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Abstract
Aim of study: To develop an instrumentation system comprising three force sensing elements to measure the draught 

resistance of any tillage and seeding tools during field operation by connecting one sensing element to each three-point 
linkage of the tractor. 

Area of study: Department of AgFE, Indian Institute of Technology, Kharagpur, India
Material and methods: Commercial S-type transducers were packed laterally in between the curved plates perpendic-

ular to the direction of travel in such a way that the magnitude of the imposed force decreased and its nature got reversed 
consequently during tillage force measurement. Finite element analysis was also performed on the proposed model of 
the sensing elements. The performance was evaluated on the basis of non-linearity, hysteresis, and non-repeatability. The 
data were validated with the draught values simultaneously recorded using instrumented three-point linkages of tractor.

Main results: It offered good sensitivity and linearity during static calibration. The measurement capacity based on 
maximum applied load during static calibration was 10 kN with accuracy 93.40%. The low values of mean percentage 
error (9.03%), maximum absolute variation (17.43%), and root mean square error (0.51 kN) revealed good accuracy of 
the system. Validation was conducted by comparing the data for an offset type disk harrow with the model outputs of 
previous studies to assess its suitability for other soil working conditions, and the results were satisfactory.

Research highlights: The advantages of this sensing device in the measurement of drawbar power are fewer changes 
in the hitching geometry, lower cost, and capability of quick hitching.

Additional keywords: three-point linkage; database generation; Wheatstone bridge; finite element method
Abbreviations used: CI (cone index); DSS (decision support systems); EORT (extended octagonal ring transducer); 

FEM (finite element method); MAD (maximum absolute deviation); MAPD (mean absolute percentage deviation); PTO 
(power take-off); RMSD (root mean square deviation).
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Introduction

The draught resistance is described as the force need-
ed to propel machinery in the direction of motion (ASAE 
Standards EP291.3, 2005). The knowledge of draught 
resistance is often utilized in implement management to 

predict the power demand during tillage and sowing oper-
ations. Agricultural machinery consultants use the draught 
and energy data for suitable matching of tractors and im-
plements and also to predict their fuel energy consump-
tion. Farm management models utilize these data to choose 
suitable machinery by simulating and comparing the per-
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formance with traditional agricultural systems. Precise 
knowledge of the draught resistance is required to develop 
reasonable models (Harrigan & Rotz, 1995). There have 
been three main approaches to estimate the draught resist-
ance of any tillage machinery at varying soil and working 
conditions: 1) analytical, 2) empirical, and 3) numerical 
methods. Determination of draught force through analyt-
ical approaches (Kuczewski & Piotrowska, 1998; God-
win et al., 2007), mostly originated from the passive earth 
pressure theory, is less accurate compared to the empirical 
approach because of the non-homogeneity of soil structure 
and texture in the field. The empirical approaches (McK-
ibben & Reed, 1952; Gee-Clough et al., 1978; Nicholson 
et al., 1984; Upadhyaya et al., 1985; Bashford et al., 1991; 
Grisso et al., 1996; Kheiralla et al., 2004) are based on 
the measurement of draught force in both laboratory and 
field at different soil, implement and working conditions. 
The recorded data are then examined by several statistical 
methods to develop a best-fit regression model for further 
selection and matching of implements. Numerical meth-
ods involve advanced computer software’s using the finite 
element method (Kushwaha & Shen, 1995; Mouazen & 
Nemenyi, 1999; Bentaher et al., 2013), or discrete element 
modelling (Sadek & Chen, 2015). Several methods were 
followed in the past to determine the draught of tillage 
implements. This included spring, hydraulic, and strain 
gage type dynamometers, and three-point hitch dynamom-
eters with suitable data acquisition systems to gather the 
draught data in both laboratory and field studies. Sarkar et 
al. (2021) and Choudhary et al. (2021) suggested that more 
analytical studies and alternative approaches are required 
to measure and predict the energy requirements of tillage 
implements, to help in proper matching, and to develop 
decision support systems (DSS).

