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ABSTRACT A wheeled robot operating on various complex terrains with scattered obstacles and steep
slopes must be capable of surmounting obstructions and coping with the extreme driving environment. This
paper proposes a body rotation mechanism that controls the load distribution on the robot wheel for the
robot to surmount rocky obstacles and steadily ascend deformable slopes. This work formulates a robot
dynamics model based on the wheel–complex terrain interaction model to analyze the mechanical effect of
the proposed body rotation mechanism. Moreover, an optimal body rotation configuration integrating the
robot dynamics model and non-dominated sorting genetic algorithm-II is obtained to choose the appropriate
body rotation control strategy. The numerical analysis results conclusively prove the effectiveness of the
proposed mechanism. The robot with its fabricated platform is field tested by allowing it to surmount a rocky
obstacle and ascend a deformable slope. The results indicate that the proposed body rotation mechanism is
an effective approach for enhancing the mobility of a wheeled robot in traversing complex terrains.

INDEX TERMS Trafficability, mobility limitation, body rotational wheeled robot, optimal body rotation
configuration.

I. INTRODUCTION
Sometimes, wheeled robots provide indispensable service
to humans. Moreover, they are employed in the military,
planetary exploration, and other fields. A robot can function
as a human substitute. It can move around in configured
space dictated by its mission. However, during operation,
it may encounter extreme environments, such as those with
steep slopes and several obstacles. As the robot surmounts an
obstacle, or ascends/descends a deformable terrain, the robot
may require more electric power. It may experience unequal/
low traction condition, causing it to reach its torque limita-
tion. This may be attributed to the load concentration on the
driving part of the robot, causing the robot to stall or slip on a
deformable complex terrain. Consequently, the robot’smobil-
ity performance, which is related to trafficability and torque
limitation, may be degraded and affect mission execution.

The associate editor coordinating the review of this manuscript and

approving it for publication was Jingang Jiang .

Hence, for their successful operation, a robot must be capable
of coping with various driving environments.

To overcome the foregoing obstructions, a number of
researchers have conducted extensive studies considering the
wheel–terrain interaction in relationwith trafficability [1]–[4]
and alternatives for improving the mobility performance of
robots [5]–[10]. In addition, various locomotion mechanisms
have been tried to make the robot reconfigurable [11]–[15].
In particular, the concept of a reconfigurable wheeled robot
in which the center of mass may be shifted was investi-
gated to enhance mobility performance under extreme driv-
ing conditions [3], [4], [16], [17]. The effect moving the
center of mass was also analyzed [16]–[24]. Although some
of the conceived alternatives can significantly improve the
mobility performance, they require a complex control and
transmission structure. Some concepts also require consid-
erable energy-consuming locomotion to maintain its rotated
state. To fully realize these alternatives, appropriate control
strategies are necessary to define the conditions that require
their implementation.
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Accordingly, this paper proposes a body rotation mecha-
nism with an appropriate body control configuration for a
wheeled robot. Compared with other techniques, the pro-
posed mechanism affords certain advantages, such as the
following. It provides a higher gear ratio and torque with the
least volume. Moreover, it allows irreversible force transmis-
sion for body rotation. Therefore, the mechanism does not
require continuous electric power to maintain its rotated state.

The basic idea of the proposed mechanism was presented
as preliminary work in a previous study of the authors [25]
in which a mechanical model was developed and tested
indoors on a rigid surface. However, from the realistic point
of view, the mobility performance of the robot on a complex
deformable terrain and the appropriate control strategy have
not been well explored. Hence, this study mainly presents the
mobility performance based on the wheel–complex terrain
interaction. Numerical and outdoor experiments with an opti-
mal control configuration are further conducted to verify the
improvement related to mobility performance in surmounting
a rocky obstacle and moving on a slope with soft-soil.

In this paper, the body rotation mechanism, which can
enhance the mobility of a wheeled robot in surmount-
ing rocky obstacles and traversing inclined deformable
terrains, is presented. Mechanical and robot dynamics mod-
els based on the wheel–complex terrain interaction are
also described in this work. As the model surmounts the
bumpy obstacle and negotiates the inclined deformable ter-
rain, the relationship between body rotation configuration,
load distribution, trafficability, and torque limitation crite-
rion is analyzed. In particular, the body rotation control
is optimized using the formulated robot dynamics model
and non-dominated sorting genetic algorithm-II (NSGA-
II). Thereafter, the optimal body rotation configuration was
obtained. Based on the numerical analysis results, a wheeled
robot platform with a body rotation mechanism for shifting
the center of mass was designed and fabricated. The effec-
tiveness of the proposed mechanism with the optimal control
configuration was fully demonstrated by field tests involving
surmounting a rocky obstacle and traversing a deformable
slope.

The rest of this paper is organized as follows. In the next
section, the wheeled robot platform with its body rotation
mechanism is described. Section III discusses the effective-
ness of the proposed body rotation mechanism. In Section IV,
the optimal body control configuration and numerical analy-
sis are elaborated. Section V presents the field test results and
discussion. Finally, Section VI summarizes the conclusion.

