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Abstract: The article lays out the methodology for shaping the design features of a strain gauge
transducer, which would make it possible to study forces and torques generated during the operation
of symmetrical seeder coulters. The transducers that have been known up until now cannot be
used to determine forces and torques for the coulter configuration adopted by the authors. For
this purpose, the design of the transducer in the form of strain gauge beams was used to ensure
the accumulated stress concentration. A detailed design was presented in the form of a 3D model,
along with a transducer body manufactured on its basis, including the method for arranging the
strain gauges thereon. Moreover, the article discusses the methodology of processing voltage signals
obtained from component loads. Particular attention was paid to the methodology of determining
the load capacity of the transducer structure, based on finite element method (FEM). This made
it possible to choose a transducer geometry providing the expected measurement sensitivity and,
at the same time, maintaining the best linearity of indications, insignificant coupling error, and a
broad measurement range. The article also presents the characteristics of the transducer calibration
process and a description of a special test stand designed for this purpose. The transducer developed
within the scope of this work provides very high precision of load spectrum reads, thus enabling
the performance of a detailed fatigue analysis of the tested designs. Additionally, the versatility it
offers makes it easy to adapt to many existing test stands, which is a significant advantage because it
eliminates the need to build new test stands.

Keywords: FEM; force transducer; soil; calibration; measuring sensitivity; strain gauge

1. Introduction

Contemporary agricultural machines must ensure high quality of the performed
work demonstrated in the performance and precision in the cultivation of soil. Therefore,
laboratory studies making it possible to better understand and identify the phenomena
occurring when they operate in the soil are crucial [1-4]. To verify the design assumptions,
experimental testing related to their fatigue life is conducted. These tests can be divided
into three basic types: field tests, track tests, and bench tests [5].

Bench tests were carried out on properly designed test stands, e.g., soil channels [6-11]
or rotating bowls [12,13] which made it possible to measure the parameters related to
the operation of a tool, i.e., force, torques, and wear. Depending on the type (i.e., shape,
size, fixing method) of the tested element, the structure and dimensions of test stands
differ. However, they all enable experiments to be conducted for small tools which make
up a larger structure [14-20]. Such structural diversity of test stands makes it possible
to measure characteristic parameters for the given agricultural machine at the selected
nodes [21-25].

A well-designed and prepared test stand with adequate dimensions and testing capa-
bilities, i.e., automatic control of the tested tool travel or the possibility to measure forces
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and torques, provides multiple testing capabilities [26,27]. Apart from observation of the
way in which the tested tools act on the processed soil, data on forces and torques occurring
while they operate can be obtained [28,29]. The proper determination of the forces and
torques acting on the tool operating in the soil is very important, both in the design and
operational context. It makes it possible to choose the right tractor power and determine
fuel consumption [30-33]. On the other hand, in the design aspect, it prevents the structure
from being oversized by supporting decisions regarding the selection of the construction
materials depending on the occurring variable strains or deformations [34,35]. Therefore,
the construction of a new test stand (Figure 1), developed in the Institute of Machine
Design at the Poznan University of Technology, included a number of innovative design
solutions. The test stand enables the use of advanced measurement systems, including
complex measuring tracks, which make it possible to track the patterns of changing loads
in the tested tools. The basic element of such solutions can be a transducer for measuring
component loads acting on the tools operating in the ground.

Figure 1. Test stand: 1—transmission, 2—motor, 3—running rail, 4—bowl, 5—sample holder,
6—supporting frame, 7—compacting roller, 8—bowl frame, 9—main frame, 10—wetting system [12].

The number of literature references discussing methods of recording loads acting on
components operating in the soil, especially on coulters, is relatively small [26]. This issue is
far from trivial because coulters are loaded with six components acting simultaneously and
three of them play a key role as far as fatigue processes are concerned (longitudinal force,
bending moment, vertical force). It is necessary to implement more complex technological
solutions in order to enable the measurement of these loads.

Some articles present a method for measuring the six load components based on a
system installed between a three-point linkage and the agricultural machine [36-40]. A
system of this type cannot be used in the load measurement systems in coulters. This is
due to the fact that coulters are characterised by much lower stiffness than plough tools;
thus, the scope of the applied forces is considerably smaller. There is a significant risk
that the measurements would be subject to the noise caused by natural vibrations of the
three-point linkage of the tractor and the load-bearing frame of the seeder or planter to
which the coulters would be mounted [41]. In their previous work, the authors of this
article presented a test stand and a measurement transducer for large elements of machines
operating in the soil, among others for ploughshares, where considerably higher forces are
present [26]. The coulters of a sowing unit or cultivator are tools which operate in the soil
similarly to a ploughshare. The difference between these tools is due to their size and depth
of operation in the soil. Therefore, the use of the previously developed transducers does not
allow to obtain reliable information because they are intended for measuring considerably
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higher forces generated by large working elements of machines. It is necessary to measure
forces near the areas in which they appear, as demonstrated in this article.

