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The DroneHub: a multi-environment
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As global progress stalls on the 2030 Sustainable Development Goals, robotics has emerged as
crucial for sustainability transformation. However, current testbeds limit robotics research by offering
either controlled indoor precision or uncontrolled outdoor realism, creating a critical gap. We propose
a sustainability-oriented testbed design framework emphasizing multi-environment representation,
modular adaptability, and digital twins. Exemplified by the DroneHub, this approach bridges the lab-
field divide, enabling experimentation that is vital for robust and responsible robotics aligned with

global sustainability targets.

The 9th edition of the Sustainable Development Report (SDR) recently
revealed a concerning trend: none of the seventeen Sustainable Develop-
ment Goals (SDGs) are on track to be fully achieved by 2030, with only 16%
of targets showing measurable progress'. Addressing this shortfall demands
transformative strategies, including the development and deployment of
innovative technological solutions. Robotics and robotic artificial intelli-
gence (RAI) have emerged as powerful enablers in this context, demon-
strating significant impacts across SDG-relevant applications such as forest
monitoring’, autonomous infrastructure inspection’, and sustainable
agriculture®.

Despite ongoing progress, most robotic initiatives still target
individual SDGs, often overlooking the wider ecological, social, and
economic impact of their systems™’. Sustainability Robotics aims to
create an integrated framework that accounts for sustainability at
every stage of the robotic system, from design to manufacturing, and
eventual disposal. Anchored in three key principles, minimal inva-
siveness, accessibility, and omni-benefit, these robots aim to fit
smoothly within natural ecosystems and human-built settings,
reducing ecological disturbance, broadening equitable access, and
creating shared value for society and the environment. Minimal
invasiveness reduces disruption to natural and socio-economic sys-
tems through biodegradable materials and human-augmenting rather
than replacing designs. Accessibility enables deployment in under-
served communities via renewable-powered, physically intelligent
robots requiring minimal infrastructure. Omni-benefit transforms
extractive approaches into regenerative ones, creating mutualistic
relationships where technologies simultaneously restore ecosystems
and serve human needs, such as coral restoration robots that monitor
marine health.

Achieving this integrated vision requires a shared reevaluation of the
purpose and design of robotics testbeds. Specialised research

infrastructures are needed to bridge the critical gap between highly
controlled indoor laboratories and unpredictable real-world environ-
ments. Currently, most existing testbeds provide either precise instru-
mentation in artificial indoor settings or vast open outdoor spaces with
limited experimental control. Very few facilities offer a semi-controlled
outdoor environment where robotic systems can undergo realistic yet
structured experimentation.

In response, we propose a design framework for sustainability-oriented
robotics testbeds. This framework emphasises modularity, adaptability,
interdisciplinary co-evolution, and integrated simulation-physical experi-
mentation loops. As a concrete instantiation, we introduce the DroneHub,
an outdoor, multi-environment research infrastructure specifically engi-
neered to address this gap. The DroneHub, which is now operational, fea-
tures modular, reconfigurable zones designed to replicate diverse terrains,
structural elements, and ecological contexts, enabling researchers to sys-
tematically investigate critical scientific questions at the heart of Sustain-
ability Robotics.

This paper first presents the overarching design principles and archi-
tecture of sustainability-oriented testbeds. It then describes the DroneHub
as a practical embodiment of this approach, detailing its distinct environ-
ments, software framework, and operational dynamics. Finally, the paper
discusses how this generalised design methodology can inform broader
research infrastructure development, catalysing aerial robotics as a pivotal
contributor to sustainable global development.

Foundation for a sustainability-oriented testbed design
framework

The establishment of robotics testbeds has been driven by the need to create
controlled environments that facilitate the development, testing, and vali-
dation of complex robotic systems’. These environments are essential for
advancing research in autonomous robots.
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Gaps and opportunities in current robotics testbeds

The global landscape of robotics research and development is underpinned
by a diverse array of specialised testbeds, which facilitate groundbreaking
experimentation and innovation®. These testbeds vary widely in scope and
application, ranging from indoor setups designed for precise localisation
and control to outdoor and multi-terrain environments that test robots
under dynamic and unpredictable conditions. Concentrated in technolo-
gically advanced countries, these facilities reflect significant investments in
science and engineering and serve as vital platforms for advancing robotics
across diverse domains. The following highlights several notable testbeds
worldwide, offering context rather than a comprehensive systematic review
of the field and illustrating their contributions to advancing robotics
research and application.

