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Abstract

Cooperative aerial manipulation (CAM) uses multiple UAVs to transport payloads exceeding
single-vehicle capacities, offering scalable solutions for planetary exploration and disaster relief.
However, real-world deployment is limited by dynamic coupling, under-actuation, and reliance
on continuous communication or external motion capture. Traditional control structures often
restrict systems to low-speed flights by assuming load dynamics are slower than the quadrotor.
To overcome these barriers, this research proposes an agile, robust, and energy-efficient CAM
framework. The system eliminates payload-mounted sensors, relying exclusively on onboard
visual and inertial sensing to estimate vehicle poses and the load’s 6-DoF state in real-time. By
transitioning to quantized, low-bit inter-vehicle communication, the framework significantly
reduces energy consumption. This sensor-light, communication-resilient approach aligns with
NASA’s ARMD objectives by enabling trusted autonomy and robust performance under off-
nominal conditions and wind disturbances.
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1 Narrative
1.1 Background and motivation

Figure 1: Illustration of multi-UAV cooperative aerial manipulation
and load transportation in planetary exploration scenarios.

The evolution of Unmanned Aerial Vehicles (UAVs)
from passive surveillance to active physical interac-
tion has highlighted the payload and actuation limits
of single-rotor systems. Cooperative Aerial Manip-
ulation (CAM) addresses these constraints by em-
ploying multiple UAVs to collaboratively transport
heavy or oversized loads. Cable-suspended config-
urations are particularly advantageous due to their
mechanical simplicity and minimal impact on car-
rier dynamics, offering significant potential for plan-
etary exploration, construction, and disaster relief.
However, real-world deployment is hindered by the
complex, non-linear dynamics of multi-agent sys-
tems. Current state-of-the-art methods typically rely on cascaded control structures and the principle of
time-scale separation, which assumes load dynamics are slower than those of the UAVs. This restriction
limits operations to low speeds (e.g., under 1.5 m/s) and low accelerations (under 0.5 m/s²), compromising
effectiveness in time-critical missions. Furthermore, centralized coordination models scale poorly and are
vulnerable to communication latencies or dropouts. Most existing frameworks also depend on external motion
capture or heavy payload-mounted sensors, rendering them impractical for unstructured, GPS-denied, or
wind-swept outdoor environments. To achieve robust autonomy, CAM must transition toward sensor-light,
decentralized, and communication-resilient architectures. By leveraging onboard visual-inertial estimation
and implicit haptic feedback—such as cable tension—multi-UAV teams can operate efficiently without
continuous data exchange. Integrating learning-based techniques like Reinforcement Learning (RL) further
enables these systems to adapt to unmodeled aerodynamic disturbances and modeling errors. This shift away
from rigid analytical models toward adaptive, decentralized control paves the way for agile, high-speed aerial
manipulation in unpredictable real-world conditions.

1.2 Related work
Cooperative aerial manipulation and load transportation utilize multiple UAVs to move payloads exceeding
the capacity of single multirotors [1, 2]. While scalable for construction and rescue, these systems introduce
complex challenges in dynamic coupling and multi-agent coordination [3, 4]. Hardware configurations
are generally categorized into four types [1]. Cable-driven systems are mechanically simple but require
sophisticated control to manage load swing [5, 6]. Rigidly attached multirotors offer higher lifting capacity
but face severe under-actuation, often mitigated by spherical joints [1]. Multi-DoF robotic arms enable precise
orientation control at the cost of complex coupled dynamics [7, 8], while heterogeneous ground-air systems
combine the strength of UGVs with the vertical mobility of UAVs [1]. Dynamic modeling typically employs
two frameworks [1]. The Newton-Euler (N-E) approach models UAVs and payloads as distinct interacting
subsystems, ideal for real-time cable or rigid setups [1, 4]. Conversely, the Euler-Lagrange (E-L) formulation
treats the assembly as a single coordinate-free system, simplifying the math for highly articulated or het-
erogeneous configurations [1]. Control strategies are evolving from traditional cascaded structures—which
often fail during agile maneuvers due to time-scale separation assumptions—to kinodynamic whole-body
motion planners [4, 9]. These planners enable high-speed flight and formation reshaping through narrow
gaps [4]. Additionally, researchers are shifting toward decentralized, communication-free coordination where
followers track leaders via haptic feedback or visual-inertial odometry [3, 10]. Learning-based advancements
further enhance autonomy in unstructured environments [11, 12]. Imitation learning enables the replication
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of human manipulation, while Deep Learning provides robust perception and state estimation [11, 13].
Multi-Agent Reinforcement Learning (MARL) is particularly effective, allowing agents to coordinate through
local observations and maintain stability even during mid-flight vehicle failures [12].