In order to measure the biaxial components of resistance of the symmetrical coulter
assembly, a transducer was developed, manufactured and tested, and then fitted with
sensors suited to the size of the tools and the forces they generate. The developed transducer
makes it possible to obtain reliable and true results of the measurement of forces and
torques occurring on much smaller elements, such as cultivator or seeder coulters. Its
versatility makes it fit suitable for use in several existing test stands [1,7,14,42,43], which is
a substantial advantage because there is no need to design and build a new test stand. The
test was carried out on a rotating bowl test stand.

2. The Purpose of the Article

The purpose of the article was to develop a transducer enabling identification of the
two main components of excitation of force and torques occurring during the operation of
a symmetrical coulter assembly.

In such coulters, the side components can cancel each other out or do not occur at all.
This contributes to the elimination of side resistance and thus creates a biaxial arrangement
that comprises horizontal and vertical resistance [44-46].

The spatial measurement method of dynamic loads with the use of strain gauge
measurements was adopted as the basis for the developed transducer design. This made it
possible to ensure a compact design installed between the tested tool and the positioning
system (Figure 2). The calibration of the transducer was done on a test stand designed
especially for the purpose of testing, making it possible to simplify the construction and
the operating procedures of the developed measuring device.

Figure 2. Test stand: (a) view of transducer attachment to the tool holder, (b) view of symmetrical
coulters mount.

3. Shaping the Design Features of the Transducer

The basis for the development of the transducer is a system of actual loads acting on
a working element in the form of two symmetrically positioned coulters. A coulter is a
mechanical system in the form of a flexible beam, which is subjected to loads listed in the
figure below (Figure 3). Longitudinal force F_1 generates a bending moment on the “r”
arm, which is the main source of strain. Apart from the longitudinal force, there is also
vertical force F_2. In order to record these loads, it is necessary to develop a dedicated
measuring system, i.e., one that
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Figure 3. System of loads acting on the coulter.

(1). can measure forces within a specific range (from 10 to 600 N),
(2). has a natural frequency of vibration that is higher than usable frequencies (for reso-
nance prevention).

The proper selection of geometrical features of the transducer structure is a complex
process, which requires multiple criteria to be taken into account. These include the need to
ensure adequate measurement precision with the best possible linearity of indications and
insignificant coupling error to ensure the highest measurement range. In the light of the
above, it could be concluded that solutions which guarantee the highest possible sensitivity
while ensuring the highest stiffness of the system are sought for [25]. In fact, however,
these are two mutually exclusive requirements which cannot be satisfied at the same time.
In such cases, it is necessary to select the right design features for properly determined
measurement ranges, so that the most important values of the measured parameters are
within the threshold.

Based on the previous experimental tests and literature, it was found that resistance
during operation ranges from 5 N to 500 N [26]. It was therefore determined that, in order
to allow full and correct identification, a dynamic parameter meter of low values should be
used, for which the following preliminary assumptions were made:

(1). force along the Z axis — F_z=450 N,
(2). force along the Y axis — F_y =200 N,
(3). torque about the X axis — M_x =200 Nm.

For the purpose of measurement of such small force components, it was decided that
the spatial measurement method of dynamic loads with the use of crossbars should be
implemented. In the adopted solution, a system comprising three elements: two measure-
ment bars and a connector arranged as in Figure 4 was proposed. The system elements
were designed so that they can be reconfigured depending on the type of agricultural tool
(Figure 5). At the same time, this solution made it possible to simplify the production
process of precision measurement bars and thus decreased their cost of production.
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Connector

Figure 4. Overview of the transducer.
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Figure 5. Transducer in configuration with various tool types; (a) coulter terminated with a goosefoot,
(b) two coulters of a seeder.

In terms of the design, the top and bottom bars are carbon copies of each other.
They were designed as cubic elements with a square cross-section and dimensions of
20 mm x 20 mm with four drilled out rectangular holes. The drilled-out holes were
positioned symmetrically in pairs in an arrangement alternately rotated by 90°. Moreover,
the construction of the bars was supplemented with externally positioned installation holes,
which constitute the installation area of the transducer to the body of the drive unit of
the test stand (Figure 2). Stiffness adjustment of the designed force meter results from
the change of dimensions of the rectangular holes. Such an approach makes it possible to
develop an entire series of transducers, where a change of a single geometric parameter
(wall thickness) makes it possible to properly tune the transducer in accordance with the
planned measurements.

