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Abstract. This paper presents the experimental validation of ATHMOS a spherical hybrid 

aerial–ground robot designed for confined, contact-rich environments that combines energy-

efficient terrestrial rolling with agile aerial locomotion. A mode-dependent model-based con-

trol and state estimation architecture is implemented to manage flight, rolling, mode transi-

tion phases and contact interactions, dominated by nonlinear phenomena. We experimentally 

validated the current prototype through repeatable outdoor tests covering rolling and flying 

segments, take-off, landing, and transition maneuvers. Reported metrics include tracking per-

formance, state estimation accuracy, transition response times, contact-detection reliability, 

and energy per distance in rolling versus low-speed flight. The results confirm the feasibility 

of using rolling as the primary energy-efficient locomotion mode and flight as a complemen-

tary mode for obstacles, discontinuities, and three-dimensional maneuvers, overcoming the 

trade-off between agility, contact robustness, and energy efficiency. The contribution offers a 

reproducible methodology, hybrid control logic, and experimental protocols, for early-stage 

evaluation of spherical aerial–ground robots operating under nonlinear dynamics and inter-

mittent environment interaction. 
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1 INTRODUCTION 

Hybrid aerial–ground robots have attracted increasing interest for application such as in-

spection, monitoring, exploration, and search-and-rescue in environments where purely terres-

trial or purely aerial robots face significant limitations. Ground locomotion is generally more 

energy efficient and safer near obstacles, while flight provides three-dimensional mobility and 

the ability to overcome obstacles and discontinuities. However, the development of these hy-

brid robots still faces a challenging design trade-off between efficiency and agility, as well as 

between versatility and mechanical simplicity [1]. 

Several hybrid architectures have been proposed to combine aerial and ground locomotion, 

including reconfigurable robots, wheeled or passively rolling platforms, and vehicles exploit-

ing shared actuation systems [2-5]. Nevertheless, many of these solutions are hampered by 

mechanical complexity, poor transition agility and reliability, or limited robustness to impacts. 

A particularly relevant class for confined and contact-rich environments is represented by aer-

ial–ground robots equipped with an external cage, where the protective structure also serves 

as the physical interface for terrestrial locomotion. Pioneering solutions such as HyTAQ 

demonstrated that enclosing a conventional quadrotor within a rolling cage can substantially 

extend operational endurance by exploiting ground locomotion while preserving the ability to 

fly over obstacles [6]. However, in such architectures the multirotor remains fundamentally 

underactuated, and rolling is obtained indirectly by tilting the thrust vector. As a consequence, 

ground motion and contact interaction remain strongly coupled to vehicle attitude, limiting 

terrestrial maneuverability. To improve the controllability of ground motion, spherical or qua-

si-spherical solutions have been proposed, including variable-pitch propellers [7], compact 

rolling–flying platforms [8] and systems designed for inspection in confined environments [9]. 

Other architectures introduce mechanical decoupling between the flying platform and the out-

er shell, for instance through passive cages or gimbal mechanisms, in order to reduce the ef-

fects of impacts on vehicle dynamics and enable more omnidirectional terrestrial mobility 

[10-12]. These solutions can improve controllability and contact robustness, but they also in-

troduce increased mechanical complexity, moving interfaces, calibration requirements and 

potential fragility in harsh or debris-rich environments. 

In this framework, rigidly integrated and over-actuated spherical architectures represent an 

alternative approach: rather than decoupling the shell from the aerial platform, the spherical 

cage and the propulsion system are treated as a single controlled rigid body. This configura-

tion is particularly promising for combining omnidirectional rolling, high control authority, 

robust contact interactions and rapid transitions between terrestrial and aerial locomotion. 

Previous concepts such as Rollocopter have highlighted the energy and mobility advantages 

of this class of systems with preliminary numerical validations, but with limited experimental 

evidence on real prototypes [13]. 

