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Abstract

Rocker-bogie suspension systems have been extensively employed in planetary exploration
rovers due to their ability to traverse highly irregular terrains while maintaining ground
contact. Traditionally, their mechanical behavior has been analyzed using quasi-static
models, given the low operational speeds typical of space missions. However, similar
configurations are now being proposed for terrestrial applications in agriculture, defense,
and logistics, where higher traversal speeds and more varied terrain conditions require a
deeper understanding of the system’s dynamic response. This study analyzes some aspects
of the kinematic and dynamic behavior of a rover with rocker-bogie suspension while
traversing an obstacle with a harmonic profile. Both quasi-static and dynamic simulations
are conducted, focusing on the time-varying contact forces at the wheels. Key findings
include identifying the rate at which load reduction at which the load on one wheel becomes
zero and the wheel tends to lift off the ground. These threshold speeds are mapped as a
function of height and wavelength of the bump, providing design insights for applications
requiring higher traversal speeds on uneven terrain. The analysis may also prove valuable
for rovers equipped with visual sensor systems capable of mapping their surroundings
and identifying obstacles, to determine whether they can be traversed and, if so, at what
maximum speed. An experimental investigation was conducted with a small-scale rover
to verify the theoretical results, for which the threshold speed was found to be 0.3 m/s,
calculated for h = 16 mm and A = 80 mm.

Keywords: rocker-bogie suspension; dynamic analysis; wheel-ground interaction;
harmonic soil profile

1. Introduction

Rovers equipped with rocker-bogie suspension were first introduced in space missions
starting in 1997 [1,2], thanks to their ability to move reliably on uneven terrain [3,4], a
performance that is difficult to achieve with conventional four-wheeled vehicles [5]. Their
effectiveness comes from having six-wheel drive and a kinematic suspension system
capable of maintaining contact with the ground [6,7], even in the presence of obstacles with
a height approximately twice the diameter of the wheels [4,8].

Traditionally, the mechanical study of these systems has been conducted with a quasi-
static approach, due to the low speed adopted in space applications. The operating speeds
of rovers are generally limited by the characteristics of the gear-motors installed in the
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wheel hubs, which prioritize torque delivery over speed. However, in different conditions,
it may be desirable for the rover to proceed faster.

More recently, these rovers have also been proposed for terrestrial applications, in
agricultural [9-12], military [13], logistics settings, and other applications [14] where the
possibility of operating at higher speeds on smoother surfaces is appreciated. Innovations
associated with the design, production, and control of these robotic systems are indicated
in [15].

One of the most significant challenges faced by rovers, given their intended operation
in environments characterized by irregular surfaces, is the management of obstacles en-
countered along their path. To improve obstacle-climbing performance, some papers focus
on optimizing the geometry of the suspension links [16], the insertion of preloaded elastic
elements between the rocker and the bogie [7], or the possibility of shifting the position of
the center of gravity [17].

If the rover is equipped with a vision system capable of detecting obstacles along its
path, it must be able to assess, based on the obstacle’s nature and geometry, whether it is
more convenient to bypass or overcome it. Avoiding obstacles requires reprogramming
the path [18] and the adoption of visual sensors, such as RGB-D cameras, that have been
shown to be particularly effective for environment mapping and obstacle recognition [19].
These are frequently complemented by LiDAR sensors, which enhance the robustness
and reliability of navigation algorithms [20]. Algorithms are commonly based on neural
networks [21] or fuzzy logic [22] and are often combined with other techniques to improve
accuracy [23]. In more sophisticated systems, these may be replaced or augmented by
approaches based on Reinforcement Learning [24], which allow the rover to learn optimal
navigation strategies through interaction with the environment.

Overcoming the obstacle directly is preferable, as it saves time by avoiding repro-
gramming the path. Furthermore, choosing an alternative path does not guarantee the
absence of other hard obstacles on the new path, introducing further operational uncer-
tainty. Therefore, this choice, resulting in a deviation from the originally defined path, is
often characterized by higher energy consumption.

The ability to directly overcome obstacles requires greater mechanical complexity in
the rover design. In this context, the six-wheeled configuration, equipped with a rocker—
bogie suspension, has proven to be a particularly effective solution. This system allows the
rover to adapt to uneven terrain, distributing load quite evenly and maintaining stability
even when overcoming significant obstacles, without compromising traction. If the obstacle
can be overcome, the rover must be able to evaluate the traversal method considering how
its configuration and ground reactions on the wheels could vary, affecting grip conditions.
A more in-depth analysis would require knowledge of the terrain’s characteristics, which
could be soft or slippery [25]. However, a simplified analysis can be conducted by assuming
that both the ground and the rover’s constituent bodies are rigid.