II. ROBOT PLATFORM WITH BODY ROTATION
MECHANISM
A. STRUCTURE OF WHEELED ROBOT PLATFORM
The structure of the wheeled robot platform with the body
rotation mechanism designed in this study is shown in Fig. 1;
the specifications are summarized in Table 1. The robot plat-
form is composed of the main body, parts of the rotating

FIGURE 1. Wheeled robot platform configuration and components.

TABLE 1. Wheeled robot platform specifications.

mechanism, and driving parts with simple four-wheeled
struts. It is equipped with certain sensors to facilitate the
collection of experimental data. A gyro-accelerometer is set
at the mounting flange of the rocker link, enabling the direct
measurement of the robot’s inclination. A rotary potentiome-
ter located on the mounting flange of the epicyclic gear box
measures the main body’s rotation angle with respect to the
wheel-ground contact point. The force and torque sensors,
which have six degrees of freedom, are located on the mount-
ing flange of each steering arm to measure the generalized
forces of the wheel. The encoders built into the wheel motor
measure the wheel’s rotational speed. To calculate the wheel
torque, the current consumptions of the motor are measured.
The specifications of parts are summarized in Table 2.

TABLE 2. Specification of robot parts.

B. BODY ROTATION MECHANISM
In general, because the main components are mounted on
the main body, this part accounts for most of the robot’s
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mass. The mounted scientific equipment and components are
for power, navigation, communication, and control. Thus,
rotating the robot’s body is a simple and considerably effec-
tive mechanism for shifting the center of mass and load
distribution.

The body rotation mechanism is designed to control the
load distribution acting on each axle according to various
center of mass configurations when the robot encounters
and surmounts an obstacle and travels uphill or downhill
a deformable terrain. The body rotation motion is shown
in Fig. 2. This figure shows that the robot’s body swivels
from the positive to the negative direction. Then, its center
of mass and normal force shift from the front to the rear
wheel side, and vice versa. This process is accomplished by
the epicyclical gear on the rotating hub module. The detailed
structure of the proposed body rotation mechanism is shown
in Fig. 3.

FIGURE 2. Concept and structure of proposed robot platform with body
rotation mechanism, allowing robot to tilt and lean its main body.

FIGURE 3. Structure of rotating hub module based on epicyclical gearing.
Worm drive provides considerable torque with least volume for rotation;
continuous power is not required to maintain rotated state.

The aforementioned figure shows the main components of
the rotation hub: rocker shaft and differential, worm, idler,
and sun gears. In particular, the differential gear inside the
pitch gear box (the core part of the rotation hub) is connected
to the rocker shaft to shift the pitch angle of the robot body.
With this structure, the rocker shaft set freely rotates around
the pitch angle gear, whereas the attitudes of the robot body
are controlled by actuating the pitch worm joint. The worm
gear with its motor connects the pitch gear box to the wheel
gear to provide a wide range of robot posture according to the
inclined ground angle. In particular, this mechanism not only
increases the gear ratio and torque with minimal volume for

rotation but also allows the irreversible force transmission for
rotating the robot body without continuous electrical power
supply.

III. EFFECTIVENESS OF BODY ROTATION MECHANISM
A. ROBOT DYNAMICS MODEL BASED ON
WHEEL–COMPLEX TERRAIN INTERACTION
1) WHEEL–TERRAIN INTERACTION MODEL
In general, the trafficability of the robot on a complex terrain
considerably depends on the wheel and terrain interaction.
Accordingly, a wheel–terrain interaction model is employed
to predict the physical phenomena that occur under the
robot’s wheel on the deformable terrain, as shown in Fig. 4.
While traversing the deformable inclined terrain, the force
and torque acting on the wheel are calculated by the integrals
of the normal and shear stress under the wheel that can change
the contact angle (θ). Using this model, the normal stress
σ (θ), can be represented as follows [22]:

σ (θ)

=



kσ (
rs
b
)
n
(cosθ − cosθf )n

(θm ≤ θ < θf )

kσ (
rs
b
)
n
[cos

{
θf −

θ − θr

θm − θr

(
θf − θm

)}
− cosθf ]n

(θr < θ ≤ θm),
(1)

where rs is total wheel radius; b is the wheel width; n is the
terrain deformation exponent; and kσ denotes the pressure
sinkage modulus. θf , θr and θm separately represent the wheel
entry angle, wheel exit angle and specific angle at which the
normal stress is maximized:

θf = cos−1(1−
z
rs
), (2)

θr = cos−1(1−
κz
rs
), (3)

θm = (a0 + a0λ)θf , (4)

where a0 and a1 are specific parameter; κ is wheel sinkage
ratio; λ denotes the slip ratio; and z is sinkage, which can be
geometrically obtained.

FIGURE 4. Stress distribution and force/torque model of wheel on
deformable terrain.

