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Abstract

Future planetary rovers are expected to probe across steep sandy slopes such
as crater rims where wheel slippage can be a critical problem. One possible so-
lution is to equip locomotion mechanisms with redundant actuators so that the
rovers are able to actively reconfigure themselves to adapt to the target terrain.
This study modeled a reconfigurable rover to analyze the effects of reconfigura-
tion on rover slippage on sandy slopes. We also investigated control strategies
for a reconfigurable rover to reduce slippage. The proposed mechanical model
consists of a complete rover model, which represents the relationship between
the attitude of the rover and the forces acting on each wheel, and a wheel-soil
contact force model, which is expressed as a function of slip parameters. By
combining these two models, the proposed model relates the configuration of
the rover to its slippage. The reliability of the proposed model is discussed
based on a comparison of slope-traversing experiments and numerical simula-
tions. The results of the simulations are similar to those of the experiments
and thus verify the proposed model. Following the results, a configuration
control strategy for a reconfigurable rover was introduced accompanied by ori-
entation control. These controls were implemented on a four-wheeled rover,
and the effectiveness of the controls was tested on a natural sand dune. The
results of the field experiments show the usefulness of the proposed control
strategies.

1 Introduction

Recent orbital surveys have shown evidence that water is present inside craters that are
permanently in shadow in the lunar polar regions. Craters on Mars have also been studied
from orbiting probes, and traces of new flows have been discovered on the craters’ walls.



As the capabilities of orbital surveys are limited, in situ measurements of these areas are
essential for further investigation. Consequently, robotic rovers for future missions should
be designed so that they are able to traverse and probe challenging terrains such as the rims
or insides of craters.

One problem with traversing craters is wheel slippage. Because the surfaces of the Moon and
Mars are covered with fine-grained sand, wheel slippage can easily occur in both the longitu-
dinal and lateral directions. Longitudinal slippage hampers the smooth travel of rovers and
increases their energy consumption. In addition, their wheels dig into the soils in association
with slip, and when the slip becomes significant, the rovers can become immobilized in the
soil. On the other hand, lateral slippage makes the rovers deviate from planned paths and
makes the localization of the rovers difficult. In the worst cases, the rovers are unable to
reach the targets or may collide with obstacles. Thus, loose soils have the potential to jeop-
ardize rover missions; in particular, sloped terrain such as crater rims can cause significant
slippage. Therefore, future exploration rovers require high mobility or effective locomotion
controls to negotiate such slippage problems.

Since NASA’s twin Mars Exploration Rovers–Spirit and Opportunity–experienced immobi-
lization in Martian loose soil, the importance of slippage problems has been acknowledged
and extensive studies have been conducted to improve the mobility of rovers on loose soil.
For example, Wakabayashi et al. (Wakabayashi et al., 2009) compared the slope-climbing
performance of a single track with a single wheel. Pruiksma et al. (Pruiksma et al., 2010)
studied the performance of a flexible wheel on loose soil. In addition, our research group
analyzed the influences of rover weight, wheel sizes, and wheel surface profiles (Sutoh et al.,
2012).

In recent years, on the other hand, rovers with active chassis, or redundant mobility in
their locomotion mechanism, have attracted considerable attention for their application to
space exploration, for example, the Sample Return Rover (Schenker et al., 1998; Schenker
et al., 2000), ATHLETE (Wilcox et al., 2007), Scarab (Wettergreen et al., 2010), Tri-star IV
(Aoki et al., 2011), and Sherpa (Cordes et al., 2011), for example. Such rovers are able to
actively modify their configuration to adapt to rough environments, and several studies so
far have shown their potential to negotiate challenging terrain. For instance, Sreenivasan and
Wilcox (Sreenivasan and Wilcox, 1994) proposed a control strategy to enhance the stability
and traction of an actively articulated rover on rough terrain and studied the strategy with
simulations. Iagnamma et al. (Iagnemma et al., 2003) presented a stability-based articulated
suspension control for the Sample Return Rover developed by the Jet Propulsion Laboratory.
Grand et al. developed a wheeled-legged hybrid mobile robot and proposed a motion control
method to improve its traction and stability on irregular terrain (Grand et al., 2004). Kubota
and Naiki investigated a posture control method to increase adhesion and rollover stability
for an actively articulated rover with rocker-bogie suspension (Kubota and Naiki, 2011).
These studies, however, primarily focused on improving rover traction or rollover stability
on rigid, rough terrain, and rover slippage was neglected or not explicitly considered.

As part of research on reconfigurable rovers over sandy, slippery terrain, Wettergreen et al.
(Wettergreen et al., 2010) found in experiments that downhill sideslip can be reduced by
tilting the rover in the uphill direction when it traverses sandy slopes. Wettergreen and



(a) Nominal configuration (b) Leveled configuration

Figure 1: Rover with nominal/leveled configuration

colleagues also found that their rover was able to climb steep slopes with significantly less
slippage by ascending at an angle and by adjusting the rover’s configuration, compared to
when the rover climbed directly up the slope in the direction of the maximum inclination
angle. We also conducted slope-traversing experiments in our lab facility, as shown in Figure
1. In the experiments, we varied the roll angle and the wheel angle of a rover as well as
the inclination angle of the slope and found that the wheel-soil contact angle significantly
affected the slippage of the rover (Inotsume et al., 2012a). From these results, exploration
rovers can be expected to traverse sandy slopes without significant downhill slippage by
appropriately adjusting their chassis. To achieve this, it is important to understand the
complicated interactions between the wheels and the soil.

