shown  during the dynamic load test.

in Figures 12 and 13, respectively. As previously mentioned, The first dynamic load test was conducted between sec-
the measurement channels corresponding to strain gauges 6 onds 55 and 57, as can be seen in Figures 12 and 13. The pre-
and 9 were damaged during the journey to the test area,  vious variations in strains and stresses corresponded to
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FIGURE 13: Results from rosettes from the dynamic load test.

different manoeuvres carried out to place the front loader
bucket in a position that was perpendicular to the loading
bay, so that both longitudinal beams of the front-end loader
were balanced. Positioning and load application during the
second test started at 73.6 seconds with the load application
ending at 84.5 seconds.

Upon analysis of results obtained from dynamic load
tests 1 and 2, a clear difference during the test execution

can be observed. The variation in the strains and stresses
obtained shows differing structural behaviour of the front
loader during both tests. This variation in the loader struc-
tural behaviour resulted from plastic strains generated in
some components of the loader during the execution of the
first test.

The maximum strain and stress values obtained during
the first experimental dynamic load case are summarised in
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TaBLE 4: Maximum strain and stress values from the first dynamic load test.
Gauges
1 2 3 4 5 7 8 10 11
Strain (pe) — 734 647 1,369 121 41 — 770 31
Von Mises stress (MPa) 100.9 — — — — — 26.4 — —

Von Mises (MPa)

B 152 Mpa
P 165 MPa

149 MPa

132 MPa
116 MPa

[ 99 mpa
P 83 Mpa

66 MPa
50 MPa

[ 33 MPa
B 17 vpa
B o Mpa

FIGURE 14: Von Mises stresses (MPa) from the analysis of static load case.

Table 4. The strains recorded by strain gauges 2, 3, 4, and 10
were 734 ue, 647 pe, 1369 e, and 770 pe, respectively. These
results prove that those points where the strain gauges were
located recorded significant strains which may lead to plastic
strain of the front loader.

The entire analysis of the results obtained at both qualita-
tive level (with the different behaviour of the front loader
during the first and second tests) and quantitative level (the
strain values recorded mainly from strain gauges 2, 3, 4,
and 10) proves the need to analyse the structural behaviour
of the entire front loader. The results obtained seem to indi-
cate that plastic strains were most likely generated in some
structural components of the front-end loader during the
execution of the first dynamic load test.

4.2. Numerical Analysis Phase

4.2.1. Static Load Case. Figure 14 shows the results for Von
Mises stresses obtained from the numerical analysis. The
maximum stress values (182 MPa) were located at the upper
support bolt of the front loader on the clamping pillar. The
higher tensions were located in the support components of
the front-end loader in the clamping pillar, as well as in the
clamping pillar itself. Nevertheless, the Von Mises stress
values obtained, with the exception of the front loader sup-
port bolt, were no higher than 110 MPa for the rest of the
components.

The maximum value of vertical displacement obtained
was 9.99mm at the front edge of the bucket, as shown in
Figure 15.

The results obtained allow confirming that the design of
the front-end loader analysed showed no stiffness or strength
issues for the static load case.

Additionally, Table 5 shows strains and Von Mises
stress values obtained from the static load case at those
points where low-cost sensors were placed for the experi-
mental test.

4.2.2. Dynamic Load Case. Figure 16 shows Von Mises
stresses obtained from the numerical analysis. The stress
map shows that the stress levels for the front loader in the
dynamic load case were far higher than the results from the
static load case. More specifically, in the dynamic load case
analysed, the maximum stress value was 370 MPa which is
higher than the yield strength of Steel S355-JR. This result
shows that there are front loader components that get plasti-
cally deformed for the dynamic load case. In this instance,
those components are the longitudinal beams of the front-
end loader, as shown in Figure 16.

Displacement results are shown in Figure 17. The maxi-
mum horizontal displacement was 50 mm. These values were
placed in the bores of the attachment bolts of the clamping
pillars to the tractor. In contrast, displacements were nonex-
istent at the frontal line nodes of the bucket base. These
results are consistent with the boundary conditions imposed
in the numerical analysis.

