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The extended octagonal ring transducers are popular devices for force and moment measurements in
agricultural engineering research due to its capability in measuring forces independently in two dimensions
and resultant moment in one dimension. In this study design, construction and calibration of extended
octagonal ring transducers are discussed. The transducers were designed to measure the two force
components of the soil reaction with minimum cross-sensitivity. Strain distributions in the extended
octagonal rings were analyzed using finite element method to locate optimal strain gauge positions to
minimize cross-sensitivity between the two force components. A Data acquisition system consisted of a
programmable DT800 data logger with 12 differential voltage and 16 frequency channels, and a PC for storing
the data for further graphing and analysis. The system was tested for its sensitivity, cross-sensitivity, linearity
and repeatability. The results of the calibration tests revealed that the system was well working for a range of
draught and vertical forces up to 25 kN. The results showed a high degree of linearity between bridge output
voltage and force applied. The minimum coefficient of determination, R?, was found to be 0.99. The
interactions of the applied forces on the orthogonal force bridges were less than one percent. The system
could best be used for the measurement of draught (horizontal) and vertical forces where medium size

equipment is attached with a tractor.

1. INTRODUCTION

Many researchers have used various transducers in
order to measure forces between the tractor and agri-
cultural equipments. Extended octagonal ring (EOR)
transducers seem to be appropriate to measure force
and torque in agricultural engineering research area.
The high ratio of sensitivity to hardness, appropriate
size and easy installation features the extended EOR.
Also this type of transducers have the capability to
measure both horizontal and vertical components of
acting forces and also the resultant bending moment
which have created because of the mentioned forces
on ring.

Principles governing the EOR transducers are
such, that when perpendicular forces (horizontal and
vertical) are applied on the transducer, some strain
nodes are created on transducer, which is capable of
independent measurements of the horizontal and ver-
tical force components. Installation of the strain gaug-
es in the correct horizontal and vertical strain nodes
could achieve the minimum interaction between hori-
zontal and vertical forces [1]. In [2—4] general formulas
for the strain and displacement of the EOR were intro-
duced using analysis of plain extended ring. By using
photoelastic method, nodal points of strain confirmed
the general formulas [2, 4]. These formulas were used
in [5—8] for construction of the EOR transducers.

In this study, the design and construction of EOR
transducers, which are able to measure the forces be-

tween tractor and implements as parts of three-point
hitch dynamometer, is presented. Strain distributions
in the EOR were analyzed using finite element method
(FEM).

2. MATERIALS AND METHODS
2. 1. Design of extended octagonal rings transducer

After determining the maximum horizontal, vertical
and lateral design loads between the tractor and imple-
ments, extended octagonal ring (EOR) transducers
were designed. The material selected for the design of
the EOR transducers was mild steel 1015 AISI having
yield stress of 235 MPa and modulus of elasticity of
207 GPa, which gave high strength and compactness
to the transducer.

One of the most common and most efficient meth-
ods for designing this type of transducers is the way,
which is presented in [8]. In this method, design and
construction of EOR transducer is done with the max-
imum external torque that is applied on the transducer
during operations and considering the coefficient of
transducer hardness of 1.6, which causes moment sensi-
tivity of 0.4 on transducer [9]. The formulas that have
been presented by for designing EOR transducers are [8]:

k=L (1)
’
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Fig. 1. (a) Forces on extended octagonal ring transducer, and (b) Distance of the acting point of forces to the middle part of the

transducer.

2
M, =SB )
M,
where Kis the coefficient of hardness of transducer, 2L
is the distance between ring centers (mm), 7 is mean
radius of ring (mm), M, is moment sensitivity (kN - m),
M, is external moment which is applied on the trans-
ducer, € is strain at ring surfaces, £ is Young’s modulus
of ring material (GPa), b is the width of transducer
(mm), and ¢ is the thickness of ring (mm).

Considering the above relations for the design of
EOR transducers, the maximum external moment
(M,) should be determined first which is applied on
transducer. Also, it is essential that the EOR transduc-
ers should only be affected by the vertical and horizon-
tal forces. Thus, side forces on transducers existing at
lower hitch point connections should be restrained.

Figure la shows the free body diagram of EOR
transducers during operations. The amount of each
horizontal, vertical and side forces at lower connection
points of tractor was calculated to be 25, 15 and 10 kN,
respectively. Also in order to ensure the design strength
of the transducers against the forces and impacts during
operations, confidence coefficient was set at 1.5.