Wheel-soil interactions have been studied in the field of ”terramechanics” (Bekker, 1960;
Wong, 1978), and have recently been applied to mobility problems in planetary rovers: trav-
eling ability study (Bauer et al., 2005), terrain parameter estimation (Iagnemma et al., 2002),
and terrain classification and its application to the prediction of traveling ability (Brooks
and Iagnemma, 2012). Our research group has also been analyzing mobility of planetary
rovers based on terramechanics and utilizing it for motion control (Yoshida and Hamano,
2002; Ishigami et al., 2007; Ishigami et al., 2009; Nagatani et al., 2009). Terramechanical
theory has, however, mainly been applied to wheels which make vertical contact with the
soil and not to a mobility analysis of reconfigurable rovers whose wheels can make sidling
contact with the soil. To analyze the effects of reconfiguration over sandy terrain, we extend
the conventional terramechanics model to a inclined wheel and applied it to the mechanical
model of a reconfigurable rover (Inotsume et al., 2012b). From this model, the relationship
between the configuration of a rover and its slippage was successfully modeled.

In the present paper, the model for a reconfigurable rover is described in more detail, and ver-
ification of the model is discussed based on experiments and simulations. Control strategies
for a reconfigurable rover for traversing sandy slopes are introduced based on the proposed
model and experimental results. Experiments were conducted in a natural environment to
investigate the usefulness of the proposed control. The remainder of this paper is organized
as follows: Section 2 describes the model of a reconfigurable rover over sandy side slopes
based on the wheel-soil interaction mechanism. In Section 3, the effects of reconfiguration on
slope traversability are analyzed based on the results of slope-traversing experiments. The



Figure 2: Definition of coordinate systems

Figure 3: Mechanical rover model on a
side slope

reliability of the proposed model is also discussed based on a comparison of the experimental
and simulation results. Section 4 addresses control issues for a reconfigurable rover travers-
ing natural sandy terrain. Roll and yaw angle control are proposed in this section. The field
experiments and their results are then described in Section 5. Lastly, Section 6 concludes
the paper and discusses possible future work.

2 Modeling a Reconfigurable Rover on Sandy Slopes

One of the main purposes of this study was to propose a model that represents the rela-
tionship between the configuration of a rover and its slippage. To this end, two models are
proposed in this section: a complete rover model and a wheel-soil interaction model. The
former expresses the relationship between the configuration, or the attitude, of the rover and
the forces acting on each wheel. The latter introduces wheel-soil contact forces as a function
of slippage parameters. By combining these two models, the amount of rover slip is obtained
for an arbitrary configuration of the rover.

2.1 Coordinate Systems

Here, three coordinate systems–slope coordinate system, rover coordinate system, and wheel
coordinate system–are defined. Figure 2 illustrates a rover laterally traversing a sandy slope
with an angle α. The rover and its wheels are tilted angle ψh against the slope as shown in
Figure 3. (ψh positively increases in the uphill direction.) In Figure 2, the slope coordinate
system, Σs, is defined as follows: x(s) denotes the desired traversing direction, y(s) denotes the
uphill direction, and z(s) denotes the vertically upward direction against the slope surface,
as a right-handed system. Here, we assume that any orientation errors of the rover from the
desired direction are negligible and that the rover is heading along the x(s) axis. The rover
coordinate system, Σr, is then obtained through a rotation of Σs about the x(s) axis with
ψh. In addition, the wheel coordinate system, Σwi (where i is the wheel number), is defined
at the center of the wheel. Here, Σwi is not rotated from Σr and is simply shifted from the
center of gravity (COG) of the rover to the center of each wheel.



2.2 Definition of Slippage Parameters

As mentioned in Section 1, rover slips can be generated in the longitudinal and lateral
direction. These slips are highly dependent on the forces acting on wheels. In this study,
”slip ratio” and ”slip angle” are used to measure the slippage.

Slip ratio, s, is a proportion of the desired and actual traveling speeds as follows (Wong,
1978):

s = 1− vx
rω

(0 ≤ s ≤ 1), (1)

where vx denotes the actual traveling speed along the x(r) axis, and r and ω denote the
radius and angular velocity of the wheel, respectively. The slip ratio represents the degree
of longitudinal slippage.

On the other hand, lateral slippage is expressed using the slip angle. Slip angle, β, is given
as the angle between the heading velocity, vx, and the traveling velocity, v (Ishigami et al.,
2007):

β = tan−1

(
vy
vx

)
, (2)

where vy denotes the lateral velocity of the rover along the y(r) axis due to sideslip. Here, β
increases positively counterclockwise.

The smaller the values of |s| and |β|, the greater is the traversing ability of the rover over
the terrain.

2.3 Mechanical Model of a Reconfigurable Rover

In this section, we propose a mechanical model of a reconfigurable rover on a slope. As
shown in Figure 3, we assume that the COG of the rover is located at a height of Lh along
the z(s) axis and at distances of Lu and Ld from the uphill and downhill wheels along the
y(s) axis, respectively. Here, forces acting on the front and rear wheels are assumed to be
equivalent. Consequently, the loads acting on the uphill and downhill wheels because of the
gravitational force are calculated as follows:

Uphill side : Wu =
W (Ld cosα− Lh sinα)

2(Lu + Ld) cosα
, (3)

Downhill side : Wd =
W (Lu cosα + Lh sinα)

2(Lu + Ld) cosα
, (4)

where W denotes the weight of the rover. In addition, assuming the rover traverses at low
speed and in a steady state, the following equations are obtained for each wheel i:

Fxi = 0, (5)

Fyi = Wi sinα
′, (6)

Fzi =Wi cosα
′, (7)

where Fxi, Fyi, and Fzi are the drawbar pull, side force, and vertical force acting on each
wheel from the soil in the x(wi), y(wi), and z(wi) directions, respectively. Moreover, α′ = α−ψh.