The unique alignment of measurement bars in relation to one another was achieved
thanks to the stiff structure of the thick-walled connector. The connector was developed as
the main installation element for the tested components and for this purpose, in its basic
version, four M10 installation holes were placed and arranged on a square layout with
a 30 mm side length. Furthermore, in its structure, at the point of contact with the bars,
special shape connections were introduced. They ensure the required joint stiffness for the
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built structure with the use of just a single bolt node. The adopted solutions enable easy
and quick disassembly and replacement, making the sensor a universal solution that can
be used with many types of agricultural tools. Prepared in this way, the structure enables
easy installation and removal of the tested tools.

17-4PH steel was used as the construction material, which has the elastic modulus
E =1.96 x 1011 N-m~2, the Poisson ratio v = 0.30, the density p = 7.85 x 103 kg-m 3, and
the yield strength os = 1100 x 106 N-m~2.

4. Strain Analysis

In order to perform simulation tests, a properly parametrised virtual models were
prepared, as presented in Figure 6. Specialist CAD-3D software was used to prepare
them. With the use of pre- and postprocessors of graphic engineering interpretation, the
calculation model was described with solid elements enabling approximation of operating
characteristics of an object in real conditions [47,48]. Based on the adopted transducer
construction and the occurring loads, tetrahedral parabolic second-order elements were
used in the prepared model. This ensured a more accurate mathematical representation
than in the case of linear elements [49]. The degrees of freedom were defined based on the
actual operation of the transducer by depriving the nodes around the installation holes
of the capability to move along the longitudinal and transverse axes of the transducer.
As a result, its contact with the area of tool installation to the test stand was reflected [9].
The capability of the nodes in the installation holes to move along all axes was removed.
During the tests, forces and torques were applied to the nodes constituting the face surface
of the connector.

Joint with removed
degrees of freedom

Areas where load is
applied

Joint with removed
degrees of freedom

Figure 6. Transducer calculation model.

As a result of the performed simulation tests (FEM), strain distribution for three cases
was obtained, corresponding to the permissible forces and torques. Strain values reduced
for the analysed structure were obtained using the von Mises yield criterion. In each
simulation experiment, the loads were applied to the surface constituting the agricultural
tool installation area.

The first of the considered load states concerned the maximum permissible strain of
the construction along the Z axis, i.e., perpendicular to the surface. For the adopted force
Fz = 450 N, the maximum strain values of 29 MPa were obtained and were concentrated
around the internal through holes. The second considered load component was the excita-
tion along the Y axis, i.e., in the direction parallel to the installation surface. The applied
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load with the value of Fy = 200 N caused a concentration of strain around the outermost
holes. The read values did not exceed 39 MPa. The last of the tested states concerned the
effects related to the torque moment about the X axis. For the adopted load of Mx =150 Nm,
strains with a maximum value of 0.24 MPa were obtained. The strains were concentrated
in the terminal points of the crosswise edge of the connection with the brackets. The results
of the analyses of the body structure, presenting the strain distribution caused by the effect
of loads in the form of force acting along the Y axis and the torque about the X axis, were
provided in figures from Figures 7-9.

Typ: MNaprezenie XX
Jedrostka: MPa

29,19 Maks

17,29

6,49

-18,39

-30,28 Min

Figure 7. H-M-H strain map for the force value of 450 N acting along the Z axis.

Typ: MNaprezenia XX
Jednostka: MPa

0,2401 Maks

0,1443

0,0486

-0,0472

-0,143

-0,2388 Min

Figure 8. H-M-H strain map for the force value of 150 N acting along the X axis.
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Typ: Naprezenie XX
Jednostka: MPa

38,19 Maks

22,91

7,63

7,65

-22,93

-38,21 Min

Figure 9. H-M-H strain map for the force value of 200 N acting along the Y axis.

The strength tests performed with the use of the finite element method provided
essential information about the strain distribution in the considered body structure. They
showed an adequate degree of transducer stress relief, and no cross-sensitivity occurred
between various channels. The obtained results form the basis for the proper selection of
appropriate points for the positioning of the strain gauge sensors. Moreover, the test results
made it possible to evaluate the concurrent effect of a higher number of loads on the body
structure. The tests also took into account an extreme example, when all the maximum
value loads act on the system. It was found that the structure had adequate strength and
that the permissible strain values were not exceeded.

5. The Methodology of Processing Information Recorded by the Transducer Sensors

The dependence of the deformation of material used for the construction of the
transducer, which showed linear characteristics in relation to the excitation forces, was
adopted as the basis for transducer operation. Therefore, the use of resistance strain gauges
as sensors was possible. In order to increase the measurement sensitivity and avoid the
need to employ a compensation system, it was decided that the four-leg Wheatstone bridge
structure would be used in the developed system. To measure the three components, a
redundant system in the form of four strain gauge n > 3 bridges was used.