Many papers address the problem of overcoming step obstacles [26,27] or bump ob-
stacles [28]. The first consists of two horizontal surfaces at different elevations, connected
by a vertical or near-vertical wall. Completely traversing this obstacle requires the entire
rover to move from one reference plane to another, changing its operating altitude. This
type of obstacle is useful for evaluating the locomotion system'’s ability to negotiate sharp
and abrupt changes in height. The bump obstacle is characterized by a localized elevation
of the travel plane, with a length shorter than the vehicle’s wheelbase; completely travers-
ing this type of obstacle does not change the rover’s operating altitude. The most used
bumps are those with linear ramps and plateaus, triangular ones or those with circular or
parabolic profiles.
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In the following, we consider a bump with a harmonic profile that is continuous
and without edges, which in nature are generally smoothed or eroded. Figure 1 shows a
single bump with a harmonic profile. The term harmonic bump is introduced in this paper
to denote a localized obstacle with a sinusoidal profile and wavelength smaller than the
wheelbase. This terminology is intended to provide a concise and descriptive reference
for this specific geometric configuration that is controlled by two parameters: height and
wavelength (h, A). Short wavelengths, coupled with significant bump heights, can make
the obstacle particularly treacherous. The resulting steep profiles may compromise wheel
traction, increasing the risk of slippage or loss of contact. Furthermore, since the length of
the obstacle is less than the wheelbase, it could fit between two consecutive wheels, causing

the rover to stall.

Figure 1. Rover overcoming a bump. (a) wheel A approaches the obstacle; (b) the wheel is on the
crest; (c) wheel A leaves the obstacle. In phase (c), wheel B is not yet engaged with the obstacle and
its axis (dot-dash line) is located on the vertical passing through point D.

The paper aims to determine the ground constraint reactions as a function of the
position of the wheels on the bump. Rovers often move at very low speeds, so quasi-static
analyses are sufficient to determine their behavior. As speed increases, inertial effects
become more important, and the vertical inertial force can even exceed the force of gravity;
the combination of vertical and horizontal inertial forces can cause the wheel to lift off the
ground. Agricultural robots typically operate at low speeds, but their maximum speed is
between 0.6 and 2.8 m/s [29,30]; similar robots used in logistics, which therefore move on
prepared terrain, can advance even faster.

In this paper, a simple model is proposed for determining the forward speed beyond
which the wheel can lose contact with the ground. Wheel lift can lead to a loss of traction
and reduced directional control, particularly in skid-steering vehicles. Upon re-contact
with the ground, the impact may generate harmful vibrations and induce stress on on-
board instrumentation. Additionally, navigation accuracy can be compromised if position
estimation relies partly on wheel rotation.

Numerical simulations were conducted using a multibody software platform to eval-
uate the rover’s behavior under hypothesized operating conditions. This modeling ap-
proach enables the generation of performance maps, providing a preliminary assessment
of the rover’s capability to traverse obstacles. Finally, the paper presents experimen-
tal investigations carried out with a small-scale rover as it crosses a bump featuring a
harmonic profile.

2. Rover Reference Model

The study is carried out using the classical two-dimensional model represented in
Figure 2. It is assumed that the center of gravity of the body is located at point D of the
rocker and that the centers of gravity of the motorized wheels are in the centers of the
respective wheels (points A, B, C). The lengths of the suspension links are chosen so that
the load acting on the wheels is the same if the rover is placed with its wheels at the same
level on a flat surface. The adoption of a kinematic model [7] allows to identify the position
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assumed by the rover as a function of the altitudes of the contact point /; of each wheel and
the ground inclination «; at the same point. The model provides as output the angles 0;
that the suspension links form with the horizontal direction and, therefore, the coordinates
of representative points of the model. The knowledge of the rover’s pose allows to solve
the static problem and obtain the ground reactions.

Figure 2. Scheme of the rover on irregular soil.

The ground reactions have been scaled so that, in static conditions, their vertical
resultant is equal to 300 N. Consequently, if the wheels are all at the same height on a
horizontal plane, the normalized ground reaction on each wheel is 100 N. Rescaling makes
comparative data analysis simpler as it allows to easily evaluate the percentage changes in
reactions as the soil profile varies.

In the following, a small-sized rover having the geometric and inertial characteristics
indicated in Table 1 is considered; m and M are the mass of the wheel-motor assembly and
that of the body, respectively; p is the distance between the axes of the bogie wheels which
is equal to the distance between wheels B and C when the rover is on a flat, horizontal
surface. As an example, Figure 3 shows the rover configuration and the corresponding
vertical ground reactions for the input data reported in Table 2. The same table shows the
angles 0i assumed by the suspension links.

Figure 3. Pose and vertical soil normalized reactions for input soil data reported in Table 2;
Ra =125N; Ry =91 N; Re = 83 N. The vertical reactions act parallel to the verticals passing through
the centers of the wheels (dash-dot lines).
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Table 1. Rover physical parameters.

L; =L, (mm) L3 (mm) Ly (mm) p (mm) r (mm) v (deg) 3 (deg) m (kg) M (kg)
72.5 123 54 102.5 325 90 120 0.06 0.50
Table 2. Soil characteristics and a qi angles defining the rover pose.
h1 X1 (0.%) h3 X3 91 92 93 94
(mm) @  letmmoe (mm) ©) ©) ©) ©) ©)
15 20 9 —-10 32 10 49.7 139.7 154.0 34.0

3. Wheel on Harmonic Bump

It is assumed that the rover must overcome a bump with a harmonic profile of height
h and wavelength A, as shown in Figure 4. The profile equation is expressed by the
following function:

2(x) = g (1 — cos(wsx)) 1)

being ws = 27", the circular spatial frequency of the bump profile, expressed in rad /m.

D

Figure 4. Rover on a sliding profile characterized by the presence of a harmonic bump.