North America hosts numerous well-established robotic testbeds. A
well-known example is the Robotarium’, a remotely accessible testbed that
democratises multi-robot research by eliminating traditional barriers rela-
ted to cost and complexity while ensuring safety through built-in protocols.
Another established testbed is Duckietown'’, which offers an open-source,
low-cost ecosystem for education and research in autonomy, featuring
simple robotic vehicles navigating through model urban settings to facilitate
learning in perception and control. Similarly, RAVEN (Real-time indoor
Autonomous Vehicle test Environment)'' is an indoor testbed focused on
autonomous multi-agent missions, streamlining the development process
by simplifying hardware and control management to concentrate on high-
level task algorithms. Moreover, the GRASP multiple-MAV testbed'* sup-
ports coordinated and dynamic flight research using off-the-shelf micro
aerial vehicles, advancing studies in group behaviours pertinent to appli-
cations like surveillance and reconnaissance.

Europe boasts a strong presence of robotic testbeds in countries like
Germany, the United Kingdom, Switzerland, and France, supporting
research in industrial automation, service robotics, aerial robotics, and
human-robot interaction. The Flying Machine Arena®, located in Switzer-
land, provides a modular and robust framework for experimenting with
fleets of aerial robots, enabling rapid prototyping and demonstration of
complex control concepts. Additionally, ETH has the new “RobotX” arena
under development, which will leverage ETH’s strong expertise in robotics
and develop it further in a research and education platform. In Spain,
CATEC at the University of Seville features a 15 x 15 x5 meter indoor
testbed with twenty motion capture cameras for aerial robotics and multi-
vehicle coordination research. At EPFL, the Laboratory of Intelligent Systems
features an instrumented flight arena with an open wind tunnel and high-
resolution motion tracking for avian-inspired aerial robotics research'. The
United Kingdom has several facilities, such as the ITER Robotics Test Facility
(IRTF)" that helps the Remote Applications in Challenging Environments
(RACE) team experiment on nuclear fusion systems’ autonomous main-
tenance, the National Robotarium'®, which has a living lab to experiment
with trialling the technology in a realistic home setting, and the multi-terrain
arena at Imperial College London to work on multi-modal locomotion"’.

In Asia, universities and research institutions have established
advanced testbeds in countries such as Japan, China, and South Korea,
reflecting the significant contributions from these regions to robotics
innovation, particularly in humanoid robotics, manufacturing automation,
and autonomous systems. Collectively, these testbeds demonstrate the
crucial role of tailored experimental indoor testbeds in advancing robotics
research and applications.

Concurrently, large-scale outdoor testing facilities are also cru-
cial for advancing autonomous systems, as they provide diverse, real-
world environments for rigorous testing. With expansive airspace
and open fields, locations like Schmerlat Airfield', Pendleton
Unmanned Aerial Systems Test Range'”, Aviation Innovation
Centre”, Barcelona Drone Centre*, Droneport”, and the UAS
Denmark Test Centre™ are ideal for developing drones for industrial
and commercial applications. Similarly, the CSIRO Flight Operations
Centre* and the Canadian Centre for Field Robotics (CCFR)* offer
vast outdoor areas for research in environmental and agricultural
robotics. Testbed Digitalised Agriculture® specialises in precision
farming technologies within controlled agricultural settings, while
JPL MarsYard III¥ simulates the Martian surface to test robots
designed for space exploration.

Although robotics testbeds around the world offer a range of specia-
lised capabilities, a comparative review (Table 1) reveals that common
structural gaps persist across both indoor and outdoor facilities. Technical,
methodological, and systemic limitations collectively hinder the transition
from research prototypes to solutions that can operate at scale in real-world
settings.

- A fundamental architectural challenge lies in the trade-off between
scalability and specificity: while some testbeds offer general applicability
across research domains, others prioritise domain-specific configura-
tions at the expense of broader relevance. This tension becomes especially
pronounced when attempting to bridge micro-scale precision tasks with
large-scale, long-range robotic operations.

