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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
0.28 m s−1 and 0.56 m s−1); the Chinese rover Zhurong has a top speed of approximately
3.3× 10−2 m s−1, while JPL/NASA’s Perseverance rover can reach a top speed of about
4.2× 10−2 m s−1; Curiosity travels at a maximum speed of (4× 10−2 m s−1) [3]. Finally,
the Mars Exploration Rovers Spirit and Opportunity were capable of a maximum speed of
about 5× 10−2 m s−1.

A fast rover is one which can achieve stable speeds greater or equal to 1.1 m s−1, 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 1.1 m s−1, and
the NASA-proposed K10 rover, with a maximum speed of about 1 m s−1 and Dune rover
[22,23], with a declared top speed of about 1.5 m s−1.

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 Schäfer 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 m s−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 N m. 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:

• 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, ēR), where ēR = {ı̂, ̂, k̂} is fixed with the chassis of the
rover. To the generic wheel of the j-th leg is assigned a new reference frame (ΓjΓjΓj, ēW) where
ēW = {êρ, êθ , êφ}. Consider the planar projection of the body and the wheels as shown in
Figure 1a. It is possible to express the linear velocity of the single j-th wheel as follows:

vw,j = vG + θ̇k̂× (ΓΓΓj −G) = φ̇w,jRw êρ (1)

where vG and θ̇ are the linear speed vector of the centre of mass of the rover and its angular
speed, respectively. Additionally the wheels have a radius Rw, while the j-th wheel is
characterized by having a driving speed φ̇w,j = φ̇j and a steering angle δj. 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).

(a) (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.
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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:

Ak ẋR = Bk (2)

where, ẋR ∈ R3×1 is the vector of the velocity state of the rover body, which is ẋR =
[ẋR, ẏR, θ̇]T . The matrix Ak is defined as follows:

Ak =



1 0 −L1 sin α1
...

1 0 −L4 sin α4
0 1 L1 cos α1

...
0 1 L4 cos α4


(3)

and the matrix Bk is:

Bk =



R1φ̇1 cos δ1
...

R4φ̇4 cos δ4
R1φ̇1 sin δ1

...
R4φ̇4 sin δ4


(4)

Ak ∈ 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
Bk ∈ 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:

ẋR = (AT
k Ak)

−1 AT
k Bk (5)

which can be expressed in the inertial frame as follows:

ẋI = RT ẋR (6)
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where R is the rotation operator in the bi-dimensional case:

R =

 cos θ sin θ 0
− sin θ cos θ 0

0 0 1

 (7)

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 t, it is possible to
estimate the rover’s position in the inertial frame at the time frame tk as follows:

xI(tk) = xI,0 +
k

∑
i=0

R(ti)
T ẋR(ti)∆t(ti) (8)

where xI,0 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 (ẋR, ẏR, θ̇) 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 δi and φi of the wheels, ∀i = 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 Ωr = [xICR, yICR], 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 δi,min to δi,max, it is possible to determine a region of all
admissible locations for the ICR for the wheel i, which we will call Si. By introducing a
new wheel j, it is possible to determine a new region Sj. It is apparent that Ωr must lie
in a subregion which is obtained as the intersection of the single ones, i.e., S = Si ∩ Sj.
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 Ωr 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 Ωr 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, Ωr 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 Ωr point is obtained; subsequently, a new ICR point
Ω∗r defined as follows is then calculated:

Ω∗r =

{
Ωr, if Ωr ∈ S+

Ppr, if Ωr ∈ S− ∧ Ppr ∈ S+ ∧ ||Ppr −Ωr||min
(9)

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 Ωr must always be inside an eligible region S+,
and that this in turn is the intersection of each wheel subregion Si, as long as it is possible
to determine Si for each i-th wheel, the model works fine. Along the same lines, the model
supports non-steerable wheels as well—in this case, Si 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.