A precise understanding of the tractor linkage geome-
try is needed for the design of load sensing components in 
the linkages to estimate the magnitude of draught resist-
ance. The drawbar power of trailed implements is gener-
ally measured by a hydraulic, spring, or strain gauge type 
dynamometer. The mounted type implements necessitate 
the use of a three-point linkage dynamometer to quanti-
fy the soil resistance contributing toward drawbar power 
(Chung et al., 1983; Al-jalil et al., 2001; Kepner et al., 
2005). However, many of these dynamometers are suitable 
specifically for a particular tractor-implement combination 
and not easily adaptable to others. The various three-point 
linkage dynamometers were either installed on a fabricat-
ed structure between the tractor and machinery or attached 
integrally with modifications in the dynamometer arms to 
incorporate the necessary sensors. The frame type three-
point linkage dynamometers are fabricated to suit different 
category tractor hitches. However, attaching and detaching 
these heavy and rigid frame structures with the implements 
is cumbersome and require quick coupling arrangements. 
Also, fixing them on the three-point hitch alters the mast 
height and lower hitch point spread which is not desirable 

as it ultimately affects the hitch forces, implement stability, 
operating depth, and line of pull. 

Scholtz (1966) suggested that a dynamometer should 
be able to fit on multiple implements without requiring 
any alteration in the implement hitch geometry. It should 
not obstruct the use of a power take-off (PTO) shaft and 
should require a minimum number of measuring channels. 
Palmer (1992) developed a dynamometer configured as a 
quick hitch arrangement suitable for categories I, II, or III 
tractors using commercial load cells. The dynamometer 
was suitable to measure horizontal, vertical, and lateral 
forces, and their respective moments. However, its heavy 
weight (about 350 kg) and rearward shifting of the ma-
chinery by 17.35 cm limited its applicability to low horse-
power tractors and lighter-weight machinery. Chaplin et 
al. (1987) constructed a three-point hitch dynamometer 
with a precision of 5% while measuring the draught up 
to 45 kN. Upadhyay & Raheman (2018) measured the 
draught force in a soil bin with the help of a S-type force 
transducer mounted horizontally between the soil process-
ing trolley and intermediate trolley. Kumar et al. (2016) 
and Upadhyay & Raheman (2019a) used a mechatronic 
device to measure draught and wheel slip. The developed 
dynamometer was in the form of a detachable frame with 
force transducers accommodated in the sensing elements 
within the frame to sense and measure the draught of the 
implement. 

The extended octagonal ring transducer (EORT) was 
used by several investigators to analyze different forces and 
moments that act on tractor three-point linkages and PTO 
bearing (Thakur & Godwin, 1988; Watyotha & Salokhe, 
2001; Hensh et al., 2021a). However, precise identification 
of stress node locations for positioning and fixing the strain 
gauges is crucial and requires preliminary experiments or 
software simulations as it otherwise affects the cross-sen-
sitivity. Also, the installation of strain gauges is complex 
and requires good knowledge and preciseness. Godwin 
et al. (1993) developed a system employing EORTs fixed 
perpendicularly to measure the orthogonal forces and mo-
ments to a maximum of 100 kN and 100 kN-m, respectively. 
O’Dogherty (1996) developed a suitable procedure in terms 
of geometrical parameters for designing the EORT. He also 
derived a design model to calculate the appropriate ring 
thickness of EORT. Agrawal & Thomas (2003) used eight 
strain gages in the form of two Wheatstone bridges mounted 
on the two rings of an EORT made of mild steel for measur-
ing horizontal and vertical forces acting on a mouldboard 
plough. Al-Janobi (2000) developed a data recording system 
equipped with EORTs for the two lower links along with a 
load cell for the top link. Chen et al. (2007) measured the 
performance of a double EORT drawbar dynamometer hav-
ing a draught range of 180 kN developed for the measure-
ment of drawbar power for a sweep-type manure injector. 
Optimal strain-gage positions were located with the help of 
the finite element method (FEM) to reduce cross-sensitivity 
among acting forces. 
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Figure 1. Position of mounting the draught sensing elements 
along with force representation: a) developed draught sensing el-
ements; b) force representation on the draught sensing elements. 
1. Tractor side frame. 2. Implement side frame. 3. Curved plate. 
4. S-type force transducer 

a)

b)

Figure 2. Isometric drawing of one draught sensing element 
with specific dimensions (all dimensions are in mm). 

