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Abstract: In this paper, we propose an in-depth evaluation of the performance of the Archimede
rover while traversing rough terrain with loose soil. In order to better analyze this, the reality gap is
evaluated when simulating the behavior with an open-source simulator. To this extent, we implement
a full model of the rover in the open-source dynamics simulator Gazebo, along with several types
of terrains that replicate the experimental conditions. The rover control system is equipped with a
kinematics model that allows for driving in different modes. We implement an odometric system
aboard the rover, as well as an external optical absolute tracking system as reference. We estimate
the drift occurring during driving in different configurations, two types of soil with corresponding
wheel geometries. The results show good adherence of the odometry when the rover drives on planar
ground; conversely, as expected, a marked influence of slope is seen on wheel drift. The reality gap
between simulations and experimental results is kept comparatively small provided that slopes are
not present.

Keywords: mobile robotics; Archimede rover; planetary rovers; Ackermann steering; ICR projection
approach; odometry; wheels slip estimation; dynamics simulations

1. Introduction

The task of exploring the surface of celestial bodies such as planets, moons, and
asteroids is typically tackled using one of two approaches: static robotic probes called
landers [1,2] and moving autonomous vehicles called rovers [3-5]. While landers are useful
for very precise and accurate measurements of aspects of the environment which do not
change with respect to their position, e.g., the weather [6], rovers offer a significant advan-
tage in being able to inspect a wider area with focused and accurate investigations [7,8].
Currently deployed rovers are able to perform soil manipulation and sensor placement [3],
soil analysis and weather monitoring [7-9]. Indeed, the latest wave of development deals
with the increasing need for more agile and capable platforms, with research efforts in
sample fetching and transports [10] as well as modular architectures [11]. The most recent
Mars rover, JPL/NASA’s Perseverance rover [12], has been collecting and storing small
sample caches of Mars soil for a subsequent mission to collect and ship back to Earth [4].
The Chinese space agency has plans for a sample-return mission as well, which started
with the rover Zhurong—within the Tianwen-1 mission—which landed on Mars in 2021
in the area denominated Utopia Planitia [13]. The Mars Sample Return mission which
NASA envisions [14] foresees a complex architecture, where many distinct systems col-
laborate in surface operations. It is key to note that most of these mission architectures
typically require that large distances are covered by mobile systems such as the rovers.
Muirhead et al., for example, foresaw distances up to 20 km to be traveled in the allocated
150 sols [4]—this value is significantly higher than the speed capabilities of current rovers.
The requirements for complex architectures, payload and soil manipulation, more capable
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rovers and multi-agent systems seem to call for faster rovers that are equipped to traverse
long distances in much shorter amounts of time [11,15-19].

To give some context to the driving speed capabilities of current and past opera-
tional systems, Lunokhod 1 and 2 had two levels of operating speeds (approximately
0.28ms~! and 0.56 ms~!); the Chinese rover Zhurong has a top speed of approximately
3.3 x 1072ms~!, while JPL/NASA'’s Perseverance rover can reach a top speed of about
4.2 x 107?>ms~!; Curiosity travels at a maximum speed of (4 x 10~2ms~!) [3]. Finally,
the Mars Exploration Rovers Spirit and Opportunity were capable of a maximum speed of
about5 x 107 2ms~ L.

A fast rover is one which can achieve stable speeds greater or equal to 1.1 ms~!, which
is ten to hundred times the operational speed of the current planetary rovers [20]. A few
high-speed rover prototypes have been proposed in recent years, such as the “Lightweight
Rover Unit” (LRU) from DLR [21], which is capable of a maximum speed of 1.1ms~!, and
the NASA-proposed K10 rover, with a maximum speed of about 1 ms~! and Dune rover
[22,23], with a declared top speed of about 1.5 ms~ L.

Surface exploration offers still more challenges: rough terrain, loose soil, impacts in the
deployment, and driving phases [3,24,25]. The harshness of impacts in the driving phase in
particular increases linearly with speed both in obstacle and terrain negotiation. As such, it
is typically less of a problem for currently deployed rovers, which tend to be quite slow.
However, even in slow driving, continuous small impacts can cause wear and cracks in the
wheels—which has notably been happening on the MSL rover since sol 411 [26].