- Adaptability and environmental diversity remain constrained. Most
infrastructures are designed for either indoor precision or outdoor rug-
gedness, but few can accommodate both. As a result, meaningful research
across varied operational domains remains difficult to support within a
single facility.

- Perhaps most critically, testbeds that introduce real-world complexity
often do so at the expense of reproducibility. Environmental factors such
as weather, lighting, and seasonal variation introduce stochasticity that
undermines experimental control, creating a reproducibility paradox.
These technical challenges are further compounded by systemic issues:
fragmented benchmarking ecosystems hinder cross-institutional valida-
tion; operational costs and obsolescence raise concerns about long-term
sustainability; legal and regulatory landscapes present evolving com-
pliance burdens; and institutional coordination and training require-
ments constrain accessibility and scalability.

Table 1 | Gaps and opportunities in the Robotics Testbed Landscape

Aspect Existing indoor testbeds

Existing outdoor facilities

Gaps and opportunities

Environment Single, fully artificial, controlled

conditions

Multiple context, uncontrolled, real-world

Limited ability to systematically test across varied
operational contexts within a single entity

Experimental
Repeatability

High repeatability, standardized
conditions

Low repeatability, variable conditions,
seasonal limitations

Trade-off between controlled validation and realistic
operational assessment

Accessibility Robotics-focused infrastructure, Domain-specific applications, Narrow disciplinary scope limiting cross-field
specialized user base operational barriers for researchers innovation potential
Digital Twins Strong simulation integration but low  High physical realism but limited Disconnect between virtual experimentation and

physical realism

simulation coupling

physical validation pipelines

Resource Constraints Unlimited resources

Unmonitored constraints

Absence of systematic resource constraint simulation
and sustainability impact tracking

Technology Transfer Lab-scale with field deployment gap

(TRL 1-3)

Full deployment testing (TRL 8-9)

Gap in intermediate validation stages for systematic
technology maturation (TRL 4-7)
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These technical, methodological, and systemic limitations highlight the
need for a new design paradigm tailored to the demands of sustainability-
driven robotics research.

A framework for testbed design in Sustainability Robotics

The emergence of Sustainability Robotics calls for a fundamental rethinking
of how robotic systems are designed, tested, and validated. This emerging
discipline is not merely about deploying robots in sustainable domains, but
about embedding sustainability into the technological, operational, and
ethical dimensions of robotics itself. As engineers develop more robots to
address pressing societal and ecological challenges, including environmental
monitoring, circular construction, adaptive infrastructure, and planetary
health, new testbeds must support rigorous, representative, and inter-
disciplinary experimentation.
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Controlled Laboratory
Environments

Fig. 1 | The DroneHub positioned as an intermediate testbed bridging the gap
between fully controlled indoor laboratories and expansive outdoor test ranges.
The left column shows examples of existing indoor test facilities (e.g., the UK
National Robotarium, CSIRO Flight Centre, Duckietown, and UPenn Robotarium)
designed for highly controlled conditions and precise benchmarking. The right
column illustrates large-scale outdoor sites (e.g., UAS Denmark, Schmerlat Airfield,
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Hybrid Space
(The combination of controlled lab environment in representative outdoor zones.)

Existing testbeds offer highly controlled indoor environments for pre-
cise algorithmic validation or expansive outdoor fields for real-world expo-
sure, but few provide the middle ground necessary for transitioning research
into deployable sustainability solutions, as it can be seen in Fig. 1. Building on
the limitations articulated in the previous section, we propose a design fra-
mework for sustainability-oriented robotics testbeds that formalises the
architectural, operational, and epistemological requirements for such infra-
structures. This framework defines five interdependent design principles:

* Modular multi-environment architecture: Testbeds should include
separate physical and functional zones that mimic key operational
settings such as urban, ecological, and industrial areas, and allow rapid
reconfiguration of structures, terrain, and embedded infrastructure.
This design supports applicability across domains, speeds iteration for
varied use cases, and allows for sustainable reuse of the facility.
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Real-world Testing

Pendleton Test Range, and the Barcelona Drone Centre) that provide realistic, often
unpredictable environments. In the centre, the DroneHub offers a transitional,
semi-controlled outdoor space that blends elements of both environments, enabling
researchers to methodically scale up robotic testing from the stability of the lab to the
complexity of the real world.
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Fig. 2 | The proposed framework for Sustainability Robotics testbed design, transitioning from traditional controlled environments to reconfigurable infrastructures that

integrate modular architectures for multi-environment interdisciplinary research.

