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Effect of operating depth on the optimal lugged wheel design

for hand tractors in paddy fields
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Abstract: The performance of agricultural machinery, particularly hand tractors, in paddy fields is highly influenced by
soil conditions. This study focuses on determining the optimal design parameters for lugged wheels to enhance the traction
and efficiency of paddy-field operations. The analysis was conducted at three soil operating depths (5, 10, and 15 cm) to
evaluate the performance of the lugged wheels. Key design parameters, including the wheel diameter, number of lugs, and
lug width, length, and angle, were optimised based on the vertical force (FVv), horizontal force (F#), and torque
measurements. The results revealed that the optimal wheel design for 5- and 10-cm depths was similar, featuring eight
lugs with a 77-cm diameter, 7-cm lug width, 28-cm lug length, and 20° lug angle. However, the performance metrics
varied, with Fv, Fh, and torque values of 138.97 kg, 152.04 kg, and 508.87 N m at 5 cm, respectively, compared to 155.51
kg, 170.83 kg, and 571.82 N m at 10 cm, respectively. For a 15-cm depth, the optimal design required nine lugs, with Fv,
Fh, and torque values of 291.56 kg, 350.12 kg, and 1175.14 N m, respectively. These findings provide critical insights
into the optimisation of lugged-wheel designs for improving traction and efficiency in paddy fields. This study highlights

the importance of considering the soil depth when designing wheels for agricultural machinery, offering a practical

framework for enhancing the performance of hand tractors in challenging field conditions.

Keywords: optimization, design parameters, vertical force, horizontal force, torque performance

Citation: Rizaldi, T., I. S. Kurniawan, and R. Sinaga. 2026. Effect of operating depth on the optimal lugged wheel design

for hand tractors in paddy fields. Agricultural Engineering International: CIGR Journal, 28(1):84-93.

1 Introduction

Advancement of agricultural mechanisation has
become a key focus in enhancing productivity and
efficiency, particularly in paddy fields, which have a
significantly higher water content than dry land.
However, the soft and water-saturated soil in paddy
fields poses considerable challenges for tractor
mobility, often leading to inefficiency and equipment
damage. Consequently, improving tractor movement
in paddy fields is essential, particularly through the
optimisation of wheel designs as the primary

propulsion system (Pento§ and Pieczarka, 2017).
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Lugged wheels have become an important solution for
improving traction in soft terrains, such as wet
farmland and planetary surfaces. Research by Chen et
al. (2020) and Bao et al. (2020) showed that wheel
designs with lugs can reduce slip by up to 15%—20%
compared to conventional wheels, especially in muddy
soil conditions. The principle of work is simple but
effective: the lugs serve as an additional "grip" that
increases the frictional force between the wheel and
soil.

The development of lugged wheels must consider
complex wheel-soil interactions. A study by Du et al.
(2017) using the discrete element method (DEM)
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revealed that the performance of lugs is significantly
influenced by their geometry (height, width, and angle)
and distribution pattern. The simulation results showed
that lugs with a height of 50-70 mm and a distance
between lugs of 1.5-2 times the height of the lugs
provides optimal traction while minimising rolling
resistance. These findings are consistent with those of
Md-Tabhir et al. (2023) for agricultural tractors.

The application of lugged wheels in extreme
environments, such as planetary exploration, poses
new challenges. Jayalekshmi and Gireesh Kumar
(2019) found that in lunar simulation soil (TRI-1),
lugged wheels experienced a 30% lower sinkage than
plain wheels. However, Wang et al. (2020) cautioned
that an overly aggressive design could increase the risk
of wheel slip in sandy terrain. Innovative solutions,
such as position-adjustable active lugs (Yang et al.,
2018) and adaptive suspension systems (Gao et al.,
2024), have been developed to address this issue.