(a)

(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 δmin δmax

1 −33.7◦ 93.0◦

2 −93.0◦ 33.7◦

3 −33.7◦ 93.0◦

4 −93.0◦ 33.7◦

Figure 3. In black: the admissible regions for the ICR belonging to the set S+; 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 S+, 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 ̂-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 ı̂ 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 γ, 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 (δj and φ̇w,j) 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 ω 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 1.2 rad s−1 (we label it ω1), 2.4 rad s−1 (labeled ω2), 3.6 rad s−1,
and 4.8 rad s−1. 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 ω1 and ω2.
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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] middleware and the multibody simulation software
package Gazebo [65], therefore allowing co-simulation through the known ROS-Gazebo
bridge. Specifically, a series of ROS packages was developed, each providing different
core functionalities, which together have the role to take care of setting up and conducting
the dynamic simulations of the Archimede rover in Gazebo, and also to mimic as close
as possible the systems and the functionalities of the real-world rover. One package is
responsible for the modeling of the Archimede rover. The rover and its mechanisms
were modeled by leveraging the ROS package xacro. This package allows for parametric
modeling and the definitions of the so-called “macros”. The modeling is completed by
defining some links in appropriate files (.xacro), and then by connecting them through
appropriate joints, recorded in the same .xacro file. A short example of the modeling within
.xacro files can be seen in the listings in Listing 1.

Listing 1. Short example of the modeling in xacro/URDF robot description files. Here, the code is
the structure of a xacro macro that describes a two-link one-joints kinematic chain composed of link_1
and link_2 connected through joint joint_1.
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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) [66] middleware and the multibody simulation
software package Gazebo [67], therefore allowing co-simulation through the known ROS-
Gazebo bridge. Specifically, it has been developed a series of ROS packages, each providing
different core functionalities, that together have the role to take care of setting up and
conducting the dynamic simulations of the Archimede rover in Gazebo, and also to mimic
as close as possible the systems and the functionalities of the real world rover. One package
is responsible for the modeling of the Archimede rover. The modeling of the rover and its
mechanisms has been done by leveraging the ROS package xacro. This package allows for
parametric modeling and the definitions of the so-called “macros”. The modeling is done
by defining some links in appropriate files (.xacro), and then by connecting them through
appropriate joints, recorded in the same .xacro file. A short example of the modeling within
.xacro files can be seen in the listings in Listing 1.

Listing 1: Short example about the modeling in xacro/URDF robot description files. Here,
the code is the structure a xacro macro that describes a two-link one-joints kinematic chain
composed of link_1 and link_2 connected through joint joint_1.
<?xml version ="1.0"?>
<robot xmlns:xacro = "http ://www.ros.org/wiki/xacro"

name="robot_name">
<xacro:macro name="part_1">

<link name="link_1">
....
....

</link>
<link name="link_2">

....

....
</link>
<joint name="joint_1" type=${joint_type}$>

<parent link="link_1"/>
<child link="link_2"/>
....

</joint>
....

</xacro:macro >
</robot>

It must be pointed out that in this simulation framework, we have assumed that the
S-Structures, comprising the rover’s legs articulations, are rigid enough to consider the leg
as a single body. This assumption is based on the fact that the velocities we deal with in
this specific series of tests are comparatively low for the rover (≤0.34 m s−1), and thus, the
legs never show any deflection caused either by the dynamics of the rover or by accidental
contacts with obstacles. Indeed, the test terrains are free from objects larger than a few
millimeters that could impact on the wheels.
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On the other hand, appropriate closed chains have been defined in the description
file of the rover in order to develop the differential mechanism between the bogies of the
rover, which is described in detail in [27]. Finally, this package contains the definition of
which C++ plugin to load within the Gazebo simulation environment. The plugins have
the role to mimic and simulate every system present on the experimental prototype. It
follows that the model of the rover contains plugins that simulate the IMU sensor, the 2D
Lidar range sensor, the wheels encoders, the RealSense D435i stereo-camera, the kinematics,
the actuation of the joints, and finally the wheels odometry subsystem implementing
the model described in the previous section. Other packages instead have the role of
implementing the rover kinematics applying the earlier described ICR projection approach,
telecommand, visualization features, mapping, SLAM, the navigation stack, and so on.
A graphical representation of the final rover model in the Gazebo simulation environment
is shown in Figure 6. From the same figure, the simulation environment containing random
obstacles can be seen, as well as the model of the Archimede rover, the rays of the 2D Lidar
scanner, and the field of view of the RealSense stereo camera.