Moreover, the shear stress on the driving surface, τ (θ ),
which is a function of the terrain parameters and shear dis-
placement (j) according to the longitudinal slip velocity (vjx)
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on the deformable terrain, is calculated as follows:

τ (θ) = (c+ σ (θ) tanϕ) [1− e−j(θ )/K ], (5)

j (θ) =
∫ t0

0
vjxdt = rs[θf − θ − (1− λ)(sinθf − sinθ )],

(6)

where c is the cohesion; ϕ is the internal friction angle of the
terrain; K denotes the fitted shear deformation modulus. The
slip ratio, λ, defined as the proportion between the traveling
and circumference velocities, is given as follows:

λ =

{
(rsω − vx) /(rsω) (if |rsω| > |vx |)

(rsω − vx) /vx (if |rsω| < |vx |),
(7)

where vx and ω are the translational and angular velocities,
respectively.With this definition, the possible slip ratio values
are between −1 and 1.
The wheel torque (Tw), drawbar pull (FDP), and normal

force (Fz) are calculated by the integral of each stress distri-
bution along the driving surface, as follows.

Tw = r2s b
∫ θf

θr

τ (θ) dθ, (8)

FDP = rsb
∫ θf

θr

{τ (θ) cosθ − σ (θ) sinθ}dθ, (9)

Fz = rsb
∫ θf

θr

{τ (θ) sinθ + σ (θ) cosθ}dθ. (10)

The analytical integration of the integrals in (8)–(10) can be
exigent. It requires the reconstruction of the formula and error
to express them in terms of the integrals. Thus, the composite
Simpson’s rule, which approximates the integral terms to
reduce the identification time for each computational cycle,
is applied. The process is as follows: for an arbitrary integral,∫ b
a f (x) dx, choose an even integer, ns; divide [a, b] into ns/2
equal subintervals; and apply Simpson’s rule to each interval,
[x2k−2, x2k ], for 1 ≤ k ≤ ns/2. The approximation is given
by the following [26]:∫ b

a
f (x) dx

=̇
(b− a)
3ns

ns/2∑
k=1

[f (x2k−2)+ 4f (x2k−1)+ f (x2k )],

=̇
(b− a)
3ns

[f (a)+f (b)+2
ns/2−1∑
k=1

f (x2k)+4
ns/2∑
k=1

f (x2k−1)].

(11)

2) ROBOT DYNAMICS MODEL BASED ON WHEEL–COMPLEX
TERRAIN INTERACTION
The analytical model of multi-body dynamics based on the
wheel–complex terrain interaction phenomena was devel-
oped to deal with the motion behavior of the body and

FIGURE 5. Overall simulation architecture for (a) wheel-robot dynamics
model and (b) wheel-terrain interaction modeling.

robot wheel surmounting an obstacle and traversing an
inclined deformable terrain, as shown in Fig. 5. The overall
multi–body dynamics simulation architecture is composed
of three major steps, as summarized in Table 3. First, using
the wheel–terrain interaction model, the forces and torque
on each wheel corresponding to the kinematic parameters
(e.g., mass, body rotation angle, wheel parameters, and
derived slip ratio state) of the rover, are calculated via
a MATLAB function for Newton’s method. The external
forces and torque coincide with the longitudinal direction
through coordinate system transformations according to the
normal direction of the inclined terrain. To obtain the forward
dynamic solution of (12), such as the position, orientation,
and velocity of the robot, the robot dynamic model is then
solved using MATLAB/ SIMULINK:

H0 H0m1 · · · H0mk

HT
0m1 Hm11 · · · Hm1k
...

...
. . .

...

HT
0mk H

T
m1k · · · Hmkk



ẍ0
ϕ̇1
...

ϕ̈k

+ C + G

=


FT0
τ1
...

τn

+


JT0 Fex
JTm1Fex1

...

JTmkFexk

 , (12)

where k is number of limbs; H0,0m1,··· ,mkk denote inertia
matrices for the entire system composed by the inertia prop-
erty of each body; x0 (x0 ∈ R6) is position/orientation of
the base body; ϕ

{ (
ϕT1 , · · · , ϕ

T
k

)T
∈ Rn

}
is articulated joint

angles; C is non-linear velocity-dependent term; G is gravity
term; F0 {F0 ∈ R6} is forces/moment exerted on the base
body; τ {

(
τT1 , · · · , τ

T
k

)T
∈ Rn} is joint articulated torque;

and Fex,i
{ (
FTw,i,T

T
w,i

)T }
denote external forces/torque act-

ing on the wheel [27]. More detailed simulation framework
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TABLE 3. Multi-Body dynamics simulation procedure.

and model are discussed in detail in the authors’ previous
publication [28].

B. LOAD DISTRIBUTION WHEN ASCENDING
INCLINED TERRAIN
In this subsection, the numerical analysis on the effect of body
rotation in ascending deformable inclined terrain is presented.
When the wheeled robot ascends an inclined deformable ter-
rain, slippage can gradually accelerate with increasing incli-
nation angle. That is, with the slippage behavior, the normal
force on the downhill wheel side increases with the slope
angle. In this situation, ascent may not progress or mobility
performance may be degraded. A similar terrainability prob-
lem emerged when a previously designed and tested wheeled
robot was deeply stuck on the terrain. In addition, the wheel
torque, which is considerably, affected by the normal force, is
the dominant factor influencing the available torque margin
(called torque limitation).