In order to properly capture the behaviour of complex robotic vehicles such as the
Archimede rover on rough terrain, it is necessary to model the dynamic response and the
interaction with the ground [27]. Rover dynamics simulation was performed by Linde-
mann et al. with the commercial simulation software MSC Adams [28]. Another implemen-
tation is presented by Benamar et al. [29].

In some instances, the modeling of the soil itself via terramechanics models is per-
formed [30-32]. A Discrete-Element Model was presented by Yang et al. for lunar
rovers [33] taking advantage of the Bekker terramechanics theory [34]. Ishigami et al.
followed a similar approach in [35]. In other instances Schéfer et al. leveraged the ca-
pabilities of the simulation software SIMPACK to model the interaction between rover
wheels and soft soil [36-39]. The dynamics of space exploration rovers can be described
by using a pseudo-coordinates model, without considering the mechanics of soil [40,41].
The interaction between wheel and soil in vacuum was studied for applications in space
exploration [42]. Much effort is spent into estimating the wheel-soil interaction in order
to compensate it, leading to traction control [43]. Indeed, excessive slippage can lead to
the rover becoming embedded into the ground [44]. Additionally, the locomotion system
needs to be tailored to the characteristics of the foreseen wheel—soil interaction. Planetary
rovers mostly use wheeled locomotion systems for their efficiency and simplicity, but suffer
their low capabilities to traverse extremely rough terrain [45]. The suspension systems can
be passive, e.g., the well-known rocker bogie mechanism [46], or active [47]. Depending
on the type of terrain on which the rover will have to operate, the wheels are a critical
component; common parameters are the diameter and width of the wheel and the number,
height, and shape of the grousers [48,49]. These need to be selected to maximize traction
and minimize slip, hence minimizing the probability of sinkage and helping sustain the
driving loads and the concentrated forces coming from overcoming small obstacles. More-
over, a wheel shall resist landing operations in most cases, e.g., NASA’s Curiosity and
Perseverance Rovers [50].

One of the key challenges in planetary exploration is position estimation [51]. Since
outside of the Earth’s surface global positioning is not currently available, rovers must rely
on relative position estimation, where positioning is typically achieved by means of dead
reckoning techniques [52], possibly enhanced by sensor fusion, where information coming
from different sensors is fused together, typically by leveraging the Extended Kalman Filter
(EKF) [53] or Bayesian approaches [54]. An example of this can be found in planetary rovers
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that use positioning systems that fuse readings from of the following: wheel encoders
(wheels odometry—WO), Inertial Measurement Units (IMU) [55], sun sensors [51], and
visual odometry (VO) [56]. Even though odometry is especially vulnerable to errors that
increase over time (drift), most notably in high-slip scenarios, an accurate pose estimation
is essential for closing the navigation control loop of the vehicle [57]. To this extent, some
efforts in the past years went into investigating absolute positioning systems [58].

Within this context, in 2021, our group proposed the rover named “Archimede”, which
incorporates a novel suspension system known as S-structure [24,59]. This system derives
its name from the S-shaped elastic force-deformation graph it exhibits. By leveraging the
non-linear elastic characteristics of this mechanism, the rover is engineered to function
efficiently at elevated velocities (approximately 1 ms~1). At the same time, it provides the
capability to absorb shocks and maintain stability for the scientific equipment carried by the
rover [27]. The rover takes advantage of eight XM430-W350-R motors from DYNAMIXEL,
which provide 57 rpm with a stall torque of 4.8 Nm. Each wheel uses one motor for the
steering and one motor for the wheel drive.

The Archimede rover uses a scheme of four independently steerable wheels, with steer-
ing controlled via an Ackermann steering geometry subject to bounds. In the literature,
a certain amount of research can be found about this type of geometry [60,61]. The Ack-
ermann steering approach is based on purely geometrical concepts, and allows to derive
the expression for the inverse differential kinematics of a vehicle. The approach is based
on two main assumptions, namely that the vehicle follows a purely rigid motion around
an Instantaneous Centre of Rotation (ICR), and that the two constraints imposed by the
wheels are always satisfied. This approach is well known in the automotive field [62,63],
due to its simplicity.

Regarding the wheel-soil interaction, based on Chen and Genta’s method [40], we
propose a model defined by a massless spring-damper system that may be applied in the
context of contact involving rigid bodies in this study.

