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Abstract

When designing a planetary rover, it is important to consider and evaluate
the influence of parameters such as the weight and dimensions of the rover
on its traversability. In this study, the influence of a rover’s weight on its
traversability was evaluated by performing experiments using a mono-track
rover and an inline four-wheeled rover with different rover weights. Then,
the influence of the wheel diameter and width was quantitatively determined
by performing experiments using a two-wheeled rover, equipped with wheels,
with different diameters and widths. The results of the experiments were
compared with those of the numerical simulation based on terramechanics.
Finally, the influence of the wheel surface pattern on the traversability of
planetary rovers was evaluated by conducting experiments using a two-wheeled
rover, equipped with wheels, with a different number of lugs (i.e., grousers)
on their surface. Based on the results of the above experiments, we confirmed
the following influences of the parameters: in the case of the track mechanism,
the traveling performance does not change according to the increase in rover
weight. On the other hand, in the case of the wheel mechanism, an increase in
rover weight decreases the traveling performance. Moreover, the experimental
results show that the wheel diameter, rather than the wheel width, contributes



more to the high traveling performance. In addition, a comparison between
the experimental and simulation results shows that it is currently difficult
to accurately predict the traversability of lightweight vehicles on the basis of
terramechanics models. Finally, the experimental results show that having lugs
always improves the traversability, even at the expense of the wheel diameter.

1 Introduction

Mobile robots (rovers) have played a significant role in NASA’s Martian geological investi-
gations. The use of rovers in missions significantly increases the exploration area, thereby
improving the scientific return of the mission. As a result, there are high expectations for
future lunar and planetary rovers.

The lunar and Martian surfaces are covered with loose soil, and numerous steep slopes are
found along their crater rims. Wheeled rovers can get stuck on such surfaces, and in the worst
case scenario, this could lead to the failure of a mission. In order to avoid such problems,
it is necessary to conduct thorough investigations of the contact and traction mechanics
between the wheels of the rover and the soil, and eventually, have a better understanding of
the motion behavior of a rover over loose soil.

Terramechanics is the field that deals with wheel-soil interaction mechanics. The principle
of wheel-soil interaction mechanics and the empirical models of the stress distribution under
the wheels have been previously investigated (Bekker, 1960; Bekker, 1969; Wong, 2001).
Recently, these terramechanics-based models were successfully applied to the motion analysis
of planetary rovers (Iagnemma and Dubowsky, 2004).

Many intensive studies have been conducted on the traction mechanics of the wheel mech-
anism. On the other hand, only a few studies have considered the influence of vehicle
parameters such as vehicle weight and the wheel width, diameter, and surface pattern on
the traveling performance of small vehicles like planetary rovers. It is important to consider
these parameters in the design stage of planetary rovers to ensure the safe navigation of the
rovers over loose soil.

To determine the traveling performance of locomotion mechanisms, Wong and Huang com-
pared the traveling performances of track and wheel mechanisms (Wong and Huang, 2006).
However, they used large vehicles such as dump trucks in their study, and according to the
present authors, the behavior of these trucks differs from that of small-sized planetary rovers.
The effect of wheel diameter and width on the traveling performance of wheels for planetary
rovers has been well summarized by Ding et al. (Ding et al., 2010a). However, in their
study, the diameter/width of the wheels did not substantially differ. Furthermore, a few
studies have discussed the influence of wheel diameter and width on the basis of terrame-
chanics models, especially for small vehicles. Experiments for studying the wheel surface
pattern using wheels equipped with parallel fins – called“ lugs”(i.e., grousers) – on their
surfaces have been performed, and the influence of these lugs on the traveling performance
of the wheel mechanism was evaluated (Bauer et al., 2005; Liu et al., 2008). However, these
studies do not have enough experimental data to provide a useful guideline for determining



the number of lugs on the wheel surface.

In this paper, we present the effects of the rover’s weight, wheel width/diameter, and wheel
surface pattern on its traveling performance. The influence of each parameter has been
evaluated as follows:

Influence of rover’s weight on the traveling performance

The influence of the rover’s weight on the traveling performance of the locomotion mechanism
was evaluated by conducting experiments using rovers with different weights. Generally,
traveling performance is evaluated on the basis of the relationship between the slip ratio and
slope angle (or drawbar pull). Therefore, we performed slope climbing tests for a mono-track
rover and an inline four-wheeled rover, which have track and wheel mechanisms, respectively,
and we measured the slip ratio in a sandbox with different slope angles. Furthermore, we
performed traction tests on the mono-track rover; the traveling performances of the track
and wheel have been discussed with respect to their drawbar pull.

Influence of wheel diameter/width on the traveling performance

The influence of the wheel diameter and width on traveling performance of the wheel mech-
anism was evaluated by conducting experiments and numerical simulations based on ter-
ramechanics. We performed slope climbing tests using a two-wheeled rover with wheels of
different diameters/widths and measured the slip ratio in a sandbox with different slope an-
gles. To theoretically validate the experimental results, we performed a numerical simulation
by calculating the drawbar pull and vertical force using terramechanics models.

