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1. Introduction 

 

The development of traction devices for agricultural machinery has been an intensive research topic for the past few 
decades and remains a relevant focus today (Abbasi et al., 2022; Bacco et al., 2019; Cesco et al., 2023; Jerhamre et al., 2022; 
Knierim et al., 2019). Success in rice cultivation can be achieved if the development of traction devices for agricultural 
machinery is adapted to paddy field conditions (Fu et al., 2022; Paman et al., 2018; Sagwal et al., 2022; Takeshima & Mano, 
2023). These conditions refer to saturated and deep, muddy paddy fields (Ding et al., 2021; Li et al., 2022). Using agricultural 
machinery with low traction performance is not just a challenge but also a significant obstacle in rice paddy farming activities 
in rice-producing Asian countries (Jiang et al., 2021; Jin et al., 2014; Paman et al., 2018; Sharma, 2021). Water-saturated and 
deeply muddy paddy fields pose formidable challenges to the effectiveness and efficiency of agricultural machinery operations 
(Fu et al., 2022; Mitchell et al., 2013; Wang et al., 2022; Zhang et al., 2022). In Indonesia, where the average size of paddy field 
plots is generally narrow and small, farmers are forced to use two-wheeled tractors (walking tractors) to till their fields instead 
of four-wheeled tractors, further exacerbating the traction issue (Choir et al., 2018; Hidayat et al., 2020; Partasasmita et al., 
2019). 

Walking tractors operated by farmers in Indonesia usually still use conventional wheels such as cage wheels as traction 
devices (Fuglie, 2010; Khaehanchanpong, 2018; Pitoyo et al., 2017). The traction performance of cage wheels for walking 
tractors is relatively low (Pradhan et al., 2018; Raheman & Snigdharani, 2020). Saturated and deeply muddy paddy fields cause 
excessive sinkage of cage wheels, delaying rice farming due to more complex and time-consuming soil tillage (Abubakar et al., 
2009; Piyush & Ajay, 2017). Highly saturated paddy fields also sometimes weaken the pull of walking tractors (Keen et al., 2013; 
Mkomwa et al., 2015). The low pulling force of walking tractors is caused by high slip levels on the traction device (Kebede & 
Getnet, 2016; Md-Tahir et al., 2019). High slip conditions undoubtedly reduce the traction performance of walking tractors. 
High slip affects the tractor's speed, causing it to perform suboptimally even at full throttle. This high slip condition results in 
traction wheels spinning in place without significant movement (S.-l. Zhang et al., 2023; Zirek & Onat, 2020; Zirek et al., 2018). 

Previous research has shown that the use of track-type wheels provides superior traction performance under poor soil 
conditions (Ju et al., 2020; Osinenko & Streif, 2017). Compared with conventional wheels, track-type wheels can generate 
greater pulling forces (Rasool & Raheman, 2016, 2018). The high pulling force produced by track-type wheels is due to the 
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larger ground contact area, leading to a more significant push against the soil than that of wheels (Dobretsov et al., 2018; 
Maclaurin, 2018; Ozawa et al., 2020). However, the application of track-type wheels in saturated and deep muddy paddy fields 
requires further research. When this track-type wheel is used as a traction device for walking tractors, it can be modified with 
additional lug (grouser) designs to enhance its pushing capability (Taufiq et al., 2022). Before applying track-type lugged wheels 
in actual paddy field conditions, experimental research in a laboratory setting is necessary. Therefore, this study aims to analyze 
the experimental traction performance and drawbar pull of track-type lugged wheels in a soil bin. 

 

2. Materials and Methods. 
 

2.1. Track-type lugged wheel design and testing device apparatus  

 

The design of a track-type lugged wheel involved developing and testing the traction performance of a prototype in a 
soil bin (Figure 1). The prototype included gears/sprockets, a chain with 96 links, shafts, idler wheels, and supporting frames. 
Track shoes (grousers) and lugs were created via a 3D printer with polylactic acid (PLA) plastic material (Figure 2). The 
dimensions of the prototype were 60 cm in length, 20 cm in width, and 8.5 cm in front axle height, with a track circumference 
of 152.4 cm. These measurements were based on the proportional dimensions needed for application on a walking tractor. 

 

 

Figure 1 Design of a track-type lugged wheel. 
 