The force vector for the considered identification system of three components takes a
general form of F = (Fy, E, Mx),' therefore, to measure it, at least three strain signals must
be recorded Ogens = (07, 02, 03), which were additionally extended by a redundant signal
in the adopted solution oy.

For conditions defined as described above, the equation system can be expressed in
the matrix form (1):

Utens<t) = F(t)'M 1)

where:

Otens (t)—vector of recorded strains,
F(t)—vector of sought for excitations.
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The mathematical model of the transducer, which ties the sought-for calculations with
the recorded strains, can be presented in the form of the following equation system (2):

o1(t) = ar-Fy(t) + br-Fz(t) + c1-Mx(t)
o (t) = ay- Fy(f) + by- Z(i’) + C2'Mx(l’) @)
o3(t) = az-Fy(t) + b3 Fz(t) + c3-Mx(t)
04(t) = as-Fy(t) + ba-Fo(t) + ca-Mx(t)

where:

o1(t),...,03(f)—recorded strains,
Fy(t),..., My(t)—excitations acting on the transducer,
ai,...,c4—sensitivity coefficients tying strains with loads.

The considered equation system does not have an unambiguous solution because it
is an overdetermined system. However, a pseudo-solution can be found for the system,
which in accordance with the principles of the adjustment calculus is determined based on
the minimum mean square error (MMSE) estimator [24]. Then, equation (3):

F(t) = ( (MT.M)1>.(MT.ams(t)), 3)

is a solution indicating property (4):

(M-F(t) — Gtens (£))T — (M-F(t) — Giens(t)) = min. (4)

But the solution has a physical sense if the matrix (M;7-M;) is non-singular (5), i.e.,

det (MT.M) £0 ®)

Equation (5) can be interpreted as follows: the forces operating in the system cause
various effects in the form of loads with different values. Otherwise, it would be impossible
to determine which load caused the recorded strain increase.

Strain gauge distribution on the transducer construction was shown in Figure 10. In
order to measure the F, component, a group of strain gauges numbered S5, 56, S9, 510
was used, whereas, to identify force F,, the S1, S2, S3, 54, as well as 513, S14, S15, S16
dcomponent. Strain gauges connected into properly configured Wheatstone bridges made
it possible to determine the calibration matrix:

My; %(% — €& — &9 + 810)]
My | _ }1(2—81—534—84)1 L q 4 ©)
M . — l( o o + ) — 1,...,
3 7\814 — &13 — &15 T €16);
My (67— es — &1 + €12);

where using ¢,, the value of deformation of a single strain gauge was determined.
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Figure 10. Distribution of strain gauges, where S1, S2, ... 516 represent individual strain gauges.

6. Transducer Calibration

It is impossible for theoretical considerations to take into account all the components
that affect the final shape of the transducer structure. The inaccuracies related to the manu-
facturing technology, both of the geometry itself and of the employed structural material
or measuring system in the form of strain gauges, the method of adhering, positioning or
connecting them, require the final calibration process to be performed before the torque
meter is approved for use.

Therefore, the newly-developed construction was subjected to a complete process of
identification of the calibration matrix. The process was performed by single value loading
of an object with force and torque of predetermined value in the chosen direction, so that
other components were eliminated. To this end, a specially designed test stand in the form
of a durable table with an extended frame comprising a number of longitudinal members
and cross members supported on stable columns was used (Figure 11). The tabletop had
numerous fixation holes enabling free and stable positioning of the calibrated transducer.
For the performance of excitations, tension screws with integrated single axis force sensors
were used.

(b) Tensioner 2

(@)

Force sensor 1
Force sensor

Tensioner Force sensor 2

Tensioner 1

Calibrated
transducer

Calibrated
transducer

Figure 11. Transducer calibration, (a) Fx, (b) Mx.

The calibration concept of the developed transducer construction was presented in
Figure 12. The calibration procedure involves three stages, two of which pertain to the
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identification of force coefficients along the main default Y, Z axes and a single stage
pertaining to the identification of coefficients related to the torque about the X axis.

(@)
Identification of coefficients “a”,
correlated with force Fy

o, (t) =I'ul_-F;,(m+

a,(t) =.a;* F,()+ b,

o3(t) =Jas Fy(t)_+ b-

o,(t) =ra, " Fy(t)|+ A
| S

Identification of coefficients “b”,
correlated with force F-

CE (O 4o My

(©) Identification of coefficients “c”
correlated with force Mx
oy () = +f1 - Me ()

-
e
Figure 12. Transducer calibration concept.

7. Empirical Verification of Mathematical Models

For the purpose of verification tests, an actual force transducer model was constructed,
as shown in Figure 13. It was made as a screwed structure, onto which resistance force
transducers were fixed in accordance with the distribution shown in Figure 10.