The physics engine used in Gazebo is the well-known ODE (Open Dynamics En-
gine). Contacts are only allowed in between the wheels and the terrain and follow a
multi-point penalty-based approach, where stiffness, damping, and friction properties are
set accordingly.

Figure 6. The Archimede rover in the Gazebo simulation environment.

3.3. Experimental Testbed Setup

The experiments have been conducted with the Archimede rover prototype in the
sandbox of the Planetary Exploration Laboratory (PEL) of DLR’s Institute of Robotics and
Mechatronics, located in Oberpfaffenhofen, Germany. Moreover, for every experimental
test that had been conducted in the PEL, the Archimede rover had been tracked by an ART
DTRACK optical tracking system, which reconstructed the rover motion. In the PEL it
is possible to tilt a portion of the sandbox, thus allowing to evaluate the rover capability
to climb steep slopes. Figure 7a shows the experimental setup of the DLR PEL sandbox,
the tracking system, the tilting side of the sandbox, and the Archimede rover driving on a
20◦ slope.

Two different test setups were explored during the rover experiments. This had been
done in order to evaluate the effect of the design of the wheels while driving over different
ground substrates. Specifically, the two test setups are:

Test Setup A The sandbox of the PEL had been filled with granular lava having grain
sizes in between 1 mm and 5 mm and the Archimede rover has been
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equipped with a set of wheels with low grousers, which can be seen from
Figure 8a.

Test Setup B The sandbox of the PEL had been filled with the lunar regolith simulant
EAC-1A [66], a very loose soft soil with submillimeter granularity. In this
case, the Archimede rover has been equipped with a set of wheels with
high grousers, which can be seen from Figure 8b.

The two types of soil are shown and compared in Figure 7b. In the figure, the grain
size is shown of the two kind of soils, which are compared to a scale. For both test setups,
A and B, the test modes 1 and 2 were performed, namely the Drive on flat terrain and the
Drive on inclined plane.

(a) (b)

Figure 7. Experimental setup. (a) The DLR PEL sandbox and the rover climbing a 20◦ slope. (b) The
two types of soil, shown side by side.

(a) (b)

Figure 8. Archimede rover wheels: (a) low grousers for Test Setup A, (b) high grousers for Test
Setup B.
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4. Results and Discussion

This section reports and discusses in detail the most significant results that were
obtained during the experiments done with the Archimede rover. The results obtained for
horizontal terrain are presented and discussed first, followed by the results for driving on
inclined terrain.

4.1. Results for the Test Case of Driving on a Flat Terrain

In this subsection, we report the results that have been obtained for the test mode
corresponding to driving on flat terrain. The aim of these results is to evaluate the goodness
of space robot positioning estimation system by using only the wheels odometry technique,
which is based on the model outlined in Section 2.1 and implemented in the firmware of
the Archimede rover.

Specifically, what is intended to be shown in this section is a demonstration of the
goodness-of-fit of the odometry-based rover placement estimation system in a highly non-
ideal environment. In fact, all the assumptions made in the model development phase are
violated as soon as the rover is driven over granular terrain. We want to evaluate this in a
qualitative but not quantitative manner, and hence, we perform a statistical analysis over a
large set of experiments, and for purely demonstrative purposes, whether it is possible to
use such a system in a highly non-ideal environment, quantify its accuracy, and go on to
evaluate its deviation from the real and ideal case, recreated in the simulation environment.

For the tests performed for the Archimede rover odometry subsystem demonstration,
we evaluated it both experimentally and numerically, in the appropriate Gazebo simulation
environment, outlined in the previous section. For the experimental evaluation of the
system, the surface of the sandbox has been leveled as accurately as possible. In order to
compare the results, the tests carried out experimentally were reproduced under the same
conditions in the simulated environment.