Compared to the works found in the literature, the main novelty of this effort is the
comprehensive and experimental-led evaluation of the reality gap found in simulating a
rover subject to constrained steering and with a flexible structure, navigating a complex 3D
terrain. Furthermore, in order to increase the adherence of the environment to that of space,
we used two different kinds of regolith simulants. To the best of the authors’ knowledge,
no relevant work has been found on the application of the ICR-based approach that we
present, to systems in which the steerable wheels are subjected to lower and upper joint
limits. Finally, we note that this method can easily be extended to n-wheel locomotion
systems, where each wheel has a different range of steering.

More in detail, the contributions of this work can be summarized as follows:

e The development of a purely geometrical ICR-based control system that is compatible
with the limited range of motion of the four wheels” independent steering. We propose
the mathematical foundations, characterize the method, and provide a critical analysis
of shortcomings.

*  The development of a robust odometric system for a rover with four steerable wheels.
The resulting algorithm accepts data from the wheels’ revolutions, takes care of the
inherent redundancy of information, and delivers the estimated position via ROS
network to the controller for data acquisition and comparison.

¢ The development of various ROS packages for the Archimede rover simulations in
Gazebo, to mainly allow for: the control of the simulated robot, the data acquisition of
the estimated odometric position, and the acquisition of the ground-truth trajectory.

*  Experimental tests in a sandbox with the very fine lunar regolith simulant EAC-1A and
with a coarser tephra-based gravel (pyroclasts). We consider two different kinds of
simulants, in order to evaluate the performance of the rover in different soil conditions.

* A numerical and experimental comprehensive comparison of the effectiveness of the
odometric system. The physical rover experiences rough and loose terrain, as well as
the flexibility of parts of its S-structure chassis, while the simulated rover simplifies
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some of these aspects (rigid S-structure, terrain), while it does simulate others (central
differential bogie). On top of this, the odometric system assumes the differential bogie
as fixed. All of these naturally translate in a slightly different response, which we
systematically show in the results.

¢  Evaluation of the reality gap that arises when simulating a complex rover system
traveling soft soil with a massless spring-damper based soil model implemented in
the Gazebo dynamics simulator.

The paper is structured as follows: in Section 2 a kinematics model of the four-
wheel steered rover Archimede is presented, including both the steering geometry and the
odometric system; in Section 3, a detailed description of the experimental tests is reported,
along with the simulation framework; in Section 4, we discuss the results and evaluate the
reality gap that arises with simulations; finally, in Section 5, we present the conclusions of
the study, highlighting (1) the good similarity between the simulated results in the case of
motion in the plane, (2) the relation between slope angle and drift in all scenarios and with
both soils, and (3) we discuss future research directions.

2. Model

The Archimede planetary rover prototype was first described in detail by Caruso et al.
in [27]. This vehicle is a four-wheel steering planetary rover, which possess four articulated
legs, formed by complex preloaded modules called S-Structures [24,59], which constitute
the vehicle suspension system. Moreover, the rover legs are coupled together by a dif-
ferential bar. This section aims at providing the description of two models used within
the Archimede rover; the first forms the basis for the rover’s wheels odometry system,
while the second is used for the rover’s control. It must be noted that for the scope of
the development of the models, it had been assumed the pure two-dimensional case. It
follows that the articulated legs are considered to be rigid, and the legs are rigidly attached
to the body; hence, the lever mechanism has no effect. With reference to Figure 1a, let us
introduce a reference frame (G, ég), where ég = {4, 7, lAc} is fixed with the chassis of the
rover. To the generic wheel of the j-th leg is assigned a new reference frame (Ij, &) where
&w = {&,&p,&}. Consider the planar projection of the body and the wheels as shown in
Figure 1la. It is possible to express the linear velocity of the single j-th wheel as follows:

'z;w,]' = 0G =+ 9’2 X (r] - G) = ¢wlijé‘D (1)

where vg and 6 are the linear speed vector of the centre of mass of the rover and its angular
speed, respectively. Additionally the wheels have a radius Ry, while the j-th wheel is
characterized by having a driving speed ¢,,; = ¢; and a steering angle ¢;. It is apparent
that for every wheel of the system we introduce a vector equation of form Equation (1),
which in turn includes two scalar Equations (one for each vector component).

chassis

(b)

Figure 1. In (a), the schematic representation of the single leg of the rover with respect to the chassis;
in (b), the complete rover schematic representation.