The objective of this research was to test the potential 
of using a novel low-cost technique for the estimation of 
draught resistance of any tillage and seeding tools during 
field operations. Design criteria such as ease of construc-
tion, suitability for different types and sizes of implements 
having varying hitch point spread and mast height without 
alterations, and quick hitch capability were also taken into 
account. 

Material and methods

Development of draught measurement device

The forces acting on a tractor during field operation play 
a crucial role in the energy requirement, traction mechan-
ics, stability analysis, and steering control. Three force 
sensing elements (Fig. 1a) were constructed to measure the 
draught resistance of agricultural machinery by mounting 
them to the left, right, and top hitching points. Each sens-
ing element comprised two detachable MS frames (1, 2) 
and two curved plates (3) with the provision of fixing a 
commercial S-type force transducer (4). One frame of the 
sensing element was connected with the tractor linkage (1) 
while another was connected with the implement hitch (2). 
Each S-type force transducer had a range and least count 
of 5000 N and 0.05 kg, respectively for sensing and meas-
uring the forces on a particular linkage. The transducers 
were packed laterally in between the curved plates per-
pendicular to the direction of travel in such a way that the 
magnitude of the imposed force decreased and its nature 
got reversed consequently at the time of tillage force meas-
urement. When tensile force acted on the sensing element, 
the curved plates tried to extend, which ultimately imposed 
compressive force on the force transducer, as also present-
ed in Fig. 1b. Similarly, when the force of compressive 
nature acted on the sensing element, the curved plates tried 
to flex and imposed tensile force on the force transducer.

The draught resistance is described as the force need-
ed to drive machinery in the direction of motion (ASAE 
Standards EP291.3, 2005). The arrangement of fixing the 
draught sensing elements permits only resultant horizontal 
force components to act on the force transducer. Thus, the 
draught was straightaway predicted by deducting the force 
acting on the top sensing element from the summation of 
forces acting on lower sensing elements (Eq. 1). The forc-
es measured during the field experiments were acquired 
for further analysis through a portable DAQ system pow-
ered using the tractor battery.

                             Df = FR+FL- FT                                (1)

where, Df is the draught resistance, kN; FR, FL, and FT are 
measured forces in kN in the right, left, and top link sens-
ing elements, respectively.
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The isometric view of the developed draught sensing 
element with detailed dimensions is shown in Fig. 2. The 
weight of each developed draught element was 7.5 kg. 

Finite element (FE) simulation of the proposed 
draught sensing elements

Finite element (FE) analysis was performed in AN-
SYS R15.0 workbench on the designed 3D model of the 
draught sensing element to check whether its design is 
safe or not. The prototype model is generally considered 
to be safe in the static structural analysis if the induced 
equivalent stress and deformation of components are less 
than the allowable stress and deformation of the selected 
material (Karmakar & Kushwaha, 2006; Bentaher et al., 
2013; Upadhyay et al., 2017). The results on induced von 

Mises stresses and deformations were examined, and con-
sequently, the required modifications were made in the 3D 
design prototype for obtaining optimum components di-
mensions before the development. The applied forces and 
boundary constraints on one lower link draught sensing 
element are shown in Fig. 3a. A horizontal force of 15000 
N was applied on the tractor side frame of the draught 
sensing element (indicated as B), and the implement side 
frame was fixed (indicated as A). The results of FE analy-
sis are presented in Figs. 3b and 3c in the form of coloured 
contours indicating degrees of stresses and deformations 
induced in the prototype. The maximum equivalent stress 
induced (129.84 MPa) was found to be lower compared to 
the yield strength of the material (mild steel having a yield 
strength of 250 MPa) indicating the design of draught 
sensing elements to be safe.

Figure 3. Results of finite element (FE) analysis for the draught 
sensing unit: a) applied forces and boundary conditions on the 
lower link draught sensing unit; b) equivalent von Mises stresses 
induced; c) total deformation.

a)

b)

c)

a)

b)

Figure 4. Calibration setups for draught sensing elements: a) 
Lower linkage sensing element under tension; b) Top linkage 
sensing element under compression. 1. Sensing element. 2. Me-
chanical crane. 3. Certified digital weighing balance. 4. Data 
logging system. 5. Personal laptop. 6. Fixed bar. 7. Load cell. 8. 
Hydraulic jack. 9. Weighing platform.
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Laboratory calibration of the draught sensing 
elements 

The dynamometer elements which were fixed to the 
left and right linkages of the tractor were calibrated un-
der tensile conditions using a mechanical floor crane. The 
calibration setup used is shown in Fig. 4a. One end of the 
sensing element was clamped to the bolt of the crane at the 
bottom, and another end was connected to the crane pulley 
hook through a certified weighing balance with a digital 
display having 1000 kg capacity and 0.1 kg least count. 
The elements were gradually loaded with ratchet pinion of 
the loading crane from 0 to 900 kg in steps of 50 kg and the 
resulting force coming on the load cell was logged using 
an HBM Quantum-X DAQ system. 

