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body and brain for robust interaction with
unstructured environments

Emanuele Aucone'?*t%, and Stefano Mintchev'-2*+

Copyright © 2025 The
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works

Using body morphology and touch sensing to simplify control strategies can boost versatility in aerial physical interaction.

The United Nations emphasizes the critical
need for high-quality data to track progress,
fill knowledge gaps, and adapt strategies to
achieve the 17 Sustainable Development Goals
(SDGs), which aim to protect the planet and
bring peace and prosperity for all. Toward
these goals, aerial robotics already substan-
tially contributes to remote sensing, facilitat-
ing large-scale environmental monitoring and
mapping of aging infrastructures. Expanding
drone capabilities to include physical interac-
tions with natural and artificial environments
could substantially enhance data quality and
comprehensiveness. Such capabilities encom-
pass in situ sample collection, long-term
deployment of sensors, and contact-based
inspections. For example, biodiversity moni-
toring currently relies on remote sensing and
labor-intensive ecological field work; automat-
ing these processes with aerial robotics could
improve both accuracy and scalability (1).
Aerial manipulators equipped with rigid
or articulated end effectors have shown
promise in tasks such as local inspection,
sensor placement, and object manipulation.
Current aerial physical interaction (APhI)
methods use force-aware controllers and
localized force sensing to achieve precise
motion and force tracking while maintaining
stable flight (2) (Fig. 1A). These strategies
attain accurate and repeatable interaction,
with position errors below 1 cm and force
tracking errors under 1 N (3). However,
maintaining such precision requires slow
interaction speeds [on the order of 0.1 m/s
(4)], sophisticated control strategies, detailed
robot-environment modeling, and precisely
tuned interaction constraints (2). Consequently,
deploying these approaches on natural and

artificial substrates with variable and unknown
physical properties remains challenging.

Inspired by biological systems, we propose
amore robust, dynamic, and versatile approach
to APhI, grounded in the concept of embodied
intelligence (EI) (5). Embodied aerial physical
interaction (E-APhI) emphasizes the seamless
integration of body, distributed touch sensing,
and control strategies to achieve complemen-
tary active and passive interaction behaviors.
This framework aims to reduce the reliance on
complex control policies and accurate model-
ing, thereby enhancing adaptability to the di-
verse and unpredictable conditions of natural
environments (Fig. 1B).

Integrating compliant and soft morpholo-
gies into aerial manipulators enables passive
collision rejection and dynamic force genera-
tion, such as for hammering or throwing
objects, while reducing dependency on so-
phisticated impedance controllers (2, 6). Soft
grippers facilitate high-speed aerial grasping
by passively compensating for positioning
errors and damping impulsive forces, elimi-
nating the need for precise grasp dynamics
modeling (4). Likewise, bird-inspired drones
with compliant claws achieve dynamic perch-
ing on irregular branches by converting im-
pact energy into grasping force, reducing the
control challenge to a balancing algorithm (7).

Beyond the integration of soft morpholo-
gies and actuation, advances in tactile sens-
ing further enhance E-APhI by providing
distributed touch awareness. In (8), a drone
developed for environmental DNA collection
features a hemispherical shell with distributed
force sensing. This design works in concert
with the control system, leveraging its large
interactive surface to maintain stable contact
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irrespective of branch stiffness while improv-
ing robustness against linear and angular
misalignments with moving branches. In (9),
the authors demonstrated compliant obstacle
traversal through direct physical interaction
using a drone equipped with a discoid shell,
offering continuous force sensing around
its body. The streamlined body and sensing
strategy enabled the drone to accomplish this
task with a minimalistic control approach
that focused on moving forward and damp-
ing vegetation oscillations. This E-APhI
remains resilient to obstacles of varying stift-
ness while passively generating the motor be-
havior needed to push, slide, or push and
slide against obstacles.

Unlike conventional APhI methods that
emphasize slow, controlled operations, E-
APhI systems prioritize impact resilience and
high-speed interactions, enabling more dy-
namic aerial manipulation tasks. Such sys-
tems complete contact-based tasks in under
0.1 s and sustain interaction speeds of up to
3.0 m/s (4). Although these higher speeds
can reduce accuracy—potentially producing
position errors of more than 10 cm—they
allow aerial robots to maintain stable interac-
tion with substrates exhibiting unknown and
variable physical properties. This has been
proved to be beneficial for tasks such as envi-
ronmental sampling from tree branches,
which are flexible substrates spanning four
orders of magnitude in compliance (8). Fur-
thermore, the presence of distributed sensing
across the entire body promotes flexible in-
teraction strategies, lessening the need for
precise end-effector placement and improv-
ing adaptation to contact variations or mis-
alignments (8, 9). This adaptability is crucial
for interacting with dynamic substrates.

The future of E-APhI envisions the fur-
ther exploration of soft sensorized morphol-
ogies paired with minimalistic controllers
and their efficient co-adaptation. Advances
in materials science already provide valuable
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Fig. 1. Differences between APhl and E-APhl. (A) Current aerial physical interaction approaches rely on rigid end effectors, localized sensing, and complex control algo-
rithms for single-point, precise, but slow operations in human-made, structured environments. (B) Embodied intelligence introduces body morphologies tailored to the
environment or task, distributed touch sensing over the body, and simplified control systems with synergistic passive behaviors for robust, versatile, and fast operations

in natural, unstructured environments.

insights into manufacturing multifunctional
bodies with integrated sensing elements that
can adapt their shape and compliance during
interaction (10). To manage the computa-
tional demands of increasingly sophisticated
distributed multicontact tactile sensing, local
processing at sensor nodes can selectively
extract critical interaction information. This
approach minimizes the need for high-level
data handling, enabling faster response times
while maintaining an efficient control sys-
tem. Given the requirements for integrating
task-specific morphologies with distributed
sensing elements and selectively process-
ing sensory information, deep reinforcement
learning could be leveraged to systematically
explore both the morphological design space
and the associated control policies, identify-
ing robust synergies (11). To this end, future
research will require physically realistic sim-
ulators to assess various body configurations
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and train end-to-end policies on a large scale,
as well as comprehensive evaluation metrics
to measure performance across diverse and
complex scenarios.

In conclusion, E-APhI presents a trans-
formative approach for aerial robotics, lever-
aging morphology, rich touch sensing, and
minimalistic control systems to enable robust
and versatile interactions in unstructured
environments. This paradigm shift reduces
reliance on complex control policies and
precise environmental models, making it
particularly suitable for real-world applications.
Beyond advancing the SDGs, E-APhI holds
potential for applications such as industrial
inspection, contact-based maintenance, and
human-robot collaborative manipulation.
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