 

Figure 2 Tracking a shoe (grouser) and lug. 
 

The dimensions of the track-type lugged wheel prototype used in the soil bin were scaled at a 1:2 ratio compared with 
the full-sized version intended for use with walking tractors in saturated and deep muddy rice fields. The lugs on the track-type 
lugged wheel were designed to mimic the paddler, helping the wheel move through soil with high plasticity index 
characteristics, reaching the liquid limit. 

The prototype of the track-type lugged wheel used in soil bin testing is supported by two frames (Figure 3). The first is 
a forward-backward (fixed) frame, and the second is an updown frame. The forward-backward frame is the outermost frame 
surrounding the lugged wheel prototype. It has a supporting wheel (bearing) to control horizontal movement, allowing the 
wheel to move forward and backward along the soil bin track. The updown frame, which is directly connected to the track-
type lugged wheel prototype, includes shafts that serve as the rear axle/drive shaft and the front axle. This frame also features 
a supporting wheel (bearing) that interacts with the forward-backward frame, enabling it to move downward under a vertical 
load and upward due to the forces generated by the lug motion. 

The supporting frame for the track-type lugged wheel prototype can be mounted on the soil bin test apparatus in the 
laboratory, as shown in Figure 4. The soil bin is a rectangular box with soil dimensions of 185 cm in length, 50 cm in width, and 
40 cm in height. It can move forward and backward owing to four supporting wheels connected to the track that forms the soil 
bin's supporting frame. The components making up the soil bin's supporting frame include 500 cm long rails (tracks) for the 
soil bin, rails (tracks) for the forward-backward supporting frame of the track-type lugged wheel prototype, and horizontal pull 
load supporting poles for loading on the forward-backward supporting frame, which are 180 cm in height. 
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Figure 3 Support frame for the prototype of the track-type lugged wheel. 
 

 

Figure 4 Prototype of the track-type lugged wheel mounted on a soil bin. 
 

2.2. Sensor and data recording devices 
 

Figure 5 shows the components of the instrumentation system and the sensor-measuring devices used in this study. 
The instrumentation tools include strain gauges, multiturn potentiometers, ultrasonic sensors, and load cells. Data were 
collected by connecting an Arduino Uno microcontroller to a computer. Figure 6 illustrates the configuration of the data 
acquisition system, which integrates multiple sensors within the soil bin test apparatus. 

 

 

Figure 5 The instrumentation system mounted on the soil bin. 
 

The instrumentation for testing the lugged track wheel prototype includes a load cell sensor connected to an HX711 
module, which measures the pull force and provides drawbar pull data. An ultrasonic sensor measures distance to obtain 
sinkage data. Multiturn linear potentiometer sensors measure actual and theoretical travel distances, supplying data on 
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forward speed, slip, and the RPM. Strain gauge sensors connected to slip rings, bridge boxes, and strain amplifiers measure the 
torque on the wheel axle. An Arduino Uno microcontroller is used to manage the recorded sensors. It transmits the test data 
to a laptop during traction performance testing of the lugged track wheel prototype in a soil bin. 
 

 

Figure 6 Setup of the data acquisition system with multiple sensors. 
 

2.3. Experimental design 
 

The research used silty clay soil, focusing on characteristics at the liquid limit, which has a higher moisture content than 
the plastic limit. The soil moisture content was measured via the oven method, and the liquid limit was determined via the 
Casagrande method. This testing aimed to establish suitable soil conditions for the soil bin. The liquid limit test results were 
essential for determining the correct soil and water composition to ensure that the soil bin conditions matched the research 
requirements. Using soil at the liquid limit was crucial for addressing the poor traction performance of walking tractors with 
cage wheels in flooded paddy fields and deep mud, aligning with the study's focus. 

The dimensions of the track-type lugged wheel prototype are detailed in Table 1. The lug spacing on this prototype was 
adjusted to 25.40 cm. On the basis of the number of chain links in the lug attachment system, the number of lugs of this 25.40 
cm lug spacing is six. Moreover, the lug height on this prototype was adjusted to 5 cm. Figure 7 illustrates the lug spacing and 
height design for the track-type lugged wheel prototype. 

 

Table 1 Prototype of the track-type lugged wheel dimensions. 