The top link sensing element was calibrated under 
compression. The calibration setup (Fig. 4b) consisted of 
a hydraulic jack placed on a weighing platform. The top 
link sensing element was mounted between the hydraulic 
jack and a fixed iron bar. Known force on the element was 
applied using the hydraulic jack. Because of the fixed bar 
at the top, the same load was getting transmitted to the 
weighing platform, and the readings of the force exerted 
on the weighing platform were displayed on the digital 
weighing balance. 

Development of instrumented three-point 
linkages of tractor for validation of the 
developed draught sensing elements 

To validate the developed draught sensing elements, a 
system comprising instrumented three-point linkage was 
also developed (Fig. 5), consisting of strain gauges in 
Wheatstone bridge arrangement for simultaneous deter-
mination of draught in the field (Upadhyaya et al., 1985; 
Sahu, 2005; Roul, 2014; Upadhyay, 2020). The electrical 
strain gauges (320 Ω, gauge factor 2.6) were fixed on lower 
linkages to determine the tension and bending. A circular 
proving ring was fixed on the top linkage to assess the com-
pression. Three rotary position sensors helped to determine 
the angles of lower linkages in the horizontal and vertical 
planes, and the angle of the top linkage in the vertical plane. 

To determine the lower linkage forces under tension, 
four active gauges (T1, T2, T3, and T4) were installed on 
the imaginary neutral axis. For neglecting the effect of 
temperature, four dummy gauges (D1, D2, D3, and D4) 
were fixed on a separate metal piece. The arrangement 
of strain gauges on the lower linkages is given in Fig. 6a. 
Active gauges were configured such that they were only 
responsive to tension and irresponsive to bending. Later-
al force compensation was accomplished by arranging T1 
and T3 gauges opposite to T2 and T4. With these gauges, 
a Wheatstone bridge circuit (Fig. 6b) was configured to 
measure the tensile force. 

For determining the bending in lower linkages, eight 
active strain gauges (B1, B2, B3, B4, B1’, B2’, B3’, and 

B4’) were installed on the upper and lower faces of the 
lower links (Fig. 6a). The gauges B2, B4, B2’, and B4’ 
were installed between the implement hitch point and the 
lifting rod; and B1, B3, B1’, and B3’ were installed behind 
the lifting rod. Bending causes tension in B1, B1’, B2, and 
B2’ and compression in B3, B3’, B4, and B4’. Since all 
the eight gauges were strained to the same amount when 
subjected to a tensile force; the output of the Wheatstone 
bridge circuit was not affected due to a tensile force. Thus, 
all active gauges were sensitive to bending force only. Uti-
lizing these gauges, a circuit (Fig. 6b) was configured to 
measure the bending force. 

Figure 5. Instrumented three-point linkages to validate the de-
veloped draught sensing elements. 1. Strain gauges positions. 2. 
Top linkage proving ring. 3. Draught sensing elements.

Figure 6. Arrangements of strain gages and circuit diagrams for 
measuring lower linkage forces: a) configuration of strain gaug-
es. b) Wheatstone bridge circuit.
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a) b) c)

Figure 7. Calibration set up for different linkages of the tractor: a) tensile force in lower linkage; b) bending force in lower linkages; 
c) compressive force in top linkage. 1. Lower links. 2. Mechanical floor crane. 3. Certified digital weighing balance. 4. Data logging 
system. 5. Personal laptop. 6. Fixed bar. 7. Proving ring. 8. Hydraulic jack. 9. Weighing platform.