The present work addresses this gap by introducing ATHMOS (Aerial-Terrestrial Hybrid 

Mobility Omnidirectional Sphere), a rigidly integrated hybrid spherical robot based on an 

overactuated multirotor architecture. The system is designed to combine efficient terrestrial 

locomotion, omnidirectional mobility, collision tolerance, and high aerial agility in a compact 

and robust platform. Overactuation ensures high control authority across the different operat-

ing modes, while the spherical cage enables omnidirectional rolling and protects the compo-

nents during impacts and falls. This combination makes ATHMOS particularly well-suited to 

confined, unstructured and contact-rich environments, where it can prioritize rolling over long 

distances and reserve flight only when three-dimensional mobility is truly required, with po-

tential benefits for the overall energy efficiency of the mission. 
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To handle omnidirectional locomotion, transitions, and impacts, which are characterized 

by hybrid and highly non-linear dynamics, we propose a model-based control algorithm that 

combines constrained dynamic allocation with the Feedback Local Optimality Principle, be-

longing to the class of Variational Feedback Controllers developed by our research group [14-

16]. In a previous study, we numerically validated the system’s potential in a multibody envi-

ronment [17]. In this article, we describe the ATHMOS prototype and present experimental 

validation in realistic scenarios, including tests of autonomous rolling, take-off, landing and 

mode transition. The results also show that continuous ground contact can improve state esti-

mation even under degraded GNSS conditions, increasing the robustness of autonomous nav-

igation in complex and confined environments.  

The remainder of the paper is organized as follows. Section 2 describes the mechatronic 

design of ATHMOS. Section 3 presents the control and state estimation architecture of the 

system. Section 4 reports the results from experimental campaign. Section 5 concludes the 

paper and provides future developments. 

 

Figure 1: The illustration depicts ATHMOS’s main operational scenarios, highlighting the complementary na-

ture of ground and aerial mobility in confined, industrial, and unstructured SAR environments. 

2 MECHATRONIC DESIGN 

ATHMOS is a hybrid aerial–ground robot composed of an overactuated multirotor rigidly 

integrated inside an external spherical shell. The prototype is shown in Figure 2 and has a to-

tal mass of approximately 2.7 kg and an external radius of about 0.30 m. It is designed to 

combine flight, omnidirectional rolling, and impact tolerance in a compact mechanical struc-

ture. The mechanical architecture consists of three main subsystems: a central unit, housing 

the battery, sensors and onboard electronics; a cubic load-bearing frame, supporting the pro-

pulsion system and built from aluminum tubular elements; and a spherical shell, manufac-

tured as a 3D-printed PLA lattice. The latter not only serves as a protective function but also 

acts as physical interface for terrestrial locomotion: the spherical geometry allows uniform 

rolling in every direction, while preserving a regular external shape suitable for interactions 

with walls, obstacles, and irregular surfaces. The propulsion system uses eight rotors mounted 

along the diagonals of the cubic frame, following the principle of omnidirectional multirotor 

architectures [18]. Unlike a conventional quadrotor, this arrangement provides greater flexi-
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bility in generating forces and torques, improving control authority in flight, roll and transi-

tion phases. Each motor is equipped with a 6-inch bidirectional propeller with a symmetric 

profile, allowing thrust generation in both directions: this enlarges the set of achievable ac-

tions and makes the response more uniform across different control directions. 

The onboard avionics are based on a Pixhawk 6C flight controller running PX4 firmware 

[19], integrating redundant inertial sensors, magnetometer, and barometer. For outdoor navi-

gation, the prototype uses two multiband GNSS receivers with RTK support. These are 

mounted in diametrically opposite positions inside the spherical shell to improve sky visibility 

during rolling and reduce interference from the central electronics. Power is supplied by a 6S 

3300 mAh LiPo battery. Communication with the ground station is provided through a telem-

etry radio and a dedicated remote-control link. 

 

Figure 2: ATHMOS mechatronic architecture, showing the overactuated eight-rotor propulsion system, the cubic 

load-bearing frame, and the external spherical lattice shell. The shell provides both impact protection and the 

rolling interface for omnidirectional terrestrial locomotion, while the internal unit hosts the onboard electronics, 

battery, and navigation sensors. 

3 MODEL-BASED CONTROL ARCHITECTURE 

The state estimation and control architecture for ATHMOS autonomous navigation is rep-

resented in Figure 3. It is organized as a feedback loop that tracks a target trajectory 𝒙𝑇, esti-

mates the current vehicle’s state 𝒙𝑒𝑠𝑡 and active dynamic mode, and computes the required 

control action. The architecture consists of three main blocks. The first one performs state es-

timation and operating mode identification by fusing onboard sensor measurements and de-

tecting contact with the ground. The second block implements the nonlinear model-based 

controller, which computes the generalized action to minimize the tracking error with respect 

to the target trajectory, utilizing a reference model selected according to the identified loco-

motion mode. The third block performs constrained allocation, mapping the desired general-

ized action to the eight motor commands while respecting actuator limits. This mode-

dependent architecture allows for a unified approach for both locomotion modes, while main-

taining distinct dynamic models for flight and rolling. The reference model therefore plays a 

key role: it must properly describe the vehicle’s main nonlinearities, including contact dynam-

ics and rolling constraints, while remaining compact enough to allow real-time execution on 

the onboard hardware.  