The mechanical model of the robot’s body pitching θp as
the robot ascends the inclined deformable terrain is shown
in Fig. 6. In this figure, α denotes the inclined surface angle,
and FUW and FDW are the normal loads acting on the uphill
and downhill wheel sides, respectively. These are expressed
as follows.

FUW =
W
2
−
W
L

(
H tan(α)+ A

sin(α − θp)
cos(α)

)
, (13)

FDW =
W
2
+
W
L

(
H tan(α)+ A

sin(α − θp)
cos(α)

)
. (14)

Based on (13) and (14), the load becomes concentrated
on the downhill wheel side when the robot leans along the
slope. The wheel load distribution can be controlled by the
pitch rotation of the body, as shown in Fig. 7. At this point,
this compensation strategy is expected to transmit the normal
force from the downhill to the uphill wheel side; this leads to

FIGURE 6. Mechanical model for body pitching in forward slope.

FIGURE 7. Normal force of rear wheel according to body rotation while
ascending inclined deformable terrain. Pitching center of mass
diminishes normal force on downhill wheel side, suppressing slippage on
deformable slope.

the suppression of the load concentration. If the body tilts or
leans along the slope, rollover can be prevented by shifting
the position of the robot’s center of mass upward along the
threshold line. As the robot ascends the inclined deformable
terrain, the torque variation in the downhill wheel side accord-
ing to the body rotation angle is shown in Fig. 8. The torque on
the downhill wheel side increases with increasing slope angle

FIGURE 8. Rear wheel torque according to body pitching while ascending
inclined deformable terrain. Pitching center of mass to positive direction
decreases wheel torque on downhill side due to decreased normal force.
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due to the increased normal force. As shown in Figs. 7 and 8,
the normal force transmitted from the downhill to the uphill
wheel side is expected to reduce the torque limitation criterion
because of the increase in the available torque margin. At this
point, equally dividing the normal force can improve the
torque limitation with respect to the reduced wheel torque as
the robot ascends the inclined deformable terrain.

C. REDUCTION IN REQUIRED FRICTION COEFFICIENT
WHEN SURMOUNTING BUMPY OBSTACLE
This subsection presents the numerical analysis that has been
conducted to analyze the effect of body rotation on sur-
mounting a rocky obstacle on a complex terrain. When the
robot moving on level soil encounters a rocky obstacle and
attempts to surmount it, the axle load and center of mass
are shifted to the rear wheel side. Because the front wheel
is lifted, the normal force on the front wheel decreases; as
a result, the normal force on the rear wheel side increases;
increasing the normal stress under the driving surface act-
ing on the rear wheel may contribute to the collapse of the
terrain.

The mechanical model of the robot’s body pitching as it
surmounts the rocky obstacle is shown Fig. 9. Here, θp is the
pitch angle of the main body revolving around the center of
rotation point; β denotes the robot tilt angle with respect to
the terrain inclination;W represents the robot’s mass; FZRW is
the normal force acting on the rear wheel contact surface con-
sidering the terrain inclination; FµRW is the required friction
force affected by the normal force acting on the rear wheel
side.

FIGURE 9. Mechanical model of body pitching as robot surmounts rocky
obstacle.

The required friction coefficient, µ, which is associated
with the tractive coefficient under the rear wheel on the driv-
ing surface can be established from the normal and tangential
forces when the robot leans along the terrain inclination.
Using the multi-body dynamics simulation-based approach,
the required friction coefficient is

µ =
FDP
Fz

. (15)

FIGURE 10. Required friction coefficient at rear wheel side to surmount
rocky obstacle by body pitching. Pitching center of mass to positive
rotation direction reduces normal force acting on rear wheel side and
required friction coefficient for climbing.

Up to this point, the required friction coefficient is cal-
culated according to various body rotations as the robot
surmounts the bumpy obstacle, as shown in Fig. 10. The
required friction force for the rear wheel decreases while
the robot’s body rotates to the positive direction. Because
the normal force acting on the rear wheel is decreased with
smaller wheel sinkage, the required friction coefficient also
decreases. As can be seen, if the robot’s body swivels from
the negative direction to the positive direction, the robot can
smoothly

surmount the obstacle. Note that this behavior is no need
for more higher traction force beneath the rear wheel driving
surface because of the lower required friction coefficient
condition with smaller sinkage. At this point, reducing the
required friction coefficient can enhance the trafficability
related to the tractive coefficient for surmounting the bumpy
obstacle.

IV. OPTIMAL CONTROL STRATEGY AND NUMERICAL
ANALYSIS FOR BODY ROTATION MECHANISM
A. BODY ROTATION ANGLE OPTIMIZATION
Prior to the conduct of the experimental verification, the opti-
mal control problem is solved with the non–dominated sort-
ing generic algorithm-II (NSGA-II), which uses an elitist
principle and explicit diversity preserving mechanism. The
algorithm is chosen because of its simplicity, high efficiency,
excellent diversity–preserving mechanism, and fast conver-
gence. The main parameters of NSGA-II include population
(N ), number of generations, crossover probability, mutation
probability, crossover distribution index, and mutation distri-
bution index. In the current optimization, the population size
is set to 50, and 10 generations are formulated. Moreover,
the probabilities for crossover and mutation are 0.9 and 0.04,
respectively, whereas the distribution indexes for crossover
and mutation are 25 and 25, respectively.