In the agricultural sector, lugged wheel
optimisation is performed to balance traction and
environmental impact. Delmond et al. (2024) warned
that an improper lug design can lead to excessive soil
compaction. Zhou et al. (2017) recommended a
combination of shorter lugs (30 mm—40 mm) with
more even wheel pressure. This approach has been
proven to reduce soil compaction by up to 25%, while
maintaining traction performance.

Nevertheless, the application of lugged wheels in
paddy fields often results in soil depression because of
the force required to generate sufficient activation
power. This underscores the importance of soil
strength in achieving effective traction. This
phenomenon is linked to traction generation as a
reaction of the drive wheel against the soil, which
largely depends on soil conditions and quality. It has
been further confirmed that traction results from the
interaction between the propulsion force generated by
the wheels, tracks, and other relevant equipment with
the soil. Understanding variations in lugged wheel
design parameters, such as the angle, spacing, size,
shape, mechanism, and circumferential angle, is

crucial for optimising tractor performance in paddy

fields (Kim et al., 2020).

Research on the design and optimisation of lugged
wheels has been pivotal for enhancing the traction
performance across diverse terrain conditions,
especially in agricultural and off-road applications.
Further investigation by Fajardo and Suministrado
(2019) who analyzed the effects of lug angle, shaft
speed, and number of passes on the puddling
characteristics of tilling wheels and revealed that
optimal configurations can enhance soil preparation
efficiency. Additionally, computational modelling
approaches have expanded the understanding of
wheel-terrain  interactions, as demonstrated by
Aoshima et al. (2021) and Agarwal et al. (2019), who
developed simulation-based models for optimising
high-performance wheel loading and granular media
interactions, respectively. The integration of advanced
modelling techniques, such as real-time wheel
detection and rim classification by Stanék et al. (2023)
and the development of an instrumented wheel-on-
limb system for planetary rovers by Feng et al. (2022),
highlights  the

interdisciplinary nature of lugged wheel research.

evolving  complexity  and
These innovations not only enhance the understanding
of lug mechanics, but also pave the way for adaptable
wheel designs that can respond to varying
environmental challenges.

Recently, advanced technologies have been
increasingly integrated into the design of lugged
wheels. Kim and Cho (2023) successfully developed a
deep-learning-based slip ratio estimation system that
increased the prediction accuracy by up to 92%.
Salazar Luces et al. (2020) introduced wheels with
variable lug lengths that can be automatically adjusted
to different types of terrain. These innovations provide
new opportunities for the development of more
efficient and adaptive lugged wheels.

Collectively, these studies emphasise the
significance of lug design in optimising traction,
minimising soil disturbance, and improving vehicle
efficiency in challenging environments. As technology
advances, the integration of computational models and

real-time monitoring systems continues to refine



March, 2026

AgricEnglnt: CIGR Journal Open access at http://www.cigrjournal.org

Vol. 28, No.1 86

lugged-wheel functionality, fostering improvements in
agricultural productivity, off-road mobility, and
exploratory missions. Based on these findings, it is
evident that lugged wheel design should not only focus
on improving traction, but also consider factors such
as energy efficiency, material durability, and

environmental impact.
2 Material and methods

Soil penetration resistance measurements were
carried out in Lengau Seprang Village, Tanjung
Morawa District, Deli Serdang Regency, North
Sumatra, using a penetrometer proving ring whose
ends were mounted with plates measuring 5 x 5 cm?, 5
x 10 cm?, 5 x 15 cm? and 5 x 20 cm? alternately with

varying pressure angles ranging from 30°, 45°, 60°,

75° and 90° at depths of 5, 10 and 15 cm from the soil
surface. Measurements were made by adjusting the
dynamic movement of the wheel lugs when they
entered the soil during operation. The lugged wheel
designed for paddy fields was based on the
construction factors of the tractor, the strength of the
soil, and the soil movement pattern.

The measurement of paddy fields directly in the
study location were sandy clay, with a sand, dust, and
clay contents of 51%, 24%, and 25%, respectively was
measured as dry base are presented in the following
Table 1.