The following sections describe, respectively, the dynamic model adopted, the contact es-

timation and detection strategy, and the nonlinear control law with constrained allocation. 
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Figure 3: Model-based estimation and control architecture for ATHMOS. The target trajectory is tracked by es-

timating the vehicle state and locomotion mode, selecting the appropriate flight or rolling reference model, com-

puting the nonlinear control action, and allocating it to the eight rotors under actuator constraints. 

3.1 Reference model 

The hybrid behavior of ATHMOS is described by two distinct dynamic models, derived 

from the Euler-Lagrange formulation. The flight model describes the rigid-body translational 

and rotational dynamics of the aerial vehicle, accounting for the propulsive actions produced 

by the rotors. The rolling model additionally includes the constraints related to ground contact. 

In both cases, the rotor dynamics and their coupling effects with the chassis are neglected, as 

these typically contribute only marginally or decay rapidly compared to the dynamics of the 

entire vehicle, resulting at the end in a streamlined model suitable for real-time control.  

The reference model is formulated using generalized coordinates: 

𝜼 = [𝑥, 𝑦, 𝑧, 𝑞0, 𝑞1, 𝑞2, 𝑞3]
⊤ (1) 

Where 𝒓 = [𝑥 𝑦 𝑧]⊤ is the position of the center of mass 𝐺, assumed coincident with the geo-

metric center of the spherical shell, and 𝒒 = [𝑞0, 𝑞1, 𝑞2, 𝑞3]
⊤ is the unit quaternion describing 

the attitude of the body frame {𝑏} with respect to the inertial frame {𝑛}, following the North-

East-Down (NED) convention. Unless otherwise indicated by superscript, vectors and tensors 

are expressed in the inertial frame in the following discussion. The use of quaternion repre-

sentation avoids kinematic singularities and naturally adapts to omnidirectional spherical mo-

tion. Accordingly, rotational kinematics is expressed through the rotation matrix 𝑹𝑏
𝑛(𝒒) and 

the transformation matrix 𝑬(𝒒), which relates the quaternions derivative to the angular veloci-

ty according to the relation [20]: 

𝝎 = 2𝑬(𝒒)⊤𝒒̇ (2) 

The kinetic and potential energy of the system are: 

𝑇 =
1

2
𝑚𝒓̇⊤𝒓̇ +

1

2
𝝎⊤𝑹𝑏

𝑛𝑰𝑏𝑹𝑛
𝑏𝝎 

𝑈 = −𝑚𝒓⊤𝒈 

(3) 

Where 𝒈 = [0 0 𝑔]⊤ is the gravitational acceleration vector, 𝑚 is the robot mass and 𝑰𝑏 is the 

inertia tensor expressed in the body frame, assuming an equivalent disk model for the rotors. 

Defining the Lagrangian of the system ℒ as the difference between kinetic and potential ener-

gy, we can formulate the augmented Lagrangian ℒ∗ by incorporating the constraint equations 

𝜓𝑘 via Lagrange multipliers 𝜆𝑘: 

ℒ∗(𝜼, 𝜼̇, 𝜆, 𝑡) = 𝑇 − 𝑈 + 𝜆𝑞𝜓𝑞(𝜼) + 𝜆𝑐𝜓𝑐(𝜼) + 𝝀𝑟
⊤𝝍r(𝜼, 𝜼̇) (4) 
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The introduced constraints are three: the quaternion unit norm constraint 𝜓𝑞, the contact con-

straint with a planar support surface 𝜓c, and the pure rolling kinematic constraint 𝝍r relating 

horizontal and angular velocities. The first is always active, while the other two are active on-

ly during rolling locomotion on ground. 