To this end, it is assumed that the rover rests on the ground characterized by the
presence of a bump, which moves in a horizontal direction with constant speed. The bump
profile acts as a geometric constraint and as long as the contact with the wheels takes place
with the flat part before the bump, since there are no other horizontal actions, the rocker
and bogie remain stationary in the same pose, while the wheels roll due to the motion of
the profile. When the harmonic profile meets the wheels, the rover’s configuration changes
and the reactions on the wheels also change. For small values of the velocity, since the
inertial forces are negligible, for each position of the profile, the reactions assume values
equal to those deriving from static equilibrium.

To evaluate the relative position of each wheel with respect to the harmonic profile,
refer to the diagram in Figure 5. A reference system is considered with its origin at the
starting point of the harmonic sliding profile; (x, z) are the coordinates of the point P of
contact between the wheel and the bump profile. The common tangent of the two bodies is
inclined at an angle « with respect to the x-axis. What is reported below for wheel A is also
valid for the other wheels of the rover.
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X = / O

Figure 5. Reference system.

Assuming the speed of the sliding profile to be constant, it is x = vt; the vertical
displacement of the wheel-bump contact point P, as a function of time, is

N s

z(t) =

[1 — cos(wsvt)] ()

being wsv = 27mv/ A, the rotating frequency in rad /s of point P vertical motion. The wheel
remains engaged with the bump for the time T equal to
27

T= =\ 3)

It should be noted that, how represented in Figure 6, if the radius r of the wheel is
less than the minimum radius of curvature of the bump profile (r < pmin), the wheel rolls
over the bump while maintaining continuous contact (Figure 6a); if r > ppin, in the phase
of approach to the bump, contact can occur simultaneously at two points (Figure 6b); the
wheel “jumps” from a point P1, on the horizontal part before the bump, to a point P; in a
higher position along the harmonic profile. This circumstance generates a discontinuity in
the vertical motion of the wheel, accompanied by a sudden change in the « angle and the
coordinates of the center of the wheel. These conditions can lead to impulsive reactions and
a temporary loss of grip. However, in practice, the deformability of the surfaces involved

helps to make this step less critical, attenuating the associated dynamic effects.

Figure 6. Wheel-bump contact: (a) single contact point; (b) multiple contact.
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By particularizing the expression of the radius of curvature of a plane curve for the
case of the harmonic profile, we have

3/2 3/2

[l + (hfsin(zjfx))z]

’%w?cos(wsx)’ zil\—gzcos(z%x)‘

p(x) =

[1 + (z’(x))z} 3/2 [1 + (gwssin(wsx))z]
ST

(4)

Figure 7 shows the diagram of the radius of curvature of the profile and the curvature.
Since the focus is on the minimum radius of curvature of the harmonic profile, the transition
radius between the curved segment and the adjacent flat regions—where the curvature is
zero and the radius theoretically infinite—is not considered. The diagram shows that the
minimum radius of curvature occurs at the beginning of the profile (x = 0) and is

/\2
150 0.03
100 = 0.02
= E
£ E
o
< 50 = 0,01
0 0
0 20 40 60 80 100 0 20 40 60 80 100
X (mm) (a) x (mm) (b)

Figure 7. Radius of curvature (a) and curvature (b) of the harmonic profile for h = 15 mm and
A =100 mm.

If r(0) > 1, in the generic contact point of x-axis, with reference to Figure 8, the
coordinates of the wheel center A are

xa(x) =x —rsina 6)

h
2

za(x) =z+4rcosa = = [1 — cos(wsx)] + 7 cosa (7)

Figure 8. Wheel on the bump.
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The angle « = x(x), by which the tangent of the bump profile is inclined at the point of
contact of the wheel, is evaluated considering that

u=t a—g—wﬁ' (a)x)—ﬂ—h' 2—nx (8)
=tana = = wsysin(wsx) = —=sin{
with
a = arctan(u) 9)

By means of the fundamental trigonometric expressions, we have

sing — v tanw _ - \/114 = wsgsin(zws x) ; (10)
+u .
1+ tan‘a \/1 + (ws%) sm2(ws x)
cosx = ! ! ! (11)

V1ttante  V1+u? \/

2
1+ (wsg) sin?(ws x)

Therefore, the coordinates reported in Equations (6) and (7) can be expressed

as follows:
W %sin (ws x)

\/1 + (CUS%)Z' 1—cos(22ws x)

r

\/1+ (i)’ o)

Therefore, for x = 0 (start of bump climbing), z4 = r and for x =A/2itisz4 = r + h.

xa(x) =x—rsina(x) =x—r (12)

[1 — cos(wsx)] +

za(x) = z(x) +r cosa(x) = (13)

N

Both coordinates show a harmonic component with pulsation ws, modulated in ampli-
tude by a component with double pulsation.

The coordinates of the center can also be deduced by evaluating, for each value of x,
the angle «, with Formula (9).

Figure 9 shows the coordinates of the center of the wheel moving on the profile,
remaining in contact with it, depending on the displacement of the sliding profile, evaluated
for A = 100 mm, & = 15 mm, wg = 2t/A = 62.8 rad/m, r = 32.5 mm. It follows that
p(0) = 33.8 mm, which is greater than the radius of the wheel.