Meanwhile, the tractor data used to determine
wheel design parameters is presented in the following
Table 2.

Table 1 Experimental site moisture content and bulk density

. . Bulk density
Soil depth level (cm) Moisture content (%)
(gem?)
5 136.43 0.61
10 129.15 0.63
15 113.8 0.71

Table 2 Yanmar Type T{85 Mly-Di tractor data

Parameter Data
Total weight (W) 273.3 kg
Soil clearance (Hc) >5cm
Sinkage (Z) <20 cm
Basic radius of the gearbox (Hf) 11.5 cm
Crank arm distance to the wheel shaft 49 cm
Plough width 20 cm
Plough depth 20 cm
Plough specific draft 0.25 kg cm?
Rolling resistance coefficient 0.2
L Lugs

2.1 Wheel diameter

The design of the lugged wheel diameter requires
a focus on the space available for the wheels on the
tractor to be used. This is to ensure that the body of the
tractor does not touch the soil level at the time of
operation, as indicated in Figure 1 (Rizaldi and
Sumono, 2020).

Therefore, the soil clearance (H.), which is the
distance between the soil level and the body of the
hand tractor, must be considered. The minimum size
of the outer radius of the wheel R, (cm) was

determined using Equation 1.

R =H +H +Z (1)

H _—— spokes

Outer Rim

Inner Rim —/I {_I-"V,_,l
wi —

Figure 1 Scheme for determining the wheel design parameters

where, H, is the radius of the gearbox (cm), H. is
the soil clearance (cm), and Z is sinkage (cm) (Rizaldi
and Sumono, 2020).
2.2 Number of lugs

The lugged wheels used in paddy fields have wider
and fewer lugs than those applied to dry lands. A wider

distance between the lugs, longer pitch, or smaller
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number of lugs significantly reduce the occurrence of
chunks of soil sticking or becoming trapped between
the lugs. Moreover, the reaction force of the soil on the
lugs is affected by the distance or space between the
lugs. This occurs because the closeness of the lugs to
each other reduces the concentration of soil and vice
versa, as indicated in Figure 2 (Rizaldi and Sumono,
2020).

(a) lug 8
Figure 2 Lug-focused soil on both lug 8 and lug 12

(b) lug 12

The distance was determined using the following

equations developed by Rizaldi and Sumono (2020):

Sas = 2R, sin [330] )
(1-$)7D,
Sy = — 3)

Where,

Sas is the distance between the lugs (cm);

Js is the number of lugs;

Sk is the horizontal distance between the lugs (cm);

S is the wheel slip (%);

D is the outer diameter of the wheel (cm).
2.3 Lugs angle

The angle between the lugs was determined to
ensure that good vertical and horizontal forces were
exerted during the soil movement. This is based on the
condition that the surface of the lugs should be exactly
at the soil level, as shown in Figure 3 (Rizaldi and
Sumono, 2020).

Ry-£

Figure 3 Position of the plate above the soil level
The information in Figure 3 was used to determine

the Iug angle (y) as follows:

) R -7
siny ==~ @

w

.4l R, -Z
¥ =sIn [R—wj ©))

Where,

y is the angle of the lugs (°);

R, is the outer radius of the wheel (cm);

Z is the sinkage (cm) (Rizaldi and Sumono, 2020).
2.4 Number of active lugs

Active lugs were defined as lugs entering the soil
during operation. The number of active lugs typically
indicates the amount of lift, thrust, and torque
generated by the wheel. Therefore, the system
presented in Figure 4 was used to determine this

information (Rizaldi and Sumono, 2020).

