Drohnen in der Zerstérungsfreien Prifung dg \\

Robotic Olfaction in Action: Field
Applications and Results from Current
Research

Patrick P. NEUMANN?, Nicolas P. WINKLER?, Heiko LOHRKE!, Tino NERGER?, and
Matthias BARTHOLMAI*
! Bundesanstalt fiir Materialforschung und -priifung (BAM), Berlin, Germany,
patrick.neumann@bam.de

Kurzfassung

In recent decades, robotics, particularly in environmental monitoring, has made
significant advances. Robots of various forms and sizes have become essential tools for data
collection in environmental research. Mobile Robot Olfaction (MRO) involves mobile robots
equipped with gas sensors and requires the integration of multiple disciplines, including
signal processing, machine perception, autonomous navigation, and pattern recognition.
Common applications of MRO include mapping gas distributions, locating and detecting gas
sources, and tracking gas plumes. Aerial Robot Olfaction (ARO) is a specialized branch of
MRO that adapts these concepts to aerial robots, addressing the challenges of airborne gas
sensing.

This presentation highlights recent developments and results from ongoing research
projects in MRO and ARO, with a focus on real-world deployment scenarios and the
challenges encountered in practice.
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Air Pollution and Hazardous Gas Leaks - ; BAM
An Invisible Global Challenge

* Air pollution: ~7 million premature
deaths/year (WHO)

+ Methane: 80x more potent than CO,
over 20 years — major climate driver

« Industrial, urban, and disaster
scenarios often have hidden or
inaccessible sources

« Our environment is full of
“blind spots” in monitoring
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Why Fixed Monitoring Stations Are Not Enough ; BAM

- Stationary monitoring networks: sparse and
expensive

+ Example: Many cities have only =3 high-precision
stations per pollutant — insufficient for fine-scale
mapping

* Hotspots can be missed — high local exposure remains
undetected

* Need for spatially & temporally dense data
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Why Mobile Sensing? ; BAM
+ Fills the blind spots of fixed monitoring networks

* Measures where humans can’t or shouldn’t go —
poisonous/explosive gases, high radiation

+ Rapid deployment and adaptation to changing
conditions

+ On-board computing for real-time analysis and decision-
making
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Mobile Robot Olfaction ; BAM
A Promising Technique to Sense the Air

The basic idea is to combine autonomous robots with gas sensors
and other relevant environmental sensing modalities
(anemometer, temperature and humidity sensors).
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Mobile Robot Olfaction:
Tasks & Challenges

- Core Tasks

»

»
»
»

Odor discrimination and concentration
estimation

Trail guidance

Gas distribution modeling/mapping
Gas source localization

- Key Challenges

»

»
»

11.2025

Sensor limitations (drift, selectivity,
sensitivity)

Complex gas diffusion patterns
Constantly changing wind flows
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From Mobile Robot Olfaction to Heterogeneous ; BAM

Sensing Systems {

11.2025

sensing

Temporal coverage nodes
of measurements %

Related Projects

common
practice e

» RASEM/Mimose-A
_ / » AGATO
combined
system Related Projects

swarme, passive Smart Dust

e

! Spatial coverage
of measurements

Quality of measurements
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From Vision to Projects ; BAM

- Core mission: Go beyond single-robot olfaction
— build coordinated sensing systems

- Key components:
» Fixed networks for 24/7 coverage
» Mobile robots for detailed mapping
» Drones for rapid, flexible access

 Next step: Integrate these platforms with
Al-driven analysis and plume modeling

- Goal: Reliable detection, mapping, and
localization of emissions in real-world industrial
sites/scenarios
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Recent Research Topics

« R&D Projects RASEM (Heterogeneous Sensing & AI)

« R&D Projects Mimose-A (Heterogeneous Sensing & AI)
« R&D Project AGATO (Gas Tomography)
« Passive Smart Dust (Sensor & AI)

www.bam.de
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Projects RASEM

Robot-assisted Environmental Monitoring for
Air Quality Assessment in Industrial Scenarios

Nicolas Winkler

www.bam.de
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Key Idea of RASEM

augment sensor networks with
robots, drones, and other mobile
units

combine dust and gas
measurements with varying quality
and spatial resolution

create 3D dust and gas exposure
maps (time- and event-dependency)

provide sophisticated models for =Rerial and Ground :
worker exposure estimation - | robot
exploiting its dense sampling i e » High-quality TSI

capabilities > ' DustTrak II
! * OPC-N3 particle

monitor
* Pt100 temperature
« Lidar for altitude
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Air Quality in Steel Factory:
Factory Layout and Dust Mapping

