


Attempting to extend these experiences in wide-area open-
field missions taking place in the wild, the operational ad-
vantages contributed by legged locomotion are evident ±
e.g., offering the ability to navigate over variously structured
ground, comprising of uneven terrain with rubble, but also
staircases and other human-made structures±. On the other
hand, it is the class of hybrid aerial Vertical Take-Off and
Landing (VTOL) / Fixed-Wing (FW) micro robots that offer
the combined versatility of both precision-flight launching
from and landing onto the back of a mobile ground system,
while also performing forward-flight-based surveillance over
larger fields.

Moreover however, to make such a Flexible Aerial / Legged
Marsupial Autonomous (FALMA) system ±as illustrated in
Figure 1± viable, it is imperative to extend its capabilities
to offer long-term autonomous operation, by facilitating a)
repeated aerial system deployments without requiring hu-
man operator intervention, while b) ensuring the operational
robustness of the overall marsupial robot. This work con-
tributes the required system-of-systems architecture and em-
phasizes on the subsystems design that grants these capabili-
ties. We propose a combination of a (commercially available)
legged ground robot and a custom (but open-design) hybrid
VTOL/FW micro aerial robot that supports in-situ battery
recharging based on an external power source. We detail
the development of a specialized Docking & Recharging
Backpack (DRB) for the legged robot, which allows the
hybrid MAV to safely dock onto it, and be recharged by
a separately carried battery module in order to facilitate
back-to-back aerial system deployments. We emphasize
the design considerations that ensure stable docking and
holding in-place of the aerial robot even while the legged
system performs dynamic locomotion and full-range body
pose orientation. We demonstrate the obtained capacity of
the overall marsupial system to safely retain the aerial agent
in its place during such aggressive locomotion, while at the
same time ensuring uninterrupted compliant electrical contact
for consistent recharging. We finally separately validate these
design contributions with specialized experimental validation
studies.

The remainder of this paper is structured as follows: Section 2
discusses relevant prior work in the field. Section 3 overviews
our proposed approach for a FALMA system and its intended
operational profiles. Actual implementation specifics are
elaborated in Section 4. Experimental results covering the
system’s main operational capabilities are shown in Section 5,
and our conclusions are drawn in Section 6.

2. RELATED WORK

Several docking and recharging designs have been developed
to allow charging or battery replacement as solutions to
extend the limited operational capacity of various robotic
systems, especially aerial robots ([25], [26], [27], [28], [29],
[30], [31]). Authors of [32] propose the use of a 3D printable
multi-link arm capable of latching on to an aerial vehicle serv-
ing as a docking tool as well as a way to provide localization
in GPS-denied environments. Other works in this domain
([25], [26], [27], [28]) aim to achieve docking of aerial
vehicles onto stationary landing stations for the purpose of
charging either by establishing an electrical contact between
the vehicle and the station or by wireless power transmission
[30], [31]. ICAROS Aerial Intelligence [29] provides an
autonomous solution for docking inside a Pelican case while
having wireless charging capability as well as an option for

tethered operation. Most of these systems lack mechanisms
to hold the MAV in place after docking and thus cannot
guarantee a secure electrical connection while undergoing
dynamic motion of a mobile agent that ferries the charging
station, while others use wireless charging with which to
overcome this issue at the expense of being inefficient and
slow as compared to contact-based fast charging approaches.

The work in [33] presents a heterogeneous system of robots
in the context of swarm exploration following a hierarchical
approach in which multiple exploring wheeled robotic agents,
termed scouts, are carried on a conveyor belt supported plank-
like structure mounted on a larger wheeled robot. Authors of
the work [34] demonstrate a nested marsupial system con-
sisting of a bi-manual mobile manipulator carrying a MAV
that further carries a miniature ground wheeled vehicle taking
advantage of the complementary capabilities of the three
systems in the event of disaster. Both of these approaches
use a similar flat-top carrier that nests the smaller agent while
lacking a mechanism that would hold it in place, essentially
viable for deployment in an environment with mostly even
terrain. More recent works [24] deploy robotic system-of-
systems comprising a legged robot carrying an MAV robot
on its back aimed towards exploiting their complementary
capabilities for collaborative mapping and exploration of
unknown environments. To securely hold the MAV in place
while the legged robot is in motion, a custom designed
mechanism employing an electropermanent magnet along
with flexible elastic straps is utilized. Despite following
the paradigm of a marsupial system, neither of them take
advantage of a fundamental capability that can be offered by
the parent system, i.e. replenishing the energy reserves of the
child system.

In this work, we propose the design of a novel docking
and recharging backpack system that mounts rigidly to the
back of a legged robot, designed specifically for our hybrid
VTOL fixed-wing MAV, to facilitate long-term autonomy.
The angled geometric structure of the design allows the aerial
vehicle to passively align itself by sliding back and nestling
towards the edge of the platform once it has landed upon
it. Furthermore, the actuated claws engage to latch onto
the skids of the MAV to provide a three-fold benefit, a)
securely hold the MAV during any dynamic motion of legged
robot over uneven terrain, b) establish and maintain electrical
contact between conductive wire residing on the inner surface
of the two middle claws and the skids ensuring uninterrupted
charging of the MAV, and finally c) facilitate multiple docking
and takeoff cycles without human intervention.

The overall marsupial system facilitates a wide-field deploy-
ment over extended terrain by combining the advanced terrain
mobility over uneven terrain offered by the legged robot and
the versatility of the hybrid VTOL capable of taking off and
landing onto the docking station along with forward-flight
operation over extended ranges.

3. PROPOSED APPROACH

This section details the primary components of the Flexible
Aerial / Legged Marsupial Autonomous system and outlines
its envisioned combined operation.

Tiltrotor Hybrid Micro Aerial System

The flying platform used is the MiniHawk VTOL [35], [36], a
rapidly-prototyped and open-design (https://github.com/Ste-
phenCarlson/MiniHawk-VTOL) fixed-wing / VTOL micro-
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6. CONCLUSIONS

In this work, we presented a Flexible Aerial / Legged
Marsupial Autonomous system architecture, comprising a
legged locomotion ground robot and an autonomous hybrid
micro tiltrotor, and additionally armed with the capacity for
combined docking and recharging. This type of marsu-
pial system-of-systems can be leveraged in long-term wide-
area combined ground-and-aerial surveillance missions in
unstructured environments, as it offers the ability for repeated
aerial system deployments through back-to-back launch and
dock-to-recharge cycles. We detailed the critical aspects
of the proposed subsystems specifications and their design.
Finally, we presented a set of three experimental evaluation
sequences, each studying the FALMA system’s performance
against its core design objectives.
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