Table 6 shows the strains and Von Mises stresses
obtained from the numerical analysis of the front-end loader
in the dynamic load case in those points where low-cost sen-
sors were placed for the experimental test model.
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Displacement (mm)

- 0,26 mm
B 067 mm

-1,60 mm
-2,54 mm

-3,47 mm

P 440 mm
B 533mm

-6,26 mm

-7,19 mm

- -8,13 mm
B .06 mm
B 95 mm

FIGURE 15: Vertical displacements (mm) from the analysis of static load case.

TAaBLE 5: Strain and stress values for the numerical analysis of static load case.

Gauges
4 5 7 8 10 11

Strain (pe) — 8 9
Von Mises stress (MPa) 12.1 — —

36 19 -7 — 79 -26
— — — 7.6 — —

Von Mises (MPa)

B ;70 mpa
P 336 MPa

302 MPa

268 MPa
235 MPa

0 201 MPa
P 168 MPa

134 MPa
101 MPa

I 67 MPa
|
B e

FIGURE 16: Von Mises stresses (MPa) from dynamic load case.

4.3. Correlation between Experimental and Numerical
Results. In a study of this nature, correlation between
numerical and experimental results is of paramount
importance. On the one hand, correlation between numer-
ical and experimental results allows validating the numer-
ical models used in the study. In this study, this validation
allows knowing the structural behaviour of the front-end
loader analysed. On the other hand, the validation of the
numerical model allows verifying the impressions created
from the experimental results recorded by means of the
strain gauges of the structural behaviour of the entire
front-end loader analysed.

4.3.1. Analysis of the Static Load Case. Table 7 shows the
results obtained for a static load case from each of the 9 strain
gauges. It also shows the results obtained from the numerical
analysis conducted by means of the FEM. Additionally, the
error obtained when comparing the numerical results to the
experimental results is provided.

Errors obtained from strain gauges 1, 5, 8, and 11 were
less than 10%, a magnitude regarded as admissible for the
correlation of results from the FEM. On the other hand,
errors of the values from strain gauges 2 and 3 were -700%
and -50%. Values of strains recorded by strain gauges 2 and
3 from the experimental test were 1 ye and 6 e, which were
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Displacement (mm)
B 1290 mm
I 7,18 mm
1,46 mm
-4,25 mm
-9,97 mm
b 1569 mm
B 2141 mm
-27,13 mm
-32,85 mm
P -3856 mm
B 4428 mm
- -50,00 mm
FIGURE 17: Vertical displacements (mm) from the dynamic load case.
TABLE 6: Strain and stress values for the numerical analysis of dynamic load case.
Gauges
1 2 3 4 5 7 8 10 11
Strain (ue) — 726 711 1374 129 -100 — 631 -163
Von Mises stress (MPa) 90.5 — — — — — 28.3 — —
TaBLE 7: Correlation of numerical and experimental results from static load case.
Gauges
Results 1 2 3 4 5 7 8 10 11
Ue — 1 6 29 18 -6 — 88 -25
Test
MPa 11.7 — — — — — 7.3 — —
. ‘ e — 8 9 36 19 7 — 79 -26
Numerical analysis
MPa 12.1 — — — — — 7.6 — —
Error % 342 700 50 24.14 -5.56 -16.67 411 10.23 -4.00

very low strain values. Values of strain obtained from the
numerical analysis for strain gauges 2 and 3 were 8 pe and
9 pe, respectively. The numerical difference of the results
from gauges 2 and 3 was 7 pe and 3 pe, respectively, that is
equivalent to a unidirectional stress of 1.47MPa and
0.63 MPa for gauges 2 and 3, which is a minor difference
for strain or stress results. Owing to the fact that the strains
results were at such low level, the error generated in the cor-
relation of numerical results with respect to experimental
results was quite high. Due to the minor differences in
numerical value between the experimental and numerical
results, 7 e and 3 pe at the positions for strain gauges 2
and 3, respectively, the numerical error obtained from gauges
2 and 3 is not significant in machinery design and thus allows
validating the results obtained by means of numerical tech-
niques in the measuring points of strain gauges 2 and 3.
The relative error between experimental and numerical

results obtained from strain gauges 4 and 7 is 24.14% and
16.67%. Nonetheless, in both cases, the difference between
numerical and experimental results is 7 ye for gauge 4 and
1 pe for gauge 7. This strain values are equivalent to a unidi-
rectional stress of 1.47MPa and 0.21 MPa, respectively.
Therefore, and similar to gauges 2 and 3, the relative error
obtained from gauges 4 and 7 is not significant in machinery
design. The minor differences between experimental and
numerical results allow validating the results obtained by
means of numerical techniques in the measuring points of
strain gauges 4 and 7. In the case of gauge 10, the error is
10.23%. This error is considered as admissible.

