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Abstract

A track is a vehicle propulsion system that consists of a continuous band of chains connected with track shoes or may be entirely made
of rubber. The track system is still commonly used on various vehicles, including bulldozers, excavators, tanks, and tractors, and has
recently been used in lunar expedition vehicles. A tracked vehicle is mainly designed to provide better mobility in rough, uneven, or
slippery terrain. The main component of the track system is track shoes or so-called grousers. This track shoe geometry will determine
the tractive performance of the vehicle. If an incorrect shape is used, the excavator will most likely slip. The previous study approached
this traction problem by using the semi-empirical method. However, until now, the track geometry and traction relation are still unclear.
This research focuses on the effects of track shoe geometry on tractive performance and vehicle climbing ability. The analysis was
mainly conducted with a DEM (Discrete Element Method) simulation. The result from the experimental test is also confirmed using a
small-scale RC prototype on simulated terrain with different slope variations. It is proven that the grouser height directly affects the
climbing performance of tracked vehicles. A higher grouser height proves to be better at a higher inclination slope. However, for a low
inclination angle, the flattened track was better. The traction result from the EDEM simulation also yields a similar result. However,
higher usable traction means more friction is generated; therefore, the track with higher traction also takes more energy to cover the
same distance.
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1. Introduction depended on the composition of the soil and the moisture
content of the soil. The complex terramechanics problem
was complicated to be solved fully theoretically [10], [11].
Therefore, the prediction of vehicle traction on soft ground
has been investigated using an empirical and semi-
empirical method. Several research studies have
demonstrated the reasonable accuracy of semi-empirical
techniques in traction prediction [12]-[15]. The Bekker
traction model equations use the relationship between
specific physical soil characteristics and shearing strength
to predict off-road vehicle mobility [15], [16]. Bekker
considers wheels and tracks as simple loading surfaces
with similar forms but different lengths and widths. The
analogy was extrapolated between soil shear produced by
laboratory crawlers to track vehicles and does not consider
the grouser shape and vehicle driving parameters.

With the rapid development in computer technology
and computational methods, people have come up with
other methods that can be used, namely, the discrete
element method (DEM) [15], [17]. DEM simulation uses
a multi-particle simulation that treats each particle

Since the early 20th century, tracked vehicles have
been developed for various off-road environments such as
agriculture, construction, military, particular logistics, and
even space exploration [1]-[3]. Tracks system can give
excellent ground holding capability and mobility through
very rough terrain better than wheels [3]-[6]. Wide tracks
help distribute the vehicle’s weight over a large area,
decreasing the ground pressure, thus preventing it from
sinking in sandy or soft ground [3]. The tractive
performance of a tracked vehicle is influenced by how the
track interacts with the soil, which strongly depends on the
shape of the track, soil composition, and soil properties
[71. [8].

There have been previous studies regarding the effect
of track shape on tractive performance. For instance,
Wang et al. examined the influence of grouser thickness
and grouser height on traction by using a grouser shoe
model [9]. They discovered that the optimal grouser height
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individually [18]. Particle parameters such as shape, size,
density, Young’s Modulus, Poisson’s ratio, coefficient of
restitution, and friction coefficient can be easily specified
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to model a real-life problem. Recently, these methods have
become more widely used in addressing soil-body contact
problems [19], [20].

The main objectives of this research are to investigate
the track shoe and soil interaction and determine how
different track shoe geometry may affect the vehicle’s
performance, mainly the climbing ability as well as the
traction of the vehicle, and to determine the optimum
grouser height for a tracked vehicle on sandy terrain at
various inclination slopes.

This research is expected to provide a better
understanding of track vehicles, specifically track shoes,
and how various parameters will affect the overall vehicle
performance. The results from the experiment could serve
as a reference for future EDEM experiments and help
engineers in developing new track shoes for the future, as
well as mechanics or users who are looking for a new track
shoe.

2. Methodology
2.1. Discrete Element Method

Given that sand is composed of many small particles,
this research was approached using computational
analysis, which is EDEM software. The forces acting upon
one piece of the track shoe and their interaction with the
particles would be found. Beforehand, the geometry model
was constructed using SolidWorks. Figure 1 shows the
EDEM system, including sand particles, a piece of track
shoe, and a box. The gravitational force is in the z-
direction, and the weight of the track shoe was assumed to
be the weight of the small-scale RC excavator. It is 16 N
divided by the total number of track shoes in direct contact
with the sand, which is 42 tracks.