Figure 4 Illustration of a wheel system acting on the soil

surface
The figure shows that the number of active lugs
working on the soil surface can be calculated using the
following equations (Rizaldi and Sumono, 2020):

0, =2cos” [M}
R

J

N (6)
R, =&—LY cosy @)
> :
JSLI = jr JS
360 (8)

where F is the force generated by the lugs of the
wheel (kg), F is the vertical force of the wheel (kg),
Fy is the horizontal force of the wheel (kg), 6 is the
angel between the lugs (°), 6. is the angle formed by
the intersection of the soil surface and the rim of the
wheel (°), Dy, is the outer diameter of the wheel (cm),
R, is the outer radius of the wheel (cm), R, is the rim

radius (cm), Z is the sinkage (cm), Ly is the lug width
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(cm), Jy, is the number of active lugs, and J; is the
number of lugs.
2.5 Sinkage

The sinkage of each active lug was calculated
using the following formula based on the number of
odd and even lugs as follows (Rizaldi and Sumono,
2020).

For an odd number of the lugs:

Z, =7

I KDZ ](1  cos eg}
Z ,=Z,,=7Z- [[Dz’ j(l —c0s 26, )}

Z ,=Z,,=72- K% j(l —cos36, )}

For an even number of the lugs:

D 0
= 7| =\1- s 10
Z =7 .,=Z K 5 j(l cos(z)} (10)

)

N
|

Z, ,=2Z,,=2- K l;’ J(l —cos(8, + 95)}

Z,y=Z,,=2~- [(Dz')(l —cos(20, + 6;‘)}

where D, is the diameter of the rim (cm).
2.6 Forces acting on the lugs
The forces acting on the lugs (F,, F,, and F}) and
the rolling resistance force (F}.)) were determined using
Equations 11-14, as indicated in Figure 5 (Rizaldi and
Sumono, 2020).
ol

Fy - i I
e
F. [ | L ]

4 'F'
Figure 5 Soil reaction force diagram for torque determination
Figure 5 shows the dynamic movement of the lugs
as they enter the soil. The lugs press on the soil, while

the soil exerts a reaction force involving both vertical

and horizontal forces, and this system is defined in the
following equations (Rizaldi and Sumono, 2020).

=Jsa

F,=% AP,

= (11)
F, = E.cosf (12)
F, = E.sinf (13)

F =\F’+F’ (14

B=tan" (QJ
b (15)

OB =R, xsinf (16)

L
Ve = OB—( ‘Yj
2 am
Where,

Ay is the area of the lugs (cm?);

P; is the pressure of soil penetration (Pa);

F. is the resultant force (kg);

p is the angle (°) formed by the resultant and
vertical forces;

rrr 18 the arm of F, (cm) ;

Ly is the width of the lugs (cm).

Analysis was conducted to determine the design
parameters of the lugged wheel on the hand tractor.
The total reaction force (7) generated by the lugs was
evaluated based on the soil strength (Rizaldi and
Sumono, 2020).

Tr:FrXrFr (18)
T —F {(Rw it ﬁ)(wj} (19)

The soil penetration value was determined by
directly measuring the depth and angle of suppression
based on suppression plates of several sizes in the
paddy fields. The accumulated force must overcome
the weight of the tractor as well as the wheel rolling
resistance to ensure traction (Rizaldi and Sumono,
2020).

F >0.5W, (20)
F,=DSPxIxd 2n
F, =W xC, (22)
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F,>0.5(F, +F,) (23) 3 Results and discussion

where W: is the weight of the tractor (kg), Fu is the The soil penetration resistance measurement
drawbar force (kg), DSP is the specific draft of the results for each plate size, the depth of emphasis and
plough (kg cm?), / is the width of the plough (cm), d the angle of emphasis are highly dependent on the

is the depth of the plough (cm), F)- is the force (kg) physical properties of the soil (Tables 3-6) .
required to adjust the resistance of the rolling wheel,

and C, is the rolling resistance coefficient.