+ Adaptive representative environments: Environments must reflect
authentic outdoor dynamics (e.g., lighting, weather, terrain hetero-
geneity) while preserving a degree of experimental control for applic-
ability and be flexible to change and adapt their settings. Such realism
and flexibility are critical for evaluating robustness, adaptivity, and
uncertainty-aware autonomy.

* Bridging the simulation gap: The testbed should be integrated with
digital twin infrastructure and simulation pipelines, enabling con-
tinuous transitions between virtual experimentation and physical vali-
dation. This allows scalable testing across technology readiness levels
while reducing waste and development time, and eases accessibility.

* Interdisciplinary co-evolution: The testbed should be designed for co-
development with adjacent fields such as materials science, environ-
mental sensing, architecture, and policy”. Configurability in physical
layout, sensing modalities, and experimental access is essential for
transdisciplinary collaboration.

* Embedded lifecycle metrics: The testbed must natively record sus-
tainability indicators, such as energy use, emissions, waste, safety, and
reuse, so that experimental results reveal both task success and the
broader environmental and social effects.

Together, these five principles, which is illustrated in Fig. 2, mark a shift
in how we conceptualise testbeds: from static domains optimised for single
robot performance to living, reconfigurable infrastructures that enable
systems-level innovation. A testbed built on this framework is not merely a
proving ground; it becomes a scientific instrument for posing new questions
about how robots can act responsibly in complex environments.

In the next section, we introduce the DroneHub as an operational
realisation of this framework. By incorporating modular environments,
embedded constraints, and simulation-to-real pipelines, the DroneHub
offers a structured yet realistic context for experimental research in Sus-
tainability Robotics. It serves as an early exemplar of how robotics testbeds
can evolve in response to the systemic demands of sustainability.

The DroneHub: Sustainability Robotics testbed

Building on the design framework from the previous section, the DroneHub
serves not just as a physical testing space but as a sustainability-focused
scientific instrument, created to enable scalable development, validation,
and deployment of robotic systems that advance environmental and soci-
etal goals.

The DroneHub is located in the Duebendorf Campus of the Swiss
Federal Laboratories of Materials Science and Technology (Empa), occu-
pying the top floor of the Next Evolution of Sustainable Infrastructure
(NEST) as its latest unit®.

NEST, which is depicted in Fig. 3, serves as a modular innovation
platform designed to accelerate the implementation of sustainable tech-
nologies through collaborations between academia and industry. It com-
prises a central backbone infrastructure to which experimental research
units are physically and functionally attached. These units address focused
research domains, ranging from digital fabrication to energy systems, and
function as fully operational residential and office spaces that are con-
tinuously monitored and evaluated. The NEST complex is vertically

structured and centrally serviced by shared water, heating, and energy
systems, fostering interconnectivity between units.

This unique location enables the DroneHub to operate not only as a
physical site for robotic experimentation but as an active component within
a broader ecosystem of public engagement, technological innovation, and
cohabitation. Its integration into NEST’s highly visible and interdisciplinary
setting provides a distinctive platform for testing sustainable robotic systems
under authentic infrastructure and usage scenarios.

Framework-aligned research environments

The DroneHub comprises an outdoor flight arena and two indoor spaces
depicted in Fig. 3. The “flight arena” has a floor space of 87 m’ and a
maximum height of 11 m, allowing drone experiments on two levels. The
full-height space is the “Construction Robotics Zone” and has a footprint of
8 by 6 m. The elevated space on top of the “Infrastructure Robotics Inter-
face” is the “Biosphere for Robotics”, which can be observed from Fig. 4. The
space is enclosed with a steel structure wrapped in a steel mesh. This
structure provides an environment for outdoor drone experiments and
complies with the safety requirements of the nearby airport. The “Infra-
structure Robotics Interface” is a lightweight timber structure inside the net
enclosure. This is used to develop building facade elements to interact with
and host aerial robots. A flexible curtain wall facade to the “Construction
Robotics Zone” and an identical facade segment facing the Empa campus
outside allow for iterative development and testing of the facade prototypes
on a full scale. The “Control Room”, which can be seen on the right of the
Fig. 5 is embedded in the Nest building adjacent to the AAM wall. It helps
the users to monitor and supervise ongoing aerial robot flights in the out-
door arena.