Fig. 11 shows the overall optimization procedure of body
rotation configuration. Optimization procedures for coupling
the robot dynamics model based on the wheel–complex
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FIGURE 11. Overall configuration of the multi-objective optimization
procedure: (a) framework of the optimization procedure for optimal body
rotation angle; (b) data flow for realization of optimization method.

terrain interaction and optimization algorithm are devel-
oped. The main problem of determining the necessary body
pitching configuration that influences the tractive coefficient
(related to trafficability) and wheel resistance torque (related
to torque limitation) is solved in the dynamic state as the robot
surmounts the bumpy obstacle and traverses the inclined
deformable terrain. In solving the optimization problem, the
operational environment conditions are considered according
to the rocky obstacle ranging in height from 0.1 to 0.25 m,
and the deformable terrain inclined within the angle range
10◦–30◦. Moreover, the body rotation angles gradually
change from −60◦ to 60◦. Table 4 summarizes the other
parameters related to the terrain parameter [29]. The objective
functions for tractive coefficient, f1M , and wheel resistance
torque, f2M , are defined as

Find d ∈ Rn, d =
{
d1 : θp

}
that

f1M (d1) = min(−FDP/Fz)

f2M (d1) = min(Tw). (16)

The details of the multi–objective optimization procedure
combined with the robot dynamics model and NSGA-II are
as follows. First, the main parameters of NSGA-II, robot
dynamics model, and initial parameter design values, which
are shared with the design parameter space of the optimiza-
tion process, are inputted. Second, the tractive coefficient and
wheel resistance torque are solved using the robot dynam-
ics model based on the wheel–complex terrain interaction;

TABLE 4. Terrain parameters.

the results are forwarded to the design objective space of
the optimization process. Third, the optimization algorithm
determines the design parameter for the next group that are to
be used for the generation and feedback of the robot dynam-
ics model. This process set is actuated by the optimization
algorithm and does not stop until the preset generation num-
ber is completed. Finally, the derived optimal body rotation
angles and terrain inclinations are gathered and recorded.
These data are arranged into matrix form for the lookup
table.

B. VERIFICATION OF OPTIMIZATION FOR BODY ROTATION
CONTROL SCHEME
1) MULTI–BODY DYNAMICS SIMULATION: SIMULATION
ENVIRONMENT
Prior to the conduct of the experimental verification, the
multi-body dynamics simulation is performed based on the
wheel–complex terrain interaction with the proposed mech-
anism. This result shows the effectiveness of optimization
results and the proposed body rotation mechanism. For the
multi-body dynamics simulation, the scenarios considered
include the rocky obstacle and inclined deformable terrain
as controlled and uncontrolled, as shown in Figs. 12 and 13.
These driving environments are generated by a digital eleva-
tion map, which merges the terrain elevation coordinates and
terrain properties data as soft soil and/or rocky terrain.

FIGURE 12. Time profile of wheeled robot’s tilt angle with respect to
terrain inclination and derived optimal body control configuration for
ascending 10◦ deformable inclined terrain.

2) MULTI–BODY DYNAMICS SIMULATION: ASCENDING 10◦

INCLINED DEFORMABLE TERRAIN
This subsection presents the multi-body dynamics simulation
results from the sample case study to analyze the effect of
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FIGURE 13. Time profile of wheeled robot’s tilt angle with respect to the
terrain inclination and derived optimal body control configuration for
surmounting rocky obstacle more than 0.1 m high with level soft soil.

optimal body rotation control strategies as the robot ascends
a 10◦ slope with soft soil. The terrain inclination and derived
optimal pitch angle as control command are shown in Fig. 12.

The simulation results for the relationship between time
and normal force, drawbar pull, wheel torque, and tractive
coefficient (related to trafficability) according to the con-
trolled and uncontrolled body rotation when the robot is on
the inclined soft soil surface are shown Figs. 14–17. In the
uncontrolled body rotation case, when the robot ascends the
inclined slope with soft soil, the normal force and wheel

FIGURE 14. Simulation result: normal forces acting on front and rear
wheels (controlled and uncontrolled conditions). By shifting center of
mass based on optimal control strategy, difference of load distribution
between front and rear wheels become smaller.

FIGURE 15. Simulation result: drawbar pull acting on front and rear
wheels (controlled/uncontrolled condition).

FIGURE 16. Simulation result: wheel torque acting on front and rear
wheels (controlled and uncontrolled conditions). The shift of the center of
mass can be helpful for the +8% enhancement of available torque
margin.

FIGURE 17. Simulation result: tractive coefficient on front and rear
wheels (controlled and uncontrolled conditions).

torque on the downhill wheel side exceed those on the uphill
wheel side. In addition, as shown in Fig. 14, if the driving
motors on the downhill wheel side were stopped due to the
pre-defined torque limitation, the wheel torque on the uphill
wheel side becomes concentrated. In this situation, climbing
may not progress, or the torque limit of all driving motors
may be exceeded, leading to malfunction.