Influence of wheel surface pattern on the traveling performance

The influence of the wheel surface pattern, that is, lugs, on the traveling performance was
evaluated by performing experiments using wheels with different numbers of lugs. We per-
formed slope climbing tests using a two-wheeled rover with wheels having different numbers
of lugs and evaluated the influence of the number of lugs on the traveling performance. In
these tests, we measured the slip ratio in a sand box with different slope angles.

This paper is organized as follows: Section 2 describes the method of evaluation of the
traveling performance. The experiments using mono-track and inline four-wheeled rovers
are described in section 3 along with an evaluation of the influence of the rover’s weight on
the traveling performance. The two-wheeled rover experiments are described in section 4
along with an evaluation of the influence of the wheel diameter and width on the traveling
performance. The theoretical aspects and numerical simulations are discussed, and the
influence of the wheel diameter and width is explained from a theoretical perspective. The
slope climbing tests of wheels with different numbers of lugs are discussed in section 5. This
section also discussed the influence of wheel surface pattern on the traveling performance
from a theoretical standpoint.



2 Evaluation method of traveling performance

When planetary rovers travel on lunar and Martian surfaces where there are numerous
steep slopes covered with loose soil, slippage can occur, impairing the safe navigation of the
rovers. Therefore, one of the most important features of rovers is their ability to minimize
slippage while climbing over such slopes; this ability is generally evaluated on the basis of
the relationship between the slip ratio and slope angle (or drawbar pull). In this section, the
slip ratio is defined, and the drawbar pull over a slope is introduced.

2.1 Slip ratio

The slip ratio s is defined as (Wong, 2001)

s =
vd − v

vd
= 1− v

vd
, (1)

where v and vd denote the translational traveling velocity and circumferential velocity of the
wheel, respectively. In this equation, the slip ratio has a value between 0 and 1. When the
wheel moves forward without slippage, the slip ratio is 0; when the wheel does not move
forward at all because of slippage, the slip ratio is 1.

2.2 Drawbar pull over slope

The drawbar pull is defined as the difference between the total thrust and the total external
resistance of the vehicle (Wong, 2001). When a vehicle travels with pulling a weight behind
it, the drawbar pull is defined as the load of the weight. Meanwhile, when a vehicle travels
over a slope, it needs to pull its weight. Therefore, the drawbar pull Fx over the slope can
be determined from the slope angle θ using the following equation:

Fx = mg sin θ, (2)

where m is the mass of the vehicle, and g is the gravitational acceleration.

To evaluate the capability of the rover’s locomotion mechanism, in this study, we used a slip
ratio corresponding to the slope angle/drawbar pull as the indicator of the rover’s climbing
ability. According to the definition of slip ratio, a small slip ratio over a given slope/drawbar
pull indicates high traveling performance.

3 Comparison of traveling performance of locomotion
mechanisms from the perspective of rover’s weight

In this section, we evaluate the traveling performances of the locomotion mechanisms of
planetary rovers from the point of view of the weight of these vehicles. We used track and
wheel mechanisms as the locomotion mechanisms. To evaluate the traveling performances of
the track and wheel mechanisms, we performed slope climbing tests for a mono-track and an
inline four-wheeled rover with different rover weights. Furthermore, we performed traction



Figure 1: Mono-track rover. Figure 2: Inline four-wheeled rover.

tests for the mono-track rover, and the traveling performances of the track and wheel are
discussed from the point of view of drawbar pull. In this section, we present the details and
results of the experiments.

3.1 Slope climbing tests with different rover weights

3.1.1 Mono-track rover

In this study, we developed a mono-track rover with a track mechanism (photograph in
Figure 1). The distance between the front and rear sprockets of the rover is 406 mm,
and the track has an outside diameter and width of 130 mm and 40 mm, respectively.
The rover can rotate its track and control the circumferential velocity of the track. The
actual traveling velocity is obtained by visual odometry using a telecentric camera (TMMS:
Telecentric Motion Measurement System) mounted on the rover (Nagatani et al., 2010).
Using the obtained velocity, the slip ratio s is determined on-line from equation (1).

3.1.2 Inline four-wheeled rover

Along with the mono-track rover, we developed an inline four-wheeled rover with a wheel
mechanism (photograph in Figure 2). Each wheel of the rover was rigidly connected with its
body. A key feature of the designed rover is that it is almost the same size as the mono-track
rover. The distance between the front and rear wheels of the rover is 405 mm, and each wheel
has a diameter of 130 mm and a width of 40 mm. The actual traveling velocity is obtained
using the TMMS mounted on the rover.