100

50
=l 40
60 Xp —A—A
‘é‘ s 30 rcoso
£ E
£ 40
= % 20
20 N Z
rsina 10
0 0
-20 _10

0 10 20 30 40 50 60 70 80 90 100

0 10 20 30 40 50 60 70 80 90 100
X (mm)

(a) x (mm) (b)

Figure 9. Wheel center coordinates vs. x for A = 100 mm, h = 15 mm, wg = 62.8 rad/m, r = 32.5 mm.
() xa(x); (b) z4(x).
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4. Influence of the Wheel/Profile Contact Point on the Ground Reactions

For p(0) < 1, if the rover passes the bump moving very slowly, the reactions of the
ground on the wheels vary gradually and can be evaluated by considering a sequence of
static conditions.

Since our aim is to evaluate the ground reactions both when the rover is stationary
and when it moves at a constant speed, we consider a bump whose height is smaller than
the length of the bogie links (h < L1 = Lp). For such a value, the reaction on the wheel
positioned at the crest of the bump becomes zero under static conditions.

In Figure 10, it can be observed that, when one of the wheels engages with the bump,
the bogie and the rocker are subjected to rotations (Figure 10a) that can be evaluated after
obtaining, through a kinematic analysis [7], the positions of the centers of the three wheels
and of point E:

Zc— 7 Zp—Z
th = arctan <CB>; 0, = arctan (BE> (14)

Xp — XE

Xc—Xp

® Rl @ Rag - R | ] ©

Figure 10. Different contact conditions for wheel A: (a) change in height. The red dashed line, which
represents the rover on a single horizontal plane, highlights the variation in the rover’s configuration;
(b) variation in the inclination of the ground at the point of contact.

The modified distance between the rover’s notable points also involves variations in
the vertical reactions on the wheels. For example, lifting wheel A involves a clockwise
rotation of both bogie and the rocker; rocker rotation causes wheel C to approach the line
of action of the load W in D while hinge E moves away from the same line. Consequently,
the load in C increases and that in E decreases. The load in E is mainly balanced by the
wheel B which tends to move closer to the vertical line for E.

The distances between the contact points of the wheels also depend on the inclination
of the ground at the contact points; for example, in Figure 10b, the wheels are all at the
same level, but the contact of wheel A with the ground takes place at points with different
inclinations of the ground (indicated by A1, A2, A3).

Equation (6) shows that the distance x4 — x is variable with x(x) and that the max-
imum value depends on the radius of the wheel, the wavelength, and the height of the
bump profile:

XA — X =rsing =rsin {urctanihsin(zf x)] (15)

Figure 11 shows the trend of the angle « and the difference x4 — x, for A = 100 mm,
h=15mm, r = 32.5 mm.

Assigning the geometric characteristics of the soil profile, using kinematic analysis [7],
it is possible to define the rover configuration, the location of the wheel-to-ground contact
points, and the common tangent slope so that ground reactions can be evaluated. With
reference to Figure 10b, Table 3 shows the normalized values of the vertical reactions in
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-10
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the case of a wheel at the same height but with different inclinations of the ground at the
contact point. The vertical reaction at the point of contact of wheel A decreases if it moves
away from the vertical for E.

20
10
£
- 0
[1+]
>
><
-10
-20
20 40 60 80 100 0 20 40 60 80 100
X (mm) X (mm)
(a) (b)

Figure 11. (a) x angle at the contact point; (b) horizontal distance between the center of the wheel
and the contact point (A = 100 mm, h = 15 mm, r = 32.5 mm).

Table 3. Normalized vertical reactions as a function of the tangent inclination at the wheel-soil
contact point.

Wheel a1 (deg) zx (mm) R, Ry R.
Al -25 0 94 107 100
A2 0 0 100 100 100
A3 +25 0 114 87 100

Therefore, when wheel A overcomes the bump, there is a continuous variation in the
level and inclination of the ground; in the ascent phase, due to the rotations of the bogie,
the contact point moves forward (in the direction of motion) with respect to the wheel
center, resulting in an increase in the load on wheel B, which is as large as the greater the
inclination of the profile at the contact point. This variation in load can be considered
beneficial; in fact, wheel A, which must be lifted, undergoes a reduction in load while
wheel B can push the rover forward, without slipping, thanks to the increase in load. The
wheel C undergoes slight variations in load. The opposite situation occurs when wheel A
is descended from the bump, during which the loads on the wheels tend to return to their
initial value.

In Figure 12, some phases of overcoming a harmonic bump are reported, and for
each phase, in Table 4, the values of the main characteristic quantities are shown. The
normalized vertical reactions of the soil (R,, Ry, R.) are compared with those calculated at
the wheel axles (R*;, R*, R*:), which do not consider the horizontal displacement of the
contact point due to the inclination of the ground. In the configurations (b) and (d), the
reactions Ri and R*; are equal. In particular, the following configurations were considered:

(@) Wheel A is not yet engaged on the bump; all the wheels are at the same level on a
horizontal surface, and the three reactions are equal; this condition is a reference for
subsequent ones.

(b) Ascent phase with mid-height contact (z =h/2 = 15 mm; o = —43°).

(c) Contact on the crest of the wave (z = h = 30 mm; « = 0).