𝜓q (𝜼) = 𝒒⊤𝒒 − 1 = 0 

𝜓c(𝜼) = 𝑧 − 𝑅 = 0 

𝝍r(𝜼, 𝜼̇) = [
𝑥̇ − 2𝑅(𝑞̇0𝑞2 − 𝑞̇1𝑞3 − 𝑞̇2𝑞0 + 𝑞̇3𝑞1)

𝑦̇ + 2𝑅(𝑞̇0𝑞1 − 𝑞̇1𝑞0 + 𝑞̇2𝑞3 − 𝑞̇3𝑞2)
] = 𝟎 

(5) 

Applying the variational technique, we derive at the end the equations of motion in mode-

dependent form as: 

   

{
 
 
 
 

 
 
 
 
𝑑

𝑑𝑡
(
∂ℒ

∂𝜼̇
) −

∂ℒ

∂𝜼
=
𝜕𝜓𝑞

𝜕𝜼
𝜆𝑞 + 𝜎 (

𝜕𝜓𝑐
𝜕𝜼

𝜆𝑐 +
𝜕𝝍r

𝜕𝜼̇
𝝀𝑟) + 𝝉

𝑑2𝜓𝑞

𝑑𝑡2
= 0

𝜎
𝑑2𝜓𝑐
𝑑𝑡2

= 0

𝜎
𝑑𝝍r

𝑑𝑡
= 𝟎

, 𝜎 = {
1,      rolling 
0,      flying 

 (6) 

The scalar 𝜎 activates the contact and rolling constraints only in terrestrial locomotion. The 

flight model is obtained by setting 𝜎 = 0, thereby removing the ground-contact and pure-

rolling constraints. In equations (6), 𝝉 ∈ ℝ7 represents the generalized forces acting on the 

system and produced by the resultant of the aerodynamic actions of the eight rotors. These 

comprise the thrust forces 𝑓𝑟𝑖 and the drag torques 𝑡𝑟𝑖, acting along the rotational axis 𝐞⃗ 𝑟𝑖 of 

the corresponding 𝑖-th rotor. Being 𝒅𝑟𝑖 represents the position of the 𝑖-th rotor with respect to 

the center of mass, the generalized action is: 

𝝉 =

[
 
 
 
 
 

∑𝑓𝑟𝑖𝐞⃗ 𝑟𝑖

8

𝑖=1

2𝑬(𝒒) (∑𝒅𝑟𝑖 × 𝑓𝑟𝑖𝐞⃗ 𝑟𝑖

8

𝑖=1

+∑𝑡𝑟𝑖𝐞⃗ 𝑟𝑖

8

𝑖=1

)
]
 
 
 
 
 

 (7) 

Bench tests of the motor–propeller unit showed that, within the operating range considered 

here and neglecting the rotor dynamics, the thrust generated by each rotor can be approximat-

ed as proportional to the corresponding aerodynamic torque: 

𝑓𝑟𝑖 = 𝑠𝑖𝑘𝑡𝑟𝑖 , 𝑠𝑖 ∈ {−1,+1} (8) 

where 𝑘 is an experimentally identified thrust to drag ratio coefficient and 𝑠𝑖 accounts for the 

handedness of the rotor, distinguishing between clockwise and counterclockwise. 

Consequently, the generalized actions introduced in (7) can be expressed in terms of the ro-

tors aerodynamic torque vector 𝒕𝑟 = [𝑡𝑟1 , 𝑡𝑟2 , … , 𝑡𝑟8]
⊤

. Thus, the dynamic reference model 

defined in (6) can be reformulated in a first-order form affine in the control action: 

𝒙̇ = 𝝓(𝒙) + 𝑫(𝒙)𝒕𝑟 (9) 

892



Davide Spitaleri, Gianluca Pepe, Maicol Laurenza, Enrico M. Di Pietro, Antonio Carcaterra 

where 𝝓(𝒙) characterizes the nonlinear dynamics and 𝑫(𝒙) maps the eight rotor torques into 

generalized forces. Equation (9) serves as the affine model used to design the model-based 

controller described in the following section. 

3.2 State Estimation and Contact Detection 

The state estimation algorithm is based on a mode-dependent approach, in which an Ex-

tended Kalman Filter (EKF) [21] fuses onboard sensors measurements with a prediction mod-

el selected according to the operating mode. In flight, the filter adopts an inertial navigation 

model, in which state prediction is based on IMU measurements, while magnetometer, ba-

rometer, and GNSS provide corrections for heading, altitude, position, and velocity. This sen-

sor fusion architecture is consistent with the one used in EKF estimators for PX4 autopilots 

[19]. During rolling locomotion, instead, the prediction model additionally exploits the pure-

rolling constraint: 

𝒓̇ = −𝝎× 𝒅𝑐  (10) 

Where 𝒅𝑐 = [0, 0, 𝑅]
⊤ is the position vector from the center of the sphere to the contact point. 