3.1.3 Experimental overview and conditions

Each experiment was performed in our sandbox, which was filled with Toyoura sand. Toyoura
sand is predominantly a uniform, angular to subangular, fine, quartz sand. The mechanical
properties of all the Toyoura sand particles are nearly identical (Tatsuoka et al., 1986; Bellotti
et al., 1997). The sandbox has a length, width, and depth of 2 m, 1 m, and 0.15 m,
respectively. This sandbox can be manually inclined to change its slope angle. Both the
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Figure 3: Slope angle vs. slip ratio (for
track mechanism).
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wheel mechanism).

rovers were used to perform traveling tests in the sandbox, which was inclined at different
slope angles. Slope angles were set up to 16◦ at increments of 4◦. The track rover weights
ranged from 8.8 kg to 17.8 kg with intervals of 3 kg, whereas the wheeled rover weights ranged
from 6 kg to 12 kg with intervals of 3 kg. The circumferential velocity of the track/wheel vd
was fixed as 2 cm/s, and we measured the slip ratio after the track/wheel stopped sinking.
Each trial was conducted under identical soil conditions, and three trials were conducted for
each condition.

3.1.4 Experimental results

Figure 3 shows the relationship between the slope angle and slip ratio for the mono-track
rover. According to this figure, there is only a slight difference in the values of the slip ratio
over a given slope for different rover weights; in other words, a small difference (of about ±3
kg) in the weight of the rover does not significantly affect the traveling performance.

Figure 4 shows the relationship between the slope angle and slip ratio for the four-wheeled
rover. According to this figure, the lighter the rover, the smaller the slip ratio over a given
slope. This means that a light rover has high traveling performance.

According to Figures 3 and 4, the track mechanism has a smaller slip ratio over a slope
compared to the wheel mechanism. This means that the track mechanism has a higher
traveling performance than the wheel mechanism.

In these tests, we could not observe any phenomena of the track mechanism in the high slip
ratio region. In order to observe its behavior in this region, we performed traction tests with
various traction loads, as described in the next subsection.



Figure 5: Traction test: mono-track rover travels with pulling a weight behind it.

3.2 Traction tests with different rover weights

3.2.1 Experimental overview and conditions

The mono-track rover was used to perform traction tests with various traction loads in the
sandbox. In the traction tests, using pulleys and a thin rope, the rover moved forward while
it pulled a weight behind it (see Figure 5). Here, the friction between the rope and pulley
was small. Traction weights were set up to 8 kg at increments of 1 kg. The rover weights
were set from 8.8 kg to 17.8 kg at increments of 3 kg. The circumferential velocity of the
track vd was fixed as 2 cm/s, and we measured the slip ratio after the track stopped sinking.
Each trial was conducted under identical soil conditions, and three trials were conducted for
each condition.

3.2.2 Experimental results

Figure 6 shows the relationship between the drawbar pull and the slip ratio for the mono-
track rover. According to this figure, for a given drawbar pull, the heavier the rover, the
smaller the slip ratio. This means that a large rover weight contributes to an increase in the
drawbar pull.

Next, we evaluated the drawbar pull of the inline four-wheeled rover using the previous
slope climbing tests. Figure 7 shows the relationship between the drawbar pull and the slip
ratio for the inline four-wheeled rover. Here, the drawbar pull Fx in the slope climbing tests
was determined from the slope angle θ using equation (2). According to Figure 7, for a
given drawbar pull, there is only a slight difference in the slip ratio values for different rover
weights. Thus, a heavy weight on the rover does not contribute to an increase in the drawbar
pull.

To summarize the above discussion, a heavier rover leads to an increase in the drawbar pull
of the track mechanism, but not of the wheel mechanism. That is, although a larger drawbar
pull is required to pull the rover’s increased weight, the drawbar pull that the wheels generate
does not change with the increase in rover weight. Therefore, the traveling performance of
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(a) Track mechanism (8.8 kg) (b) Wheel mechanism (9.0 kg)

Figure 8: Sinkage of track/wheel of rover (for a 10◦ slope angle).

the wheel mechanism decreases with the increase in rover weight.

3.3 Discussion

A track/wheel typically sinks into loose soil during rotation. The sinkage increases the
track/wheel’s traveling resistance and decreases its traveling performance. That is, the most
important factor with respect to the traveling performance is the sinkage of the track/wheel.
In this subsection, the difference between the traveling performance of the track and the
wheel mechanism is discussed from the point of view of track/wheel sinkage.

Figure 8 shows photographs of the track/wheel sinkage of both rovers having almost identical
weights in the slope climbing tests. According to this figure, the track sinkage is smaller than
the wheel sinkage. In other words, the track mechanism has a high traveling performance
because it has a large contact patch, which decreases its sinkage.