(d) Descent phase with contact at half height (z =h/2 = 15 mm; x = +43°).
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Figure 12. Normalized soil reactions in static conditions for A = 100 mm, h = 30 mm: (a) z = 0 mm;
a=0;(b)z=15mm; x = —43.3; (c) z =30 mm; & = 0; (d) z = 15 mm; « = +43.3. The horizontal black
line (at 100 N) is a reference to the reaction values with respect to case (a).

Table 4. Ground reaction forces at different contact points for Wheel A, considering A = 100 mm,

h =30 mm.
& ZA % % %
x (mm) z (mm) (deg) r cosx (mm) (mm) R, Ry R, R*, R*, R*,
(a) 0 0 0 32.5 32.5 100 100 100 100 100 100
(b) 25.0 15 —43.3 23.6 38.6 83 116 101 85 109 101
(c) 50.0 30 0 23.6 62.6 76 119 105 76 119 105
(d) 75.0 15 +43.3 23.6 38.6 114 85 101 85 109 101

Ground reaction forces can also be evaluated by means of a multibody model repre-
sented in Figure 13. In this formulation, the rigid wheels are assumed to interact with a
sliding rigid ground profile containing a harmonic bump; each wheel contacts the ground
at a point that serves as its instant center of rotation. It is therefore assumed that friction
at this point is sufficient to prevent any slipping. Passive resistances are disregarded, and
the analysis focuses exclusively on the force generated by the bump opposing the rover’s
forward progression. To this end, the ground is translated at a sufficiently low constant
velocity (0.01 m/s) in the negative direction. The bump was chosen with a length of 80 mm
and a height of 16 mm.

W

i>f
ey a3

Figure 13. Multibody model. The colors of the wheels recall the bar charts previously presented.
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Figure 14 shows that, when the bump engages with each wheel, the two bodies first
undergo a horizontal displacement, in the same direction as the motion of the bump and
then in the opposite direction, until they return to the starting position, as shown by the
diagrams in Figure 15a. Contact between the bump and wheel C results in zero horizontal
displacement of the bogie and a small displacement of the rocker.

sy
0) |

(@) |

Figure 14. Rover overcoming a bump with A < p. One wheel at a time engages the bump: (a) front;
(b) intermediate; (c) rear.

E 10
E 10 1
g /7N ! Bogie
L= [ T 60+
% 00 b /’\
) E T [
) \ / c 407 / \
8 \\_/" o 4 Ill." |II
x "o 160 20 a0 a0 2 % / \
X (mm) @ 00+ L
T 10 2 ]
E Ty
E _1 f 20' = Rocker
= 504 @
o 2 =40+
4 [+]
2 0o a T
= LU
A | or _go4
o _5 04
250 —anl
CE 1 T
%0 100 200 300 400 _1% 5 : 1@ 20-0 3& . il
x (mm) (a) x (mm) (b)

Figure 15. Rocker and bogie movements obtained for A = 80 mm and h = 16 mm; (a) horizontal
displacements; (b) rotations.

As shown in Figure 15b, the rotations of the rocker and the bogie exhibit distinct
behaviors depending on which wheel crosses the bump. When wheel A encounters the
bump, both the rocker and the bogie rotate clockwise (negative rotation). In contrast, when
wheel B crosses the bump, the two bodies rotate in opposite directions. Finally, the bump
encountered by wheel C induces only a counterclockwise rotation of the rocker.

Figure 16a shows the vertical displacement of both bodies, while Figure 16b presents a
comparison between the displacement of the wheels and that of point D, which represents
the rover’s main body. The displacement of point D is approximately 3.2 times smaller
than that of the wheels. All displacements are calculated with respect to the initial position,
i.e., the configuration of the rover before encountering the bump.

Figure 17 shows diagrams of the components of the soil-wheel contact forces obtained
at a speed of 0.01 m/s. Before the rover engages with the bump, the three horizontal ground
reactions are zero, and the vertical ones are equal.

When crossing the bump, the trend of horizontal actions is similar for the three wheels.
Since the system is conservative, the area subtended by each curve in the ascent phase is
equal to the negative area of the descent phase.
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Figure 17. Horizontal and vertical components of the soil-wheel contact force: (a) wheel A; (b) wheel

B; (c) wheel C for v = 0.01 m/s.
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Regarding the vertical reactions, when wheel A engages with the bump, the clockwise
rotation of the rocker causes wheel C to approach the line of action of the load W, acting at
point D, while point E moves away from the same line. Consequently, the load on wheel C
increases and the load on wheel E decreases. Due to the clockwise rotation of the bogie, the
lower load in E is balanced to a greater extent by the wheel B which tends to move closer to
the vertical line for E. The diagrams show an increase in loads in B and C and a reduction
in load in A.

When wheel B engages with the bump, the opposite rotations of the rocker and bogie
determine an increase in load in C; the load acting in E loads wheel A more.

Finally, when wheel C is on the bump, the counterclockwise rotation of the rocker
results in less load on wheel C; in the ascent phase, the point of contact is closer to E than
the center of the wheel; in the descent phase, the opposite occurs, and this explains the
increasing trend of the corresponding reaction. The bogie does not rotate, and the load E is
equally balanced by wheels A and B.