Robotics 2023, 12, 125

50f22

Considering the complete representation of the rover, shown in Figure 1b, and iterating
for each wheel the procedure followed to obtain Equation (1), we obtain a matrix relation
of the following form:

AkXRr = By 2)

where, g € R3*! is the vector of the velocity state of the rover body, which is xg =
[%R, YR, 0]T. The matrix Ay is defined as follows:

M1 0 —Ljsinaq]

—_

. 0 —Lgsinay
Ak = 1 Ljcosag ©)

o

0 1 Licosay |

and the matrix By is:
[Ri¢p cos 61

Ry¢y coséy

R1 ¢1 sin (51 (4)

_R4(f)4 sin (54 _

Ay € R8%3 is a matrix that, under the aforementioned assumptions, is constant in
time, and depends only on the geometry of the rover. On the other hand, the matrix
By € R8*1 contains the wheels’ state parameters, i.e., the wheels’ rotational speed and the
steering angles.

The system parameters of the Archimede rover are shown in Table 1.

Table 1. System parameters for the Archimede rover [27]. Note that the specific configuration of the
rover used in the test reported in this work is slightly different in terms of the mass of the rover body
compared to that of our previous work.

Component Value Unit
Body mass 1.61 kg
Right leg mass 1.58 kg
Left leg mass 1.58 kg
Wheelbase 0.720 m
Track 0.443 m
Height 0.350 m
Wheel diameter (low grousers) 0.170 mm
Wheel diameter (high grousers) 0.186 mm

2.1. Odometric System

This paragraph presents the model which the Archimede rover uses and which forms
the basis of its wheel odometry system. Recalling the procedure followed in the previous
section, it is apparent that Equation (2) represents an over-determined linear system de-
scribed by eight equations and three variables. However, for this study this system will be
directly resolved by using the Moore-Penrose left pseudo-inverse. Hence:

ir = (AfAr) 'A{B ®)
which can be expressed in the inertial frame as follows:

Xy = RTXR (6)
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where R is the rotation operator in the bi-dimensional case:

cosf® sinf 0
R=|—sinf cos® 0 (7)
0 0 1

It follows that Equations (5) and (6) are the equations that are at the base of the
odometric positioning estimation system, which has been coded and included in the
firmware of the Archimede rover prototype, and for the digital twin of the rover in Gazebo
and described by a proper C++ plugin. Specifically, the odometric system of the Archimede
rover is based on reading at high frequencies the encoders of the eight motors, i.e., both
the steering and driving ones. More precisely, by discretizing the time ¢, it is possible to
estimate the rover’s position in the inertial frame at the time frame #; as follows:

k
xi(t) = xr0+ Y R(E) Tar (t) A(t;) (8)
i=0

where xj g represents the initial condition of the rover in the inertial frame, and it is assumed
to be non-null in general.

2.2. Steering Control

The control of the rover is based on the well-known concept of the Ackermann steering.
More precisely, the inverse differential kinematics of the vehicle is obtained by leveraging
this methodology.

2.2.1. General Ackermann Steering

The approach is based on purely geometric concepts and is derived on the basis of
two fundamental assumptions: the first is that the vehicle follows a purely rigid motion
around a generic “Instantaneous Center of Rotation” (for short ICR), and the second is
that the two constraints imposed by the wheels (pure rolling constraint and no lateral
slip) are always satisfied at every instant of time during motion. Moreover, we consider
that the motion happens on a purely bi-dimensional plane. These considerations and the
approach are schematically represented in Figure 2a. It is apparent that by leveraging
this approach, by providing high level control signals (g, yr, 0) to the rover, it is always
possible to determine an ICR, and then by using geometrical considerations, it is possible
to determine exactly at every time instant the variables ; and ¢; of the wheels, Vi =1...4.