The results obtained allow concluding that there is good
correlation between the numerical and experimental results
obtained from the study of a front-end loader 430E2. The
good correlation of results allows validating the numerical
model of front-end loader, as well as the study of the static
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TaBLE 8: Correlation of numerical and experimental results from dynamic load case.

Gauges
Results 1 2 3 4 5 7 8 10 11
Test ue — 734 647 1,369 121 -104 — 609 -178
es
MPa 93.4 — — — — — 26.4 — —
) . ue — 726 711 1,374 129 -100 — 631 -163

Numerical analysis

MPa 90.5 — — — — — 28.3 — —
Error % 3.10 1.09 -9.89 -0.37 -6.61 3.85 -7.2 -3.61 8.43

load case defined during the development of the methodol-
ogy for the design of front-end loaders.

4.3.2. Analysis of the Dynamic Load Case. Table 8 shows the
strain and stress results obtained from the experimental test
and the numerical analysis of the dynamic load case. These
results correspond to the points in which the strain gauges
were placed at the front-end loader. On the other hand, this
table provides the error obtained when comparing the
numerical results with the results obtained experimentally.

Unlike the static load case where the mass applied
(320 kg) was known, for the dynamic load case, neither the
force exerted by the tractor nor its displacement was known.
Thus, in order to conduct the correlation of results, it is
necessary to find a time period where the results obtained
experimentally coincide with the results obtained from the
numerical analysis for the dynamic load case.

The experimental results shown in Table 8 were obtained
between seconds 56.18 and 56.24, thus involving a time inter-
val of 0.06 seconds. As shown in Table 8, the error of the
results obtained by means of the numerical analysis when
compared to the experimental results was under 10% for
the nine measuring points analysed. These errors less than
10% and a time interval in which they were obtained very
small (0.06 seconds) allow confirming that the experimental
and numerical results have a high correlation. This correla-
tion allows validating the numerical model of front-end loa-
der, as well as the study of the dynamic load case defined
during the development of the methodology for the design
of front-end loaders.

5. Conclusions

This study has shown the steps implemented for the develop-
ment of a methodology which allows improving the current
techniques for design and development of front-end loaders
for agricultural tractors. In particular, this methodology anal-
yses the manoeuvre that generates most instances of damage
at the front-end loader, i.e., bucket loading.

The methodology developed consists of two phases: one
experimental and the other involving numerical analysis.
The experimental phase, by making use of low-cost sensors,
more specifically 9 strain gauges, has allowed obtaining the
strains and stresses generated at specific points of the front-
end loader structure. On the other hand, the numerical anal-
ysis phase has allowed studying the structural behaviour of

the entire front-end loader by means of numerical techniques
based on the Finite Element Method.

In the development of the methodology, two load cases,
one static and the other dynamic, have been defined. The
static case study allowed obtaining the strains and stresses
generated in the front-end loader when a known mass was
placed onto the bucket. The second load case, a dynamic case,
allowed analysing the structural behaviour of the front-end
loader during the bucket loading process. In order to ensure
the repeatability of the study, the experimental test was
defined in such a way that the front part of the bucket
coupled to the front-end loader pushed to a concrete loading
bay while the tractor moved forward. The numerical analysis
for this test was defined in a similar way, limiting the forward
movement of the tractor to 5cm.

The experimental results obtained by means of the nine
strain gauges and the results of the numerical analysis from
the static load case show high correlation. The difference
between the numerical results and the experimental results
was lower than 9 pe for the unidirectional strain gauges and
0.4 MPa for the rosettes. This correlation of results allows val-
idating the numerical model for the front-end loader, as well
as the static load case defined during the development of the
methodology for the design of the front-end loader.

On the other hand, the experimental results and the
numerical results obtained from the dynamic load case show
high correlation. Concretely, the error of the results obtained
by means of the numerical analysis when compared to the
experimental results was under 10% for the nine measuring
points analysed. The experimental results were obtained in
an interval of 0.06 seconds. This high correlation of results
allows validating the numerical model for the front-end loa-
der, as well as the study of the dynamic load case defined dur-
ing the development of the methodology for the design of
front-end loaders.
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