At the beginning and at the end of the contact of each wheel with the bump, a peak in
force is noted due to the initial acceleration imposed by the bump on the wheel.

As the speed increases, due to numerical problems, the contact forces begin to
have more irregular trends, making it more difficult to analyze dynamic behavior. In
Figure 18, the trend of the contact force of wheel A is shown, performed at a speed of
0.1 m/s. In addition to the peaks due to the contact skipping, the graph is bouncing
and with intermediate peaks throughout the harmonic profile. A more precise analy-
sis would require, each time, to redefine the geometry of the bump profile with a more
extreme discretization.

20 30
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Figure 18. Wheel A contact force for v = 0.1 m/s. (a) horizontal component; (b) vertical component.

5. Axle Motion of Wheel A over a Harmonic Bump

Figure 19 shows that, when wheel A engages with the bump, its axis undergoes a
vertical shift; consequently, wheels B and C undergo horizontal translation. This situation
can be schematized by constraining the axle of wheel A with a vertical guide and the axles
of wheels B and C with horizontal guides (Figure 19b). The 2D model is constituted by an
articulated single-degree-of-freedom system, consisting of two rigid bodies (rocker and
bogie) connected to each other by a revolute joint and constrained to the frame by three
sliding joints arranged at the wheel axes. The model does not consider friction between the
wheel and the ground. By imposing a vertical motion on the axis of the wheel A, described
by Equation (7) or Equation (13) (by means of the actuator schematized in Figure 19b), the
rocker and the bogie undergo a clockwise rotation around the instant centers of rotation
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shown in Figure 19¢ in which the velocity directions, relating to the lifting phase of wheel
A, are reported. These rotations involve a positive horizontal displacement of wheel B and
a displacement of the opposite sign of wheel C (analogously to the case of Figure 15a). The
masses concentrated at points A, B, C, and D accelerate, and the corresponding vertical
inertia forces are balanced by the ground constraint reactions.

5
£
i
i
L © @
i I
gt

Figure 19. (a) Wheel A approaching a bump; (b) two-bodies scheme for wheel A overcoming the
bump; (c) bogie and rocker instant centers; (d) comparison with the initial configuration.

Being the wavelength of the obstacle shorter than the wheelbase of the bogie (A < p),
the wheels pass the bump in succession, and therefore only one wheel at a time is engaged
with the bump. Figure 20 shows the instant centers of rotation and the configuration
assumed by the rover when wheels B and C interact with the obstacle.

Therefore, once the forward speed and the characteristics of the bump (4, A) vary, it
is possible to define the trend of the vertical reactions at the wheel centers. If the wheel
radius is small compared to the wheelbase, the obtained values can be regarded as a good
approximation of the ground reactions on the wheels.

In Figure 21 the three vertical reactions are shown for three different values of the
forward speed v and therefore of the fundamental rotating frequency of the forced motion
(ws = 2mtv/A). The diagram shows that at the speed of 0.4 m/s the reaction of wheel A is
zero when the wheel reaches the crest of the bump. This value represents the threshold
speed at which wheel A loses contact with the ground, and it is referred to as the first lift-off
speed. Beyond this value, the wheel tends to lift off the ground and then land, generating
high stresses due to the subsequent impact. As the height of the bump varies, it is possible
to derive the threshold speed for different wavelength values. Figure 22 shows a map
of the threshold speed confirming the expected trend; for a fixed height, increasing the
wavelength allows the obstacle to be traversed at a higher speed. The threshold value was
defined with a tolerance of 0.01 m/s.

In bump obstacles, the wavelength is smaller than the wheelbase; this condition has
influenced the wavelength values. For the height of the bump, a maximum height equal to
the wheel radius was considered.
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All other quantities being equal, as the bump height (/) increases, two concomitant
effects arise that promote wheel detachment from the bump. First, the increased vertical
displacement of the wheel leads to a greater reduction in static load. Figure 23 shows the
second effect, consisting of the upward inertial force due to the more pronounced negative
acceleration of the wheel center.
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Figure 20. Two-bodies scheme: (ab) kinematic scheme for wheel B overcoming the bump;
(c,d) kinematic scheme for wheel C overcoming the bump.
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Figure 21. Constraint reactions vs. time for A = 100 mm, # =15 mm: (a) v =0.10m/s (T=A/v =15s);
(b)v=025m/s(T=045s);(c)v=04m/s(T=025s).
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Figure 22. A point actuated: first lift-off speed vs. bump height for different values of A.
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Figure 23. Acceleration of wheel A and point D for r = 32.5 mm, A = 80 mm, h = 16 mm, v = 0.01 m/s.

6. Axle Motion of Wheel B and C over a Harmonic Bump

The procedure described has been repeated by imposing the vertical motion, provided
by Equation (13), on wheels B and C to determine the first lift-off speed. Figure 24 reports
the corresponding threshold maps.

0.8 0.8
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0.6 06
Q3 Q 80
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0 5 0 15 20 25 30 0 5 10 15 20 25 30
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Figure 24. Wheel-first lift-off speed vs. bump height for A = 100 mm; A = 80 mm; A = 60 mm: (a) B
point actuated; (b) C point actuated.
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To actuate wheel B, it must be considered that in the starting configuration, the
mechanism presents a kinematic singularity, as shown in Figure 19, if the points A, B, and
C are aligned. For this reason, the wheel-first lift-off speeds were carried out considering a
starting configuration in which point B is slightly higher than points A and B.