Figure 4: Wheel coordinate system on a lateral slope

Therefore, the total forces acting on the rover are expressed as a summation of forces acting
on each wheel, and the equations of equilibrium are expressed as follows:

2 (Fxu + Fxd) = 0,
2 (Fyu + Fyd) = W sinα′,
2 (Fzu + Fzd) = W cosα′.

 (8)

2.4 Wheel-Soil Contact Forces

The above-mentioned forces, Fx, Fy, and Fz, result from complicated wheel-soil interactions.
Here, such interactions are modeled based on ideas in terramechanics. Figure 4 depicts a
wheel traversing a sandy side slope. In the figure, the wheel contacts a slope tilted at an angle
γ in the uphill direction. As mentioned above, when the wheel drives on the soil, wheel-soil
interaction forces, Fj (j = x, y, z), act on the wheel. These forces are of two types–forces
acting on the bottom part of the wheel due to wheel-soil shearing, Fjb, and forces acting on
the sidewall of the wheel, Fjs:

Fx = Fxb + Fxs,
Fy = Fyb + Fys,
Fz = Fzb + Fzs.

 (9)

These forces, Fjb and Fjs, are described in the following sections.

2.4.1 Forces acting on bottom surface of wheel

When a rigid wheel drives on loose soil, normal stress, σ, and tangential and lateral shear
stresses, τt and τl, act on the bottom surface of the wheel, as shown in Figure 5. These
stresses are distributed according to the wheel angle, θ, and lateral position, y. We can find
the j directional component of forces, Fjb (j = x, y, z), on the bottom surface by integrating
the stress components along the wheel circumference and wheel width.

To achieve this, the wheel is sliced into wheel elements with very small width dy in the y(w)

direction, as shown in Figure 6. Forces acting on the sliced wheel element at the y position,



Figure 5: Normal and shear stresses be-
neath a wheel

Figure 6: Forces acting on a sliced wheel
element

dFjb, are given as follows (Wong and Reece, 1967; Ishigami et al., 2007):

dFxb(y) = rdy

∫ θf

θr

{τt cos θ − σ sin θ}dθ, (10)

dFyb(y) = rdy

∫ θf

θr

τldθ, (11)

dFzb(y) = rdy

∫ θf

θr

{τt sin θ + σ cos θ}dθ, (12)

where r is the wheel radius, and θf and θr are the entry and exit angles of the wheel at
y, respectively. The total forces acting on the bottom surface, Fjb, are then derived by
integrating these forces in the y(w) direction:

Fxb =
∫ b/2

−b/2
dFxb(y),

Fyb =
∫ b/2

−b/2
dFyb(y),

Fzb =
∫ b/2

−b/2
dFzb(y).

 (13)

The parameters needed to calculate these forces are the wheel sinkage (along with the entry
and exit angles) and wheel-soil stresses. These factors are described below.

2.4.2 Wheel sinkage

As illustrated in Figure 7, the total sinkage at position y, h′0(y), is given as follows:

h′0(y) = y tan γ + h′c, (14)

where h′c is the total sinkage at the center of the wheel (i.e., y = 0). Note that h′0 is the
sinkage in the wheel coordinate system, Σw, and differs from the vertical sinkage, h0.

We can find the wheel entry and exit angles at position y, θf (y) and θr(y), with h
′
0(y):

θf (y) = cos−1(1− h′0(y)/r), (15)

θr(y) = cos−1(1− λh′0(y)/r), (16)



Figure 7: Sinkage of a tilted wheel on a slope

where λ denotes the exit angle coefficient, which depends on the soil properties, wheel char-
acteristics, and slip ratio s (Ishigami et al., 2007).

2.4.3 Wheel-soil stresses

We can find normal stress acting on an arbitrary point on the wheel surface (θ, y) with
Reece’s pressure-sinkage relationship (Reece, 1966):

σ(θ, y) =

 (ckc + ρglwkϕ)
(

r
lw

)n

(cosθ − cosθf )
n (θm ≤ θ < θf ),

(ckc + ρglwkϕ)
(

r
lw

)n [
cos

{
θf − (θ−θr)(θf−θm)

θm−θr

}
− cos θf

]n
(θr ≤ θ < θm),

(17)

where ρ denotes the soil bulk density; c denotes soil cohesion; kc, kϕ, and n denote the
pressure-sinkage moduli of the soil; and g denotes gravitational acceleration. In addition,
lw expressed as lw = min(lc, be) denotes the smaller of the two dimensions of the wheel-soil
contact patch, where lc denotes the length of the contact patch and be denotes the effective
wheel width, or actual contact width. Finally, θm is the specific wheel angle at which the
normal stress is at maximum. It is known that the angle of maximum stress shifts forward
with increasing of slip ratio s and it is expressed via the empirical formula below with
soil-specific parameters a0 and a1 (Wong and Reece, 1967):

θm(y) = (a0 + a1s)θf (y). (18)

Several methods are used to express tangential and lateral shear stresses. A common method
gives these two shear stresses independently; however, there are potential problems with
this. For instance, the total shear stress may exceed the maximum soil strength value, which
describes the limited amount of stress the soil is capable of generating. Hence, we use another
method to calculate the shear stresses used by Wong and Chiang (Wong and Chiang, 2001).
First, we obtain the total shear stress τ at point (θ, y) as follows (Janosi and Hanamoto,
1967):