Dimensions of the track Value 

Track lenght (cm) 60 
Track width (cm) 20 
Front axle height (cm) 8.5 
Circumference (cm) 152.4 
Lug height (cm) 5 
Lug spacing (cm) 25.40 

 

The experiment started after the soil was prepared in a designated soil bin, ensuring that the soil moisture content 
reached the liquid limit (75% db). The soil was homogenized for consistency across all layers. The parameters observed and 
recorded during each test included torque, drawbar pull, actual speed, theoretical speed, and sinkage. The different horizontal 
loads applied throughout the tests were 1 kg, 2 kg, 3 kg and 4 kg. The velocity of the track-type lugged wheel prototype was 
maintained at 0.064 m.s-1, and the angular speed was set at 3.14 rad.s-1. Each test configuration was replicated three times 
for robustness and reliability. The detailed specifications of the experimental setup are provided in Table 2. 
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Figure 7 Lug spacing and height design of the track-type lugged wheel prototype. 
 

Table 2 Experimental design. 

Treatment variables Value 

Horizontal loads (kg) 1 – 4 
Vertical load (kg) 9.5 
Soil water content (% db) 75 
Velocity (m.s-1) 0.064 
Angular speed (rad.s-1) 3.14 

 

2.4. Traction performance parameters 
 

The traction performance evaluation of the track-type lugged wheel prototype focused on three critical parameters: 
slip, sinkage, and tractive efficiency (TE). The slip was calculated by comparing the actual speed with the theoretical speed. 
Sinkage was measured via an ultrasonic sensor. Drawbar pull measurements from a load cell sensor and actual speed were 
used to calculate the output power. The velocity was determined by comparing the measured distance with the travel time. 
The input power was calculated by multiplying the torque measurements from a strain gauge sensor with the wheel's angular 
velocity. Tractive efficiency was then determined by comparing the output and input powers. The following are several 
equations used to calculate the traction performance parameters of a track-type lugged wheel prototype. 
 

V=
S

t
    (1) 

 

Slip = (1-
AS

TS
) ∙ 100%  (2) 

 

Db Pull = m ∙ a   (3) 
 

Output Power = Db Pull ∙ V (4) 
 

Input Power = T ∙ ω  (5) 
 

TE = 
Output power

Input power
 ∙ 100%  (6) 

 

where V refers to velocity, S refers to actual distance, t refers to travel time, AS refers to actual speed, TS refers to 
theoretical speed, Db Pull refers to drawbar pull, which also means net traction, m refers to mass or load, a refers to 
acceleration due to gravity, V refers to velocity of a traction device, T refers to torque, ω refers to angular velocity of the driving 
axle of a traction device, and TE is tractive efficiency. The definitions of these terms follow the ASAE Standard: ASAE S296.4 
(Liljedahl et al., 1989). 
 

3. Results and Discussion 
 

3.1. Drawbar pull 

 

The traction performance experiment conducted by a track-type lugged wheel in a soil bin includes observations of 
drawbar pull, sinkage, slip, and tractive efficiency parameters. The drawbar pull observation was carried out using a load cell 
sensor. The data recorded by the load cell sensor during three repetitions for each horizontal load treatment can be processed 
into drawbar pull values via the equation shown in Equation 3. Four levels of average drawbar pull values were obtained on 
the basis of the various horizontal loads applied in this traction performance experiment, as presented in Figure 8. The average 
values for each level of horizontal load applied are 24.91 N (1 kg), 32.72 N (2 kg), 41.83 N (3 kg), and 61.44 N (4 kg). The drawbar 
pull results for the track-type lugged wheel yielded a coefficient of determination (R²) of 0.9475. This result indicates that the 
relationship between the applied horizontal load and the drawbar pull is directly proportional. The more significant the increase 
in horizontal load is, the higher the drawbar pull value. The analysis based on a single-factor ANOVA test, as shown in Table 3, 
indicates that the increase in horizontal load has a significantly different effect on the drawbar pull, as evidenced by a P value 
of 0.000 (P value < 0.05). 
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Table 3 Results of single-factor ANOVA of drawbar pull with various horizontal load increments. 

Source of variation SS df MS F P value F crit 

Between groups 139255.85 3.00 46418.62 5732.46 0.000* 2.62 
Within groups 5814.01 718.00 8.10    
Total 145069.86 721.00     

* A P value smaller than the 5% significance level (P value < 0.05) indicates that drawbar 
pull significantly differs with different increments of horizontal load. 