Finally, actuating wheel C along the vertical direction and constraining A and B to
slide horizontally, the rocker behaves as an elliptical trammel mechanism; points B and C
of the rocker move in mutually orthogonal directions.

The simulation results show that both static and dynamic loads undergo similar
variations for the three wheels. Table 5 shows the ground reactions on the wheels as each
one approaches the crest of the bump.

Table 5. Normalized vertical reactions for three configurations of the rover.

hl h2 h3 Ra Rb Rc

(mm) (mm) (mm) (N) (N) N)

(a) 15 0 0 88 109 103
(b) 0 15 0 109 88 103
(©) 0 0 15 103 103 94

The maps in Figure 24 also show slight variations between the values of the wheel-first
lift-off speeds for the three wheels. Therefore, it is sufficient to check that one of the wheels
travels at a speed lower than the lift-off threshold. In this regard, it should be noted that,
for the values of & of interest, the curves can be approximated with exponential functions:

v* =kh (16)

in which k determines the value of the first detachment velocity for / unitary and the
exponent b controls the speed with which the curve decreases. By interpolating the curves
with an exponential function (16), k and b can be expressed with the following linear
functions of A:

b(A) = —0.00248 A + 0.924; k(A) = 0.0253 A — 0.095 (17)

In these expressions, A is expressed in mm, b is dimensionless, & is expressed in m, and
v* is expressed in m/s. Therefore, if the height (k) and the wavelength (1) of the obstacle
can be estimated (for example, with vision sensors), the corresponding first detachment
velocity can be derived.

7. Experimental Tests

Preliminary experimental tests were carried out using a Runt Rover™ bogie plat-
form [31], represented in Figure 25, manufactured in ABS (acrylonitrile-butadiene-styrene).
The geometric specifications of the rover are listed in Table 1.

The rover is equipped with six independently driven wheels, each with a diameter
of 65 mm and a width of 25 mm. Wheel actuation is provided by six identical 12 V DC
motors mounted on the wheel axles, each coupled to a 30:1 gearbox. The motors deliver a
rated torque of 350 Nmm at a nominal speed of 250 RPM, ensuring adequate traction and
mobility for the platform.

Table 6 shows the equipment used for experimental tests. The rover is equipped with
an Arduino UNO Wi-Fi Rev2 control board [32] flanked by two Adafruit Motor Shields
v2.3 [33], each connected to the three motors on one side of the rover. These boards were
used because the current supplied by Arduino is not sufficient to directly power all the
motors. The Arduino board is equipped with an integrated LSM6DS3TR [34] IMU sensor
that provides measurements of the angular velocities and accelerations of the rover’s body.
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The bump profile used for the experimental tests features a wavelength of 80 mm and a
height of 16 mm.

Figure 25. Rover and bump adopted for the experimental tests (the red arrow indicates the
motion direction).

Table 6. Technical specifications of the equipment adopted for the tests.

Equipment Specification
control board Arduino UNO Wi-Fi Rev2 (Arduino S.r.l./Arduino AG, Ivrea, Italy)
control board Adafruit Motor Shields v2.3, (Adafruit Industries, Brooklyn, NY, USA)
IMU LSM6DS3TR (integrated in Arduino UNO)
motors 12 V DC with 30:1 gearbox; torque of 350 Nmm @ 250 RPM,
Video camera iPhone 16, 48 MP; 240 fps (Apple Inc., Cupertino, CA, USA)

The tests were conducted at various speeds of the rover. For each test, the rover motion
was recorded using a video camera in slow motion mode, while signals coming from the
IMU and from the wheel encoders were simultaneously acquired. The first lift-off speed
was detected by analyzing the video frames.

Results show that the lift-off speed on a profile with L = 80 mm and h = 16 mm
is approximately 0.3 m/s, which agrees with theoretical predictions. However, it was
observed that the lift-off occurs earlier on the middle wheels, as shown in the photograph in
Figure 26 obtained at a speed of 0.4 m/s. This can be explained by considering that, during
the bump ascent phase, the rover’s body experiences a deceleration. Consequently, with
reference to Figure 27, the body horizontal inertia force transmitted at point E, produces a
moment that alters the normal load distribution between the two bogie wheels, increasing
the load on the front wheel while reducing it on the rear wheel. This variation in load
influences how the first two wheels traverse the bump. When the front wheel is on the crest
(Figure 27a), the moment tends to press it against the bump, whereas when the intermediate
wheel is on the crest (Figure 27b), the moment tends to lift it. Similarly, when the rover
moves in the opposite direction (rocker forward), the first wheel to lift off the ground is
wheel A.
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Figure 27. Body inertia force effect: (a) wheel A on the bump; (b) wheel B lift off.
As an example, the signals detected by assigning the rover a speed of 0.1 m/s, which

is lower than that of the first lift-off speed, are reported. Figures 28-30 show the gyroscopic,
accelerometric and encoder signals of the wheels of the same side, respectively.
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Figure 28. Pitch body rotations at 0.1 m/s (the yellow, green, and purple colored bands indicate the
passage over the bump of wheel A, B, and C, respectively).
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Figure 29. Accelerometric signal, at 0.1 m/s: (a) ay signal; (b) a, signal. The yellow, green, and purple
colored bands indicate the passage over the bump of wheel A, B, and C, respectively.
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Figure 30. Encoder signals at v = 0.1 m/s: (a) front wheel; (b) middle wheel; (c) rear wheel.