Furthermore, the impact of the sinkage on the traveling performance seems to be different for
the track and wheel mechanisms. Typically, the bottom of the track contacts with the ground
horizontally, as shown in Figure 9(a). Therefore, for any sinkage of the track, the shear stress
τx under the track affects the traveling direction. As a result, the track mechanism maintains
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Figure 9: Stress distribution under the locomotion mechanism.

a high traveling performance even with increased track sinkage. On the other hand, as the
sinkage of the wheel increases, the shear and normal stress distributions beneath the wheel,
τx and σ, respectively, move forward, as shown in Figure 9(b) (Sato et al., 2009). This
increases its traveling resistance, thereby decreasing its traveling performance. Therefore, in
the case of the wheel mechanism, the increase in wheel sinkage significantly decreases the
traveling performance.

To summarize the above discussion, the wheel mechanism has a lower traveling performance
than the track mechanism because wheels sink easily into soil, and their sinkage significantly
influences the traveling performance.

When the weight of the rover is low and the sinkage of the wheel is small, the traveling
performance of the wheel mechanism is almost similar to that of the track mechanism. This
result indicates that if the sinkage of the wheel is small, wheel mechanisms can also have a
high traveling performance. In order to decrease the sinkage of the wheel, its contact patch
should be increased, which leads to a decrease in contact pressure. For this reason, in the
next section, we evaluate the influence of the wheel width and diameter – which are the key
parameters with respect to the contact patch of a wheel – on the traveling performance.

4 Influence of wheel diameter/width on the traveling
performance

Based on the experimental results in section 3, we predicted that if the sinkage of the wheel is
reduced, wheel mechanisms can attain high traveling performance. Therefore, to evaluate the
influence of the wheel width and diameter on the traveling performance, we performed slope
climbing tests using a two-wheeled rover with different wheels. In this experiment, nine types
of wheels were used, which have three different wheel diameters and widths. Furthermore, to
discuss the validity of the experimental results from a theoretical perspective, we performed a
numerical simulation based on terramechanics. In this section, the details of the experiments
and numerical simulation are presented.



4.1 Slope climbing tests with wheels of different diameters and widths

4.1.1 Two-wheeled rover

In this study, we developed a two-wheeled rover, the wheel width and diameter of which
can be changed by replacing the wheels. The wheel parameters and configurations of the
two-wheeled rover are listed in Table 1. The wheelbase of the rover was fixed as 400 mm. We
used additional weights to set the rover weight to 6 kg for all the different wheels. The wheels
are equipped with parallel aluminum fins called lugs (i.e., grousers) on their surface. The
height of the lugs is such that it is proportional to the wheel diameter. The wheel diameters
listed in Table 1 include their lugs’ heights. The actual traveling velocity is obtained using
the TMMS mounted on the rover. Thus, the slip ratio s is determined on-line using equation
(1).

4.1.2 Experimental overview and conditions

Each experiment was performed in the sandbox discussed in section 3, which was filled with
Toyoura sand. The two-wheeled rover with nine different types of wheels was used to perform
the traveling tests in the sandbox, which was inclined at different slope angles. The slope
angles were set up to 20◦ at 2◦ intervals. The circumferential velocity of the wheel vd was
fixed at 2 cm/s, and we measured the slip ratio after the wheels stopped sinking. Each
trial was conducted under identical soil conditions, and three trials were performed for each
condition.

4.1.3 Experimental results

To evaluate the influence of the wheel diameter on the traveling performance, we plotted the
data for the cases with fixed wheel widths on the graphs shown in Figure 10. To evaluate
the influence of the wheel width on the traveling performance, we plotted the data for the
cases with fixed wheel diameters on the graph in Figure 11. According to Figure 10, the
larger the wheel diameter, the smaller the slip ratio over a given slope. This means that a
large wheel diameter gives high traveling performance. According to Figure 11, the larger

Table 1: Wheel parameters of the two-wheeled rover.

100-mm class 200-mm class 300-mm class

Diameter (mm) 116 202 327
Lug height (mm) 5 9 15

Width (mm) 50, 100, 150 50, 100, 150 50, 100, 150

Configuration
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the wheel width, the smaller the slip ratio over a given slope. Therefore, a large wheel width
also contributes to the high traveling performance.

Next, we evaluated the relative impact of the wheel width and diameter on the traveling
performance. According to Figure 10 and 11, in the cases of fixed widths, the change in
the slip ratio over a slope angle, resulting from the difference in the wheel diameter, is
much larger than that resulting from the difference in the wheel width in the cases of fixed
diameters. Therefore, the wheel diameter, rather than the wheel width, seems to contribute
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Figure 12: Sinkage of wheel of rover (for a 10◦ slope angle).

more to the high traveling performance.

4.1.4 Discussion

As demonstrated in section 3, the sinkage of the wheel is a key parameter in the traveling
performance of the wheel mechanism. Hence, we discuss the experimental results from the
point of view of wheel sinkage.

Figure 12 shows photographs of the wheel sinkage at a slope angle of 10◦ for wheels with
different diameters and widths. As observed in this figure, a large diameter and/or width
wheel has lower sinkage. That is, large wheel diameter and width enhance the traveling
performance of the wheel mechanism due to low sinkage.