To measure the force on the top linkage, mild steel prov-
ing circular ring was fitted at the position of the turnbuckle. 
The ring was fabricated as per the standard design method-
ology (Godwin et al., 1993; O’Dogherty, 1996). A S-type 
force transducer having 1000 kg range was fitted inside the 
proving ring such that the compressive stress in the top link-
age induced tension in the force transducer and vice versa. 

Calibrations of the instrumented three-point links were 
carried out under both tension and bending for lower link-
ages and under tension for top linkage. For calibrating un-
der tension, the lower linkages were held vertically by fix-
ing one side of the linkage and attaching the other side to 
the hook of the crane with a certified digital weighing bal-
ance in-between having 1000 kg capacity and 0.1 kg least 
count (Fig. 7a). For calibrating under bending, the lower 
linkages were placed horizontally under the base frame of 
the mechanical crane. The end sections of both the lower 
linkages were held together and the load was applied at the 
centre position (Fig. 7b). For each calibration, the linkages 
were loaded up to 900 kg with step load increments of 50 
kg, and the respective bridge outputs were logged using a 
data acquisition (DAQ) system. For calibration of the top 
linkage, a compressive load was applied on the proving 
ring from 0 to 950 kg in steps of 50 kg following the simi-
lar procedure as used for calibration of the top link draught 
sensing element (Fig. 7c). The bridge output of the force 
transducer was logged using a DAQ system. 

A 10k ohms rotary position sensor was mounted on a 
fabricated frame attached to the tractor above PTO for de-
termining the vertical inclination of the top linkage. Be-
sides this, two other rotary position sensors each of 10k 
ohms were used for measuring the vertical and horizontal 
inclinations of the lower link. Out of these rotary position 
sensors, one was fixed on the rocker arm of the tractor 
hydraulic system to assess the vertical inclination of the 

lower link, and the other one was fixed on the fabricated 
frames attached to the tractor on one side of PTO to gage 
the horizontal angle made by the lower link. The knobs of 
the position sensors rotated freely with the actuation of the 
three-point linkage. Calibrations of the rotary position sen-
sors were conducted using a digital protractor. Bridge out-
puts with respect to different linkage angles were logged 
using the DAQ system.

Knowing the magnitude of forces acting on both lower 
links, top link, and the angles made by these links in hori-
zontal and vertical planes, the draught of the implement 
was computed using the following expression (Eq. 2) ac-
cording to the vector geometry (Upadhyaya et al., 1985; 
Sahu, 2005; Kumar et al., 2016; Upadhyay, 2020):

Dr = Tfl cosα cosβ + Bfl cosα sinβ - Cft cosθ cosϕ        (2)

where, Dr is the draught resistance; Tfl and Bfl are the tension 
and bending forces in lower linkages; Cft is the compression 
force in top linkage; α and β are the angles of lower linkages 
in the horizontal and vertical plane; θ and ϕ are the angles of 
top linkage in the horizontal and vertical plane. 

Validation procedure for the field tests

The validation tests were conducted with a 46 horsepow-
er 2WD tractor having a rated engine speed of 2500 rpm. 
The soil type was sandy clay loam (57.1% sand, 19.9% silt, 
and 23.0% clay) with soil water content, cone index (CI), 
and bulk density of the upper 120 mm layer varying in the 
range of 10.50-12.13% (db), 546-975 kPa, and 1420-1680 
kg m-3, respectively. The speed of the tractor engine was ad-
justed by the hand throttle before initiating each experimen-
tal run. Proper tyre pressures were maintained in the front 
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and rear wheels. The standard oven-drying technique (IS: 
2720, 1973) was used for determining the soil water content 
under which the test samples have to be put in an oven for 24 
hours at 105 ºC. The core cutter technique (IS: 2720, 1975) 
was followed for the measurement of the soil bulk densi-
ty. The soil penetration resistance was determined using a 
sensor-based hydraulic cone penetrometer device designed 
by Upadhyay & Raheman (2020) having cone base and rod 
dimensions as per ASABE Standards S313.3 (2001). The 
depth of operation was determined by recording the distance 
between furrow sole and ground level along the furrow wall 
at an interval of about 5 m along the length of the test run 
and at least three locations along the width of cut of the im-
plement. The loose soil was removed carefully up to the firm 
furrow sole before taking measurement. Hall effect sensors 
were installed on the front and rear tyres to determine the 
forward speed of operation following the procedures of Ra-
sool et al. (2017) and Nataraj et al. (2021). 