TRACK SHOE

L "
Za EDEM
Figure 1. EDEM simulation
Table 1. Sand properties
Bulk Material Properties Magnitude Unit
Poisson’s Ratio 0.25 -
Solid Density 1460 kg/m3
Shear Modulus 69000000 Pa
Coefficient of Restitution 0.64
Coefficient of Static Friction 0.6
Coefficient of Rolling Friction 0.4
Particle Diameter 0.2604 mm
Total Particle 9000 particle

EDEM software has several particle shape libraries,
including sphere, dual sphere, triple sphere, and
tetrahedral. None of these could represent the shape of the
real sand that is not uniform. Thus, the sand was depicted
with a spherical particle as the simplest and fastest
approach for this simulation. After choosing the shape,
several particle parameters must be inputted into the
program. Due to sand properties varying depending on its
composition, some of the properties listed in Table 1 were
assumed to be well-graded sand except for the particle
diameter and density measured directly.

Figure 2a shows how the grain size of sand can be
approximated by using a simple digital microscope with
50 times magnification. The sand is highlighted with a
black line. Before starting the experiment, the pixel size of
1 mm was measured for the reference point and calculated
to be 394 pixels. By the effective diameter method, the
average sand grain size was calculated to be 102.6 pixels
and then converted to mm, generating a grain size of
0.2604 mm. Figure 2b shows the outer and inner diameters
approaching the sand diameter.

The discrete element method principle portrays the soil
(terrain) as an assemblage of several discrete elements.
Sand has almost no cohesion when water is not present;
thus, dry sand using the discrete element method can be
approached. Figure 2c depicts one circular element in the
EDEM plane.

EDEM allows analyzing the track and sand interaction
by examining the mechanical interactions between the
track and adjacent elements and those between the
contacting elements. Elements in contact with the track
surface receive contact forces from the track. Elements not
in contact with the track surface receive contact forces
from other contacting elements. The magnitudes of the
contact forces are assumed to be related to the relative
displacement and relative velocity of the contacting
elements, dependent upon the model for the mechanical
property of the elements used.
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Figure 2. (a) Captured grains of sand under microscope; (b) Inner and
outer diameter measurement under microscope; (c) Representative ball
model for grains of sand in DEM
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2.2. Experimental Method

The experiment setup mainly included a 1:14 scale RC
excavator, digital weight scale, spirit level, digital
Avometer, sand, video camera, leveler, measuring tape,
tripod, and plywood. The experiment was conducted by
running a small-scale RC excavator on well-graded sand.
Beforehand, three different track setups were created by
modifying the grouser height to simulate the three
different grouser geometries. The track was produced by
modifying the standard track using resin casting. For each
setup, the performance would be compared to which one
is the best in terms of traction and climbing ability.

Due to equipment and tool limitations, only three tracks
were used in this experiment (Fig. 3). The first setup was
the standard track obtained from the manufacturer without
any modification, which used plastic material with clear
concave and convex surfaces in their track shoes. The
second setup was created to simulate low grouser height.
This grouser has the space in between that is filled with
resin, generating flatter and smoother surfaces. Lastly, the
third setup was created to simulate high grouser height. A
small stick of wood as wide as the track size was fixed to
the track’s surface using resin as its adhesive, generating a
higher grouser height but still maintaining the stiffness.

For all three tracks, the weight was measured using a
digital scale. As a result, setup 1 has the lightest weight at
only 38 grams each; setup 2 has a weight of 41 grams each;
and setup 3 has the heaviest weight at 53 grams each. Even
though this weight difference is slight, it is predicted to
still affect the RC excavator’s performance.

All three setups were tested with the excavator on a
sandy surface inside a plywood box. This box is custom-
made and has dimensions 110 cm long, 40 cm wide, and
7.5 cmin height. Even though the sand only fills up to 75%
of the box’s maximum capacity or around 5 cm.
Afterward, on the sides of the box, a measuring tape is
attached to help monitor the distance traveled by the
excavator. Figure 4a shows the main experiment apparatus
used in this research.

For better accuracy, the sand was leveled, and the
bumpiness was tested with a spirit level for each run to
ensure no bumps or holes on the sand. The test was
initially performed with slopes of 10°, 20°, and 30°.
However, the excavator always failed or became stuck at
the 30° slopes, as shown in Fig. 4b. As a result, the
increment was changed to 5°. The excavator is run through
uphill and downhill set configurations with 0°, 13°, 18°,
and 23° slopes for each setup. All data is captured with the
video camera.