According to Figure 12, when the wheel diameter is 116 mm, the wheel sinkage changes
significantly for different wheel widths. On the other hand, when the wheel diameter is 327
mm, the wheel does not sink significantly at any wheel width. Therefore, the contact pressure
between the wheel and soil is sufficiently small in this case, regardless of the wheel width.
Any increase in the wheel width, therefore, has little effect on the traveling performance,
especially in the case of a large wheel diameter. In other words, a decrease in the contact
pressure or the rover’s weight, has little effect on the traveling performance for wheels with
large diameters. This indicates the same tendency of traveling performance as that of the
track mechanism presented in section 3.

Based on the above discussion, we believe that there is a certain wheel diameter correspond-
ing to the rover’s weight, which enables the wheel to exhibit a behavior similar to the track
mechanism, i.e., a small difference in the weight of the rover does not significantly affect
the traveling performance, and enhances the traveling performance regardless of the wheel
width. In the design stage of planetary rovers, it is important to design wheels according to
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this wheel diameter, rather than designing them to match any particular wheel width.

4.2 Numerical simulation based on terramechanics

4.2.1 Numerical simulation concept

As explained in section 2, a drawbar pull is required for a wheel to travel over a slope covered
with loose soil. At the same time, a weight-bearing force or a vertical force is required to
prevent its sinkage. Generally, the traveling performance is determined by the relationship
between the drawbar pull and this vertical force. Therefore, in this study, we performed a
numerical simulation by calculating the drawbar pull and vertical force using terramechanics
models.

4.2.2 Equations of drawbar pull and vertical force

When a wheel travels over loose soil, normal σ(θ) and shear stresses τx(θ) are generated
beneath it. These stresses are used in the calculation of drawbar pull and vertical force.
According to terramechanics models, the stresses are modeled as shown in Figure 13. The
drawbar pull Fx is calculated by integrating the horizontal components of σ(θ) and τx(θ)
from the entry angle θf to the departure angle θr as follows:

Fx = rb
∫ θf

θr
{τx(θ) cos θ − σ(θ) sin θ}dθ; (3)

the vertical force Fz is obtained by integrating the vertical components of σ(θ) and τx(θ)

Fz = rb
∫ θf

θr
{τx(θ) sin θ + σ(θ) cos θ}dθ, (4)

where, b and r are the wheel width and radius, respectively (Wong and Reece, 1967).

The entry angle θf is defined as the angle between the vertical and the point at which the
wheel initially makes contact with the soil, and it is expressed as

θf = cos−1(1− h/r). (5)



Here, h is the sinkage of the wheel. The departure angle θr is defined as the angle between
the vertical and the point at which the wheel departs from the soil and is modeled by using
the wheel sinkage ratio λ, which denotes the ratio between the front and rear sinkages of the
wheel, as

θr = cos−1(1− λh/r). (6)

The value of λ depends on the soil characteristics, wheel surface pattern, and slip ratio
(Ishigami et al., 2007).

The normal stress σ(θ) is determined from the following equation (Wong and Reece, 1967)-
(Ishigami et al., 2007):

σ(θ) = σmax [cos θ − cos θf ]
n

(for θm < θ < θf) (7)

σ(θ) = σmax

[
cos{θf −

θ − θr
θm − θr

(θf − θm)} − cos θf

]n
.

(for θr < θ < θm) (8)

Here, θm is the specific wheel angle at which the normal stress is maximum and

θm = (a0 + a1s)θf , (9)

where a0 and a1 are parameters that depend on the wheel-soil interaction. Their values
are generally assumed as a0 ≈ 0.4 and 0 ≤ a1 ≤ 0.3 (Wong and Reece, 1967). Using the
above parameters, the maximum stress σmax is determined from the following terramechanics
equation (Reece, 1965):

σmax = (ckc + ρkϕb)(
r

b
)n. (10)

In this equation, kc and kϕ denote the pressure-sinkage moduli; n denotes the soil exponent,
which is an inherent parameter of the soil; and c and ρ are the cohesion stress of the soil and
the soil bulk density, respectively.

The shear stress τx(θ) is also expressed as (Janosi and Hanamoto, 1961)

τx(θ) = (c+ σ(θ) tanϕ)[1− e−jx(θ)/kx ]. (11)

Here, c represents the cohesion stress of the soil, ϕ is the internal friction angle of the soil,
and kx is the shear deformation modulus, which depends on the shape of the wheel surface.
Further, jx, which is the soil deformation, can be formulated as a function of the wheel angle
θ (Wong and Reece, 1967):

jx(θ) = r[θf − θ − (1− s)(sin θf − sin θ)]. (12)

4.2.3 Simulation procedures and conditions

The procedure to obtain the drawbar pull Fx from the numerical simulations is summarized
as follows:



1. Input the normal load W of the wheel, the wheel width b, wheel radius r, and slip
ratio s.

2. Calculate the normal stress σ(θ) and shear stress τx(θ) beneath the wheel from the
stress distribution models described in equations (7)–(12).

