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Abstract— One of the most important requirements imposed
on planetary rovers is the ability to minimize slippage while
climbing slopes covered with loose soil. Therefore, at the design
stage of the rovers, it is necessary to evaluate the traveling
performance of their locomotion mechanisms over a slope.
However, to conduct traveling tests over slopes, the sandbox
in which the tests are conducted must be tilted; it is difficult
and even dangerous to make a steep slope because of the heavy
weight of the sandbox. Therefore, in this paper, we propose
a new method for estimating the traveling performance of a
wheeled rover over a slope. In this method, we estimate the
slip ratio for different slope angles on the basis of traction tests
over a flat terrain. To verify the proposed method, we conducted
slope-climbing tests and traction tests in a sandbox using a
two-wheeled rover with various types of wheels. Furthermore,
we compared the slip ratios estimated from the slope-climbing
tests with those estimated from the traction tests. From these
comparisons, we concluded that the proposed method can
accurately estimate the traveling performance of a planetary
rover over a slope.
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Forces acting on a rover in slope-climbing test.
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I. I NTRODUCTION
Mobile robots (rovers) have played a significant role
in NASA’s Martian geological investigations. The use of
rovers in missions increases the exploration area, thereby
improving the scientific return of the mission. As a result,
high expectations are placed on future lunar and planetary
rovers.
However, the surfaces of the Moon and Mars are covered
with loose soil, and there are numerous steep slopes along the
rims of the craters. Under such conditions, wheeled rovers
may get stuck and, in the worst-case scenario, such problems
can result in the failure of the mission. Therefore, one of the
most important requirements imposed on planetary rovers
is the ability to minimize slippage while climbing slopes
covered with loose soil.
Some studies have been conducted on the estimation of
slippage of a rover over a slope on the basis of a wheel-soil
interaction model in terramechanics [1], [2]. Terramechanics
is a branch of mechanics that examines the interaction
between soil and locomotion mechanisms [3], [4]. However,
the soil-wheel interaction models were originally derived for
motion over a flat terrain, and it is not certain that they are
applicable for motion over a slope.
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Forces acting on a rover in traction test.

Some reports are available on experiments using rovers
over slopes [5], [6]. In a slope-climbing test, a rover travels
over a slope and the slippage of the rover is measured for
different slope angles (see Fig.1). To conduct slope-climbing
tests, however, the sandbox in which the rover travels is
required to be tilted. Typically, the sandbox is tilted by lifting
it on one side using pulleys or jacks. Therefore, it is difficult
and even dangerous to make a steep slope because a filled
sandbox can weigh hundreds of kilograms.
Because of this difficulty in the slope-climbing test, traction tests are widely conducted as simple substitutes to
evaluate the traveling performance [3], [4]. In a traction test,
a rover travels over a flat terrain, pulling a weight behind it,
and slippage of the rover is measured subject to different
traction weights (see Fig.2). However, a few reports are
available on the estimation of slippage over a slope on the
basis of the traction test.
We considered whether the forces acting on a rover in a
slope-climbing test could possibly be simulated in a traction
test (see Figs.1 and 2) and whether the slippage over a slope
could be easily estimated from the traction test. The objective
is to develop a new estimation method for determining the
traveling performance of a wheeled rover over a slope. To
verify the proposed method, we conducted slope-climbing
tests and traction tests using a two-wheeled rover with
various types of wheels. In each test, we measured the slip
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ratio in a sandbox. Furthermore, the slip ratios from the
slope-climbing tests were compared with those estimated
from the traction tests.
In this paper, the equilibrium of the forces acting on the
slope and the slip ratio are explained. Next, the method
for estimating the traveling performance over a slope is
introduced. Finally, the abovementioned experiments and
results are described in detail.
II. F ORCE EQUILIBRIUM ON SLOPE
For a planetary rover to travel over a slope covered with
loose soil, a force is required to pull its weight; this force is
called the drawbar pull, Fx . At the same time, a vertical force
Fz is required to prevent it from sinking into the soil. For
a one-wheeled rover, Fig. 3 shows the forces acting on the
wheel of the rover. The equilibrium equations of the wheel
when it travels along a slope of angle α are
Fx