All the grouser parameters of this work were defined as
follows. The model used W of 16 N, L of 1 cm, h of 0.1,
0.3, and 0.5 cm, t of 0.2 cm, b of 4 cm, and A of 0.1. The
grouser length, vertical load, thickness, width, and
thickness ratio are fixed due to limitations in
manufacturing. In other words, this work focuses more on
the effect of grouser height. Since the excavator motor
speed cannot be precisely adjusted and only depend on the
battery condition. Hence, the battery voltage was
monitored for every run to ensure the speed was not
affected by the battery.

—
(@) 15 mm

Weight: 38 gr

Weight: 41 gr Weight: 53 gr

Figure 3. Three different track setups: (a) Setup 1; (b) Setup 2; (c)
Setup 3

Figure 4. (a) Experimental apparatus; (b) Example of sinking excavator

3. Result and Discussion
3.1. Climbing Ability

Overall, three different setups (track profiles) were
tested in this research. A video camera was used and
placed on the side of the apparatus using a fixed tripod.
This video camera can take videos with a resolution of
1080p at 24 FPS (frames per second). Afterward, the video
would be processed in video editing software. The video
editing software used is Adobe Premiere due to its user
interface ease and its capability to process various video
formats. Subsequently, the unnecessary frame is removed
in this software, leaving only the part when the excavator
starts moving until the excavator touches the other side of
the box. Therefore, the timecode for every run can be
obtained. Timecode values are a way of numbering frames
in the video. Standardized by SMPTE (Society of Motion
Picture and Television Engineers), video timecode is
usually represented as an hour, minute, second; then, each

12



EPI International Journal of Engineering, Vol. 5 No. 1, Feb 2022, pp. 10-15

frame number is separated by a colon (:). The timecode is
then converted to seconds by dividing the frames by 24.
Since the distance traveled by the excavator, the speed in
cm/s can be obtained.

Figure 5 is the bar graph obtained from the
experimental results. In this graph, the speed for every
setup and every inclination angle can be observed. The
graph shows that the speed difference is relatively small
(<5 cm/s). In addition to speed data, how steep the
excavator’s ability to climb also can be found by
investigating the angle of failure or the angle at which the
excavator cannot climb anymore. The failure angles for
setups 1, 2, and 3 are 25.93°, 24.87°, and 28.20°,
respectively. It can be seen that for track shoe of setup 2,
the speed difference of downhill and uphill is highest than
other setups. This can occur because the setup 2 does not
have sufficient grip to avoid slip between the track shoe
and sand.

Speed (cm/s)

22° DOWN 18° DOWN 13° DOWN 0° 137 UP 18 UP 22°UP

Inclination

Figure 5. Speed graph

3.2. Slip ratio

The slip ratio is a non-dimensional value calculated
from the motor revolution and actual distance traveled. By
the slip ratio equation for a tracked vehicle, the slip ratio
for each setup is found. The slip ratio value lies between
zero (no slippage) and one (total slippage). In this
research, the slip ratio was calculated using speed at the
steepest inclination (22°), and the RPM was calculated
from the total wheel rotation per minute. Table 2 is the
result of the slip ratio.

The slip ratio for downhill is negative because the
excavator travels faster than the wheel rotation itself.
Since the slip ratios are not zero, the excavator experiences
slip phenomena.

Table 2. Slip ratio

Setup 1 Setup 2 Setup 3

r (cm) 24 24 24

h (cm) 0.3 0.1 0.5
RPM 55 55 55

w (rad/s) 5.76 5.76 5.76
Speed uphill (cm/s) 12.05 10.73 12.28
Speed downhill (cm/s) 19.85 22 18.99
Slip ratio uphill 0.225 0.255 0.265
Slip ratio downhill -0.276 -0.528 -0.137

3.3. EDEM Results

There are three main phases in the EDEM experiment.
The first phase was the particle generation phase; the total
number of particles was set at 9000 particles. The second
phase was the moving phase. The track shoe started
moving with a starting velocity of 0.09 m/s and 0 m/s?
acceleration. Finally, the settling phase was where the
track stopped moving and the particles settled. The total
time from start to finish was 0.14 s. Afterward, the force
in the x-direction is plotted on a graph. Since the excavator
is supported by 42 track shoes when stationary, the forces
for one shoe are multiplied by 42 to estimate the traction
produced. The model of track shoes is made as close as
possible to make the result comparable to the experiment
conducted prior.