As depicted in Figs. 14–17, in the controlled case, the
normal force, drawbar pull, wheel torque, and tractive coef-
ficient become almost equal by shifting the center of mass
via the derived optimal pitch control command. In particular,
as shown in Fig. 16, the rear wheel torque in the controlled
case is less than that in the uncontrolled case. The shift in
the center of mass contributes to the +8% torque margin
with respect to the reduced wheel torque. At this point, this
compensation strategy equally divides the normal force by
shifting the center of mass via the preferred optimal body
pitch configuration. It is expected to effectively suppress the
load concentration and enhance the mobility limit in accor-
dance with the torque limitation.

3) MULTI–BODY DYNAMICS SIMULATION: SURMOUNTING
0.1-m ROCKY OBSTACLE ON SOFT SOIL
The multi–body dynamics simulation is also conducted to
analyze the effect of optimal body rotation control strategies
when the robot surmounts a 0.1-m rocky obstacle on soft soil.
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This case involves surmounting rocky obstacle in three
sections: soft soil, hard rocky obstacle, and soft soil.
The terrain inclination with respect to the hard rock and
derived optimal pitch angle as control command are shown
in Fig. 13.

The simulation results of the relationship between time and
normal force, drawbar pull, wheel torque, and tractive coeffi-
cient according to the controlled/uncontrolled body rotation
given a 0.1-m high rocky obstacle on soft soil are shown
in Figs. 18–21. In the uncontrolled body rotation case, the

FIGURE 18. Simulation result: normal forces acting on front and rear
wheels (controlled and uncontrolled conditions).

FIGURE 19. Simulation result: drawbar pull acting on front and rear
wheels (controlled and uncontrolled conditions).

FIGURE 20. Simulation result: wheel torque acting on front and rear
wheels (controlled and uncontrolled conditions). While facing rocky
obstacle the wheel torque in uncontrolled case is larger than the wheel
torque in controlled condition.

FIGURE 21. Simulation result: tractive coefficient on front and rear
wheels (controlled and uncontrolled conditions). The shift of center of
mass can be helpful for the +82% improvement of mobility performance
as negative value of tractive coefficient is diminished.

normal force is drastically shifted to the rear wheel side
when the wheel comes into contact with the rocky obsta-
cle, as shown in Fig. 18. Because the front wheel is lifted
when the robot moves from the flat soil surface toward the
rocky obstacle, the normal force on the front wheel side is
decreased. As a result, as shown in Figs. 19 and 20, the draw-
bar pull and wheel torque considerably increase as the robot
surmounts the hard rock. However, after contact with the
rock, the normal force is observed to shift between the front
and rear wheels. The drawbar pull and torque also decrease;
this may be caused by the sudden decrease in the robot’s
velocity. The drawbar pull and wheel torque have negative
values because of the wheel drag resulting from slippage.
Furthermore, this phenomenon considerably reduces tractive
coefficient, as shown in Fig. 21. In particular, the tractive
coefficient of the rear wheel side has a negative value because
of the lack of traction.

As shown in Figs. 18–21, in the controlled case, shift-
ing the center of mass via the derived optimal pitch con-
trol command, normal force, drawbar pull, wheel torque,
and tractive coefficient become almost equal. In particular,
if the drawbar pull and torque have positive values and/or
approach zero, the full magnitudes of the force and torque
are delivered without substantial power loss to the robot’s
dynamic behavior. In addition, the drawbar pull and torque
of the rear wheel are less than that in the uncontrolled case.
In particular, the shift in the center of mass contributes to the
+82% enhancement of mobility performance with respect
to the reduced negative value of tractive coefficient. Note
that this behavior is not required for achieving a higher
traction force to overcome the rocky obstacle. If the robot’s
body appropriately swivels, the safety and gradeability of
the robot can be enhanced with less electricity consumption
(which is affected by the wheel torque). With lower wheel
slippage, trafficability (which is affected by the tractive coef-
ficient) is higher due to the uniform load distribution. Conse-
quently, the robot smoothly bumps and surmounts the rocky
obstacle.
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V. FIELD TEST FOR MOBILITY PERFORMANCE
EVALUATION
A. SLOPE-CLIMBING FIELD TEST
1) EXPERIMENTAL SETUP
A robot platform, which can be controlled for the robot’s
body pitch angle, was manufactured based on the theoretical
and numerical analysis results. An outdoor experiment was
performed to test the actual performance and effectiveness of
the body rotation mechanism. As previously mentioned, this
system comprises the wheel encoder sensor with the motor,
current sensor, inclinometer, and force/torque sensor. In this
setup, each wheel is controlled to drive with a constant angu-
lar velocity of 0.0625 rad/s by the PID control. The experi-
mental scene for surmounting the rocky/bumpy obstacle and
traversing the inclined soft soil is shown in Fig. 22. The
field tests consists of two parts with two patterns: controlled
and uncontrolled body rotation control. In the former case,
the pitch angle of the robot’s body is changed according to the
preferred angle listed in the lookup table data for the optimal
pitch configuration with respect to the terrain inclination,
as shown in Figs. 23 and 24. After multiple experiments,
the average values of the normal force, drawbar pull, wheel
torque, tractive coefficient, terrain inclination, and body pitch
angle are calculated.