For performing experimental validation in the test plots, 
data on draught were measured simultaneously using both 
developed draught sensing elements and instrumented 
three-point links by varying tillage depth and forward speed 
between 80-120 mm and 3.50-7.00 km h-1, respectively. 
The implement used was a mounted offset type disk harrow 
equipped with six cut-away concave disks mounted on the 
front arbor bolt and six plain concave disks at the rear. Each 
of the disks used had an outer circle radius of 28 cm, thick-
ness of 0.4 cm, and centre concavity of 7 cm. Each cut-away 
disk had eleven notches (width 8.2 cm and depth 3.2 cm) at 
equal intervals. The data from both draught measurement 
systems were taken at 50 Hz set frequency in each channel 
of the HBM Quantum-X logging system (Darmstadt, Ger-
many). Each trial was performed for a straight test run of 50 
m without using the foot accelerator. The statistical investi-
gation was accomplished in SPSS software. 

The statistical indices considered for validation were: 
mean absolute percentage deviation (MAPD), root mean 
square deviation (RMSD), and maximum absolute deviation 
(MAD) (Upadhyay & Raheman, 2019b; Nataraj et al., 2021). 
MAPD was calculated for comparing the draught resistance 
accuracy of the measurement system in percentage. RMSD 
denotes the measurement capacity of the developed draught 
sensing elements in terms of residuals standard deviation. 
MAD helped to assess the maximum variation in draught 
resistance values measured with the sensing elements and 
the instrumented three-point linkages of the tractor. 

Results and discussion

Calibration results of the developed draught 
sensing elements

The obtained calibration curves of draught sensing ele-
ments for left, right, and top linkages are given in Figs. 8a, 

8b, and 8c respectively. The calibration results showed that 
the observed load varied linearly with the applied load with 
a good coefficient of determination (R2) value of 0.99 for 
all the linkages. The sensitivity of the developed elements 
was measured to be 0.0889, 0.0812, and 0.1023 kg kg-1 
of applied load for the left link (tensile force), right link 
(tensile force), and top link (compressive force), respec-
tively. The draught measurement capacity of the sensing 
elements based on the maximum applied load during static 
calibration was 10 kN. The results of the analysis of var-
iance indicated that the applied load significantly affected 
(p ≤ 0.01) the measured output load. Further, the effect of 
loading and unloading on measured output was observed 
to be insignificant indicating no hysteresis effect. 

Linearity, hysteresis, repeatability, and 
accuracy of the developed draught sensing 
elements

The performance of the draught sensing elements was 
evaluated based on accuracy, non-linearity, hysteresis, and 
non-repeatability. Separate tests were conducted with the 
same experimental setup in the loading mode to find the 
measurement accuracy of the developed sensor, which is 
defined as the maximum difference that existed between 
the draught measured using the developed sensing ele-
ments and the draught data simultaneously recorded using 
instrumented three-point linkages of the tractor. The exper-
imental results showed that the measurement accuracy of 
the developed system was 93.40%, and the maximum error 
in the measured value was 0.66 kN.

Non-linearity is generally defined as the degree of offset 
by which the actual measured curve of a sensor departs 
from the ideal regression curve (Fraden, 2010; McGrath 
& Scanaill, 2013; Liu et al., 2018). Non-linearity was 
determined from the calibration curves by dividing the 
maximum deviation by the error in observed output load 
with full-scale input; it was found to be 1.95%, 1.44%, 
and 1.63% for the left link (tensile force), right link (ten-
sile force), and top link (compressive force), respectively. 
Hysteresis which indicates the degree of misalignment be-
tween the input and output with the loading and unloading 
modes was also determined (Liu et al., 2018). With the 
maximum offset values of 1.27, 1.21, and 1.72 kg, the hys-
teresis values were found to be 1.50%, 1.58%, and 1.75% 
for the left link (tensile force), right link (tensile force), and 
top link (compressive force), respectively.