Construction robotics zone

Aerial robots are increasingly contributing to sustainable construction by
enabling high-precision inspection, maintenance, and fabrication tasks™.
Beyond their established roles in monitoring and data collection, recent
advancements have positioned aerial platforms to perform interactive
tasks”™ such as spray painting®, damage detection, and additive
manufacturing”, technologies that directly enhance structural resilience
and extend infrastructure lifespans.

The Construction Robotics Zone within the DroneHub is specifically
designed to support research in these domains. At the heart of this zone is
the “Aerial AM Wall,” a modular experimental interface that enables a wide
range of aerial interactions, from discrete and tensile to continuous material
deposition, under semi-controlled yet realistic outdoor conditions (Fig. 5).

The Aerial AM Wall consists of three manually liftable columns, one
central column (2 m wide) and two side columns (1 m wide each), mounted
on a vertical facade adjacent to the DFAB unit™. These columns host
interchangeable horizontal bars onto which modular plates can be attached.
Researchers can affix sheets of various materials to this structure to test
different fabrication strategies. The wall spans a test area of up to 6 m in
height and 4.9 m in width, while maintaining clearances for safe drone
operation. The system supports a payload capacity of up to 550 kg, enabling
full-scale experimental setups.
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Fig. 3 | (Top) The DroneHub unit at the center of DFAB and HiLo**"' units at NEST”. (Bottom) The DroneHub and the representative environments: Construction
Robotics Zone, Robotics Biosphere, and Infrastructure Robotics Interface. Each environment can provide a testing ground for various types of robotic capabilities research.

Designed with flexibility in mind, the structure accommodates dif-
ferent surface sizes and configurations depending on the experiment. This
modularity makes it ideally suited for investigating a wide range of aerial
construction and interaction scenarios. Example applications include ad-

hoc manipulation with custom arms and grippers”™, infrastructure

inspection and data collection for BIM and digital twins”*, and aerial
additive manufacturing using discrete*™, tensile”™', and continuous

methods”*> with different material types™.
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and soil pots for biodegradation experiments. (Center) A close-up look at the

example use cases of the biosphere. (Bottom) Several examples of the robotic testbed
are depicted for each capability instance for environmental sensing. (1) Bio-inspired
morphing wing drone®, (2) Revolving-wing drone”, (3). Flapping-wing microscale
drone”, (4) Multi-modal mobility morphobot (M4)*, (5) Hitchhiker multi-modal
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drone”, (6) TJ-FlyingFish®*, (7) Rotorigami™, (8) Soft-bodied aerial robot™, (9)
Collision resilient aerial robot™, (10) Bird-inspired perching drone”, (11)
Ornithopter-inspired perching drone™, (12) Metamorphic aerial robot™, (13) Seed-
inspired soft robot'”, (14) Transient biodegradable drone™, (15) Degradable elas-
tomer for soft robotics'"’.
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Breaking mechanisms

aerial manipulation™, (2) Soft-robotic origami arm®, (3) Aeroarms Project'”, (4)
High-payload co-axial tricopter®, (5). Voliro*, (6) Elios 3 - Flyability®, (7)
Modquad®, (8) Reconfigurable architecture system UAV.”, (9) Flight assembled
architecture installation UAV*, (10) Aerial AM”, (11) 3D printing with flying
robots™, (12) An integrated delta manipulator drone™, (13) Building bridge with
flying robots®, (14) SpiderMAV™, (15) ICD/ITKE Research pavilion drone’".
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To support feedback-driven experimentation, the wall is being
equipped with force sensors and close-range cameras, enabling precise
monitoring of aerial contact, adhesion, and material behaviour. This setup
facilitates novel testing methods and the real-time evaluation of adaptive
algorithms and research questions as follows:

- How can real-time feedback systems enhance structural accuracy and
environmental adaptability of aerial fabrication?

- How do substrate characteristics such as surface texture, porosity, or
geometry influence deposition quality and adhesion dynamics?