τ(θ, y) = (c+ σ(θ, y) tanϕ) {1− exp(−j(θ, y)/k)} , (19)

where ϕ denotes the internal friction angle of the soil; k denotes the shear deformation
modulus, which depends on the characteristics of the soil and wheel; and j denotes the total
soil deformation, which we calculate by using the soil deformation in tangential and lateral



direction (given in Eqs. (24) and (25)) as j =
√
j2t + j2l . The tangential and lateral shear

stress, τt and τl, are then expressed as

τt(θ, y) =
vjt√

vjt2 + vjl2
· τ(θ, y), (20)

τl(θ, y) =
vjl√

vjt2 + vjl2
· τ(θ, y), (21)

where vjt and vjl are the tangential and lateral slip velocities of the soil, respectively, gen-
erated by the rotation and sideslip of the wheel. These slip velocities are obtained from
the following equations as functions of slip ratio s and slip angle β (Wong and Reece, 1967;
Ishigami et al., 2007):

vjt(θ) = rω {1− (1− s) cos θ} , (22)

vjl(θ) = −rω(1− s) tan β. (23)

Soil deformation in the tangential and lateral direction, jt and jl, at a point (θ, y) are
obtained by integrating the slip velocities, vjt and vjl, from the entry angle θf (y) to the
point θ along the wheel circumference and are expressed as

jt(θ, y) = r{(θf (y)− θ)− (1− s)(sin θf (y)− sin θ)}, (24)

jl(θ, y) = −r(1− s)(θf (y)− θ) tan β. (25)

The forces acting on the bottom surface can be obtained by integrating the normal and shear
stresses, σ, τt, τl, in the θ and y direction, as shown in Eqs. (10)-(13).

2.4.4 Forces acting on the sidewalls of wheel

In this study, we assume that active and passive soil resistances act on the sidewall of the
wheel. In this section, we use a plane to approximate the soil failure pattern, as illustrated
in Figure 8. Consequently, the passive and active soil resistances are calculated based on
the fundamental idea of the cutting resistance of soil (McKyes, 1985). According to Reece’s
fundamental earthmoving theory (Reece, 1964), the soil cutting resistance of a unit width
blade can be expressed as follows:

P = ρgh2Nρ + chNc + cahNca + gqNq, (26)

where ca denotes adhesion between the wall and the soil; q is surcharge stress over the soil
surface; and Nρ, Nc, Nca, and Nq are parameters dependent on the soil characteristics, and
on the geometry of the terrain and the wall.

Passive soil resistance Pp acts on the sidewall, which bulldozes soil in the sideslip direction as
shown in Figure 8. We assume that bulldozed soil accumulates at the front of the sidewall.
Then, Pp is given as follows:

Pp = ρgh2Nρ + chNc + cahNca,

Nρ =
C

{
1+

cos(µp−γ′) sin(ϕ+α)

cos(γ′+ϕ) sin(µp−α)

}
2Cp sin(µp−α) cos γ′ ,

Nc = −{sinµp+cosµp cot(µp+ϕ)} cos(γ′−α)

Cp
,

Nca = − cos γ′−sinα cot(µp+ϕ)

Cp
,

C = cos(µp − γ′) cos(γ′ − α),
Cp = cos γ′{sin(γ′ − δ) + cos(γ′ − δ) cot(µp + ϕ)},


(27)



Figure 8: Passive and active soil resistances on the sidewall

where γ′ denotes the angle of the sidewall (γ′ = γ − α), and δ is the wall-soil friction angle,
called the external friction angle. In addition, µp is the angle of the slip surface and depends
on the wall angle, terrain geometry, and friction angle of the soil; µp is set as a value at
which the passive soil resistance Pp is minimized. The total passive force, Fsp, is obtained by
integrating the passive soil resistance with unit width, Pp, in the x(w) direction as follows:

Fsp =

∫ θf

−θf

Pp(r − h(θ) cos θ)dθ. (28)

On the other hand, active soil resistance Pa is the force acting on the other sidewall pushed
by the soil and is similarly given by

Pa = ρgh2Nρ + chNc + cahNca,
Nρ =

C
2Ca sin(µa−α) cos γ′ ,

Nc =
{sinµa+cosµa cot(µa−ϕ)} cos(γ′−α)

Ca
,

Nca =
cos γ′−sinα cot(µa−ϕ)

Ca
,

Ca = cos γ′{sin(γ′ + δ) + cos(γ′ + δ) cot(µa − ϕ)},


(29)

where, the angle of slip surface µa is set to maximize active soil resistance Pa. The total
active force, Fsa, is obtained in a similar manner to Eq. (28).

Consequently, the total force acting on both sidewalls of the wheel, Fs, is given by

Fs =

{
Fsa − Fsp (β > 0)
Fsp − Fsa (β < 0). (30)

As shown in Figure 9, the forces acting on the sidewalls in the x, y, and z directions are
determined by the wall-soil friction angle, δ, and slip angle, β, and are given by the following
equations:

Fxs = −Fs cos δ sin |β| tan δ,
Fys = −Fs cos δ sin β,
Fzs = Fs sin δ.

 (31)

These forces acting on the sidewalls of each wheel, Eq. (31), combined with the forces acting
on the bottom surface of the wheel, Eq. (13), comprise the wheel-soil contact forces as
expressed in Eq. (9).



(a) x− y and z components of Fs (b) x and y components of Fs

Figure 9: x, y, and z components of Fs

Figure 10: Roll-force relationship

2.5 Relationships Between Rover Attitude, Contact Forces, and Slippage

From the proposed models, we can obtain both the relationship between the attitude of a
rover and the forces acting on each wheel and the relationship between the slip parameters
and wheel-soil contact forces. Applying the wheel-soil contact model to the each wheel, the
relationship between the attitude of a rover and its slips can be numerically estimated. Here,
we calculate the above two relationships and describe how they produce the relationship
between the rover attitude and slip.