This constraint links translational velocity to angular velocity, providing an additional source 

of information during ground motion. As a result, horizontal position estimates can remain 

robust and consistent even when GNSS corrections are degraded or intermittent. Conversely, 

in flight mode, estimation performance remains critically dependent on GNSS integrity.  

The active locomotion mode is detected by comparing the measured acceleration from the 

IMU with the flying-mode acceleration expected from the commanded rotor actions. The 

thrust-induced acceleration can be defined in body frame as: 

𝐚𝑡ℎ
𝑏 =

1

𝑚
∑𝑠𝑖

8

𝑖=1

𝑘𝑡𝑟𝑖𝐞⃗ 𝑟𝑖
𝑏   , 𝑠𝑖 ∈ {−1,+1} (11) 

The contact residual is: 

Δ𝑐 =∥ 𝐚𝑡ℎ
𝑏 − 𝐚𝑖𝑚𝑢

𝑏 ∥ (12) 

Then, the active operating mode is selected according to: 

mode = {
rolling, Δ𝑐 > 𝜀
flying, Δ𝑐 ≤ 𝜀

 (13) 

Values of the residual exceeding the threshold 𝜀 indicate acceleration components not cap-

tured by the flight model, thus signifying external interactions such as ground contact. In pre-

liminary experiments, conducted within a flat environment, the residual Δ𝑐 remains centered 

around 𝑔 during rolling locomotion, as the accelerometric measurements inherently include 

the gravitational contribution. Under these conditions, ground contact can be identified by fil-

tering the contact residual and setting the threshold to 𝜀 = 𝑔/2. This logic has proven to pro-

vide a reliable switching signal with minimal false detections and chattering, establishing a 

baseline approach that can be further refined for more complex scenarios. 

3.3 Nonlinear Feedback Control Law 

At the core of ATHMOS's autonomous driving system lies a nonlinear control algorithm 

referred to as the Feedback Local Optimality Principle (FLOP), which enables the seamless 

integration of nonlinear behaviors typical of spherical omnidirectional control and contact dy-

namics. The controller computes the ideal actions to follow the desired trajectory 𝒙𝑇. For im-

plementation, the control variable is defined as a fictitious generalized action 𝒖 ∈ ℝ7 , 
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composed of three translational force components and four generalized rotational components 

associated with the quaternion coordinates.  

Building on our previous work [14-16], the FLOP technique is briefly outlined below to il-

lustrate its underlying principles. The method locally reformulates an optimal control problem 

for affine nonlinear systems of the form 𝒙̇ = 𝝓(𝒙) + 𝑩𝒖 , and derives an explicit state-

feedback control law suitable for real-time execution. The objective is the simultaneous min-

imization of the trajectory tracking error and the associated control effort: 

min
𝒖
 J =

1

2
∫ ℎ(𝒙, 𝒙𝑇) + (𝒖 − 𝒖𝑇)

⊤𝑹(𝒖 − 𝒖𝑇)𝑑𝑡
𝑇

0

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜:         𝒙̇ = 𝝓(𝒙) + 𝑩𝒖

 (14) 

Here, ℎ(𝒙, 𝒙𝑇) is a generic nonlinear differentiable function properly designed to express the 

trajectory tracking error, 𝒖𝑇 is the target control action, and 𝑹 is a positive-definite diagonal 

weighting matrix. Using the variational formulation and a local time discretization, the result-

ing state-feedback law can be written as: 

𝒖 = 𝑹−⊤𝑩⊤ [
𝜕𝝓(𝒙)

𝜕𝒙

⊤

−
1

Δ𝑡
𝑰]

−1
𝜕ℎ(𝒙, 𝒙𝑇)

𝜕𝒙

⊤

+ 𝑩+[𝒙̇𝑇 −𝝓(𝒙𝑇)] (15) 

Where Δ𝑡 is a positive control parameter to be tuned together with the control gains con-

tained in matrix 𝑹; the superscript + denotes the Moore–Penrose pseudoinverse of matrix 𝑩, 

which is suitably formulated to introduce the fictitious actions into the system model. 