 

 

Figure 8 Effect of horizontal load on drawbar pull. 
 

Research has shown that the relationship between increased horizontal load and drawbar pull is directly proportional 
(Nassiraei & Skonieczny, 2020; Park et al., 2008; Ten Damme et al., 2021). Adding more horizontal loads to tasks using track-
type wheels impacts the increase in traction required by the machine (Bruzzone et al., 2022; Gelin & Björheden, 2020; 
Maclaurin, 2018). Several studies have also indicated that there is an optimal limit to the pulling load that allows a machine to 
operate optimally. Previous research has shown that an increase in drawbar pull can result in optimal traction performance if 
the torque, which contributes to the output power of the traction device, can effectively overcome rolling resistance (Battiato 
& Diserens, 2013; Dizqah et al., 2020; Preda, 2022). However, if the torque generated by the wheel is low, it can reduce the 
wheel's output power, leading to decreased traction efficiency (Ani et al., 2013). Several studies have also shown that increased 
drawbar pull significantly affects traction performance parameters such as sinkage, slip, and tractive efficiency (Du et al., 2017; 
Park et al., 2008; Wang et al., 2023). This study confirms the findings of previous studies, where the increase in drawbar pull 
also resulted in significantly different outcomes for other traction performance parameters, such as sinkage, slip, and traction 
efficiency. 
 

3.2. Relationship between drawbar pull and sinkage 

 

The sinkage parameter in the traction performance of a track-type lugged wheel was measured via an ultrasonic sensor. 
Experimental data on sinkage in the soil bin show that sinkage increases with increasing drawbar pull, as illustrated in Figure 
9. The coefficient of determination (R²) for the rate of sinkage increase is 0.8601, indicating that the increase in sinkage is 
linearly correlated with the increase in drawbar pull. According to the linear trendline equation, sinkage continues to rise as 
the drawbar pull increases. On the basis of the axle height of the track-type lugged wheel, which is 8.5 cm, the allowable 
horizontal load is less than 2 kg or the drawbar pull is less than 32.72 N. If the horizontal load exceeds 2 kg or the drawbar pull 
exceeds 32.72 N, the track-type lugged wheel may not operate optimally. This suboptimal performance is due to excessive 
sinkage, which occurs when the track-type lugged wheel's sinkage exceeds the designed ground clearance. Figure 9 also shows 
that the sinkage at a drawbar pull of 32.72 N (2 kg) is 8.56 cm. Furthermore, the analysis results based on a single-factor ANOVA 
test, as shown in Table 4, indicate that the increase in drawbar pull has a significantly different effect on the sinkage parameter, 
as evidenced by a P value of 3.56 × 10-72 (P value < 0.05). 

 

Table 4 Results of single-factor ANOVA of sinkage with various drawbar pull increments. 

Source of variation SS df MS F P value F crit 

Between groups 1388.50 3.00 462.83 141.85.46 3.56E-72* 2.62 
Within groups 2342.69 718.00 3.26    
Total 3731.19 721.00     

*A P value smaller than the 5% significance level (P value < 0.05) indicates that sinkage 
significantly affects difers with different increases in drawbar pull. 
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Figure 9 Effect of drawbar pull on sinkage. 
 

Previous research has shown that high sinkage is a significant issue, causing more of the wheel surface to sink into the 
soil (Di Maria et al., 2021; Sandu et al., 2010). This issue, in turn, increases rolling resistance and reduces traction efficiency, 
forcing the engine to work harder to move forward (Hall & Moreland, 2001). The consequences are severely increased rolling 
resistance, which requires more power from the engine, leading to higher fuel consumption (Barrand & Bokar, 2008). 
Moreover, increased rolling resistance can reduce the machine's operating speed, which decreases productivity, as more time 
is needed to complete tasks (Bawden et al., 2014; Gonzalez-de-Soto et al., 2015; Wang et al., 2012). The negative impact of 
sinkage on machines and vehicles is also substantial. High sinkage places greater stress on wheels and other machine 
components, leading to faster wear and higher maintenance and repair costs (Gao et al., 2022; La Monaca et al., 2021). 
Excessive sinkage can also make the vehicle less stable, increasing the risk of tipping over or having difficulty maneuvering in 
challenging terrain (Comin et al., 2017; Rodríguez-Martínez et al., 2019). 
 