= mg sin α

(1)

Fz

= mg cos α

(2)

where m is the mass of the vehicle, and g is the gravitational
acceleration.
The drawbar pull of a vehicle, Fx , is defined as the
difference between the thrust developed by its wheels and
the wheels’ motion resistance. It has been reported that
an increase in the slippage of the wheel contributes to an
increase in the thrust and motion resistance [4]. That is,
the slippage of a wheel has a considerable influence on the
drawbar pull.
III. S LIP RATIO
According to (1), the drawbar pull required for a vehicle
changes with the slope angle. That is, the slippage of the
wheel differs over slopes with different angles. Therefore,
to evaluate the traveling performance of the locomotion
mechanism of rovers, we adopted a slip ratio based on the
slope angle.
In general, the slip ratio s is defined using the actual linear
speed of a vehicle, the radius, and the angular speed of the
wheel [4]. In this study, we used wheels that have parallel
fins called lugs (i.e., grousers) on their surface; it is difficult
to define the effective diameter of a wheel with lugs and

to define the slip ratio on the basis of the above method.
Therefore, in this study, we define the slip ratio s of a wheel
with lugs as [7]
d
dd − d
=1− ,
(3)
s=
dd
dd
where d denotes the actual traveling distance per wheel
rotation, and dd denotes the traveling distance per wheel
rotation on hard ground.
Let us assume that a wheel is equipped with N lugs placed
at equally spaced intervals. The spacing between the lugs at
the tip, lt , is geometrically obtained as
180◦
lt = D sin
,
(4)
N
where D is the diameter of the wheel including the lug
height.
We define lu as the horizontal distance across the surface
of the soil from the vertical to a lug tip at the moment when
both the surface of the wheel and the lug contact the ground
(see Fig. 4(a)). Assuming that a wheel does not sink into the
hard ground, lu is expressed as

D
D
(5)
lu =
sin α = ( )2 − r2 ,
2
2
where α denotes the angle from the vertical to the lug tip at
the moment when both the surface of the wheel and the lug
contact the ground, and r denotes the wheel radius.
If lt is greater than lu , less than one lug contacts the
ground when a wheel travels (see Fig. 4(a)), and dd is
geometrically obtained as
dd = 2N lu + 2r(π − αN ),

(6)

where the first term on the right-hand side denotes the
traveling distance of the wheel when the lugs contact the
ground, and the second term denotes the traveling distance
of the wheel when the wheel surface contacts the ground.
On the other hand, if lt is smaller than lu , the two lugs
simultaneously contact the ground when a wheel travels (see
Fig. 4(b)), and dd is obtained as
dd = N l t .

(7)

In (3), the slip ratio has a value between 0 and 1. When a
vehicle moves forward without slippage, the slip ratio is 0;
when it does not move forward at all because of slippage, the
slip ratio is 1. Therefore, according to this definition, a small
slip ratio over a slope indicates high traveling performance.

(a) lug height 5 mm
Fig. 6.

Fig. 5.

(b) lug height 15 mm

48-lug wheels with different lug heights.

Two-wheeled rover.

IV. E STIMATION METHOD FOR TRAVELING
PERFORMANCE OF WHEEL OVER SLOPE

If the forces acting on a rover in a slope-climbing test (see
Fig.1) are simulated in a traction test, we can estimate the
traveling performance of the rover, i.e., the slip ratio based
on the slope angle, from the traction test. In this section,
we propose such an estimation method by considering the
drawbar pull and vertical force in each test.
In the traction test, the drawbar pull Fx required for the
wheels of a rover corresponds to a traction weight (see Fig.2).
Here, if the traction weight (g) M is set on the basis of the
relationship
Mg