The relationship between the attitude of a rover and the forces on its wheels can be calculated
using Eqs. (3)-(8). Figure 10 shows the relationship between the roll angle of a rover and
its lateral gravitational load acting on the downhill/uphill-side wheels, Wi sinα

′. As seen in
Figure 10, the lateral load varies with the roll angle ψh, and thus the subsequent side force
Fyi also varies according to Eq. (6).

On the other hand, the relationship between slip ratio, slip angle, and wheel-soil contact
forces can be determined from the equations described in Section 2.4. Figure 11 shows the
relationships between the slip ratio, slip angle, and wheel-soil contact forces calculated based



(a) s-Fx (b) s-Fy

Figure 11: Slip-force relationships

on the proposed wheel-soil contact model in the case of a vertically contacting wheel. As
seen from Figure 11, Drawbar pull Fx increases with increasing slip ratio and decreases as
the absolute value of the slip angle increases. On the other hand, side force Fy decreases
with increasing slip ratio and increases with increasing slip angle.

This is because the maximum shear stress, or shear strength, that the soil is capable of gen-
erating is limited as described by Eq. (19), and is distributed in the longitudinal and lateral
direction as in Eqs. (20) and (21) according to both degrees of directional slippage. That is,
any increase in longitudinal slippage increases the tangential shear stress and decreases the
lateral shear stress, whereas an increase in lateral slippage has the opposite effect if the total
shear stress equals to the shear strength of the soil. As a result, an increase of longitudinal
slippage contributes to decreasing the side force Fy of the wheel for a constant slip angle, and
an increase in lateral slippage contributes to decreasing the drawbar pull Fx for a constant
slip ratio, as shown in Figure 11.

Therefore, wheel-soil contact forces are highly dependent on the degree of slippage, and vice
versa. The slippage of the wheel can thus be estimated if the magnitudes of the contact
forces acting on each wheel are known, and we can obtain these values by using the rover
model as described above.

3 Comparison of Slope-Traversing Experiments and Numerical
Simulations

To evaluate the reliability of the proposed rover model, slope-traversing experiments and
numerical simulations were conducted.



(a) Rover test bed, El-Dorado II-A

(b) Nominal (left) and inclined (right) configuration

Figure 12: Rover test bed and its reconfiguration

3.1 Experimental Setup

Figure 12 shows the rover test bed, El-Dorado-II-A, used in the experiments. The test bed
has four independently driving wheels, and each wheel has a rotary encoder. The roll angle
of the test bed can be changed manually by sliding the wheel-attachment section. The
specifications of the test bed are listed in Table 1.

Figure 13 shows the test field. We used a sandbox 2 [m] in length and 1 [m] in width. It
can be jacked up manually for an inclination of up to approximately 20 [deg]. The box
was uniformly and loosely covered with Toyoura Standard Sand (dry sand). Toyoura sand
is cohesionless and less compressible than natural sand, which makes experiments highly
repeatable.

Table 1: Specifications of rover test bed El-Dorado-II-A (nominal configuration)
Size [mm] L800 × W650 × H400
Mass [kg] 23.8

Wheel size [mm] ϕ200 × W100
Tread [mm] 550

Wheel base [mm] 600
Center of gravity [mm] Ld = Lu = 275, Lh = 187



Figure 13: Test field covered with loose dry sand

The motion of the rover was tracked using a motion capture camera with an accuracy of
approximately 10 [mm].

3.2 Simulation Procedure

In the simulations, two traversability indexes–the slip ratio and slip angle–were estimated
such that forces acting on the rover met the requirements specified in Eq. (8). The simulation
procedure is shown in Figure 14 and summarized as follows:

1. Input the sand parameters, rover parameters, and initial estimate values of the central
wheel sinkages hci, slip ratio s and slip angle β (i is the wheel number).

2. Calculate the wheel sinkage h′0 and wheel entry and exit angles θf , θr.

3. Calculate the normal and shear stresses, σ, τt and τl, beneath the wheel, and the
passive and active resistances, Pp and Pa, on the sidewalls.

4. Determine the vertical force of the wheel, Fzi.

5. If Fzi −Wi cosα
′ > 0, modify hci and return to Step 2.

6. Determine the drawbar pull, Fxi, and side force, Fyi.

7. If ΣFxi > 0 or ΣFyi −W sinα′ > 0, modify s and β and return to Step 2.

8. Output the slip ratio s and slip angle β.

In this simulation flow, Newton’s method is used to find the solutions of slip ratio and slip
angle.



Figure 14: Simulation flow

3.3 Experimental and Simulation Conditions

In the experiments, the rover was made to travel a distance of approximately 1 [m] along
the x(s) axis. The motor of each wheel was controlled with a constant angular velocity of
rω ≃ 20 [mm/s]. In the experiments, we first set the mass of the rover to 23.8 [kg]. The roll
angle of the rover on the slope, ψh, was varied from 0 to 20 [deg] at 5 [deg] intervals. The
inclination angle of the sand box was set at 10, 15, and 20 [deg]. In the next experiments,
we set the test bed mass to 33.8 [kg] and the angle of the slope to 20 [deg]. The roll angle
of the test bed was varied from 0 to 20 [deg] with 5 [deg] intervals. During the experiments,
the trajectory of the test bed was obtained, and slip ratio s and slip angle β were calculated.
These experiments were performed three times under each condition.

The simulation conditions are listed in Table 2. The numerical simulations were conducted
under similar conditions to those used for the experiments. Table 3 shows the parameters
of the rover and soil used in the simulations. We adopted the values of the soil parameters
(c, ϕ, ρ, kc, kϕ, n, a0, and a1) from Ishigami (Ishigami, 2008). The values of the parameters
that depend on both the soil and the wheel properties (k, ca, and δ) were determined
experimentally.