Figure 13. Actual force transducer model.
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Example results of the experiment performed for the Z axis on a physical model of a
transducer were illustrated in the graphs below. Figure 14 presents the course of strains
recorded for one of four strain gauge bridges adhered to the support structure of the
transducer. For the purpose of the tests, single-axis strain gauges by Tenmex designated
as TFs-5/120 were used. The minimum strain value after the stabilisation of natural
vibrations was —2 MPa. For the force measurement, a single axis KT1503 sensor by
Megatron (Megatron Elektronik GmbH & Co. KG, Munich, Germany) with a range of
0-5000 N was used. The results of this measurement are presented in Figure 15, where the
maximum force was 430 N. By calculating the quotient of these two values, it was possible
to determine the coefficient related to the selected bridge for forces acting along the Z axis.
When Equation (1) is used, it takes the following value:

2

by — % — _47.10~% 7
1= 130 (7)
Of v . . T . Y
A
o
__-10f -
T
£
Z
w
w
o
v 20} )
L J
30 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80

Time [s]

Figure 14. Strain gauge stress measurement result during the Z axis experiment.

500 ; . . ;
M
|‘ T S ————— I"\,“ o~
400t | : ' f R
| \
| \ | \
_ W : - [
= | | |
S l l L
& ! | \
200 | : —
| | | l
| | ' |
100 F | ‘ F ‘ 4
‘ | ‘ |
‘ |
|
W \ J l\
oL i 1 1 i 'Y £l 1 3
0 10 20 0 40 50 60 70 80

Time [s]
Figure 15. Strain gauge force measurement result during the Z axis experiment.

The procedure was used for the remaining components in accordance with the pattern
described above, which made it possible to complete the transducer calibration process.
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8. Conclusions

The article presents the construction and the method of calibration of a prototype
strain gauge transducer for measuring forces acting on the tools of machines operating in
the soil. The methodology for processing information collected by strain gauge sensors of
the transducer was provided, along with a division into load components. A virtual model
of a prototype of such a transducer was also presented and the issues related to shaping its
design features were discussed. Moreover, the design of a calibration table was presented.

The basis for the proposed transducer construction is a bar-type body structure fitted
with strain gauge sensors. During the design process of the transducer, it was assumed
that the system operates in the range of loads causing strains lower than the yield strength.
This means that the strains for complex load states are a superposition of strains gener-
ated by elementary loads. Such a solution made it possible to give the device body a
compact structure.

As mentioned above, the proposed transducer has some limitations; it can be used at
low loads ranging from 10 to 600 N, for symmetrically distributed elements working in the
clod, such as seeder coulters.

The design process was performed based on simulation methods. The finite element
method was used, which enabled effective selection of adequate cross-sections for the
employed construction elements. This contributed to the reduction of the construction
weight. The strain distributions obtained during the simulation experiments enabled a
proper selection of points for fixing the strain gauge transducers.

Particular attention was paid to the essential issue of the precision of transducer in-
dications. The calibration method thoroughly discussed in the article ensures objective
assignment of appropriate values to a specific physical action on the structure. The cali-
bration process involved the use of a special test stand, which made it possible to load an
object with a force or torque with a set value in the selected direction, while, at the same
time, eliminating other components.

The proposed transducer structure was manufactured as a prototype. At the next
stage of work, verification work was planned, aimed at a practical evaluation of the
parameters selected in the design process of the transducer, in the context of ensuring a
linear characteristic of the output signal within the entire measurement range. Furthermore,
the precision of the device indications will be determined.

Author Contributions: Conceptualization, ].M., M.S.; methodology, ] M., M.S.; software, ].M.; valida-
tion, .M., J.S., M.S,; formal analysis, ].S., Z.S.; resources, ].M., ].S.; writing—original draft preparation,
JM.,, ]S, M.S,, Z.S.; writing—review and editing, Z.S., ] M., M.S,, ].S.; visualization, ].M.; project
administration, J.S., supervision, ].S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Poznan University of Technology, grant number
0414/SBAD/3612.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chen, Y.; McLaughlin, N.B.; Tessier, S. Double extended octagonal ring (DEOR) drawbar dynamometer. Soil Tillage Res.
2007, 93, 462-471. [CrossRef]

2. Ahamadi, I. Effect of soil, machine, and working state parameters on the required draft force of a subsoiler using a theoretical
draft-calculating model. Soil Res. 2016, 55, 389—400. [CrossRef]

3. Armin, A,; Fotouhi, R.; Szyszkowski, W. On the FE modeling of soil-blade interaction in tillage operations. Finite Elem. Anal. Des.