Table 3 Experimental site soil penetration resistance data against 5 x 5 cm? plates

P (kPa)
Sinkage (cm)
Angle 90° Angle 75° Angle 60° Angle 45° Angle 30°
5 65.739 46.141 23.958 6.096 4.012
10 144.017 75.963 42.939 20.563 25.501
15 199.571 124.650 63.039 62.267 42.592
Table 4 Experimental site soil penetration resistance data against 5 x 10 cm? plates
P (kPa)
Sinkage (cm)
Angle 90° Angle 75° Angle 60° Angle 45° Angle 30°
5 51.503 6.906 7.870 25.347 24.228
10 100.113 60.685 33911 55.901 47.221
15 178.931 108.331 74.960 73.301 58.988
Table 5 Experimental site soil penetration resistance data against 5 x 15 cm? plates
P (kPa)
Sinkage (cm)
Angle 90° Angle 75° Angle 60° Angle 45° Angle 30°
5 66.434 41.473 37.924 27.931 26.080
10 166.431 116.510 108.987 99.805 85.415
15 282.285 248.644 135.877 135.028 122.721
Table 6 Experimental site soil penetration resistance data against 5 x 20 cm? plates
P (kPa)
Sinkage (cm)
Angle 90° Angle 75° Angle 60° Angle 45° Angle 30°
5 142.628 59.296 43.402 9.413 8.950
10 193.977 170.752 143.978 101.425 93.748
15 343.588 193.784 165.158 150.382

Soil penetration resistance data

Angel of Em.. Plat Size
Angle 30 Plat 5x15 cm | NN
Plat 5x10 cm |GG
Plat 5x20 cm [l
Plat5x5cm il
Angle 45 Plat 5x15 cm |GG
Plat 5x10 cm |GG
Plat 5x20 cm Il
Platsxscm [l
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Figure 6 Effect of pressure depth, pressure angle and plat size on soil penetration resistance
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The design parameters of the analysed lugged
wheel included the diameter of the wheel and number,
size, and angle of the lugs. These parameters were
determined based on the soil penetration resistance
value for each depth as well as the angle of emphasis
of the particular plate generated through direct

measurements. The deeper the plate enters the soil, the

greater the compressive force because a greater depth
corresponds to harder rice field soil owing to soil
compaction. In addition, a larger plate size results in a
greater compressive force. However, the pressure on
the soil in such a system is smaller because the pressure
is inversely proportional to the plate area, as shown in

Figure 6.

Table 7 Design and performance of lugged wheels based on the expected level of wheel sinkage during operation

Design parameters and performance of the

Optimal lugged wheel design

lugged wheel Sinkage = 5 cm Sinkage = 10 cm Sinkage = 15 cm
Wheel diameter (cm) 77 77 77
Number of lugs (pieces) 8 8
Lug width (cm) 7 7
Lug length (cm) 28 28 28
Lug angle (°) 20 20 20
Vertical force (F,) (kg) 138.97 155.51 291.56
Horizontal force (F}) (kg) 152.04 170.83 350.12
Torque (Nm) 508.87 571.82 1175.14
Wheel design

The results showed that a higher soil depth and
angle of emphasis led to an increase in the penetration
resistance, which is possible if the land is often passed
by tractors during tillage and harvesting (Kasirajan et
al., 2024; Liang et al.,, 2020; Linh et al., 2015).
Furthermore, this data was analysed to predict soil
penetration resistance at each depth and angle of plate
pressure using the backpropagation neural network
method, which affects the design parameters of the lug
wheel (Unal et al., 2022, 2024; Rizaldi et al., 2018).
Consideration of the dynamics and kinematics of the
wheel during operation also showed that several lugs
were active, each having a different reaction force
according to the depth and angle. Moreover, the forces
acting on the wheel indicated that the lugs were
required to provide thrust (/) and lifting (F,) forces
for the wheel to move forward. The F; and F, values
produced by each active lug depended on the weight
and methods used to apply the tractor. Therefore,
tractor data were also found to be necessary in addition
to the physical properties of the soil (Table 2),