Since the purpose is purely demonstrative, it was decided to take four different types
of paths as examples: (i) a 20◦ diagonal line; (ii) a path drawing a quarter of a circle; (iii) a
path drawing an “S-like” shape; (iv) a path drawing a square shape. The findings of these
tests are reported in Figure 9. It is important to point out that the set of selected trajectories,
used for this demonstrative purpose, refers to the Test Setup A. The figure depicts, for all
the four trajectories taken as demonstrative examples, the evolution of the real trajectory of
the rover in experiments and simulation (tracking (experimental)), and (tracking (gazebo),
respectively) and the trajectory reconstructed by the odometry subsystem in experiments
and simulation (odometry (experimental) and odometry (gazebo), respectively); all were
compared to the nominal trajectory the rover.

From Figure 9, we can clearly see that the shape of the imposed path is preserved in
all cases, and the curves are relatively close to each other. However, they are all subjected
to many different source of inaccuracies, and the curve that shows greater deviation is,
as predicted, the one corresponding to the tracking experiment. The error estimation
evolution of all trajectories, for the four different selected paths, compared to the nominal
trajectories, can be seen in Figure 10. Sources of inaccuracies can be linked to the fact that
the soil is loose and granular, which subjects the rover’s wheels to longitudinal and lateral
slippage. Additionally, the surface has minor bumps and craters, and the experimental
tests are distinguished by additionally involving a vertical displacement of the rover. This
is evident from Figure 11a, which depicts the rover’s vertical displacement in the scenario
of the square path. The disparity between the effective radius of the wheel and the nominal
radius of the wheel, as well as the sinkage phenomena, are additional sources of inaccuracy.
Another cause of error is the time it takes for commands to be sent and received via the
ROS network. Numerical errors also contribute to this, i.e., the one introduced by the
time integration scheme or the truncation error caused by the least-square method used
to compute the odometric step. Inertial effects acting on the rover might be another cause
of errors. Last but not least, since odometric position estimate relies on dead reckoning, it
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follows that errors tend to compound with time, becoming more noticeable as the traveled
distance rises.

(a) (b)

(c) (d)

Figure 9. Comparison between the real trajectories (tracking) and the position estimation through
wheels odometry for (a) the 20◦ diagonal line; (b) the quarter circle of radius 1.5 m; (c) the s-like path
of radius 1.5 m; (d) the square path.

(a) (b)

(c) (d)

Figure 10. Error estimation of trajectories compared to the nominal path for (a) the 20◦ diagonal line;
(b) the quarter circle of radius 1.5 m; (c) the s-like path of radius 1.5 m; (d) the square path. Note: in
(d), the “tracking (gazebo)” line is almost identical to the “odometry (gazebo)” line, and thus, it is not
clearly visible.



Robotics 2023, 12, 125 16 of 22

It might be worth noting that, while the simulated trajectories (both the actual trajec-
tory in Gazebo and its odometry estimate, and also the odometry in the experimental setup)
show good adherence to the nominal path, the experimental tracking shows considerable
deviation. This can be split into two different problems:

• Gazebo simulations. The sources of error in this case are essentially related to the
dynamics of the system and the interaction with the ground, which is modeled as a
planar hard surface with friction. The effect these aspect have on the trajectory appear
somewhat negligible.

• Experimental odometry. In this case, the sources of error are many and more diverse,
primarily: terrain yield, slip, non-planar terrain, and non-uniform soil. We can, thus,
expect that the rover drifts more substantially from the intended path. Experimental
results show this quite clearly.

Figure 11b shows in the form of a bar plot the end-point trajectory relative position
error, for all the selected paths, evaluated between the real and estimated pose of the rover
for the two cases: experimental and simulated in Gazebo.

Both the experimental and numerical tests exhibit an error of less than 10%. Further-
more, it is clear that the errors of the experimental paths are larger than those detected in
numerical models. This is because the experimental scenario has many more causes of
error, where the terrain’s unpredictability and unsuitability are the first of them.