3.1 Relationship between drawbar pull and slip 

 

The influence of the slip parameter on the traction performance of a track-type lugged wheel was measured via a 
multiturn linear potentiometer sensor. The slip experiments conducted with the track-type lugged wheel in a soil bin revealed 
that slip increased with increasing drawbar pull, as illustrated in Figure 10. The obtained coefficient of determination (R²) of 
0.8311 indicates that the rate of slip increase with drawbar pull is linear, indicating that the increase in slip is directly 
proportional to the increase in drawbar pull. Slip continues to rise, similar to the increase in the sinkage parameter, as the 
drawbar pull increases. If the drawbar pull increases, the linear trendline equation indicates that the slip will also consistently 
increase. Under the same speed conditions, the ideal slip condition is 20%, meaning that the wheel rotation is 0.8 times greater 
than the rotation without braking, maximizing the adhesion between the tire and the road and minimizing the stopping 
distance with existing friction (Storckenfeldt & Ganatra, 2021). Therefore, the optimal pulling load to apply is less than 1 kg or 
a drawbar pulling below 24.91 N. If the pulling load exceeds 1 kg or the drawbar pulling exceeds 24.91 N, the track-type lugged 
wheel may not operate optimally. Excessive slip in the designed track-type lugged wheel can occur because the soil conditions 
are at the liquid limit. The soil in the slip experiment has physical properties resembling those of a fluid, resulting in very low 
friction between the track-type lugged wheel and the soil. Therefore, the function of the lugs as paddles is crucial for the track-
type lugged wheel to operate optimally. Figure 10 also shows that the slip at a drawbar pull of 24.91 N (1 kg) is 17.75%, which 
is still within the ideal slip condition because it is less than 20%. Additionally, the analysis based on a single-factor ANOVA test, 
as shown in Table 5, indicates that the increase in drawbar pull has a significantly different effect on the slip parameter, as 
evidenced by a P value of 0.000 (P value < 0.05). 

 

Table 5 Results of single-factor ANOVA of slip with various drawbar pull increments. 

Source of variation SS df MS F P value F crit 

Between groups 257087.30 3.00 85695.76 1764.60 0.000* 2.62 
Within groups 34868.84 718.00 48.56    
Total 291956.10 721.00     

*A P value smaller than the 5% significance level (P value < 0.05) indicates that slip 
significantly differs with different increments in drawbar pull. 

 

Previous research has shown that high slip can cause the wheels to spin more than the distance traveled by the vehicle, 
meaning that much energy is wasted and not used to move the vehicle forward; this phenomenon decreases the overall 
traction efficiency (Grunditz, 2016; Yong et al., 2012). High slip conditions also require the engine to work harder to achieve 
the desired movement, leading to higher fuel consumption; this issue can be a significant problem, especially for heavy vehicles 

https://www.malque.pub
https://www.malque.pub/ojs/index.php/msj
https://doi.org/10.31893/jabb.21001


 
8 

 

  

 

Taufiq et al. (2025) 

https://www.malque.pub/ojs/index.php/msj 

 

or machinery that require optimal fuel efficiency (Joshi, 2019; Mersky & Samaras, 2016). Several previous studies have 
highlighted the negative impact of slips on machines and vehicles. High slip causes excessive friction between the tyres and the 
ground surface, accelerating wear on the tyres and other mechanical components; this phenomenon can result in increased 
maintenance and replacement costs (Genovese et al., 2020; Zhang et al., 2023). High slip can also make vehicles less stable and 
more difficult to control, especially on challenging or slippery terrain, increasing the risk of accidents and skidding 
(Ahangarnejad et al., 2021; Gao & Abeysekera, 2004). The adverse effects of high slip also extend to soil conditions, causing 
surface damage, particularly in the field. High slip can lead to soil degradation and damage the work environment (Cambi et 
al., 2015; Hamza & Anderson, 2005). High slip can also cause the terrain to become very uneven. Naturally, the greater the 
degree of slip on the vehicle's wheels is, the greater the degree of sinkage. As a result, tools and machinery need help to 
operate in such terrain (Ding et al., 2010; Reina et al., 2006). 
 

 

Figure 10 Effect of drawbar pull on slip. 
 