Repeatability, which indicates the ability of a sensor to 
provide the same result under the same circumstances, was 
also assessed several times in the terms of non-repeatabili-
ty following standard procedures (Liu et al., 2018; Anony-
mous, 2021; Hensh et al., 2021b). To estimate the non-re-
peatability, tests were performed at applied load values of 
200, 400, 600, and 800 kg using the same calibration setup 
in loading mode, each replicated 10 times. The non-repeat-
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ability in terms of standard deviation (percentage of full-
scale deflection) was found to be 2.34 kg (0.23%), 2.41 kg 
(0.24%), and 1.90 kg (0.19%) for left link (tensile force), 
right link (tensile force), and top link (compressive force), 
respectively. 

Validation of the developed draught sensing 
elements with the instrumented three-point 
linkages of the tractor

The draught resistance measured using the developed 
draught sensing elements was validated with the draught 
values simultaneously recorded using instrumented three-
point linkages of the tractor. The results of validation of 
draught data under different operating settings are shown 
in Fig. 9a. The results of field testing indicated that the 
developed elements were capable of providing reliable 
draught results with reasonable accuracy. A good agree-
ment was observed among the simultaneously measured 
draught values from the two measurement systems with 
the slope of the line of best fit and R2 value as 0.90 and 
0.93, respectively. 

The low values of MAPD (9.03%), MAD (17.43%), 
and RMSD (0.51 kN) showed good accuracy of the 
draught sensing elements. The deviations were acceptable 
taking in consideration the errors that may incur during 
field data collection. The draught resistance values were 
also examined using independent sample t-tests, and no 
statistically significant difference was found between the 
two measurement systems at 5% confidence bound. This 
shows that the developed system incorporating sensors at 
hitching points can provide valid reliable data on draught 
resistance of agricultural machinery as one would expect 
from using other techniques of draught measurement. 

Correlation of measured draught resistance 
with the outputs from Roul (2014) model

The draught measured using developed sensing ele-
ments was also corroborated by comparing the values with 
the output from models developed by previous researchers 
at different combinations of soil cone indices, operating 
speeds, and depths. 

Roul (2014) customized the standardized draught pre-
diction equation of ASABE (ASABE D497.5, 2006) for 
predicting draught of offset-type disk harrows by incor-
porating the cone index variable to increase its suitability 
for sandy clay loam soil. This author conducted laboratory 
tests with various scale models of offset type disk harrow 
with disk radius and spacing of 16.5 cm and 12.5 cm, re-
spectively, and gang angles set at 20º. Their modified mod-
el is given below (Eq. 3):

                Dr=[A×CI+B×v+C×v2 ]  w×Td                  (3)

a)

b)

c)

Figure 8. Calibration curves for draught sensing ele-
ments: a) Left link (tensile force); b) right link (tensile 
force); c) op link (compressive force).

where, Dr is the draught resistance in N; A, B, and C are 
the implement-related constants (A = 0.32, B = 37.96, and 
C = 0 for offset type disk harrow); CI is the soil penetra-
tion resistance in kPa; v is the operating speed in km h-1; 
w is the width of operation in m; Td is the tillage depth of 
operation in cm.

The estimated draughts determined from the Roul´s 
(2014) model and the corresponding draughts measured 
using the developed draught sensing elements are com-
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pared in Fig. 9b by varying soil CI, operating speed, and 
tillage depth in the range of 500-1000 kPa, 3.5-7 km h-1, 
and 80-120 mm, respectively. The average and maximum 
absolute deviations between the calculated draught resis-
tance through Roul (2014) model and the draught mea-
sured using the developed system were observed to be 
8.17% and 19.45%, respectively. The observed variation 
could be due to distinct specifications of the disks used 
in both studies and the errors experienced at the time of 
measurement tests. Fig. 9b shows that the slope of the 
best-fitted line is near one (m = 0.99) with good R2 (0.91) 
which signifies that the draught sensing elements are able 
to measure the draught resistance in the field with good 
accuracy. 

Correlation of measured draught resistance 
with the outputs from Upadhyay & Raheman 
(2019b) model

Upadhyay & Raheman (2019b) performed nonlinear 
regression analysis for the specific draught resistance of 
offset type disk harrow obtained during indoor soil bin in-
vestigations using Levenberg-Marquardt algorithm with 
suitable curve fitting technique. The soil type was sandy 
clay loam with a moisture content of 9-10% (db). They 
varied the front gang angle, tillage depth, operating speed 
and soil penetration resistance in the range of 25 to 40 de-
grees, 10 to 14 cm, 0.8 to 3.2 km h-1, and 500 to 1100 kPa, 
respectively. Their proposed model (Eq. 4) is as follows:

 
        Dsp = b0+ b1×α+ b2×α2+ b3×CI+ b4×v            (4)

where, Dsp is the specific draught in kN m-2, CI is the penetration 
resistance in MPa, v is the operating speed in km h-1, α is the 
setting angle of front gang in degrees, bi are the regression coef-
ficients (b0 = 75.04, b1 = -4.97, b2 = 0.07, b3 = 30.31, b4 = 6.67). 