1.3 Proposed approach
Cooperative aerial manipulation and load transportation enable multiple UAVs to manage payloads beyond
the capacity of a single multirotor. This scalability makes them ideal for critical missions like planetary
exploration, construction, and disaster relief. Yet, real-world deployment remains bottlenecked by the
complexities of dynamic coupling, under-actuation, and multi-agent coordination. Current frameworks are
heavily tethered to continuous wireless communication and rigid analytical models that struggle against
aerodynamic disturbances or shifting payload inertias. Moreover, existing force-based cascaded controllers
inherently limit systems to low-speed, low-acceleration maneuvers by assuming load dynamics operate slower
than the quadrotor. To overcome these barriers, this research proposes an agile, robust, and energy-efficient
Cooperative Aerial Manipulation (CAM) framework that will be structured around three core research thrusts:

Thrust 1: Quantized visual-inertial estimation for cooperative navigation Current multi-UAV frame-
works are severely bottlenecked by their reliance on continuous wireless communication and external motion
capture. To address this, this thrust develops a cooperative navigation scheme utilizing minimal, quantized
inter-vehicle communication. By transmitting only essential, discrete data packets instead of continuous
streams, the system drastically reduces communication overhead and energy consumption. Furthermore, to
eliminate the dependency on external motion capture, this thrust enables decentralized cooperative localization
relying exclusively on the UAVs’ onboard visual and inertial sensors.

Thrust 2: Visual learning of load dynamics and cable tension Traditional cooperative transport systems
rely on complex, payload-mounted trackers or physical force and torque sensors, which introduce parasitic
weight and mechanical vulnerability. This thrust eliminates the need for these dedicated physical sensors.
Leveraging the onboard visual-inertial suite established in Thrust 1, this research develops a framework to
simultaneously estimate the individual UAVs’ poses while dynamically inferring the load’s full 6-DoF pose,
twist, and corresponding cable tension in real-time. To accurately model the highly non-linear dynamics
without rigid analytical equations, we will design Deep Neural Networks (DNNs) to approximate complex
Jacobians and residuals online and feed them directly into state estimation.

Thrust 3: Reinforcement learning-based control and coordination Traditional cascaded controllers
and rigid analytical models restrict UAVs to sluggish maneuvers and frequently fail under aerodynamic
disturbances or shifting inertias. To bypass these limitations, this thrust introduces an adaptive impedance
control policy driven by RL. This learning-based controller dynamically compensates for wind and modeling
errors while optimizing energy efficiency by explicitly penalizing excessive actuator commands during
trajectory tracking. To achieve multi-agent coordination without continuous network communication, the
framework leverages the real-time cable tension estimates (from Thrust 2) as an implicit haptic feedback
channel. To ensure the successful real-world deployment and bridge the simulation-to-reality gap, the training
pipeline will incorporate extensive domain randomization to guarantee stability against unpredictable physical
and aerodynamic disturbances. This synthesis of RL-based control, quantized communication, and physical
haptic feedback empowers the UAV team to maintain formation and execute robust, highly agile transport
maneuvers while conserving critical energy.