Regarding to the three-point hitch dynamometer
design, the distance of the acting point of the horizon-
tal and vertical forces to the middle part of the trans-
ducer (x) was considered 146 mm (Fig. 1b). Hence,
the maximum external moment is calculated as:

My = Fx =23.17 (kN) x

x0.146 (m) =3.384 kN -m.
Precise observation of parameters for appropriate
designing of the EOR transducers is essential. These
include the width of transducer b and the diameter of

3)
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the holes @ (Fig. 2a). In this study, the width of trans-
ducer was selected as 90 mm. Also, in order to increase
the sensitivity of the EOR transducer, the diameter of
holes was selected as 60 mm. Considering that the dis-
tance of the acting point of the forces to the middle
part of the transducer x of 146 mm and also the maxi-
mum amount of vertical force of 23.17 kN on the
transducer, the amount of external moment applied on
the transducer was calculated 3.384 kN - m (Eq. 3).
The other parameters, provided 4 = 90 mm, M, =
=3.384 kKN - m and S, (AISI 1015) = 235 MPa, were
calculated based on the following equations [5]:

i
L

Fig. 2. (a) Some important design parameters in the ex-
tended octagonal ring transducer; (b) the final dimension
of the designed EOR transducer.

76 mm

/

~

184.8 mm
92.5 mm

22.5 mm

™\
)

22.5 mm

10%*



148 YOUSEF ABBASPOUR-GILANDEH, SINA HAGHIGHAT-SHISHVAN

(@)

EALT AR TTES
HPVNTE

Fig. 3. Model used for the finite element analysis of the
EOR: (a) horizontal load, F, application and boundary
condition of displacement; (b) vertical load, Fy application
and boundary condition of displacement.

c =¢E, “4)

M = cEbf _

s MO
Consequently, according to the above relations, the
value of M, will be 0.4 and then the value of ring thick-

ness was calculated to be equal to 8 mm. Also the radi-
us of ring holes was considered 30 mm:

0.4. 4)

2
S0 _ 4.4, 6)
M,
) 0.4M,
2= . 7
Sh )

Figure 2b shows the final dimension of the de-
signed EOR transducer.

2.2. Design of data acquisition system

In order to collect the horizontal and vertical forces
data, which is created between the tractor and agricul-
tural mounted equipments, three EOR transducers
have been used. After the mechanical design of EOR

ESTRN

5.610e—004
':5. 143e—004
+4.676e—004

L 4.209¢—004
| 3.742e—004
L 3.274e—004
|:2.80767004

2.340e—004
L 1.873¢—004
L 1.406e—004

9.389¢—005
4.718e—005
4.692e—007

transducer, we attempted to specify the location of
strain gauges installation on each transducer. On each
EOR transducer, eight strain gauges were installed to
measure the horizontal and vertical forces.

2.2.1. Determination of the strain nodes on the
EOR transducer. To specify the location of strain
gauges on each transducer, strain energy theory and al-
so the design formulas which have been developed in
[1, 8, 9] were used. A computer program was written in
MATLAB software to specify nodal points:

w, = LR

2

) juo {(2 + %) - [(% ¥ ")Siw}} (13)

= for 0<op<m,

FXR(2 . ) F,R
=2 (= 4+sing|——2—coso +
2 \n 2

M, {(2 + TE—R) + [(2 + n)sin (p}}
i 2] /
8+ ﬂ + M
R
= for m<@<2m,
oM
€y = 2. (15)
Ebt
The above formulas present the bending moment
values M, in different angles ¢ on EOR transducers,
when the two perpendicular forces i.e. F, and F, and
the external moment M, are acting on the transducer.
Regarding to this point that the EOR transducer de-
signed and constructed as a measurement part of

three-point hitch dynamometer, the acting point of
the forces considered as the external moment on the

EOR transducer, only affected by F, and the other
force (F,) has not any effect on M,. The internal mo-
ment is functions of both F, and F,. Using the ob-

, ) F,R
—simo +TCOS(P_

M

[}

(14)
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Fig. 4. Strain distribution in the EOR obtained from the finite element analysis by (a) horizontal load (b) vertical load.

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA  Ne 1

2011



EXTENDED OCTAGONAL RING TRANSDUCERS FOR MEASUREMENT 149

tained M, data, the tangential strain could be calcu-

lated from g, = 2][‘)[‘2
t

Therefore, based on the data
obtained from the MATLAB program and finite ele-
ment method (Fig. 3), the strain nodal points for spec-
ification of the location of strain gauges on the EOR
transducer were determined. Strain gauge were in-
stalled at the angle of 90° and 39.54° for independent

measurement of F, and F,, respectively.