2014, 92, 1-11. [CrossRef]


http://doi.org/10.1016/j.still.2006.06.008
http://doi.org/10.1071/SR16193
http://doi.org/10.1016/j.finel.2014.07.004

Sensors 2022, 22,272 14 of 15

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Shi, Y; Xi, X.; Gan, H.; Shan, X.; Zhang, Y.; Shen, H.; Zhang, R. Design and Experiment of Row-Controlled Fertilizing-Weeding
Machine for Rice Cultivation. Agriculture 2021, 11, 527. [CrossRef]

Marcinkiewicz, J.; Biericzak, A.; Dembicki, D.; Dudzinski, P.; Mac, J.; Szczepaniak, J. Strength analysis of insulated body with use
of FEM. J. Res. Appl. Agric. Eng. 2015, 60, 44-49.

Loghavi, M.; Khadem, M.R. Development of a Soil Bin Compaction Profile Sensor. J. Agric. Lab. Anim. Technol. 2006, 8, 1-13.
Makange, N.R; Ji, C.; Nyalala, I.; Sunusi, LL; Opiyo, S. Prediction of precise subsoiling based on analytical method, discrete
element simulation and experimental data from soil bin. Sci Rep. 2021, 11, 11082. [CrossRef] [PubMed]

Blednykh, V.; Svechnikov, P,; Troyanovskaya, I. Analytical model of soil pulverization and tillage tools. Proc. Eng. 2015, 129, 69-74.
[CrossRef]

Gupta, P.; Gupta, C.; Pandey, K. An analytical model for predicting draft forces on convex-type wide cutting blades. Soil Tillage Res.
1989, 14, 131-144. [CrossRef]

McLaughlin, N.B. Correction of an error in equations for extended ring transducers. Trans. ASAE 1996, 39, 443—444. [CrossRef]
McLaughlin, N.B.; Tessier, S.; Guilbert, A. Improved double extended octagonal ring drawbar transducer for 3D force measure-
ment. Can. Agric. Eng. 1998, 40, 257-264.

Paczkowska, M.; Selech, |.; Piasecki, A. Effect of surface treatment on abrasive wear resistance of seeder coulerflap. Surf. Rev. Lett.
2016, 23, 3. [CrossRef]

Olejniczak, K.; Napiorkowski, J. Wear Analysis of Materials Used for a Track Steering System in Abrasive Soil Mass. Materials
2021, 14, 6164. [CrossRef]

Sheikh-Ahmad, J.Y.; Ali, D.; Meng, F. Design and Implementation of a Force Dynamometer for Friction Stir Welding.
Arab. J. Sci. Eng. 2018, 43, 4649-4657. [CrossRef]

Makange, N.R.; Ji, C.; Torotwa, I. Prediction of cutting forces and soil behavior with discrete element simulation.
Comput. Electron. Agric. 2020, 179, 105848. [CrossRef]

Cupera, J.; Bauer, E; Severa, L.; Tati¢ek, M. Analysis of force effects measured in the tractor three-point linkage. Res. Agric. Eng.
2018, 57, 79-87. [CrossRef]

Wan-Soo, K.; Yong-Joo, K.; Yeon-Soo, K. Influence of soil moisture content on the traction performance of a 78-kW agricultural
tractor during plow tillage. Soil Tillage Res. 2021, 207, 104851. [CrossRef]

Behera, A.; Raheman, H.; Thomas, E.V. A comparative study on tillage performance of rota-cultivator (a passive-active combina-
tion tillage implement) with rotavator (an active tillage implement). Soil Tillage Res. 2021, 207, 104861. [CrossRef]

Hensh, S.; Tewari, V.K.; Upadhyay, G. An instrumentation system to measure the loads acting on the tractor PTO bearing during
rotary tillage. J. Terramechanics 2021, 96, 1-10. [CrossRef]

Nalavade, P.P; Salokhe, V.M.; Niyamapa, T.; Soni, P. Performance of free rolling and powered tillage discs. Soil Tillage Res. 2010,
109, 87-93. [CrossRef]

Rajabi-Vandechali, M.; Abbaspour-Fard, M.H.; Rohani, A. Development of a prediction model for estimating tractor engine
torque based on soft computing and low cost sensors. Measurement 2018, 121, 83-95. [CrossRef]

Kogut, Z.; Pintara, C. Mikrodynamometr do pomiaréw sktadowych tréjosiowych oporu pracy redlic. Zesz. Probl. Postepow Nauk Rol.
2002, 486, 349-358.