Ultimately, the integration of these three research thrusts establishes a communication-resilient, energy-
efficient, and minimally instrumented framework for Cooperative Aerial Manipulation (CAM). This proposed
system directly advances the strategic vision of NASA’s Aeronautics Research Mission Directorate (ARMD).
By achieving trusted multi-agent autonomy without relying on continuous external infrastructure, this research
fulfills the ARMD Research Focus Area (RFA) objective of “enabling robust control, vehicle performance, and
mission management under nominal conditions, and contingency management under off-nominal conditions.”
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3 Plan for Seeking External Funding
This research aims to develop a proof-of-concept design for agile, robust, and energy-efficient cooperative
aerial manipulation framework that operates without payload-mounted sensors or continuous wireless
communication by synergizing quantized visual-inertial estimation, real-time visual learning of the load’s
6-DoF dynamics and cable tension. Given the broad implications of this technology, it is of considerable
interest to various government funding agencies:

• NSF/NASA EPSCoR Program. With the preliminary results from this seed project, the PI will be
well-equipped to pursue opportunities in the future NSF/NASA EPSCoR program. According to the
NASA Strategic Plan, the agency is committed to advancing human and robotic exploration to deepen
our understanding of the solar system and the universe. The EPSCoR Research Award is anticipated to
call for proposals targeting high-priority research and technology development needs. For instance, as
NASA aims to extend human presence to the Moon, Mars, and beyond, precursor robotic missions will
explore potential sites and deliver critical data for human explorers. These missions require advanced
technologies to cut costs, enhance power efficiency, and increase spacecraft autonomy—priorities that
align closely with the PI’s expertise in robotic perception and navigation.

• NASA Planetary Science Research Program and Space Technology Research Grants. Building on
the outcomes of this seed project, the PI will continue collaborating with the NASA JPL Guidance
and Control Section, particularly through his former colleague, Nikolas Trawny [14, 15, 16], who
spearheaded the Europa Lander Intelligent Landing System. Together, they will develop advanced
guidance, navigation, and control (GNC) technologies to enhance NASA’s space exploration missions.

5



4 Relevance to NASA/EPSCoR/RID Mission
Response to NASA missions The integration of the proposed research thrusts establishes a communication-
resilient, energy-efficient, and minimally instrumented framework for Cooperative Aerial Manipulation
(CAM). This proposed system directly advances the strategic vision of NASA’s Aeronautics Research
Mission Directorate (ARMD). By achieving trusted multi-agent autonomy without relying on continuous
external infrastructure, this research will enable robust control, vehicle performance, and mission management
under nominal conditions, and contingency management under off-nominal conditions. Specifically, the
quantized communication and dynamic load estimation ensure scalable nominal mission management, while
the adaptive RL controller provides critical contingency management against off-nominal aerodynamic
disturbances. Furthermore, embedding advanced machine learning—specifically deep learning for spatial
perception and RL for adaptive control—into the minimal sensing (visual-inertial) pipeline actively drives
ARMD’s broader mandate to develop “technologies for vehicle and system-autonomy, robotics, and flight
vehicle environment awareness.” By bridging the gap between learning-based perception and physical
multi-agent control, this project paves the way for the real-world deployment of autonomous aerial systems
in complex, unpredictable environments.

Contribute to Delaware EPSCoR This research will push the boundaries of current knowledge by ad-
dressing a key challenge in the robotics and guidance, navigation, and control (GNC) community, delivering
practical solutions underpinned by rigorous mathematical analysis and robust engineering principles. Its
transformative potential lies in groundbreaking theoretical advancements in efficient, consistent state estima-
tion for stochastic nonlinear systems. A central aim of the Delaware EPSCoR program is to bolster the state’s
economy, and this project aligns seamlessly with that goal. By translating the proposed motion tracking and
mapping technologies into unmanned vehicles and mobile devices, this research offers significant potential
for applications where positioning infrastructure is absent or cost-prohibitive. These innovations will pave
the way for a diverse array of novel AI and robotics applications, driving economic growth in Delaware.
Furthermore, this project will create distinctive opportunities for University of Delaware (UD) students to
engage in impactful robotics and aerospace research.
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5 Budget

Budget justification One graduate student will devote research effort to this project. Salaries budgeted for
graduate students are based on standard University of Delaware graduate student stipends in the Mechanical
Engineering Department. As per standard University of Delaware policy, the budget includes fringe benefits
on graduate student stipends calculated at 14.4%.
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