- How can simulation-informed, learning-based frameworks improve
the robustness and scalability of AAM processes in diverse outdoor
scenarios?

Robotics Biosphere Zone

Today’s environmental challenges, such as biodiversity loss, deforestation,
water pollution, and ocean acidification, demand novel sensing and inter-
action technologies to assess ecosystem dynamics and inform climate
models. In particular, monitoring fragile or remote environments requires
high-resolution, temporally rich data that traditional methods often fail to
capture”®, Robotics and Artificial Intelligence (RAI) systems offer pro-
mising alternatives by automating data collection, improving spatial cov-
erage, and enhancing access to ecologically sensitive areas™ .

While contributing to these workflows, aerial robots face unique
challenges in natural environments. Tasks such as localisation, navigation,
perching, and sensor placement within dense vegetation require advanced,
adaptive technologiesz. Moreover, hardware failures, like crashes or com-
munication loss, pose greater risks to fragile ecosystems”. To prevent
environmental harm, the development of biodegradable or even edible
components, including sensors, electronics, and structural elements, is
essential for promoting circularity and ecological safety™.

To support research in this domain, the DroneHub includes the
Robotics Biosphere Zone, a semi-natural, modular test environment for
validating aquatic, arboreal, and biodegradable robotic systems. The zone
features artificial flora, a configurable soil bed, and a water element, all of
which can be rearranged to replicate different ecological scenarios. Branches
can be reconfigured to simulate open or dense canopy structures, and soil sub-
zones contain diverse substrates such as sand, clay, saline, or alluvial deposits.

Within this environment, researchers can develop and test a wide range
of robotic capabilities, including bio-inspired flight strategies for agile, low-
noise operation in cluttered spaces™’; multi-modal locomotion across air,
water, and ground®®; collision-resilient structures that enhance opera-
tional safety and robustness””"; perching and grasping behaviours for
sensor deployment or long-term observation””’; and fully biodegradable
platforms designed for environmentally sensitive missions™. The zone also
incorporates weather stations and environmental sensors to provide real-
time feedback on temperature, humidity, wind, and light; enabling adaptive,
closed-loop control under dynamic field-like conditions.

This setup enables the investigation of key scientific questions at the
interface of ecology and robotics.

- How can sensor fusion and machine learning be leveraged to accurately
map biodiversity, soil chemistry, and microclimatic gradients in het-
erogeneous environments?

- In what ways can biodegradable materials and adaptive sensor arrays
improve in situ assessments while ensuring minimal disturbance?

- How can multimodal sensing architectures that integrate optical,
thermal, acoustic, and biochemical data enable long-term, autonomous
ecological monitoring in service of sustainable environmental
stewardship?

Infrastructure Robotics Interface

As robots become increasingly integrated into everyday life, from autono-
mous vacuum cleaners and surgical assistants to delivery drones and social
robots”’, their potential to interact meaningfully with buildings and urban
environments is rapidly expanding. The DroneHub envisions a future in
which such robotic systems act as an “immune system” for cities:

performing routine inspections, enabling preventive maintenance, and
supporting emergency responses to enhance the resilience and longevity of
critical infrastructure’.

This vision aligns with the emerging research domain of
Human-Robot-Infrastructure (HRI) interaction, which embodies key
principles of sustainability robotics. These systems must be accessible and
operate in densely inhabited urban environments while generating omni-
benefits by optimising resource use, monitoring building health, and
minimising disruption to everyday activities. Through sensor fusion, real-
time data analytics, and adaptive decision-making, robots can uphold a
minimally invasive approach to infrastructure care, enabling cities to
become more responsive and efficient*”.

To facilitate this research, the DroneHub includes the Infrastructure
Robotics Interface, a modular testing environment designed to explore
physical and digital integration between robots and architectural systems.
This zone includes reconfigurable building facade elements developed in
collaboration with academic and industrial partners, supporting a broad
spectrum of interfacing strategies, from autonomous inspection and
perching to wireless energy transfer and payload delivery for emergency
response logistics"***"'. These facades are embedded in a semi-controlled
urban context, allowing researchers to replicate complex real-world inter-
action scenarios while maintaining experimental repeatability (Fig. 6).