=

mg sin α,

(8)

the wheels are required to generate the drawbar pull needed
over a slope with angle α (see Figs.1 and 2). That is,
by adjusting the weight, the drawbar pull in the traction
tests would be equal to that in slope-climbing tests with
corresponding slope angles.
While the vertical force Fz is always constant in a traction
test, it decreases as the slope angle increases in a slopeclimbing test (see Figs.1 and 2). Here, from the calculation
using (2), it is found that Fz over a slope with an angle of
28◦ is 88% of that over a flat terrain. Therefore, we assume
that this difference in the vertical force is small enough to
not affect the traveling performance of wheeled rovers.
According to the above discussion, we considered that
the slip ratio of a wheel over a slope can be estimated by
measuring the slip ratio in a traction test, whose traction
weight corresponds to the slope angle.
In this method, we assumed that the influence of the
difference in the vertical force was negligible; however, this
assumption may affect the estimation results. Furthermore, in
the slope-climbing test, because of the weight of the soil, a
force along a slope acts even on the soil. This may affect the
stability of the soil and make the soil collapse easily over a
slope. To verify these influences and the proposed estimation
method, we conducted the experiments in the next section.
V. V ERIFICATION EXPERIMENTS
To verify the abovementioned influences and the proposed
estimation method, we first conducted slope-climbing tests
and measured the slip ratio for different slope angles. Next,

(a) 0 lugs

(b) 3 lugs

(c) 6 lugs

(d) 12 lugs

(e) 24 lugs

(f) 48 lugs

Fig. 7. Wheels equipped with different numbers of lugs (for a lug height
of 15 mm).

we performed traction tests and estimated the slip ratio over
the slopes corresponding to each angle. Finally, the slip
ratios in the slope-climbing tests were compared with those
estimated from the traction tests. In each test, we used a
two-wheeled rover with wheels having different numbers of
lugs of different heights. In this section, the experiments and
experimental results are reported in detail.
A. Two-wheeled rover
In this study, we developed a lightweight two-wheeled
rover with interchangeable wheels (see Fig. 5). The distance
between the front and the rear wheels was fixed at 400 mm.
The rover weight was set to 4.0 kg for all the different wheel
types.
Eleven wheel types were developed. Except for the wheel
without lugs, the other wheels have two different lug heights
and five different numbers of lugs, as shown in Figs. 6 and
7. The wheel has a diameter of 150 mm and a width of 100
mm; each lug has a height of 5 or 15 mm; that is, the wheel
has a diameter of 160 or 180 mm including the lug heights.
The wheel surfaces were covered with sandpaper to simulate
the interaction between soil particles.
To rotate the wheels and control their angular speed, the
rover has a microcontroller (H8-3048one; Renesas Technology Corp), and a motor embedded with an encoder (RE-max
29 with GP32C planetary gear and MRenc encoder; produced
by Maxon Co., Ltd). The microcontroller obtains the sensing
value from the encoder via an analog-to-digital converter, and
the angular speed of the wheels is measured.
Furthermore, the motion measurement system using an
optical sensor and laser sources is mounted on the rover to

Fig. 8.

Slope-climbing test; two-wheeled rover travels over a slope.