Figure 6a depicts setup 1 of track shoe and sands
particles in the EDEM plane. Figure 6b depicts the sand
compressive force contour from the isometric view. Figure
6¢ depicts the sand compressive force contour from the top
view.

Figure 7a depicts setup 2 of track shoe and sands
particle in the EDEM plane. Figure 7b depicts the sand
compressive force contour from the isometric view. Figure
7c depicts the sand compressive force contour from the top
view.

Figure 8a depicts setup 3 of track shoe and sands
particle in the EDEM plane. Figure 8b depicts the sand
compressive force contour from the isometric view. Figure
8c depicts the sand compressive force contour from the top
view.
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Figure 6. (a) EDEM setup 1; (b) Compressive force of EDEM setup 1;
(c) Pressure contour of setup 1
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Figure 7. (a) EDEM setup 2; (b) Compressive force of EDEM setup 2;
(c) Pressure contour of setup 2
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(€) compressive Force ()

Figure 8. (a) EDEM setup 3; (b) Compressive force of EDEM setup 3;
(c) Pressure contour of setup 3
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Figure 9. Plot of compressive force

The plot of Fig. 9 is the result of all EDEM. The x-axis
represents time in second, and the y-axis represents the
compressive force in Newton.

According to Fig. 9, the maximum force of setups 1, 2,
and 3 are 0.549 N, 0.388 N, and 1.30 N, respectively.
Then, by multiplying each of those results by 42, the final
forces of setups 1, 2, and 3 are 23.1 N, 16.29 N, and 54.6
N, respectively. The whole set of the results is listed in
Table 3, showing that setup 3 produced the highest traction
force. Some errors probably occurred when it was
compared to the actual traction.

3.4. Work Calculation

The excavator is assumed to move uphill with force
equal to the total traction force obtained from the EDEM
simulation. Then, the required work for each setup could
be found if the excavator climbed the same 110 cm-long
hills. To find the work, the formula is:

W=F Xs 1)

Where W is work, F is force, and s is the distance
traveled. Based on Fig. 10, the resultant force is traction
force subtracted by w sin 6, and the distance is the sandbox
length.

Table 3. Traction result

Setup  Max. compressive  Total Change (%)
force (N) traction (N)

1 0.55 231 Baseline
0.388 16.29 -29.48
13 54.6 136.36

Figure 10. FBD of excavator

Degree (*)
=0
ml3

18
m22

Work (J)

1 2 3

Track shoe pattern setup

Figure 11. Work excavator

This data from the work calculation for each inclination
is then plotted in Fig. 11. This graph can provide a general
idea about the work for each track configuration. Although
this data does not represent the actual work performed by
the excavator, it is expected that the result will be as close
as possible. Moreover, assuming no slip occurs, the
maximum work done by the excavator can be obtained and
given to propel the excavator forward.

3.5. Sand Pattern

The photos of the sand pattern for every run have been
taken as a comparison. As shown in Fig. 12, there was a
variety of different patterns. The track with no trailing
lines on the sides indicates that the track is not slipping, as
depicted in Fig. 12a. Additionally, the pattern with no-slip
occurred also showed that the track pattern is very clear
and does not overlap with the adjacent track shoe. On the
other hand, as depicted in Fig. 12b, lines formed on the
sides of the track, indicating that slipping has occurred.
From the setup configuration, setup 3 leaves a deeper
penetration compared to two other setups; meanwhile,
setup 2 slipping lines are more obvious compared to two
other setups.

Figure 12. (a) Track pattern without slipping occurred; (b) Track pattern
with slipping occurred
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4, Conclusion

This research study has performed the simulation and
experiment of track shoes on sandy terrain. The result
shows that changing the grouser geometry, especially the
grouser height, helps the excavator climb faster at a higher
inclination slope greater than 18 degrees, while the lower
inclination slope of fewer than 18 degrees does not
contribute much or even slows the speed down slightly. A
higher grouser height also demonstrates a greater climbing
ability with the steeper hill of 28 degrees compared to 25
degrees from the standard track and 24 degrees from the
flat track. EDEM simulation yields a similar result for a
higher grouser height (setup 3) has 136% better traction
force than the standard track (setup 1), meaning that setup
3, assuming no slippage, requires more energy to cover the
same distance. Therefore, the tracked vehicle operated on
sandy terrain with a steep slope would perform better
when applying higher grouser height; meanwhile,
applying flat or lower grouser height is suggested only
when a tracked vehicle operated in flat terrain.
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