Table 2: Conditions of the numerical simulations
Rover mass [kg] Roll angle [deg] Slope angle [deg]

#1-1 23.8 0 - 20 10
#1-2 23.8 0 - 20 15
#1-3 23.8 0 - 20 20
#2 33.8 0 - 20 20

Table 3: Parameters of the numerical simulations
Parameters Value Unit

r 0.10 [m]
b 0.10 [m]
c 0.0 [Pa]
ϕ 38.0 [deg]
ρ 1.49 ×103 [kg/m3]
kc 0.0 [-]
kϕ 122.73 [-]
n 1.703 [-]
a0 0.40 [-]
a1 0.15 [-]
k 0.0283 [m]
ca 0.0 [Pa]
δ 0.0 [deg]



(a) slope angle, 10 [deg] and rover mass, 23.8 [kg] (b) slope angle, 15 [deg] and rover mass, 23.8 [kg]

(c) slope angle, 20 [deg] and rover mass, 23.8 [kg] (d) slope angle, 20 [deg] and rover mass, 33.8 [kg]

Figure 15: Experimental traversal paths

3.4 Results and Discussion

Typical examples of traversing paths obtained from the traversing experiments are depicted
in Figure 15, and Figure 16 shows the experimentally measured and numerically estimated
slip ratio s and slip angle β under each condition.

3.4.1 Experimental results

It can be clearly seen that the downhill sideslip decreases with increasing roll angle of the
test bed over all slopes and rover weights, as shown in Figure 15 and Figure 16. However,
the amount of sideslip reduction becomes slight even though the rover is overly inclined in
the uphill direction from the leveled configuration (i.e., ψh = α).

On the other hand, slip ratio of the rover also decreases with the increasing roll angle as
long as ψh ≤ α. This is caused by the reduction ing sideslip. As explained in Section 2.5,
the longitudinal and lateral slip and forces interact strongly with each other, and therefore
a decrease in lateral slippage also contributes to a decline in longitudinal slippage. However,
when ψh > α, or the rover is overly inclined uphill, the slip ratio becomes larger. This is
because the large inclination of the wheels cause the contact width of the wheels to decrease,



(a) slope angle, 10 [deg] and rover mass, 23.8 [kg] (b) slope angle, 15 [deg] and rover mass, 23.8 [kg]

(c) slope angle, 20 [deg] and rover mass, 23.8 [kg] (d) slope angle, 20 [deg] and rover mass, 33.8 [kg]

Figure 16: Experimental and simulation results

and thus the soil is disturbed more.

Overall, the reconfiguration of a rover can reduce both longitudinal and lateral slippage. In
addition, the leveled posture can be considered an appropriate configuration because the
larger inclination of the rover does not significantly decrease lateral slip but does increase
longitudinal slip.

3.4.2 Comparison of the simulation and experimental results

As seen in Figure 16, the simulation results of slip ratio and slip angle show the trends
similar to those found in the experiments. That is, the slip angle decreases as the roll angle
increases in the uphill direction, and the slip ratio decreases with increasing the roll angle,
becoming zero when ψh = α and increasing again when the roll angle further increases.

A noticeable difference between the simulation and the experimental resutls is that, when
ψh equals α, the simulation estimations for s and β become zero. The rover is in the
inclined configuration with the wheels making horizontal contact with the slopes in this
case. Furthermore, when ψh becomes greater than α, the estimated value of β becomes
positive, i.e., the test bed skids on the slope in the uphill direction. On the other hand,
experimental values of the slip angle β became neither zero nor positive. These differences
between the experimental and simulation results can be attributed to the phenomenon of
”slope failure.” When the wheel makes horizontal contact with the slope, the gravitational



(a) Horizontal wheel (b) Leaned wheel

Figure 17: Gravitational forces based on the wheel contact conditions, and slope failure
caused by wheel rotation

force acts on the wheel perpendicular to the direction of the lateral shear, as shown in
Figure 17(a), and therefore the simulator calculates the side force, Fyi, as zero, and thus the
sideslip as zero. In a similar fashion, when ψh > α, the uphill directional component of the
gravitational force increases as depicted in Figure 17(b), and thus β increases in the uphill
direction. On the other hand, the soil beneath the wheel actually moves downhill owing to
the rolling of the wheel and the lack of bearing capacity of the soil. Such downhill soil flow
generates an additional downhill sideslip of the rover, and this slope failure can be attributed
to the differences between the experiments and simulations.

In the case of large weight #2 as shown in Figure 16(d), while the estimated characteristics of
the slip ratio and slip angle show trends similar to those of the experimental characteristics,
estimation errors are larger than those of other cases. One of the reasons for this may
be, as mentioned above, slope failure. Another possible factor is the presence of errors
in the parameters used for the simulations. As shown in Figure 16(d), the simulations
underestimated slip ratio s and therefore (because of the relations discussed in Section 2.5)
also underestimated slip angle β. The estimation performance my be improved by adjusting
the parameters, but this is beyond the scope of this paper.

In sum, while simulation errors exist to some extent, the simulation results match the ten-
dencies of the results of experiments in most cases. Moreover, the proposed model describes
why the leveled configuration is preferable, that is, the lateral gravitational load disappears
by bringing the wheels into horizontal contact with the soil.