Miszczak, M. A torque evaluation for a rotary subsoiler. Soil Tillage Res. 2005, 84, 175-183. [CrossRef]

Askari, M.; Komarizade, M.; Nikbakht, A.; Nobakht, N.; Teimourlou, R. A novel three-point hitch dynamometer to measure the
draft requirement of mounted implements. Res. Agric. Eng. 2011, 57, 128-136. [CrossRef]

Abbaspour-Gilandeh, Y.; Khanramaki, M. Design, Construction and Calibration of a Triaxial Dynamometer for Measuring Forces
and Moments Applied on Tillage Implements in Field Conditions. Met. Soc. India 2013, 28, 119-127. [CrossRef]

Marcinkiewicz, J.; Spadto, M.; Staszak, 7.; Selech, J. Methodology for determining six components of loads arising during the
operation of tillage tools in soil using a strain gauge plate transducer. J. Terramechanics 2021, 95, 59-72. [CrossRef]

Sharifi, A.; Godwin, R.J.; O’Dogherty, M.].; Dresser, M.L. Evaluating the performance of a soil compaction sensor. Soil Use Manag.
2007, 23, 171-177. [CrossRef]

Keller, T. Soil Compaction and Soil Tillage-Studies in Agricultural Soil Mechanics. Ph.D. Thesis, Swedish University of Agricul-
tural Sciences, Uppsala, Sweden, 2004. Available online: https://www.researchgate.net/publication/30072566_Soil_Compaction_
and_Soil_Tillage-Studies_in_Agricultural_Soil_Mechanics (accessed on 17 December 2021).

Fielke, ]. M. Interaction of the Cutting Edge of Tillage Implements with Soil. Ph.D. Thesis, The Department of Soil Science Waite
Agricultural Research Institute, Glen Osmond, Australia, 1994; p. 217.

Kasisira, L.; Du Plessis, H. Energy optimization for subsoilers in tandem in a sandy clay loam soil. Soil Tillage Res. 2006, 86, 185-198.
[CrossRef]

Kim, W.S.; Kim, Y.S.; Kim, T.J.; Park, S.U.; Choi, Y.; Choi, I.S.; Kim, Y.K,; Kim, Y.J. Analysis of power requirement of 78 kW class
agricultural tractor according to the major field operation. Trans. Korean Soc. Mech. Eng. A 2019, 43, 911-922. [CrossRef]

Park, S.J.; Kim, Y.J.; Lee, D.H. Analysis of load and fuel efficiency of agricultural tractor by gear selection during plow tillage.
J. Food Agric. Environ. 2013, 11, 631-635.

Kheiralla, A.F; Yahya, A.; Zohadie, M.; Ishak, W. Modelling of power and energy requirements for tillage implements operating
in Serdang sandy clay loam, Malaysia. Soil Tillage Res. 2004, 78, 21-34. [CrossRef]


http://doi.org/10.3390/agriculture11060527
http://doi.org/10.1038/s41598-021-90682-w
http://www.ncbi.nlm.nih.gov/pubmed/34040130
http://doi.org/10.1016/j.proeng.2015.12.010
http://doi.org/10.1016/0167-1987(89)90027-5
http://doi.org/10.13031/2013.27521
http://doi.org/10.1142/S0218625X16500074
http://doi.org/10.3390/ma14206164
http://doi.org/10.1007/s13369-017-3007-z
http://doi.org/10.1016/j.compag.2020.105848
http://doi.org/10.17221/26/2010-RAE
http://doi.org/10.1016/j.still.2020.104851
http://doi.org/10.1016/j.still.2020.104861
http://doi.org/10.1016/j.jterra.2021.04.004
http://doi.org/10.1016/j.still.2010.05.004
http://doi.org/10.1016/j.measurement.2018.02.050
http://doi.org/10.1016/j.still.2004.11.011
http://doi.org/10.17221/16/2011-RAE
http://doi.org/10.1007/s12647-013-0052-2
http://doi.org/10.1016/j.jterra.2021.03.005
http://doi.org/10.1111/j.1475-2743.2007.00087.x
https://www.researchgate.net/publication/30072566_Soil_Compaction_and_Soil_Tillage-Studies_in_Agricultural_Soil_Mechanics
https://www.researchgate.net/publication/30072566_Soil_Compaction_and_Soil_Tillage-Studies_in_Agricultural_Soil_Mechanics
http://doi.org/10.1016/j.still.2005.02.031
http://doi.org/10.3795/KSME-A.2019.43.12.911
http://doi.org/10.1016/j.still.2003.12.011

Sensors 2022, 22,272 15 of 15

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Amantayev, M.; Gaifullin, G.; Nukeshev, S. Modelling of the Soil-Two Dimensional Shearing Tine Interaction. Bulg. J. Agric. Lab. Anim.
2017, 23, 882-885.