2.2.2. ICR Projection Approach

As seen in our previous publication [27] the wheels of the Archimede rover, due to
their design, are subjected to both lower and upper constraints for the steering angles,
which are summarized in Table 2. As will be shown in this section, by leveraging the
general Ackermann steering formulation and by applying a technique we call the “ICR
projection” approach, it is possible to account for those constraints elegantly. Specifically,
by denoting the general ICR point with Q, = [xjcg, ¥icr], under the Ackermann conditions
the ICR must lie on the driving axis of the generic wheel i. With reference to Figure 2b,
by sweeping the driving axis from J; i, t0 J; ay, it is possible to determine a region of all
admissible locations for the ICR for the wheel i, which we will call S;. By introducing a
new wheel j, it is possible to determine a new region §;. It is apparent that Q) must lie
in a subregion which is obtained as the intersection of the single ones, i.e., S = §; N S;.
Performing the process that was described for generic wheel i, and iterating it for each
wheel of the rover yields a set of regions where (), is allowable for each wheel, and thus,
for the entire system. It can be demonstrated that the surfaces that have been obtained
are five in number, and they are all disconnected from each other, and can be seen as the
black regions from Figure 3. We will denote from now on the set of admissible regions
of O, as S, and the set of ineligible regions as S~ = R2\S™. It is, therefore, necessary
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to develop an approach that makes sure that regardless of the velocity high level control
signals commanded to the rover, Q), always falls within S*. For this purpose, a method is
introduced that is based on projecting the ICR into the admissible zones. Specifically given
a general control signal command, a (), point is obtained; subsequently, a new ICR point
)} defined as follows is then calculated:

Q,, if Q,€eS"

Q; = . _ N ©)
PPV/ if Q,€8 /\Ppres /\||Ppr_ﬂr||min

Note that this method is entirely compatible with non-symmetric steering capabilities,
i.e.,, when the wheels have diverse steering capabilities. Indeed, since the model itself
depends on the notion that the ICR ), must always be inside an eligible region ST,
and that this in turn is the intersection of each wheel subregion S;, as long as it is possible
to determine S; for each i-th wheel, the model works fine. Along the same lines, the model
supports non-steerable wheels as well—in this case, S; for the non-steerable wheel becomes
a line—and to vehicles with an arbitrary number of wheels. For example, the MSL rover
“Curiosity” has six wheels, of which only the front and rear wheels are steerable, with the
middle pair fixed; the model in this case would consider S* as a line coincident with the
axis of the middle wheels.

Vw1

Va2

Vw 4

()

(b)

Figure 2. (a) The general Ackermann steering schematic representation for a four-wheel steering
vehicle. (b) The graphical representation of the admissible ICR location for the case of two wheels.
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Table 2. Summary of the Archimede wheel hub’s steering joints lower and upper limitations.

Wheel ID Omin Omax
1 —33.7° 93.0°
2 —-93.0° 33.7°
3 —-33.7° 93.0°
4 —93.0° 33.7°

—10

—20

—30

-30 —20 -10 0 10 20 30

Figure 3. In black: the admissible regions for the ICR belonging to the set ST; in white: the ineligible

surfaces belonging to S—.

2.2.3. Drive Modes

With the help of Figure 3, and more precisely considering different subsets of ST, it

was possible to identify some characteristic driving modes, which are interesting for a
general four-wheel steering vehicle which is subjected to steer joints constraints, such as the
Archimede rover in this instance. The modes identified can be listed as follows:

Car-Like mode: the steering joints of the rear wheels are locked, and hence, the rover
ICR is constrained to pose along the driving axis of the rear wheels of the rover. In this
configuration, only the front wheels are allowed to steer, the same as regular cars.
Symmetric Ackermann mode: Very similar to the previous mode, differing from it
only because in this specific driving mode the ICR of the rover is constrained to be
along a line passing through the origin of the rover and coincident with its j-axis.
In-Place rotation: The ICR is unique and coincides with the center of the rover. In this
driving mode, the rover is characterized by not having any linear speed, while the
wheels are arranged in such a configuration that allow the rover to rotate on the spot.
This derives from the Symmetric Ackermann mode.

Lateral Drive mode: The ICR formally does not exist. In practice, it is located some-
where along the 7 axis of the rover frame and infinitely away from it. It follows that
the wheels are turned by 90° around their steering axis, thus allowing the rover to
move sideways.

Parallel Drive mode: As in the previous case, the ICR formally does not exist. The wheels
are characterized by the fact that they turn with the same steering angle -y, thus allowing
the robot to move in a parallel way. The rover possesses only components of linear
velocities, but not angular velocity.
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*  Outer Ackermann mode: With reference to Figure 3, this driving mode has been
derived by considering in the set of the admissible ICR surfaces S* only the two large
ones placed on the side of the rover. It is apparent that the two cases of the Car-Like
and Symmetric Ackermann are particular cases of this bigger driving mode case.

*  Inner Ackermann mode: This drive mode has been derived by considering in the set
of ICR S eligibility surfaces only the central surface located under the belly of the
rover, which is visible in Figure 3. It is apparent that the In Place rotation mode is a
degenerate case of this bigger driving mode case.