However, the standard FLOP formulation does not inherently account for constraints on 

the control variable, potentially leading to unattainable force and torque demands. To address 

this, the Constrained Allocation block maps the fictitious actions 𝒖 into feasible rotor torques 

𝒕𝑟.  At each time step, the constrained allocation solves an optimization problem using Quad-

ratic Programming techniques, where the objective function consists of two main contribu-

tions. The first ensures dynamic equivalence between the ideal fictitious actions 𝒖 and the 

effect produced by actual rotor torques 𝒕𝑟, while the second acts as a smoothing term by pe-

nalizing abrupt variations relative to the previous command 𝒕𝑟
∗ . Simultaneously, the solver 

enforces hard constraints on the rotor torques, keeping them within the actuators’ physical 

bounds 𝒕𝑟
− and 𝒕𝑟

+ identified from motor bench tests. 

min
𝒕𝑚
   𝜒1‖𝑩𝒖 − 𝑫𝒕𝑟‖

2 + 𝜒2‖𝒕𝑟 − 𝒕𝑟
∗‖2

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜:         𝒕𝑟
− ≤ 𝒕𝑟 ≤ 𝒕𝑟

+

 (16) 

The final Conversion Map block converts the allocated rotor torques 𝒕𝑟 into the corresponding 

PWM commands for the brushless motor ESCs. The mapping process is governed by the ro-

tor’s characteristic model illustrated in Figure 4, which was experimentally identified through 

static bench tests. This model accounts for real-time supply voltage 𝑉𝑑𝑐 compensation to de-

termine the command signal for the 𝑖-th motor as follows: 

𝑃𝑊𝑀𝑖 =
1

𝑉𝑑𝑐
(𝑐1𝑡𝑟𝑖 + 𝑐2√|𝑡𝑟𝑖| ∙ 𝑠𝑖𝑔𝑛(𝑡𝑟𝑖) + 𝑐3) , 𝑃𝑊𝑀𝑖 ∈ [−1,1] (17) 
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Figure 4: Model of the motor–propeller unit characteristics used to map the desired rotor action into PWM 

commands while accounting for supply-voltage variations. 

4 EXPERIMENTAL VALIDATION  

The proposed experimental campaign aims to demonstrate the ability of ATHMOS to ro-

bustly manage hybrid locomotion. Particular emphasis is placed on the mode transition phases, 

which are required to be responsive, smooth and resilient to landing-induced impacts. The ro-

bot was evaluated through trajectory tracking tasks across mixed flight and rolling segments 

in non-ideal outdoor environments, providing more significant testing conditions than con-

trolled laboratory settings. The robot trajectory was reconstructed using videogrammetry from 

synchronized videos acquired from multiple viewpoints, providing a ground-truth reference 

for evaluating path tracking, estimator performance, and transition behavior. 

4.1 Autonomous Rolling Test 

Since rolling is intended to be the primary navigation mode for extended traverses, the first 

experiment evaluated autonomous ground tracking. The commanded path was a 4 x 4 m rec-

tangular trajectory, repeated twice. The test was performed on rough stone paving and includ-

ed a sloped section with an inclination of approximately 20%. This terrain was deliberately 

selected to include non-ideal contact conditions and local disturbances not explicitly modeled 

in the controller. Moreover, a non-smooth target velocity profile was intentionally assigned to 

further stress the operating conditions and evaluate the controller's robustness against aggres-

sive reference changes, specifically at the corners of the path.  

Tracking performance was evaluated through the cross-track error 𝑒𝑋𝑇𝐸 , defined as the 

minimum Euclidean distance between the ground-truth position 𝒓(𝑡𝑖) at sample time 𝑡𝑖 and 

the reference path 𝒓𝑇. The overall error was summarized through the root mean square error 

(RMSE) over the N collected data samples: 

𝑒𝑋𝑇𝐸(𝑡𝑖) = min‖𝒓(𝑡𝑖) − 𝒓𝑇‖

𝑅𝑀𝑆𝐸𝑋𝑇𝐸 = √
1

𝑁
∑𝑒𝑋𝑇𝐸(𝑡𝑖)2
𝑁

𝑖=1

 
, ∀ 𝑖 ∈ [0, 𝑁] (18) 

As shown in Figure 5, the robot completed the two laps while maintaining the cross-track er-

ror below approximately 0.5 m. The resulting 𝑅𝑀𝑆𝐸𝑋𝑇𝐸 value is about 0.24 m, despite the 

rough surface, slope, and GNSS degradation.  
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Figure 5: Autonomous rolling experiment on rough stone-paved terrain with a 20% sloped section. The figure 

reports the reference, reconstructed and estimated trajectories from the custom EKF estimator enforcing the roll-

ing constraint and from the default EKF estimator provided by PX4. Accordingly, the cross-track error and hori-

zontal position estimates are derived and plotted, along with GNSS horizontal accuracy and absorbed power. 