4 Control Strategies for Traversing Sandy Slopes

In the previous sections, we analyzed the traversability of sandy slopes for a reconfigurable
rover in ideal conditions: even and uniformly covered slopes. Therefore, in the experiments
the configuration of the rover test bed remained fixed. In natural environments, however,
the surfaces of slopes are rough and the soil is not uniform (e.g., mainly loose and partially



Figure 18: Concept of the roll control. Note that the rover is heading toward us and therefore
the left side of the rover is located to the right.

compacted, or vice versa). Hence, rovers should be capable of continually adjusting their
configuration to adapt to the terrain. Moreover, uneven and non-uniform terrain means that
the forces acting on each wheel differ. Therefore, external yaw moment is generated and
thus the orientation error from the desired direction. This orientation error causes the rover
to deviate from the planned path. From this point of view, both the roll angle and the yaw
angle of the rover need to be controlled continually while the rover traverses natural slopes.

In this paper, sensor-based feedback controls are introduced to continually control the roll
and yaw angle of the rover. The rover is assumed to be equipped with Inertial Measurement
Unit (IMU) for three-dimensional posture measurement.

4.1 Roll Control

In light of the simulation results, it is reasonable to set a rover level, or minimize the lateral
force Fy acting on the COG of the rover, on a slope to reduce its slips. This is because
longitudinal slippage increases by overly tilting the rover uphill while at the same time
sideslip is reduced only a little.

We assume the rover to be capable of modifying its roll angle by changing the length of its
legs or the vertical position of wheels. The concept of the roll control is depicted in Figure
18. As shown in the figure, the rover traverses the slope, and its absolute roll angle is ψ.
Here, the rover is expected to adjust its roll angle to the desired state, ψd, to reduce its
slippage. Then, the roll angle error, ψe, can be expressed as follows:

ψe = ψd − ψ = −ψ. (32)

The objective of the roll control is to achieve ψe → 0; however, there are myriad combinations
of rover leg lengths for this solution. This study employs the most simple idea, that is,
extending legs one side, and shortening them on the other side by the same amount. There
are two advantages of this. First, it reduces the amount of change in length on one side
necessary for obtaining the desired posture and therefore enables the rover to promptly adapt



(a) Yaw angle error (b) Control kinematics

Figure 19: Concept of the yaw control

to the target terrain continuing its traverse. Second, by employing the method, continuous
roll change can be achieved around zero roll angles.

Here, let pr and pl denote the vertical displacement of the right and left wheels from the
nominal configuration, respectively. Assume that the roll angle of the rover changes linearly
according to the displacement distances of the wheels, ∆pr and ∆pl. Then, the displacement
distances needed to achieve the desired roll angle are calculated as

∆pr = −Crψe,
∆pl = Crψe,

}
(33)

where Cr is a constant value.

We introduce a threshold value, ψϵ for ψe to avoid frequent inclining motion because it
induces soil collapse beneath the wheels in the downhill direction.

|ψe| > ψϵ. (34)

4.2 Yaw Control

We assume the rover to be equipped with 4WD/4WS actuators. Figure 19 illustrates the
idea of the yaw control of the rover. As shown in Figure 19(a), the heading of the rover
deviates from the desired direction at angle θe. This yaw angle error θe is used for PID
control input, and the desired yaw rate of the rover, ω0, is set to as

ω0 = −KP θe −KI

∫
θedt−KD

dθe
dt
, (35)

where KP , KI , and KD are constant gains.

To achieve this yaw rate, the steering angle and angular velocity of each wheel are geomet-
rically determined as in Figure 19(b) so that any additional lateral slip is not generated



because of this steering maneuver. Here, we assume that the distance from the geological
center of the rover to all wheels is equal. In the figure, ρ0 denotes the turning radius and is
expressed with target traveling velocity v0 and yaw rate ω0:

ρ0 =
v0
ω0

. (36)

The steering angle of each wheel δi (i = 1, 2, 3, 4) is then set as follows:

δ1 = − tan−1(l/2(ρ0 − d/2)),
δ2 = − tan−1(l/2(ρ0 + d/2)),
δ3 = tan−1(l/2(ρ0 − d/2)),
δ4 = tan−1(l/2(ρ0 + d/2)).

 (37)

Note that the signs in Eq. (37) can be changed according to that of θe. Moreover, the
angular velocity of each wheel ωi can be written as

ωi = vi/r, (38)

where vi is the target velocity of each wheel and is obtained by using the turning radius of
the body ρ0, that of the wheel ρi, and the target traveling velocity v0:

vi =
ρi
ρ0

· v0
cos δ0

. (39)

Here, δ0 is given as
δ0 = tan−1(l/2ρ0). (40)

5 Field Experiments

Field experiments were conducted to verify the control strategies introduced in Section 4 on
a sand beach at Yamagata, Japan, in August 2012.

5.1 Rover Test Bed and Implementation of Control Strategies

The control strategies introduced in Section 4 were implemented on the test bed El-Dorado-I
I-B, shown in Figure 20. El-Dorado-II-B is equipped with linear actuators on its left and
right sides so that it is able to rearrange its vertical wheel positions, and thus its roll angle.
The positions of the wheels are set to the middle of the range of sliding motion under nominal
configuration, or ψ = 0 [deg] on a horizontal plane. The rover is able to change its roll angle
up to approximately ±31 [deg]. Specifications of the rover test bed are listed in Table 4.

The roll angle and yaw angle of the rover can be obtained from its gyro and accelerometer-
based IMU, and these angles are fed back to the controller. The parameters for the controls
were experimentally determined and are listed in Table 5.