measure the actual rover traveling distance and speed without
using external devices embedded in the target environment
[8]. From the traveling distance, the slip ratio s is calculated
using (3)-(7).
B. Experimental conditions
The two-wheeled rover, with the abovementioned eleven
types of wheels, was used to conduct slope-climbing tests
and traction tests in a sandbox. The sandbox has a length,
width, and depth of 1.5 m, 0.30 m, and 0.15 m, respectively
and was filled with Toyoura standard sand (JIS R 5200); this
sand has very low viscosity and its particle is almost uniform
[9].
In the slope-climbing tests, slope angles were set to a
maximum of 28◦ at 4◦ intervals (see Fig.8). In the traction
tests, using (8), the traction weights were set corresponding
to each slope angle in the slope-climbing tests (see Fig.9).
The relationship between the slope angle and the traction
weight is listed in Table I.
In the experiments, the angular speed of the wheel was
fixed at 2.50 rpm, and the slip ratio was measured after
the wheels stopped sinking. Each trial was conducted under
identical soil conditions, and three trials were conducted for
each condition.
C. Experimental results and discussion
To compare the slip ratios estimated from the slopeclimbing tests with those estimated from the traction tests,
we plotted the data for different cases with a fixed number
of lugs, as shown in Figs.10 and 11. Figs.10 and 11 show the
data for wheels with 5-mm-height lugs and for those with
15-mm-height lugs, respectively.
In Figs.10 (b) and (d), over a slope with an angle of 8◦ , the
value of the slip ratio estimated from the traction test differs
from that estimated from the slope-climbing test. Moreover,
as shown in Fig 10 (f), over a slope with an angle of 12◦ ,
TABLE I
R ELATIONSHIP BETWEEN THE SLOPE ANGLE AND THE TRACTION
WEIGHT.
Angle (◦ )
Weight (g)

0
0

4
280

8
560

12
830

16
1100

20
1370

24
1630

28
1880

Fig. 9. Traction test; a two-wheeled rover travels by pulling weight attached
behind it.

the value of the slip ratio estimated from the traction test
differs from that estimated from the slope-climbing test.
As presented in section 4, the vertical force in the traction
tests slightly differed from that in the slope-climbing test.
This could affect the wheel sinkage and the motion resistance of the wheel, which results in a slight change in the
drawbar pull of the wheel. Thus, this change could affect the
estimated slip ratio, particularly over the slope where a wheel
can easily increase slippage. In Fig 10, it was observed that
the slip ratio of the wheels rapidly increased over a slope with
angle of around 8◦ or 12◦ . Consequently, over these slopes,
the wheels exhibit an unstable behavior, i.e., the wheels can
easily increase slippage. We believe that this is why the value
of the slip ratio differed for each test in the abovementioned
cases.
In Figs.11 (d) and (e), the value of the slip ratio in the
slope-climbing test is higher than that estimated from the
traction test over steep slopes (i.e., angles greater than 16◦ ).
As presented in section 4, in the slope-climbing test, the
force along a slope acts on the soil, which results in making
the soil collapse more easily as the slope becomes steeper. In
cases of wheels with a large number of lugs of considerable
height, the wheel frequently digs into a wide range of the soil
beneath it and increases its sinkage. We concluded that if the
soil collapses easily, this trend would have a great effect on
the traveling performance. This is why the value of the slip
ratio in the slope-climbing test was higher in these cases.
In most of the cases except for the abovementioned case,
there is only a slight difference in the values of the slip
ratio over a given slope for different tests (see Figs.10 and
11). Therefore, we confirmed that the difference between
the tests, i.e., the slight difference between the vertical force
and the force acting on the soil, does not generally affect the
estimated results.
From the above discussion, we concluded that the slip
ratio of a wheel over a slope could be accurately estimated
by measuring the slip ratio in a traction test with a weight
corresponding to the slope angle. However, it is important to
note that this method may produce a slight error in the slip
ratio over a slope where a wheel can easily increase slippage.
Furthermore, in the case of wheels with a large number of
tall lugs, this method underestimates the value of the slip
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Slope angle versus slip ratio (for fixed lug height of 5 mm).

ratio over steep slopes.
VI. C ONCLUSION
In this study, the equilibrium of the forces on a slope
and the slip ratio were explained. Next, we proposed a new
estimation method for determining the traveling performance
of a wheeled rover over a slope on the basis of a traction test.
To verify this method, we conducted slope-climbing tests and
traction tests using a two-wheeled rover with wheels having
different numbers of lugs of different heights. Furthermore,
the slip ratios estimated from the slope-climbing tests were

compared with those estimated from the traction tests. From
the comparison, we found that for wheels with large numbers
of tall lugs, the proposed method underestimates the value
of the slip ratio over steep slopes. In general, however, we
confirmed that the proposed method can accurately estimate
the traveling performance over a slope.
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