In fact, this test also demonstrates the benefit of the custom EKF estimator enforcing the 

pure rolling constraint, with respect to the default EKF estimator provided by PX4. For both 

estimators, we evaluated the position estimation error 𝑒𝑒𝑠𝑡 as the norm of the difference be-

tween the ground-truth position and the estimated position 𝒓𝑒𝑠𝑡, and the corresponding root 

mean squared error value: 

𝑒𝑒𝑠𝑡(𝑡𝑖) = ‖𝒓(𝑡𝑖) − 𝒓𝑒𝑠𝑡(𝑡𝑖)‖

𝑅𝑀𝑆𝐸𝑒𝑠𝑡 = √
1

𝑁
∑𝑒𝑒𝑠𝑡(𝑡𝑖)2
𝑁

𝑖=1

 
, ∀ 𝑖 ∈ [0, 𝑁] (19) 

During the experiment, the GNSS horizontal position accuracy, expressed through the 𝑒𝑝ℎ 

indicator, ranged between 1.5 m and 3.6 m. Under these conditions, the default PX4 estimator 

showed a 𝑅𝑀𝑆𝐸𝑒𝑠𝑡 value of almost 4 m, while the custom EKF estimator reduced this value to 
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approximately 0.5 m. The main quantitative results about the performances in the autonomous 

rolling test are summarized in Table 1. At an average speed of about 0.7 m/s, the average ab-

sorbed power was approximately 130 W, with peaks up to 400 W during 90-degree turns and 

while climbing the sloped section.  

Metric Description Value 

𝑅𝑀𝑆𝐸𝑋𝑇𝐸  Root mean square of the cross-track error between ground-truth and 

reference path 

0.24 m 

𝑅𝑀𝑆𝐸𝑒𝑠𝑡
𝑃𝑋4  Root mean square of the horizontal position estimation error  

obtained with the default EKF estimator provided by PX4 

3.94 m 

𝑅𝑀𝑆𝐸𝑒𝑠𝑡
𝑟𝑜𝑙𝑙  Root mean square of the horizontal position estimation error  

obtained with the custom EKF estimator enforcing rolling constraint 

0.48 m 

Table 1: Quantitative performance metrics of the autonomous rolling test. 

4.2 Mode Transition Test 

The second experiment evaluated the ability of ATHMOS to handle transitions between 

terrestrial and aerial mode, that is a key feature for agile and versatile hybrid navigation. In 

this case, the target motion was manually assigned in real time by an operator that assigned a 

desired velocity profile in real time. The test was performed on rough grassy terrain, which is 

more compliant and irregular than the stone-paved surface used in the previous experiment. 

As illustrated in Figure 6, the maneuver sequence consisted of three main operational 

phases. Initially, ATHMOS executed a rolling segment starting from rest, denoted by 𝑡1 → 𝑡2. 

Then, the robot took off from a generic attitude 𝒒(𝑡2) and entered into flight mode; it con-

verged to the desired attitude 𝒒𝑇  by 𝑡4 , before approaching the landing phase within the 

timeframe 𝑡5 → 𝑡6. Finally, after the ground impact, ATHMOS resumed rolling and deceler-

ated to rest at 𝑡7. The system exhibits agile and robust transitions, characterized by reactive 

attitude recovery during takeoff and effective contact impact management without loss of sta-

bility or dynamical discontinuities. The contact detection algorithm ensures responsive and 

precise mode switching identification: the impulsive nature of landing triggers near-

instantaneous detection, while takeoff is identified with a negligible delay of 0.3 seconds. The 

characteristic response times of the system during mode transitions are reported in Table 2, 

demonstrating its high reactivity and agility. 

Metric Description Value 

Lift-off delay Time elapsed between the take-off motor command 

and loss of ground contact 

0.15 s 

Attitude recovery time Settling time required to reach the desired flight  

attitude after take-off 

4.50 s 

Flight-mode detection delay Time elapsed between lift-off and detection of the 

flying mode 

0.30 s 

Rolling-mode detection delay Time elapsed between ground contact and detection 

of rolling mode 

0.04 s 

Table 2: Transition performance metrics measured during the mode transition experiment. The results quantify 

the responsiveness of the vehicle during lift-off, attitude recovery, and contact-based mode detection. 
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Furthermore, the rotor thrust profiles remain smooth, without aggressive oscillations.  