3. Calculate the wheel sinkage h when the vertical force Fz is equal to the normal load
of the wheel, as shown in equation (4).

4. Determine the entry angle θf and departure angle θr from h using equations 5 and 6,
respectively.

5. Calculate the drawbar pull Fx using equation (3).

Simulations were performed under the same conditions as those used in the experiments
described in the previous subsection. In order to match the simulation and experimental
conditions, we used the same parameter values for the nine types of wheels here as those
listed in Table 1. The half weight of the rover (3 kg) was set as the normal load of the wheel.
The soil parameters of the Toyoura sand used in the simulations are listed in Table 2, as
previously reported by our group (Yoshida et al., 2004).

4.2.4 Simulation results

To evaluate the influence of the wheel diameter/width on the traveling performance, we
compared the simulation and experimental results. In Figure 14, the smooth curves show
the relationship between the simulated drawbar pull and slip ratio for wheels with fixed
widths. Here, the drawbar pull Fx in the slope climbing tests was determined from the slope
angle θ using equation (2). As shown in Figure 14, the values of the simulations do not
quantitatively match those of the experiments; however, the general trends of the results,
i.e., the larger the wheel diameter, the smaller the slip ratio for a given drawbar pull, match
qualitatively.

Figure 15 depicts the relationship between the drawbar pull and the slip ratio for wheels
with fixed diameters. In this figure, the trend of the simulation results differs from that of

Table 2: Simulation parameters and values.

Parameter Value Unit
c 0.0 kPa
ϕ 38.0 ◦

ρ 1.49× 103 kg/m3

kx 0.03 [m]
kc 0.0 N/mn+1

kϕ 1.20× 103 N/mn+1

n 1.70 -
a0 0.4 -
a1 0.15 -
λ 0.5 -
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(c) Width: 150 mm

Figure 14: Drawbar pull vs. slip ratio (for
fixed width).
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(c) Diameter: 327 mm

Figure 15: Drawbar pull vs. slip ratio (for
fixed diameter).

the experimental results. The simulation shows that the increase in the wheel width has no
effect on the traveling performance.

4.2.5 Discussion

The aim of the above numerical simulation was to discuss the experimental results from
a theoretical, terramechanics point of view. However, the simulation results, particularly
regarding the influence of wheel width, qualitatively differed from the experimental results.



Therefore, in this subsection, we discuss the differences between the results of the numerical
simulation and the experimental results.

In the previous subsection, the tendency observed in the experiments, that is, a large wheel
width contributes to high traveling performance, differed from that observed in the numerical
simulation. On the other hand, in the case of heavyweight vehicles, our numerical simulation
confirmed that a large wheel width also enhances the traveling performance similar to a large
wheel diameter. In terramechanics models, it is assumed that the stresses under the contact
patch of a wheel are commonly constant across the width, and the shearing force developed
on the sides of the wheel is negligible. We believe that these assumptions are reasonable for
heavyweight vehicles, but not for lightweight planetary rovers. This seems to be one of the
reasons why the simulation results differed from the experimental results.

Furthermore, in the experiments, the wheels were equipped with lugs on their surfaces, and
in case of lightweight vehicles, the influence of lugs on the traveling performance seems to
be large. This may be another reason why the simulation and experimental results were
different.

As mentioned previously, the influence of lugs on the traveling performance, particularly in
lightweight vehicles, can be larger than expected, that is, their influence has been under-
estimated. Due to the above factors, we performed the experiments presented in the next
section to evaluate the influence of lugs on the traveling performance.

5 Influence of wheel surface pattern on the traveling
performance

Based on the differences between the experimental and simulation results in section 4, we
concluded that the influence of lugs on the traveling performance, particularly in lightweight
vehicles such as planetary rovers, could be larger than we expected. A better understanding
of the lugs’ effect is required in the design stage of planetary rovers. Therefore, we performed
slope climbing tests using a two-wheeled rover with wheels having different numbers of lugs
to evaluate the influence of lugs on the traveling performance. Furthermore, the experimental
results are discussed from a theoretical point of view. In this section, the experiments and
their results are reported in detail.

5.1 Slope climbing tests with wheels equipped with different numbers of lugs

5.1.1 Improved two-wheeled rover

In this study, we developed a two-wheeled rover with interchangeable wheels, which is an
improved version of the rover presented in section 4. Figure 16 depicts the designed rover.
The wheelbase of the rover is 400 mm. The actual traveling velocity of the rover is obtained
in detail using a position estimation device mounted on the rover (Nagai et al., 2010). Thus,
the slip ratio s is determined on-line using equation (1).