In the instance of the numerical simulations, the diagonal path is the one that exhibits
a greater end-point position error. This can be explained by the fact that all the wheels spin
right away at the start of the simulation to get to the commanded steer set-point, producing
an inertial effect that causes the rover to spin in the opposite direction. This causes the
rover to have a non-null heading angle with respect to nominal at the beginning of the
simulation, causing it to deviate from the nominal path. This effect has not been detected
in the experimental tests, probably because it is marginal with respect to the other sources
of error (e.g., terrain yield, slip).

(a) (b)

Figure 11. (a) An example of vertical displacement for a square sample trajectory obtained with the
PEL optical tracking system. (b) The end-point relative position error between the odometric position
estimation and the real position for all the paths selected and for both numeric and experimental tests.

4.2. Results for the Test Case of Driving on Inclined Plane—Slip Evaluation

The final paragraph of this section presents and discusses in detail the most significant
results that were obtained for the case of driving on sloping terrain. It is important to
specify that, unlike the previous section, both test setups were analyzed. In addition, a more
quantitative analysis is conducted in this section than in the previous one. For this purpose,
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it has been elected for all the drive tests to compute statistical features, such as mean,
standard deviation, and median, regarding the slip s the wheels undergoes. The analysis
of this feature helps understanding the performances and the traction capabilities of the
Archimede rover, as the wheel shape changes and the nature of the terrain on which they
travel. As a final note, we would like to report that all results presented in this section refer
to experimental tests. No numerical simulations were performed for this test mode.

In Figure 12, the median evolution of the slip is reported, which is computed by
grouping all the tests performed for each level of the sandbox slope, and clustered by the
mean commanded angular speeds to the wheels, namely ω1 and ω2. The slope of the
sandbox has been labeled with σ. Specifically, Figure 12a shows the evolution of the median
of the slip s for the case of Test Setup A, while Figure 12b shows the same for the case of
Test Setup B. The first phenomenon that can be seen from these graphs is that by increasing
the slope, the slip the wheels are subjected to tends to increase with an exponential trend.
However, we can see that the median slip evolution for the Test Setup B is characterized
by a lower gradient, and in general lowers slip values, with respect the Test Setup A.
Suggesting that the shape of the wheel is better suited for the type of soil used in Test
Setup B, and grants more traction over that kind of terrain. A fascinating result that can
be seen from these graphs regards the influence that the mean speed of the wheels have
on the wheels slip. In particular we can see from both figures that the mean speed of the
wheels does have a not negligible influence on the slip experienced by the rover. However,
we can see that the influence of the speed have opposite effects for the two test setups.
More precisely, for the Test Setup A, we can see that by increasing the mean speed of the
wheels also the slip experienced by the rover increase; however, for the Test Setup B, we can
observe the opposite trend, i.e., by increasing the mean speed, the slip tends to decrease.
In our opinion, this is due to the nature of the soil, which for this test setup is extremely fine
and comparable to a fluid. Specifically, we believe that for low speeds the effects of the soil,
such as sinkage and so on, are prevalent. When the speed increases, a higher flow rate of
the soil is observed, thus allowing for the wheel to exert more traction capabilities on that
kind of soil. Finally, with reference to the same figure, we can see that for the tests conducted
at sandbox’s slope of 0◦ the median of the slip the wheels are subjected assume comparable
values, and remains very low. In fact, we can observe a median of the slip around 5%.

Figure 12. Median trends of slip percentage s results for various slopes σ, grouped by velocities ω1

and ω2. The x-axis represents the slope angle in degrees, while the y-axis indicates the slip percentage.
Figure (a) illustrates the results for Test Setup A, while figure (b) showcases the results for Test
Setup B.
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Figure 13, the statistical evolution of the slip is reported, shown in form of box plots,
as a function of the slope angle of the sandbox. The results are grouped together with-
out classifying the tests based on the mean speed of the rover’s wheels. This type of
analysis gives information on the expected slip ratio for trajectories where velocity is not
directly commanded or known in advance or where there are multiple velocities involved,
e.g., when frequent stops are foreseen.