Energetic analysis reveals that rolling on grass requires an average power of 250 W, an 82% 

reduction compared to the 1420 W required for flight, confirming the high advantages of hy-

brid locomotion for extended operations.  

 

Figure 6: Rolling–flying–rolling transition experiment on rough grassy terrain. The top panel shows the recon-

structed trajectory during the maneuver sequence 𝑡1–𝑡7. The lower panels report quaternion evolution, rotor 

thrusts, absorbed power, contact-detection residual, and detected locomotion mode 
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4.3 Energetic Analysis 

To compare the energetic efficiency of rolling and flight independently of travel distance 

of different missions, the cost of transport was used: 

𝐶𝑂𝑇 =
𝐸

𝑚𝑔𝑑
=

𝑃̅

𝑚𝑔𝑉̅
 (20) 

where 𝐸 is the energy consumed over distance 𝑑, 𝑚 is the transported mass, 𝑃‾  is the average 

absorbed power, and 𝑉‾ is the average transport velocity. Table 3 summarizes the results ob-

tained in different operating conditions, including the two previously discussed experiments 

and an additional representative test case. Rolling on rough stone-paved terrain required the 

lowest cost of transport, with 𝐶𝑂𝑇 = 7. Rolling on grassy terrain was more dissipative, espe-

cially at lower speed, but still remained below 𝐶𝑂𝑇 = 16. Flight showed substantially higher 

values, between 102 and 158 in the tested low-speed conditions.  

Test Mode Ground type Average Power  Average Velocity COT 

1 Rolling Rough stone-paved surface 128 W 0.7 m/s 7 

2 Rolling Rough grassy terrain 250 W 0.6 m/s 16 

3 Rolling Rough grassy terrain 550 W 1.7 m/s 12 

2 Flying - 1420 W 0.34 m/s 158 

3 Flying - 1350 W 0.5 m/s 102 

Table 3: Energy comparison between rolling and flight in the tested operating conditions. 

The measured values confirm the central motivation behind the ATHMOS architecture. Roll-

ing is substantially more efficient than flight for extended motion, even on irregular grassy 

terrain. The efficiency advantage ranges from approximately 6 to 23 times in the reported 

tests: it is higher on less dissipative surfaces but remains significant in rougher outdoor condi-

tions. The table also shows the effect of speed: within the tested range, higher rolling velocity 

can improve transport efficiency by exploiting the inertia of the spherical body, provided that 

the maneuver does not require aggressive accelerations or repeated sharp turns. 

5 CONCLUSION 

This paper presented the experimental validation of ATHMOS, a hybrid aerial–terrestrial 

robot that combines an overactuated eight-rotor propulsion system with a rigid external spher-

ical shell. Field tests in unstructured outdoor environments demonstrate that the synergy be-

tween its specialized mechanical design and dedicated estimation and control architecture 

enables the integration of effective hybrid locomotion within a compact platform. The results 

show autonomous trajectory-tracking capabilities over mixed aerial–ground segments, with 

agile and seamless mode transitions, including take-off from arbitrary rolling attitudes, stable 

landings, and reliable ground-contact detection. The experiments also quantify the significant 

energetic advantage of rolling locomotion, supporting the adopted navigation strategy where 

terrestrial motion is used for long-distance traverses and rapid switching to flight is reserved 

for overcoming obstacles or tridimensional maneuvers. In this way, ATHMOS preserves the 

agility of an aerial system while substantially improving the overall energetic efficiency of the 

navigation. A particularly relevant outcome is the contribution of the pure-rolling kinematic 

constraint within the EKF-based state estimator. Compared with standard inertial navigation-

based EKF estimators, the proposed approach significantly improves the robustness and con-
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tinuity of state estimation under degraded GNSS conditions, which is crucial for autonomous 

operation in unstructured environments. Overall, the experimental campaign validates the 

main performance hypotheses identified in the previous numerical study and provides a solid 

experimental basis for future developments. These will focus on hardware optimization, 

broader testing in more complex operational scenarios, and the enhancement of autonomous 

navigation capabilities through an expanded sensor suite and advanced planning algorithms. 
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