 

3.3. Relationship between drawbar pull and tractive efficiency 

 

The tractive efficiency parameter in the traction performance of a track-type lugged wheel is calculated via Equation 
(6). The output power is obtained by multiplying the drawbar pull (net traction) by the velocity. In contrast, the input power is 
obtained by multiplying the torque on the wheel axle by the wheel's angular velocity (Jenane & Bashford, 2000; Zoz et al., 
2002). On the basis of the calculations of tractive efficiency for the track-type lugged wheel in a soil bin, an increase in drawbar 
pull evidently leads to a decrease in tractive efficiency, as shown in Figure 11. The coefficient of determination (R²) obtained 
for the tractive efficiency parameter concerning drawbar pull is 0.8304, indicating that the decrease in tractive efficiency with 
increasing drawbar pull is inversely proportional. As explained by the parameters of sinkage and slip, which continue to rise 
with increasing drawbar pull, the tractive efficiency parameter conversely decreases. The reason for the decreasing tractive 
efficiency is the high levels of sinkage and slip (Baek et al., 2020; Xu et al., 2022). As the track-type lugged wheel sinks deeper, 
the wheels struggle with mobility, leading to increased slip (Shi et al., 2023). This increased slip occurs because the load the 
track-type lugged wheel pulls is greater than the traction generated by the wheels to move forward (Wulfsohn et al., 2009). 

 

 

Figure 11 Effect of drawbar pull on tractive efficiency. 
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The lug penetration required to paddle the wheels optimally does not yet improve tractive efficiency. The tractive 
efficiency achieved at a slip condition of 17.75% and a drawbar pull of 24.91 N is 65.87%; the slip condition within its threshold 
results in relatively high tractive efficiency. However, the tractive efficiency successively decreases to 38.68% and 19.59% at 
slip conditions above 50% to 75% or at drawbar pulls of 30 N to 60 N. Therefore, to achieve optimal tractive efficiency, the 
drawbar pull applied to the track-type lugged wheel should be below 30 N or when the slip is below 17.75%. The results indicate 
that the current design of track-type lugged wheels needs modification, particularly with respect to the lugs. The lugs, which 
function as paddles on the track-type lugged wheel, should positively influence the traction performance. Modifications can 
be made by altering the lug spacing and lug height (Wong & Huang, 2006). Different lug spacings and heights can impact the 
traction performance of track-type lugged wheels (Yang et al., 2014). Varying the lug spacing affects the number of active lugs, 
which is crucial for traction performance during soil penetration. Similarly, a greater lug height increases the contact surface 
area between the lug and the soil, increasing the penetration force and traction performance (Liu et al., 2024). The analysis 
based on a single-factor ANOVA test, shown in Table 6, indicates that the increase in drawbar pull has a significantly different 
effect on the tractive efficiency parameter, as evidenced by a P value of 0.000 (P value < 0.05). 

 

Table 6 Results of single-factor ANOVA of tractive efficiency with various drawbar pull increments. 

Source of variation SS df MS F P value F crit 

Between groups 257087.30 3.00 85695.76 1764.60 0.000* 2.62 
Within groups 34868.84 718.00 48.56    
Total 291956.10 721.00     

*A P value smaller than the 5% significance level (P value < 0.05) indicates that tractive 
efficiency significantly differs with different increments in drawbar pull. 
 

4. Conclusions 
 

Horizontal loading can significantly improve drawbar pull parameters on the basis of single-factor ANOVA, with a P value 
< 0.05. The increase in drawbar pull significantly affects traction performance, including sinkage, slip, and tractive efficiency, 
in the prototype track-type lugged wheel tested in a soil bin, according to single-factor ANOVA with a P value < 0.05. Increased 
drawbar pull leads to increased sinkage and slip but reduces tractive efficiency. The drawbar pull value that maintains normal 
limits for sinkage (< 8.5 cm) for optimal traction performance is 32.72 N, whereas the value for normal slip limits (< 20%) and 
optimal tractive efficiency (> 65%) is 24.91 N. The prototype track-type lugged wheel works optimally for paddy fields with 
saturated and muddy soil conditions. The additional lug design functions as a paddle, enhancing wheel traction performance. 
Modifications in lug spacing and lug height are necessary to optimize the traction performance of the track-type lugged wheel 
at higher drawbar pull levels. 
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