Within this environment, researchers can develop and test a range of
robotic capabilities tailored to urban infrastructure contexts. These include
close-proximity facade navigation and adaptive perching for structural
inspection®, energy-efficient path planning in GPS-denied zones, and
persistent flight missions enabled by wireless charging systems®'. Payload
deployment for maintenance or emergency response, autonomous docking
procedures, and multi-robot coordination for swarm-based monitoring can
also be evaluated. The modular facades further support research on human-
aware flight behaviour, data exchange protocols, and digital twin integration
for real-time performance tracking and scenario planning,

These experimental capabilities enable fundamental research questions
to be addressed:

- How can sensor fusion and adaptive decision-making improve
infrastructure monitoring by detecting fatigue, inefficiencies, or pollutant
buildup while safely navigating dense urban settings?

- How can multi-modal perception, informed by architectural
constraints and planning insights, support efficient and resilient
inspection strategies?

- How can feedback loops that integrate structural models, human
activity data, and environmental sensing improve robotic maintenance,
emergency response, and urban service delivery?

The digital twin: DroneHub cloud

Simulation environment and remote access. We developed a physics-based
simulation pipeline to support the design, testing, and validation of aerial
robotic systems in the DroneHub testbed. At its core, the simulation stack
builds on the PX4 Gazebo simulation framework, extended from the RotorS
simulator®, and integrates with ROS2 using consistent topic and parameter
conventions. Gazebo provides a robust physics engine, rich library of third-
party plugins, real-time sensor emulation capabilities, and open-source
accessibility*’.

While Gazebo serves as our current foundation, we acknowledge
the rapid evolution of simulation technologies and remain open to
exploring emerging tools that may better serve sustainability robotics.
Future iterations of DroneHub may integrate novel simulation
environments that account for sustainability parameters, such as
abiotic factors (weather patterns, atmospheric conditions, and terrain
characteristics), and biotic data (wildlife behaviour, vegetation
dynamics, and ecosystem interactions). Such advanced simulation
capabilities could provide more comprehensive environmental
modelling to support truly sustainable robotic operations.

Our current high-fidelity DroneHub model supports remote experi-
mentation, and a secure global access infrastructure is under development to
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Fig. 6 | (Top) The Infrastructure Robotics Interface is the two facades of the lab  assistance robot”’, (4) Matternet transportation drone'”, (5) CityAirbus”, (6) Jedsy
environment in the DroneHub. (Center) Their modular design allows novel transportation VTOLY, (7) FireDrone’, (8) Water rescue drone'”, (9) Ambulance
interface facade agents to be designed and developed to host different applications.  drone'”, (10) ANYmal'®, (11) Sweeping robot'”’, (12) Gekko solar panel cleaning
(Bottom) Examples fitting the development cases of the interface are depicted. (1)  robot", (13) KTV window cleaning drone'”, (14) Gekko facade cleaning robot®".
Autonomous human-assisting robot’, (2) Social humanoid robot’®, (3) Health
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supported by ROS-based data analysis, motion capture systems, weather and
environmental sensors, visual monitoring tools, and user feedback integration to
ensure robust experimentation and development in real-world scenarios.

democratize participation and enable collaborative research across diverse
geographic and institutional contexts.

Data collection, storage, and open-sourcing. Robust data management is a
foundational pillar of the DroneHub, supporting reproducible research,
system benchmarking, and collaborative development. Our framework is
designed to capture, store, and disseminate heterogeneous data streams in
line with open science practices and emerging standards in robotics
research™*,
Our continuous monitoring system logs:
- ROS-native data via rosbag to collect synchronised sensor streams,
control commands, and robot state data during all experiments. This
includes LiDAR, visual, inertial, and GNSS signals for field deployment
scenarios, and motion capture data for structured benchmarking. While
motion capture provides high-precision ground truth, our systems are
designed to operate independently of such infrastructure, favouring
deployment realism through onboard sensing modalities™.
- Environmental and interaction data, such as abiotic conditions (e.g.,
temperature, humidity, illumination, precipitation), biotic signals
(audio-visual biosphere recordings), and force-feedback from aerial
manipulation tasks.
- Multi-angle experiment video footage, for qualitative verification,
dissemination, and offline annotation.