Figure 16: Improved two-wheeled rover.

(a) 3 lugs (b) 6 lugs (c) 12 lugs

(d) 24 lugs (e) 48 lugs (f) ∞ lugs

Figure 17: Wheels equipped with differ-
ent numbers of lugs.

We developed six types of wheels with different numbers of lugs for the rover, as shown in
Figure 17. The wheel has a diameter of 150 mm and a width of 100 mm; each lug has a height
of 15 mm. That is, the wheel has a diameter of 180 mm including the lug height. The wheel
surfaces were covered with sandpaper to simulate the interaction with soil particles. The
wheel shown in Figure 17(f) is the same as the wheel shown in Figure 17(e), but it is covered
with sandpaper. This implies that the wheel shown in Figure 17(f) has larger diameter than
the wheel without lugs. In this study, this wheel is defined as a large-diameter wheel or a
wheel with ∞ lugs. We used additional weights to set the rover weight to 3.8 kg for all the
wheels.

5.1.2 Experimental overview and conditions

The experiments were performed in the sandbox filled with Toyoura sand, described in section
4. The two-wheeled rover, with the wheels illustrated in Figure 17, was used to perform the
traveling tests in the sand box inclined at different slope angles. Slope angles were set up to
16◦ at 4◦ intervals. The circumferential velocity of the wheel vd was fixed as 2 cm/s, and we
measured the slip ratio after the wheels stopped sinking. Each trial was conducted under
identical soil conditions, and three trials were conducted for each condition.

5.1.3 Experimental results

Figure 18(a) shows the slip ratios and slope angles for wheels with 3, 6, 12, and 24 lugs. As
seen in the figure, there seems to be a trend: the larger the number of lugs, the smaller the
slip ratio over a given slope. This implies that a large number of lugs gives a high traveling
performance; this is the expected results.

Figure 18(b) shows the slip ratios for wheels with 12, 24, 48, and ∞ lugs (large-diameter
wheel). As seen in the figure, there is no significant improvement in the traveling performance
from the wheel with 12 lugs to the wheel with 24 lugs; further, the traveling performance
decreases from the wheel with 24 lugs to the wheel with 48 lugs and also from the wheel
with 48 lugs to the wheel with ∞ lugs. From this result, we can predict that there should
be an optimum number of lugs for a given wheel.
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Figure 18: Slope angle vs. slip ratio (for wheels equipped with different numbers of lugs).

5.2 Discussion

In this subsection, the experimental results are discussed and the theoretical behavior of lugs
is presented.

When a lug travels horizontally under the wheel, the soil in front of the lug is pushed and
brought into a state of passive failure. For passive failure, the slip line is inclined to the
horizontal at 45◦- ϕ/2, as shown in Figure 19(a). Here, the slip line intersects the soil’s
sliding surface and the plane of the paper. Therefore, the rupture distance ls is derived as
(Wong, 2001)

ls =
hb

tan(45◦ − ϕ/2)
. (13)

Here, hb is the lug height, and ϕ is the internal friction angle of the soil. In the experiments,
the lug height hb was 15 mm, and the internal friction angle of the soil ϕ was 38.0◦. Hence,
using equation (13), the rupture distance ls was calculated as 30.8 mm.

In general, the lugs of a wheel behave in one of two ways. If the spacing between two lugs
at the tip, lt, is larger than the rupture distance ls, the behavior of the lug will be similar
to that of a soil-cutting blade (see Figure 19(a)) (Wong, 2001). Under this condition, an
increase in the number of lugs contributes to the improved traveling performance because
the regions that are cut by the lugs do not concur with each other. This corresponds to the
experimental results for wheels with 3, 6, and 12 lugs, as shown in Figure 18(a), where the
spacing between the lugs lt was larger than the rupture distance of 30.8 mm (see Table 3).

On the other hand, if the spacing between two lugs at tip lt is smaller than the rupture

Table 3: Number of lugs and spacing between lugs at the tips lt in the experiment.

Number of lugs 3 6 12 24 48
lt (mm) 155.9 90.0 46.6 23.5 11.8
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Figure 19: Theoretical behavior of a lug in soil.

distance ls, the gap between them would be filled with soil and shearing would occur across
the lug tips (see Figure 19(b)). Under these conditions, the major effect of the lugs would be
to increase the effective diameter of the wheel (Wong, 2001; Ding et al., 2010b). However, this
does not agree with the experimental results for wheels with 24 and 48 lugs, shown in Figure
18(b), where the spacing between the lugs lt was smaller than the rupture distance of 30.8 mm
(see Table 3). Figure 18(b) shows that wheels with lugs have higher traveling performance
than the large-diameter wheel. We believe that this is because while the shearing occurs
across the lug tips in deeper areas in the soil in the case of the wheels with lugs, it occurs
across the wheel surface closed to the surface of the soil in the case of the large-diameter
wheel. Therefore, having lugs, even at the expense of wheel diameter, always improves the
traveling performance of the wheel.