*  General Ackermann mode: This driving mode has been obtained by combining the
previous modes, i.e., by considering every surface belonging to S.

Finally, some of the aforementioned identified driving modes can be better seen in
Figure 4.

Figure 4. Mosaic of some of the driving modes identified for the Archimede rover: (a) Car-Like,
(b) Symmetric steering, (c) In-Place rotation, (d) Lateral drive, (e) Parallel Drive, (f) example of
Inner Ackermann.

Recalling the example of the MSL rover described in the previous section, the specific
wheels arrangement of the vehicle would only allow Symmetric Ackermann.

2.2.4. Controller Architecture

In order to implement the functionality described up to this point, the system takes
advantage of several control modules. In particular, it is important to distinguish the
high-level controller from the low-level motor control system. Indeed, while the former
takes care of the kinematics of the rover, pose estimation, path planning, and navigation,
the latter accepts simple control inputs (6; and ¢,, ;) provided by the ICR planner and
regulates the single motors that actuate the steering and rotation of the wheels. The steering
actuation in particular is carried out via PID controller with a feed-forward module; the
wheels are actuated using a simpler PI controller. Both are equipped with saturation blocks
and anti-windup. A high-level diagram of the overall controller architecture is shown in
Figure 5.
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Figure 5. High-level controller architecture diagram for the Archimede rover system. Here, the com-
plete control loop is shown, starting from the navigation planner and down to the controllers in the
DYNAMIXEL XM430-W350-R servomotors (indicated with the “M” block) used for the wheels and
for the steering.

3. Comparison—Study Preparation

This section aims to comprehensively describe the preparation followed in order to
conduct this study. Specifically, the experimental test modes, how they will be conducted,
and what of the individual modes is to be studied will be described first. Next, the setup
of the simulation environment is described and used as a tool to make a comparison with
the experimental results about the accuracy of the rover positioning system. Finally, two
different experimental testbeds in which the experiments were conducted will be described,
according to the test modes described in the first paragraph.

3.1. Test Modes

In this paragraph, the two main test modes are described that have been chosen for
the Archimede rover. More precisely, for each of the test modes the experimental tests have
been performed along different paths, in different driving modes for the rover and with
different mean speed w of the rover wheels. The purpose of each individual test mode is to
evaluate and study a certain characteristic of the rover. The two main test modes can be
classified as follows.

3.1.1. Driving on Flat Terrain

For this test mode the experimental sandbox was prepared such that it mimics an
horizontal surface, as close as possible. Additionally, in this test mode, the Archimede
rover was driven with the Symmetric Ackermann, lateral and parallel modes, along six
different path shapes: straight, lateral, diagonal line, circle, S-path, and square. Finally,
these drive tests had been conducted with four different levels of commanded mean speed
to the wheels, which are 1.2rads™! (we label it w;), 2.4rads~! (labeled w»), 3.6rads™!,
and 4.8rads~!. What we aim to evaluate with this type of test mode is to assess the
goodness of the rover’s positioning system in space, and that it is moving on highly
non-ideal ground and far from the assumptions used for numerical model development.
For this purpose, the same tests performed experimentally are repeated in the simulation
environment, described below, also in order to evaluate the reality gap.

3.1.2. Driving on an Inclined Plane

For this test mode, the Archimede rover was driven along a slope of the sandbox that
was progressively increased by 5° each time up to 20°, namely the maximum value for
the slope allowed. We conducted some experimental tests with this test mode in order to
study and evaluate the traction capabilities and the ability of the rover to climb steep slopes.
Finally, for every value of the slope, drive tests were performed using three of the rover’s
driving modes such as straight, lateral, and parallel, and all of them with two mean speeds
commanded to the wheels, namely w; and w».
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As it will be outlined in Section 3.3, the two aforementioned experimental test modes
have been repeated over two different Experimental testbed setups, in which we have
basically changed the soil within the sandbox as well as the shape and characteristics of the
wheels. This had been done in order to provide a first understanding of the influence of the
wheel shape on the rover performances, while driving on a specific soil.

3.2. Simulation Framework Setup

This paragraph briefly describes the simulation framework for the Archimede rover
that had been set up and used to compare the results obtained for the Drive on horizontal
surface mode. Specifically, the simulation framework that has been built is based on the use
of Robot Operating System (ROS) [64] mid