FIGURE 22. Field test operational environment on (a) terrain
approximately inclined at 17◦ and (b) 0.22-m rocky obstacle under soft
soil.

FIGURE 23. Field test result: time profile of wheeled robot’s tilt angle
with respect to terrain inclination and derived optimal body control
configuration for climbing deformable terrain inclined at
approximately 17◦.

2) RESULT OF SLOPE-CLIMBING FIELD TEST
Slope-climbing field tests were also performed to confirm
the actual mobility performance related to improving the
load concentration and torque limitation according to the
controlled/uncontrolled body rotation as the robot ascends a

FIGURE 24. Field test result: time profile of wheeled robot’s tilt angle
with respect to terrain inclination and derived optimal body control
configuration for surmounting 0.22-m rocky obstacle.

slope with soft soil inclined at approximately 17◦. The terrain
inclination and control command regarding the optimal body
rotation control strategy is shown in Fig. 23.

The results in Figs. 25–28 show that the normal force,
drawbar pull, wheel torque, and tractive coefficient when
the robot movement is on the downhill side exceed those
when the robot is on the uphill side because of the load
concentration in the uncontrolled case. In the same case,
the drawbar pull on the uphill wheel side is approximately
(−9.2)–(−0.5), as shown in Fig. 26. Because the normal

FIGURE 25. Field test result: normal force acting on front and rear wheels
(controlled and uncontrolled conditions). Normal force is equally divided
by shifting center of mass based on optimal control strategy.

FIGURE 26. Field test result: drawbar pull acting on front and rear wheels
(controlled and uncontrolled conditions).
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FIGURE 27. Field test result: wheel torque acting on front and rear
wheels (controlled and uncontrolled conditions). Shift in center of mass
slightly contributes to enhancement of available torque margin due to
equally divided normal force.

FIGURE 28. Field test result: tractive coefficient on front and rear wheels
(controlled and uncontrolled conditions).

force acting on the uphill wheel side decreased, the resistance
force from the uphill wheel side should be delivered to the
robot’s body due to effect of the negative drawbar pull; con-
sequently, mobility performance may be downgraded. More-
over, the tractive coefficient on the uphill side has a negative
value because of the lack of traction, as depicted in Fig. 28.
The load distribution in the controlled case can be effectively
regulated based on the optimal body rotation control strategy.
In this situation, the differences in the drawbar pull, wheel
torque, and tractive coefficient between the uphill and down-
hill wheels are smaller in the controlled case. In particular,
the maximum wheel torque was reduced compared with that
in the uncontrolled case. The minimum wheel torque in the
controlled case is−42.8% relative to that of the uncontrolled
case (2.658 N·m→ 1.52 N·m). This conclusion is consistent
with the robot dynamic simulation results. This implies that
proposed body rotation mechanism with appropriate body
pitch configuration is an effective approach to solve the load
concentration and torque limitation problems, when the robot
ascends inclined deformable terrain.

B. BUMPY OBSTACLE PASSING FIELD TEST
AND DISCUSSION
1) RESULT OF BUMPY OBSTACLE FIELD TEST
Field tests were conducted to verify the actual mobility
performance and effectiveness of the body rotation control

strategy while overcoming the rocky obstacle on soft soil.
In the bumpy obstacle field test, the height of the rocky
obstacle on the deformable terrain is approximately 0.22-m.
The terrain inclination relative to the hard rock and control
command pertaining to the robot’s body pitch angle is shown
in Fig. 24.

In the case of the uncontrolled body rotation, the normal
force on the rear wheel side exceeds that on the front wheel
when coming into contact with the rocky obstacle, as shown
in Fig. 29. In contrast, the difference of the load distribution
between the front and rear wheel becomes small when the
center of mass is shifted via the optimal pitch control strategy.
Because of this, in Fig. 30, the difference in the drawbar pull
between the front and rear wheel sides considerably decreases
compared with that in the uncontrolled body rotation control
case. Moreover, the maximum wheel torque in the controlled
case is −38.6% relative to that in the uncontrolled case
(3.708 Nm→ 2.28 Nm). Thus, when the robot’s body appro-
priately swivels, the wheel torque margin slightly increases,
as shown in Fig. 31. In the controlled case, the minimum
tractive coefficient related to trafficability is+87.5% relative
to that in the uncontrolled case (−1.2 → −0.15) as shown
in Fig. 32. Note that the proposed body rotation mechanism
with the optimal control strategy can considerably enhance
trafficability (affected by tractive coefficient) with improved
torque margin. Consequently, the robot can also smoothly
surmount the rocky obstacle on the deformable terrain using
less electricity.

FIGURE 29. Field test result: normal force acting on front and rear wheels
(controlled and uncontrolled conditions). Difference in normal force in
uncontrolled case is also larger than that in controlled case.