Okyere, FEG.; Qasim, W.; Basak, ] K.; Khan, E; Lee, Y.J.; Park, J.; Arulmozhi, E.; Yoon, Y.C.; Kang, D.S.; Kim, H.T. Analysis of
draft force requirement of a compact disc harrow and model development for future predictions. . Biosyst. Eng. 2019, 44, 47-56.
[CrossRef]

Kirisci, V.; Blackmore, B.S.; Kilgour, J.; Godwin, R.J.; Babier, A.S. A Three-Point Linkage Dynamometer System. In Proceedings of
the International Conference on Agriculture Engineering, Uppsala, Sweden, 1-4 June 1992.

Kheiralla, A.F; Yahya, A.; Zohadie, M.; Ishak, W. Design and development of three point auto hitch dynamometer for an
agricultural tractor. ASEAN . Sci. Technol. Dev. 2003, 20, 271-288. [CrossRef]

Baek, S.M.; Kim, W.S.; Kim, Y.S.; Lee, N.G.; Kim, N.-h.; Kim, Y.J. Analysis of the load distribution and contact safety factor of PTO
gears of a 71 kW class agricultural tractor. Korean |. Agric. Lab. Anim. 2020, 47, 327-335.

Kim, W.S,; Kim, YJ.; Baek, S.Y.; Baek, S.M.; Kim, Y.S.; Park, S.U. Development of a prediction model for tractor axle torque during
tillage operation. Appl. Lab. Anim. 2020, 10, 4195. [CrossRef]

Zou, X.; Zhou, C.; Cao, X.; Wang, Y. Experimental studies on the behaviour of single pile under combined vertical-torsional loads
in layered soil. Appl. Ocean Res. 2021, 106, 102457. [CrossRef]

Kim, TJ.; Kim, W.S.; Kim, Y.S.; Chung, S.O.; Park, S.U.; Hong, S.J.; Choi, C.H.; Kim, Y.J. Strength analysis of mechanical
transmission using equivalent torque of plow tillage of an 82 kW-class tractor. Korean J. Agric. Lab. Anim. 2019, 46, 723-735.
Godwin, R.; Reynolds, A.; O’Dogherty, M.; Al-Ghazal, A. A Triaxial Dynamometer for Force and Moment Measurements on
Tillage Implements. J. Agric. Eng. Res. 1993, 55, 189-205. [CrossRef]

Al-janobi, A. A data-acquisition system to monitor performance of fully mounted implements. J. Agric. Eng. Res. 2000, 75, 167-175.
[CrossRef]

Warguta, L..; Wojtkowiak, D.; Kukla, M.; Talaska, K. Symmetric Nature of Stress Distribution in the Elastic-Plastic Range of Pinus L.
Pine Wood Samples Determined Experimentally and Using the Finite Element Method (FEM). Symmetry 2021, 13, 39. [CrossRef]
Aluko, O.; Seig, D. An experimental investigation of the characteristics of and conditions for brittle fracture in two-dimensional
soil cutting. Soil Tillage Res. 2000, 57, 143-157. [CrossRef]

Ucgul, M.; Saunders, C. Simulation of tillage forces and furrow profile during soil-mouldboard plough interaction using discrete
element modelling. Biosyst. Eng. 2020, 190, 58-70. [CrossRef]

Kim, Y.-S.; Kim, W.-S; Siddique, M.A.A.; Baek, S.-Y.; Baek, S.-M.; Cheon, S.-H.; Lee, S.-D.; Lee, K.-H.; Hong, D.-H.; Park, S.-U.;
et al. Power Transmission Efficiency Analysis of 42 kW Power Agricultural Tractor According to Tillage Depth during Moldboard
Plowing. Agronomy 2020, 10, 1263. [CrossRef]

Giordano, D.M.; Facchinetti, D.; Pessina, D. The spading machine as an alternative to the plough for the primary tillage.
J. Agric. Eng. 2015, 46, 36—40. [CrossRef]

Coetzee, C.]. Review: Calibration of the discrete element method. Powder Technol. 2017, 310, 104-142. [CrossRef]


http://doi.org/10.1007/s42853-019-00003-3
http://doi.org/10.29037/ajstd.355
http://doi.org/10.3390/app10124195
http://doi.org/10.1016/j.apor.2020.102457
http://doi.org/10.1006/jaer.1993.1043
http://doi.org/10.1006/jaer.1999.0496
http://doi.org/10.3390/sym13010039
http://doi.org/10.1016/S0167-1987(00)00156-2
http://doi.org/10.1016/j.biosystemseng.2019.11.022
http://doi.org/10.3390/agronomy10091263
http://doi.org/10.4081/jae.2015.445
http://doi.org/10.1016/j.powtec.2017.01.015

	Introduction 
	The Purpose of the Article 
	Shaping the Design Features of the Transducer 
	Strain Analysis 
	The Methodology of Processing Information Recorded by the Transducer Sensors 
	Transducer Calibration 
	Empirical Verification of Mathematical Models 
	Conclusions 
	References