5.2 Experimental Conditions

Experiments were conducted on sloped terrain covered with loose soil. The soil was soft
and slightly cohesive in most areas and relatively harder in some regions. The terrain was



Figure 20: Rover test bed El-Dorado-II-B

Table 4: Specifications of the rover test bed El-Dorado-II-B (nominal configuration)
Size [mm] L800 × W650 × H750
Mass [kg] 35

Wheel size [mm] ϕ208 × W100
Tread [mm] 550

Wheel base [mm] 600

not flat and uniform, but rather wavy and rough, and there were scattered vegetation and
gravel.

In the experiments, the rover was commanded to traverse the slope with three control pat-
terns: traverse without control, with roll control, and with roll and yaw control. The desired
traveling speed of the rover was set to approximately 50 [mm/s]. The motion of the rover
was tracked using a total station and a target prism marker on the rover.

5.3 Experimental Results

Although the tests were conducted at several locations, only the result from the most chal-
lenging terrain is reported here. Figure 21 shows the site at which one of the traversal
experiments was conducted. The inclination angle of the slope was varied from approxi-
mately 10 [deg] to 35 [deg] (10-15 [deg] at the near side in the picture and 25-35 [deg] at the
far side).

Snapshots of traversal scenes are shown in Figure 22, and the traversal paths, time profiles
of the roll angle, and time profiles of the yaw angle are shown in Figure 23. Note that the
traversal paths are drawn in the horizontal plane. In addition note that the position of the



Table 5: Control parameters
Parameter Value

ψd 0.0 [deg]
Cr 4.4 [mm/deg]
ψϵ 2.5 [deg]
KP 0.1
KI 0.0
KD 0.0

Figure 21: Terrain used in the field experiments

rover with roll control and with roll and yaw control shifted slightly in the Y direction at
first because of the inclining motions of the rover. In Figure 23(b), the slope angle, which
was estimated from the IMU data in the case of roll and yaw control, is shown as a reference.

As shown in Figure 23(a), the path of the rover without control was deviated from the desired
path over time and reached the foot of the dune when it had traveled approximately 7.5 [m]
in the X direction and had descend approximately 4 [m] in the Y direction. Therefore, in
this case, the rover was stopped at this point. During this traverse, the yaw angle varied in
the range of 5 - 10 [deg], as depicted in Figure 23(c).

In the case of roll control, the rover was able to traverse with almost negligible sideslip
during the first 2 [m] at which the inclination angle was less than 20 [deg]. It was still able
to maintain low sideslip until it had traveled approximately 4 [m] in the X direction. At
that point, the soil became relatively looser and the inclination angle exceeded 30 [deg];
as a result, the downhill rear wheel collapsed the soil downward, the rover headed uphill,
and it almost became stack in the soil because of lack of traction. Thus, at this point the
command to stop was sent to the rover. As seen in Figure 23(b), however, the roll angle was
maintained at almost the desired value throughout the traverse, and the deviation from the



(a) Without control

(b) With roll and yaw control

Figure 22: Snapshots of experiments at Location 2

desired path was about 37% that of the traverse without roll control.

On the other hand, in the case of roll and yaw control, while the rover also headed uphill at
the same position (during 130-170 [s] in Figure 23 (c)), it was able to correct its direction
and thus avoid becoming stuck in the soil. After that, the rover successfully maintained zero
roll and yaw angles without significant errors as shown in Figure 23(b) and (c). The position
error in this case was approximately 45% that without control.

5.4 Discussion

The above results show that a rover is able to traverse slopes covered with loose soil with less
downhill slippage by properly adjusting its configuration. Note, however, that although we
fixed the desired roll angle to zero in the experiments, this is not always the best solution.
Further uphill inclination may reduce the downhill sideslip further while enlarging longitudi-
nal slippage. In addition, the roll angle directly influences the rollover stability of the rover
on slopes. Therefore, a more effective reconfiguration motion control may be proposed to
minimize the risk of slippage as well as that of rollover. To this end appropriate evaluation
criteria should be introduced.

At the same time, adjusting in the rover configuration on their own cannot completely reduce
the rover’s deviation from planned/desired paths. Combining configuration controls and
path-following controls will enable the rover to travel along planned paths over steep sandy
slopes and to reach goal points in challenging environments that would be untraversable
without reconfiguration. Both model-based feedforward control and sensor-based feedback
control would be helpful to achieve this (Ishigami et al., 2009; Furlong et al., 2009), and the
proposed model of a reconfigurable rover presented in Section 2 may be applied to this end.



(a) Traversal paths

(b) Roll angle (c) Yaw angle

Figure 23: Experimental results at Location 2

6 Conclusions

We used experiments and terramechanics theory to analyze and evaluate the effects of rove
reconfiguration on the performance of rovers traveling on a lateral slope. The experimental
results confirm that both longitudinal and lateral slips can be greatly reduced by tilting the
rover in the uphill direction. Results of numerical simulation are similar to those of the
experiments. Although the proposed rover model is intricate and requires the measurement
or estimation of wheel-soil interaction parameters, it may aid the understanding of rover
behavior on loose soil and lead to more effective motion control strategies.

We also proposed motion control strategies for rovers that traverse natural sandy slopes. A
roll control method was introduced in the light of the experimental and simulation results
with 4WD/4WS yaw control. The reliability of these controls was examined through field
experiments on a natural sand dune. The results of the tests show the efficacy of the
controls, emphasizing the usefulness and importance of continual rover reconfiguration when
traversing sandy slopes.

For future research, the proposed rover model should be extended to uphill/downhill travers-



ing cases incorporating multibody dynamics (Ishigami et al., 2007), because such traversing
maneuvers will in future be more frequently required rather than simple lateral traversing. In
addition, model-based motion control for reconfiguration may help to improve the traveling
ability of rovers more and enable them to reach scientifically rich environments that would
be unreachable without reconfiguration.
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