The yellow, green, and purple colored bands indicate the passage over the bump of wheel A, B,
and C, respectively.

The gyroscopic sensor shows the pitch rotation of the body (in Figure 28) which (as
described in the diagram in Figure 15b), has two consecutive clockwise rotations, due
to the crossing of wheels A and B on the bump, which lead to a raising of the point E;
the last rotation of the body is due to the crossing of the C wheel which involves an
counterclockwise rotation of the rocker (equal to that of the body).

The accelerometer data indicate a longitudinal deceleration when the bogie wheels
encounter the bump, followed by an acceleration as the rocker wheel climbs over it, how
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reported in Figure 29a. When the first two wheels cross the bump, the clockwise rotation
of the body causes a longitudinal deceleration of the body; the opposite occurs when the
rear wheel climbs the bump. Regarding vertical acceleration, Figure 29b highlights peaks
of greater amplitude are noted when the wheels begin or complete the climb of the bump.

The encoder signals (Figure 30) show that the wheels undergo a sudden reduction
in speed every time one of them comes into contact with the bump; after that, the speeds
increase until they exceed the initial value in the descent phase from the bump. The
diagrams show a spike when the rear wheel encounters the bump, which may indicate
wheel slip caused by the sudden reduction in wheel load.

The following tests were carried out at a speed of 0.35 m/s, for which the video
frames clearly show the detachment of the central wheel from the bump (as already
shown in Figure 25). The body rotations (Figure 31), the accelerations (Figure 32), and the
rotation wheel speeds (Figure 33) reach higher values compared to the previous case. The
combination of negative longitudinal acceleration with positive vertical acceleration during
the second phase of the intermediate wheel’s contact with the bump results in the lift-off of
the intermediate wheel.

4r ]
=)
@ B 4
Z
= . ———
)
o ot : _
pitch,
-4t I I ! : ! ]
0 0.5 1 1.5 2 2.5 3

Time[s]

Figure 31. Pitch body rotations at 0.35 m/s. The yellow, green, and purple colored bands indicate the
passage over the bump of wheel A, B, and C, respectively.
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Figure 32. IMU signals at 0.35 m/s: (a) accelerometric signal, ay; (b) accelerometric signal, a,. The
yellow, green, and purple colored bands indicate the passage over the bump of wheel A, B, and
C, respectively.
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Figure 33. Encoder signals at v = 0.35 m/s: (a) front wheel; (b) middle wheel; (c) rear wheel. The

yellow, green, and purple colored bands indicate the passage over the bump of wheel A, B, and
C, respectively.

8. Conclusions

This study addressed the dynamics of a rocker-bogie rover traversing periodic ob-
stacles modeled as harmonic bumps. The kinematics of the system were described, and a
simplified model was proposed to determine the wheel-first lift-off speed. The subsequent
dynamic analysis focused on identifying the forward velocities beyond which a wheel loses
ground contact. The results demonstrated how these threshold speeds are influenced by
the geometric parameters of the obstacle.

The experimental tests presented in this paper aim to illustrate the dynamic phe-
nomenon under investigation. A comprehensive large-scale experimental campaign, in-
volving bumps with different profiles and considering variations in rover mass and mass
distribution, is planned for future studies. The simplified model proposed to estimate the
first lift-off speed can be considered valid under the assumptions that the rover’s trajectory
is orthogonal to the bump and that the system can be represented in two dimensions.

The investigation is conceived as a preparatory step towards the integration of percep-
tion and control. If the rover is equipped with a vision system capable of detecting and
characterizing obstacles, the deductions presented here can support autonomous decision-
making. Depending on the estimated obstacle geometry, the rover may either replan its

path to bypass it or choose to traverse it. In the latter case, the results of this study pro-
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vide the maximum admissible traversal velocity that ensures ground contact and traction
are maintained.

Overall, the proposed framework helps bridge the gap between the mechanical mod-
eling of suspension systems and autonomous navigation strategies, offering a founda-
tion for the development of robotic platforms capable of safe and efficient operation in
irregular environments.
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Nomenclature

Symbol  Description Unit

a Acceleration mm/s?

b Exponent in threshold speed interpolation -

h Height of the harmonic bump mm

k Coefficient in threshold speed interpolation m/s

L; Link length mm

M Mass of rover body kg

m Mass of wheel-motor assembly kg

p Distance between bogie wheel axes mm

r Wheel radius mm

R; Ground reaction on wheel N

R* Reaction on wheel axis N

T Time of wheel engagement with bump s

t Time s

y Derivative of the vertical displacement z with ~
respect to the horizontal displacement x

v Forward speed of the rover m/s

W Weight N

x Horizontal coordinate of contact point mm

z Vertical coordinate of contact point mm

o Inclination angle of the tangent at contact point ~ °

B Rocker angle °

Y Bogie angle °

0; Link rotation °

A Wavelength of the harmonic bump mm

14 Radius of curvature of bump profile mm

Ws Rotating frequency rad/s
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