including the tractor weight, which significantly

affected the amount of pressure the lugs exerted on the
soil, as well as the wheel space to determine the
maximum diameter of the wheels. These parameters
differ for different types of tractors; therefore, they
must be specified during the wheel design process.
The data relating to the tractor and physical
properties of soil in Table 6 show that the vertical loads
to be overcome by the wheel (£,) were > 136.6 kg and
the horizontal loads (F;) were > 77.05 kg. This
indicates that F', and F, produced by the lugged wheels
must be larger than F), and F} required for the tractor
to operate. The design method developed in this study
was observed to produce optimal wheels for use in
paddy fields based on sinkage. This was achieved by
calculating the soil penetration depth during operation,
considering the difference in the hardpan layers of the
paddy field soil. The lugged wheel was designed for
operation depths of 5, 10, and 15 cm, and the
calculated optimal designs are listed in Table 7.
According to the results presented in Table 7, three
designs of lugged wheels were recommended for use

in the paddy field at average sink depths of 5, 10, and
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15 cm. The designs for 5 and 10 cm were identical. By
contrast, the design for 15-cm sinkage had different /7,
F,, and torque values. The distance between the lugs is
known to have no real effect on the produced torque
(Nakanishi et al., 2020).

Understanding the interaction between wheels and
soil is essential for optimising wheel design to operate
under a wide range of soil conditions (Wang et al.,
2023; Lvetal., 2023), and wheel design can be adapted
to different soil characteristics (Jayalekshmi and
Gireesh Kumar, 2019; Salazar Luces et al., 2020). A
proper lug design can improve the traction
performance of the wheels (Du et al., 2017).

Several important factors must be considered in the
design of agricultural vehicles, particularly hand
tractors. First, the weight of the tractor must be
calculated to match the ground conditions over which
it passes. In addition, the traction ability or towing
capacity of the tractor affects how effectively it pulls
loads. Furthermore, the interaction of the tractor with
the soil during operation and how the soil behaves
under the influence of wheel force should be
determined to maintain the stability and increase the
efficiency of the tractor. Therefore, the application of
terramechanical principles, soil mechanics theory, and
vehicle engineering is indispensable to ensure that
tractors operate in an energy-efficient, economical,
and environmentally friendly manner.

In addition, the strength of the soil, particularly in
paddy fields, must be considered to determine whether
it can support the load of a hand tractor passing over it.
The pressure exerted by the tractor on the soil must be
lower than the soil penetration resistance to prevent the
lugged wheels of the tractor from sinking. Therefore,
when determining the design parameters of tractor
wheels, factors such as the wheel diameter, number of
lugs, lug size, and lug angle must be considered. This
is used to generate the lifting force, pulling force, and
traction required by the wheels to carry the tractor and
its attachments effectively. By doing so, tractors may
be more easily operated in paddy fields.

Economic aspects should also considered by

optimising the material requirements used to reduce

wheel manufacturing costs. Consequently, the
operational costs of the tractor can be minimised, and
movement can be made smoother and more efficient.
This has been noted in a previous study (Md-Tahir et
al., 2023), wherein the relationships between the wheel
parameters, soil stress, thrust characteristics, and
wheel drive force were derived. It was demonstrated
that the traction performance, power transfer
efficiency, and trafficability of tractors operating in
loose terrain can be improved by optimizing the wheel

parameters.
4 Conclusion

In this study, the design parameters for a lugged
wheel were determined using equations developed
based on the dynamics and mechanics of the wheel
movement in soil. The process focused on using the
soil penetration resistance and specifications of the
tractor as inputs. This led to the production of an
optimal lugged-wheel design with the ability to operate
at different depths. Considering the varied soil depth
of the paddy fields at the research location (10-25 cm),
the recommended design specified a wheel diameter of
77 cm using nine lugs with a width of 7 cm, length of
28 cm, and an angle of 20° under the assumption that
the tractor wheels operate at a depth of 15 cm. The
vertical force, horizontal force, and resulting torque
also ensure the proper and stable operation of the
tractor. The proposed design was found to be suitable
only for the paddy fields considered in this study
because lug-wheel design depends on the land

conditions and tractor type.
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