A statistically significant difference can be seen between the two test setups. The
boxes in the two cases do not overlap. It is also noted how the interquartile range tends
to increase and is more visible as the slope increases, suggesting greater variability of the
measures. Especially the variability of the measures is very pronounced for the last slope
level for the Test Setup B case. Finally, one last thing that can be observed is that all the
boxes in the figure show a clear symmetry with respect to the relative median, suggesting
a Gaussian distribution of the measurements taken, thus providing information about
their goodness-of-fit.

(a) (b)

Figure 13. Box plots displaying slip percentage s results for various slopes σ. The results are not
grouped by velocity. The x-axis represents the slope angle in degrees, while the y-axis indicates the
slip percentage. The red line indicates the median. Figure (a) illustrates the results for Test Setup A,
while figure (b) showcases the results for Test Setup B.

Figure 14 shows the box plots that have been obtained considering the ratio of slip
s, grouped with respect to the mean velocities of the wheels ω1 and ω2, for the two test
setups and considered individually for each different level of sandbox’s slope σ. This
figure shows results that highlights the influence of the mean speed of the wheels on slip
observed. Specifically, the top row refers to the tests conducted in the context of Test
Setup A, while the bottom row refers to ones conducted in the context of Test Setup B.
Moreover, the columns, starting from the left to the right refer to the slopes σ of 5, 10, 15,
and 20 degrees, respectively. As seen from Figure 12, we can observe a general trend for
the slip to increase exponentially with the slope, and Test Setup B shows lower values of
the median of the slip compared to Test Setup A. We can also see from this figure that
the mean speed of the wheels, between the two test setups, have an opposite influence
on the slip observed. Again, it can be seen that the experiments for the Test Setup B
exhibit a clear symmetry with respect to the median, leading the measurements back to a
Gaussian distribution. In fact, there is a statistically significant difference with respect to ω,
especially at high slopes. On the other hand, the experiments related to Test Setup A lose
the symmetry property, indicating distributions that are clearly not normal. This suggests
an insufficient number of experiments to show a statistically significant difference, whereas
we would have expected it with a congruent number of valid experiments.



Robotics 2023, 12, 125 19 of 22

Figure 14. Box plots displaying slip percentage s results with respect to velocities ω1 and ω2, grouped
by test setup and slope σ. The red line indicates the median. Figures (a–d), i.e., the first row, report
the results for Test Setup A, while figures (e–h), i.e., the second row, showcase the results for Test
Setup B. Figures (a,e), i.e., the first column, display the results for when the sandbox’s slope, σ, equals
to 5◦; in figures (b,f), i.e., the second column, σ equals to 10◦; in figures (c,g), i.e., the third column, σ

equals to 15◦; in figures (d,h), i.e., the fourth column, σ equals to 20◦.

5. Conclusions

This paper presents the development of a two-dimensional model, based on certain
simplifying assumptions, as the foundation and starting point for a positioning estimation
system for a four-wheel steering rover. It also introduces a model that utilizes the well-
known concept of Ackermann steering for rover control and implements the innovative
concept of ICR projection. The aim is to ensure adherence to steering joint limits and
the continuous validity of Ackermann steering conditions. The accuracy of the odometry
subsystem is assessed through simulation and experimental testing, specifically focusing
on driving the rover on a flat surface. The simulation results demonstrate the system’s
ability to accurately estimate the rover’s planar position with an error rate of less than
5%. However, during real sandbox experiments, the system exhibits reduced accuracy
due to various sources of inaccuracy. Nevertheless, for sufficiently short trajectories, this
system can still provide a reasonably accurate estimate of the rover’s planar position,
as indicated by the results showing an error rate of less than 10%. These findings confirm
that an accurate position estimate for this type of system is achieved by combining and
merging other methodologies, rather than relying solely on wheel encoder-based odometry.
Finally, it is observed that the appropriate design of the rover wheels, grousers, and other
mechanical characteristics is crucial in ensuring high performance and traction capability
over different terrains, depending on their type, nature, and mechanical characteristics.

Future works will see the development of a heuristics-based model for soft soils
that can be implemented in common dynamics simulation software. This, compared to
more realistic soil models [30,36], will be considerably more lightweight and will enable
simulation over large distances. A variation of said models will be implemented in the
odometry of the rover, allowing for more precise position determination.
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