To ensure experimental reproducibility, each dataset includes struc-
tured metadata that records robot count, operational parameters, test
duration, risk assessments, and resource consumption while following FAIR
data standards principles”.

Inspired by benchmark-setting efforts such as KITTI”’, EuRoC MAV®,
Robotarium’, and BridgeData®, we have established a dedicated open-
access platform™. This portal hosts curated datasets, experiment protocols,
simulation environments, and source code, enabling researchers to replicate
DroneHub workflows, benchmark algorithms, and contribute their
extensions.

Operation and engagement. Ensuring the safe and effective operation
of the DroneHub is essential. Our protocol includes detailed user man-
uals, mandatory safety inductions, and comprehensive risk assessments
for all experiments. Manuals for all tools, including the Aerial AM Wall,
cover setup, operation, and troubleshooting, and are available both online
and on-site.

Prior to access, all users undergo a structured induction covering safety
procedures, hazard identification, and emergency protocols. This approach
ensures a secure and well-regulated environment for aerial robotics
experimentation.

To foster innovation and external collaboration, we offer a three-tier
engagement model:

Level 1: External users bring their own robots and operate independently.
Level 2: External users receive technical support from the DroneHub
team during experiments.

Level 3: Full integration, where partners use in-house robots (e.g. Fig. 7)
with co-development support from our team.

This flexible framework accommodates varying needs, from inde-
pendent testing to collaborative research, while upholding operational safety
and excellence.

Conclusion and outlook
Robotics and robotic artificial intelligence (RAI) are increasingly
recognised as transformative technologies with the potential to
address some of the most urgent challenges of our time, from climate
resilience and sustainable infrastructure to food security and biodi-
versity loss. Yet to fulfil this promise, the development of robotic
systems must extend beyond technical optimisation and embrace
principles of sustainability, accessibility, and real-world adaptability.
This requires not only rethinking how robots are built and deployed,
but also how they are tested, validated, and matured.

This paper has argued for a new generation of robotics testbeds
designed explicitly for sustainability-driven research. We introduced a five-
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principle design framework that redefines testbeds as scientific instruments:
modular, reconfigurable, semi-controlled environments that support
interdisciplinary experimentation under realistic constraints. The Drone-
Hub serves as an operational realisation of this framework, offering a flex-
ible, outdoor, multi-environment platform where robotic systems can be
rigorously evaluated across diverse sustainability-relevant scenarios.

With the 2030 Sustainable Development Goals rapidly
approaching, platforms like the DroneHub will be critical enablers,
not only for advancing technical readiness but for shaping how we
assess, benchmark, and guide the role of robotics in a sustainable
future. The ability to conduct structured experiments under real-
world ecological and infrastructural conditions will be essential for
transitioning robots from controlled environments to systems that
operate responsibly in the wild.

Looking ahead, the future of experimental robotics will be
shaped by intelligent, interconnected, and inclusive research infra-
structures. Digital twins and high-fidelity simulations will enable
predictive testing by synchronising virtual models with physical
systems, helping to close the longstanding sim-to-real gap. Cloud-
based platforms and remote-access interfaces will democratize
experimentation, empowering researchers across geographies and
institutions to engage with physical testbeds. These environments will
increasingly incorporate Al-driven features such as reconfigurable
surfaces, interactive agents, and responsive structures, which replicate
the complexity and unpredictability of real-world conditions more
accurately than static setups. Autonomous maintenance systems,
including self-charging and self-diagnosing components, will mini-
mise downtime and ensure continuous operation. Standardised
protocols and shared benchmarking frameworks will anchor repro-
ducibility, while federated testbed networks will support distributed,
multi-location experimentation at scale. Underpinning these systems,
Al-driven orchestration will optimise scheduling, resource allocation,
and experiment design, transforming testbeds into self-regulating
scientific instruments. Together, these developments promise not
only to accelerate the development of robust, adaptive robotic sys-
tems but to fundamentally reshape robotics research into a more
accessible, responsive, and sustainability-driven enterprise.

Ultimately, we urge the robotics community to see testbeds not only as
proving grounds but also as shared research tools, places where engineers,
ecologists, designers, and policy makers gather to co-create sustainable
technological futures. Through such collaboration, autonomous systems
can make meaningful, ethical, and lasting contributions to the challenges
that define this century.
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