In the numerical simulation presented in section 4, we input the wheel diameters including
the lugs’ height as the effective wheel diameters. According to the above discussion, however,
the drawbar pull of the wheels with lugs is larger than that of the large-diameter wheel, and
therefore, cannot be derived from the normal and shear stresses beneath the wheel as in the
case of the terramechanics models, at least in the case of lightweight vehicles.

As seen in Figure 18, although an increase in the number of lugs generally contributes to an
improved traveling performance, for a given slope angle, there is only a slight difference in
the slip ratio values for the wheels with 12, 24, and 48 lugs. According to Table 3, for the
wheel with 12 lugs, the spacing between lugs lt is close to the rupture distance 30.8 mm; for
the wheels with 24 and 48 lugs, lt is smaller than 30.8 mm. From this, we concluded that
if the spacing between the lugs is at least smaller than the rupture distance, the wheel will
have a high traveling performance.

In the experiments, it was observed that in cases that the wheels have lt that is greater than
ls, the rover traveled with periodic velocity in cycles of the spacing between lugs. Meanwhile,
in cases that the wheels have lt that is smaller than ls, it traveled with constant velocity.
Here, the peak value in the periodic velocity was slight higher than the constant velocity.
That is, in the former case, a thrust developed by a lug was larger, as previously reported
(Bekker, 1960); however, the wheel cannot constantly obtain this thrust when it rotates



because of the great spacing between lugs. On the other hand, in the latter case, the thrust
was slight smaller but the wheel constantly obtains this thrust. As a result, the wheel has a
high traveling performance in the latter case.

6 Conclusions and future work

In this paper, we defined a method for the evaluation of traveling performance and examined
the influence of a rover’s weight, wheel width/diameter, and wheel surface pattern on its
traveling performance. The influences of these parameters on the traveling performance are
summarized as follows:

Influence of rover’s weight on traveling performance

Experiments for the mono-track and inline four-wheeled rovers were performed using different
rover weights. From the experiments, we found that in the case of the track mechanism, the
traveling performance does not change according to an increase in rover weight because the
drawbar pull that a track generates increases with the increase in the rover’s weight. On the
other hand, in the case of the wheel mechanism, a large rover weight decreases the traveling
performance because the drawbar pull that the wheels generate does not change according
to the increase in the rover’s weight. As a result, the track mechanism has a higher traveling
performance than the wheel mechanism.

Influence of wheel diameter/width on traveling performance

Two-wheeled rover experiments were performed for wheels with different diameters and
widths. From the results, we concluded that a large wheel diameter and width contribute to
a decrease in wheel sinkage in loose soil, resulting in a high traveling performance. Moreover,
we confirmed that an increase in the wheel diameter contributes more to the high traveling
performance than an increase in the wheel width. We concluded that there is a certain wheel
diameter value at which the traveling performance is enhanced regardless of the wheel width.
In the design stage of planetary rovers, it is important to design the wheel according to this
wheel diameter, rather than designing it to accommodate any wheel width.

Influence of wheel surface pattern on traveling performance

Two-wheeled rover experiments were performed for wheels with different numbers of lugs.
From the experimental results, we concluded that an increase in the number of lugs on the
wheels contributes to a high traveling performance; however, its improvement has a limita-
tion. Furthermore, we confirmed that lugs have a greater effect on the traveling performance
of the wheel than the increase in the effective diameter of the wheel. In the design stage of
planetary rovers, it is important to equip the wheel surface with lugs, even at the expense
of wheel diameter, and the spacing between the lugs at the tip should be smaller than the
rupture distance.

In the design stage of planetary rovers, where there are weight and dimensional constraints,
the experimental approach presented in this paper would be helpful in understanding the



behavior of the rover on loose soil. The knowledge of the influence of these parameters on
the traveling performance of lightweight rovers will serve as a useful guideline.

Compared to the heavyweight target vehicles in terramechanics, the rovers used in this
study were relatively lighter. The trend of the numerical simulation results diverge from
that of the experimental results in section 4. This indicates that the traveling performance
of lightweight vehicles such as planetary rovers cannot be accurately estimated based on
current terramechanics models. Similarly, contrary to current terramechanics models, in
the case of lightweight vehicles, we concluded from the experiments in section 5, that the
drawbar pull of wheels equipped with lugs cannot be simply derived from the normal and
shear stresses beneath the wheel.

In future studies, we need to define the extent up to which we can estimate the traveling
performance of planetary rovers on the basis of terramechanics from the points of view of
both experiments and simulations. Furthermore, we believe that a new drawbar pull and
vertical force model, which incorporates the lug’s effect, is required to estimate the traveling
performance of wheels equipped with lugs. The reconstruction of drawbar pull and vertical
force models is an important subject for future work, and the new models developed will be
useful in the design stage of planetary rovers.
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