Specific draught values estimated from Eq. (4) were 
transformed into the draught resistance by multiplying them 
with the respective cross-sectional area of the furrow. The 
estimated draughts determined from this model and the cor-
responding draughts measured using the developed draught 
sensing elements are compared in Fig. 9c by varying soil 
CI, forward velocity, and tillage depth in the range of 500 
to 1000 kPa, 3.5 to 7 km h-1, and 80 to 120 mm, respec-
tively. The value of α was 35º in our research. The average 
and maximum absolute variations between the estimated 
draught from Upadhyay & Raheman (2019b) model and the 
developed system were found to be 8.59% and 22.89%, re-
spectively. The observed variation could be due to distinct 
specifications of the disks used in both studies and the errors 
experienced during measurement tests. The slope of the il-
lustrated line (Fig. 9c) is close to one (m = 0.83) with a high 
R2 of 0.92. These findings indicate that the draught sensing 
elements can measure the draught of agricultural imple-
ments with reasonable accuracy. 

a)

b)

c)

Figure 9. Correlation of measured draught resistance 
from developed sensing elements with outputs from: 
a) instrumented three-point linkage of tractor; b) Roul 
(2014) model; c) Upadhyay & Raheman (2019b) model.

The advantages of this sensing device is its ease of con-
struction, least changes in the hitching geometry, lower 
cost, and capability of quick hitching. The distance be-
tween lower hitch points and mast height was not affected 
with the use of these developed elements. However, the 
implement shifted backward by 175 mm. The lower cost is 
due to the smaller capacity of load cells required because 
the force on the load cell comes through an indirect path 
through curved plates with reduced magnitude. These ele-
ments may be mounted on any type of agricultural tractor 
and machinery by just changing the design of the imple-
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ment side frame according to the hitching arrangement of 
the implement used. Because of the separate use of sens-
ing elements for all the hitching points, the different lower 
hitch point spread and the mast height provided in different 
implements are not a concern.

Conclusions
An instrumentation system involving three force sens-

ing elements was designed to measure the draught resist-
ance of any tillage and seeding tools during field opera-
tion. The draught measurement capacity of the sensing 
elements was 10 kN along with an accuracy of 93.40%. 
Non-linearity was observed to be 1.95%, 1.44%, and 
1.63% for the left link (tensile force), right link (tensile 
force), and top link (compressive force), respectively. The 
hysteresis and non-repeatability were found to be 1.50% 
and 0.23%, 1.58% and 0.24%, and 1.75% and 0.19% for 
left, right, and top links, respectively. 

A system involving instrumented three-point linkag-
es was also developed and calibrated consisting of strain 
gauges in Wheatstone bridge arrangement for simultane-
ous measurement and validation of the draught in the field. 
The results of field testing indicated that the developed el-
ements were capable of providing reliable draught results 
with reasonable accuracy. The draught measured using de-
veloped sensing elements was also corroborated by com-
paring the values with the output from models developed 
by previous researchers at different combinations of soil 
cone indices, operating speeds, and depths. The average 
and maximum absolute variations between the estimated 
draught from Roul (2014) model and the developed sys-
tem were observed to be 8.17% and 19.45%, respectively. 
The corresponding variations between Upadhyay & Rahe-
man (2019b) model and the developed system were found 
to be 8.59% and 22.89%, respectively. 

The developed instrumentation system is simple, relia-
ble, and could be useful in database generation, implement 
design, and matching for effective utilization of tractor en-
gine power. The uniqueness of this sensing device is its 
ease of construction, least changes in the hitching geome-
try, lower cost, and capability of quick hitching. Because 
of the separate use of sensing elements for all the hitching 
points, the different lower hitch point spread and the mast 
height provided in different implements are not a concern.
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