2.2.2. Element type, boundary conditions and load
application. Linear elastic finite element analysis was
used to calculate the strain distribution in the EOR
transducer to identify optimal strain gauge locations.
The SolidWorks software was used to generate a mesh
of solid mesh type elements for the EOR (Fig. 3). The
Solid mesh element has quadratic displacement be-
havior and is well suited to modeling irregular meshes.
There were a total of 89715 nodes in the meshed trans-
ducer. In the horizontal and vertical directions, the
loads, F, = 25 kN (Fig. 3a) and F, = 15 kN (Fig. 3b),
were applied separately to the transducer. The mo-
ment was ignored in the finite element analysis. Fig. 4
shows strain distribution, which is created by the hor-
izontal and vertical loads.

2.2.3. Electrical resistance strain gauges. For the
strain gauges the TML FLA-3-11-1L type was select-
ed with gauge resistance of 120 Q2 and gauge factor of
2.1. Installation points of Wheatstone bridge resis-
tance strain gauges and their configurations are shown
in Fig. 5. The Wheatstone bridges on each transducer
transfer the voltage changes due to variation in vertical
and horizontal forces on the transducer to the input
channels of data logger and then the collected data are
transferred to a portable computer for data analysis
and post processing. In this study, for collecting and
storing of the EOR transducers data and also the
S-type load cells data in calibration system, a pro-
grammable Data taker DT800 model data logger with
12 analog channels and 16 digital channels was used.

2.2.4. Calibration. In order to calibrate the EOR
transducers, a system that is able to apply an equiva-
lent force of 20 kN to the transducer, was designed in
the University of Mohaghegh Ardabili. The system in-
cludes a chassis which contains special bracket bases
and also a 2-way power screw and S-type load cells to

Calibration parameters of the EOR transducers

F

Fig. 5. Electrical resistance strain gauges configuration for
measurement of applied moment and forces on the EOR
transducer.

apply vertical and horizontal forces. The chassis was
fixed by bolts to a concrete foundation.

3. RESULTS AND DISCUSSION

Static calibration tests to obtain calibration coeffi-
cients, sensitivity, cross-sensitivity, linearity and re-
peatability for each transducer, was performed. Table
shows the calibration parameters of the EOR trans-
ducers. The EOR transducers calibration test’s results
indicate that the coefficient of calibration equation for
transducers No. 2 and No. 3 are different from trans-
ducer No. 1 because of the different maximum loads
which were used to calibrate them. The test results for re-
peatability showed negligible difference for all of three
transducers. Considering the obtained results, the trans-
ducers have suitable sensitivity for measuring the forces.

A high degree of linearity between the applied ver-
tical and horizontal forces and bridge outputs were
found (Fig. 6 and 7).

The cross-sensitivity for all of the transducers was
very small. The observed cross-sensitivities of the EOR
transducer No. 1 were 0.99% and 0.92%, respectively,
for horizontal and vertical forces, while for the trans-
ducer No. 2 were 0.99% and 0.93% and for the trans-
ducer No. 3 was 0.97% and 0.96%, respectively, for

No Coefficient of calibration equation | Zero offset of calibration equation Coefficient of correlation
transducer F, F, F, F, F, F,

Ne 1 33.27 39.47 —33.01 —265.96 0.99 1

Ne 2 28.19 34.89 371.41 350.71 0.99 0.98

Ne 3 27.35 33.28 348.65 —103.51 0.99 0.96
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Fig. 6. Calibration curve for horizontal force of the EOR
transducer Ne 3.

horizontal and vertical force measurement. In [4]
cross-sensitivities were of 1.1% and 2.1% for draft and
vertical force, respectively, when the vertical force
gauges were mounted at 34° and the loading fixture
was confined to central part of the base section. Khei-
ralla et al. reported the cross-sensitivities of one of the
EOR transducers which is used as a measurement part
of a three-point hitch dynamometer, were 1.2% and
2.0%, respectively, for horizontal and vertical force,
while for the other EOR transducer were 1.6% and
0.8%, respectively, for horizontal and vertical force
when the vertical force strain gauges were mounted at
39° on each transducer [6].

4. CONCLUSIONS

In this study, design, construction and calibration
of three extended octagonal ring transducers were pre-
sented and discussed. These transducers could mea-
sure tractor-implement forces in two directions. These
force components need to be measured with minimum
cross-sensitivity. Strain distributions in the extended
octagonal rings were analyzed using a MATLAB pro-
gram and finite element method to specify the optimal
strain gage positions to minimize cross-sensitivity be-
tween two force components. Strain gauges were in-
stalled at the angle of 90° and 39.54° for independent
measurement of horizontal and vertical forces, respec-
tively. The results showed a high degree of linearity be-
tween bridge output voltage and force applied. The
cross-sensitivity of the applied forces on the orthogo-
nal force bridges were less than one percent. The sys-
tem could best be used for the measurement of tractor-
implement forces where medium type equipment is
attached to the tractor.
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Fig. 7. Calibration curve for vertical force of the EOR
transducer Ne 3.
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