2) DISCUSSION
This study presents a reconfigured robot system, which facil-
itates changes in the rover internal force and torques by
applying body rotation with an appropriate configuration
strategy. In addition, dynamic optimization procedure inte-
grating a robot dynamic model based on the wheel-complex
terrain interaction and NSGA-II was developed to determine
the optimal body rotation configuration. In particular, the
effectiveness of this mechanism was demonstrated in the
robot dynamics analysis and experiments. The specific oper-
ational environment that was considered to experimentally
validate the enhanced mobility performance related to the
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FIGURE 30. Field test result: drawbar pull acting on front and rear wheels
controlled/uncontrolled.

FIGURE 31. Field test result: wheel torque acting on front and rear
wheels (controlled and uncontrolled conditions).

FIGURE 32. Field test result: tractive coefficient on front and rear wheels
(controlled/uncontrolled). Negative effect of mobility performance can be
improved if negative value of tractive coefficient is diminished by shifting
center of mass to positive direction.

trafficability with lower electricity involves load distribu-
tion and torque limitation. From a realistic perspective,
this operational environment is associated with the complex
deformable terrain. Both numerical analysis and field test
under the given operational environment demonstrated the
effectiveness of the proposed mechanism by readjusting the
pitch angle of the robot. Moreover, using the internal gyro-
accelerometer sensor, the proposed mechanism can realize
its body attitude with respect to the terrain inclination. Thus,
this ensures proper controlled body roll angle as well as pitch
angle with respect to more extremely side inclined/downward

ground, even though it is not highlighted in this report. Hence,
the mechanism may be adjusted to any ground inclination as
necessary. To investigate the limitation of the maneuvering
capabilities realistically, a traversability assessment standard
for the body rotation control strategy is required.

Moreover, recent meteorite search on the Antarctic/lunar
prospector mission found evidence of an excellent medium
for the detection of high-energy neutrinos and volatiles for the
water ice on lunar surface. In this region, the wheeled robot
used in solar power generally suffers lack of power condition
due to the low angles of sunlight. Thus, if it follows the solar
position to clock sunlight, this enables unprecedented range
of the operation with advantages to survivability and persis-
tent power. Thus, we discuss here the additional side effect for
enhanced solar irradiation related to the power acquisition to
provide some guideline for energy requirement in the future
exploration missions. For solar irradiation, we have assumed
a solar cell efficiency of ηcell = 27%, which is the maxi-
mum solar cell efficiency commercially obtained nowadays
under a best-case scenario, and a solar panel area of 1-m2.
In Fig. 33 and Table 5, numerical analysis for solar irradi-
ation show that effectiveness of the pointable solar panel by
following a spiraling path by proposed mechanism in order to
maintain Sun-synchronous. In particular, if the solar array is
fixed, total amount of solar irradiation remarkably decreases
as the latitude increases rather than obtained by body rotation
mechanism. To safely operate Sun-synchronous, we consider
the relevant operation range of panel orientation with the
limit of 7◦ in rotation angle, in order to prevent chassis dam-
age and immobilization of robot. Meanwhile, more reliable
numerical/experimental verification for these side effects are

FIGURE 33. Solar irradiation according to various latitude region on the
Moon in the case of the fixed flat surface and pointable solar panel via
body rotation mechanism.

TABLE 5. Results of estimated solar irradiation by pointable solar panel
by proposed mechanism according to latitude.
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required, which will be investigated further in future studies.
However, these are beyond the scope of this paper.

All these supplementary considerations will be included
in our future study. Despite these limitations, the proposed
reconfiguration of the robot system has considerable potential
in traversing complex terrains. The mobility performance of
this robot can be enhanced by reducing the wheel torque
related to the torque limitation criterion and suppressing
the load concentration. This can increase the tractive coef-
ficient compared with that in the uncontrolled fixed body
configuration.

VI. CONCLUSION
This research proposed a wheeled robot platform with
body rotation mechanism and its optimal control con-
figuration integrated to the robot dynamics model and
NSGA-II.

The major accomplishments of this research are summa-
rized as follows.

1) A wheeled robot platform with a body rotation mecha-
nismwas designed and fabricated to enhance themobil-
ity performance for surmounting rocky obstacles and
traversing soft soil slopes.

2) The mechanical model and robot dynamics model
based on the wheel–complex terrain interaction were
described to verify the effectiveness of the proposed
mechanism.

3) Optimal body rotation configurations, which consid-
ered both tractive coefficient and wheel torque, were
obtained by the developed robot dynamics model and
NSGA-II considering various dynamic states.

4) Based on the numerical analysis results, the field test
for surmounting the bumpy obstacle and travel on the
deformable slope were conducted according to the con-
trolled/uncontrolled condition.

These results demonstrated that the proposed robot plat-
form with the body rotation mechanism reduced the load
concentration and the required traction force (related to the
tractive coefficient) for climbing hard rock. In the case of
traversing an inclined terrain, the controlled load distribution
enhanced the torque limitation beyond that in the uncon-
trolled case. Based on these results, the proposed body rota-
tion mechanism proposed in this work is deemed an effective
approach for enhancing the mobility performance of a robot
on a complex terrain.
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