Microclimate

Tandem mills Roughing mill

Steckel mill Roller table

Gate
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What we learned

- Sensor networks can enhance traditional
exposure assessment methods

* RASEM helps to evaluate representativeness

of a traditional measurement campaign
» Potentially special conditions during a single
measurement day

Takeaway: Combining heterogeneous sensing
approaches leads to better-informed operational
decisions in industrial plants.
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Project Mimose-A

Multimodale IoT-Devices zur umfassenden
und selbstlernenden Anlagenuberwachung

Nicolas Winkler

www.bam.de
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Mimose-A:
Building on the Ideas from RASEM

- Expanded scope: Detection of multiple gases
(CH,, CO,, H,, So,, ...) with higher spatio-
temporal resolution

« AI-driven capabilities: Anomaly
detection, self-calibration algorithms, and online
plume simulation for earlier and more reliable
leak detection

+ Integrated validation: Drones and ground
robots are actively used to verify and tune the
stationary sensor network performance

+ Testing at real industrial sites: BASF and
Infraserv Hochst
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Project AGATO

Aerial- and Ground-based Gas Tomography

Heiko Lohrke

www.bam.de
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Our Vision: Aerial- and Ground-based ; BAM
Gas Tomography

—

Satellitenbild: Google Maps, Emissionen fiktiv
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TDLAS Gas Tomography ; BAM

+ Extension of TDLAS, similar to
medical computer tomography

* Acquires absorption profile over
location from multiple angles

poS:
5 + Uses tomographic algorithms to
S, reconstruct 2D concentration

3 map

+ TDLAS sensor is often mounted
on gimbal or pan/tilt unit
Location
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Combined GNSS/Visual Inter-Robot Tracking ; BAM

Results

11.2025 Dr. Patrick P. Neumann et al. - Robotic Olfaction in Action 20




Lessons Learned & Applications

+ Tomography delivers higher localization accuracy and intuitive
plume visualization for operators

+ Applicable to: wastewater treatment plants, industrial sites,
and environmental monitoring tasks

« Roadmap

»
»

»
»>

11.2025

Now: lab and controlled-environment tests completed

Next (this year): validate ground robot gas tomography in outdoor trials
with methane-filled bags and controlled methane releases

End of year: extend tomography capabilities to drones

Next year: full-scale methane mapping campaign at wastewater
treatment plant
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PhD Project Passive Smart Dust

A Versatile Low-cost Sensor Platform

Tino Nerger

11.2025
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www.bam.de

22




What was Smart Dust originally? @
First Activities in US DARPA Projects

« System of many microelectromechanical devices
(MEMS) fitted with sensors

«  Wireless connection to a central hub for data collection

« Autonomous capabilities ensured due to independent
power supply

* Problems in using Smart Dust as a sensor network
» Cost far too high
» Waste/environmental contamination
» Energy limitations
» Privacy concerns
» Very few sensor capabilities

https://people.eecs.berkeley.edu/~pister/SmartDust/SmartDustBAA97-43-Abstract.pdf;
K. Pister, Smart Dust - Research Proposal
https://ieeexplore.ieee.org/document/895117 “Smart Dust: communicating with a cubic-millimeter computer”
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Passive Smart Dust (PSD) ; BAM
Approach and Potential Applications

- Passive chemosensors: Modified surfaces change
color/fluorescence upon contact with hazardous
chemicals

* No electricity needed (— passive)

+  “Smartness” from inherent chemical selectivity
(— molecular design)

*  No complex parts, electrical power supply, or
maintenance

- Deployable/readable by inexpensive standard
drones without modification

+ Biodegradable (e.g., cellulose paper)

- Potential Applications:
»  Leaks of hazardous liquids (e.g., accidents)
»  Gas outbreak detection (mainly ground level)
»  Contaminated area detection (chemical waste, landmines)
»  Mapping non-hazardous parameters (e.g., humidity)
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Passive Smart Dust (Results) ; BAM

e Production line for 6 mm
(a) confetti-like sensors
was established

Ho. O ’ -OHELS\ -OH@
O SO3 O S03 O SOy
e %
* Feld test were able to

precisely (b) located
hazardous regions

« No complex parts,
electrical power
supply, or maintenance
is needed

« Application to different
target substances,
short- and long-term
monitoring

- Inexpensive use of
organic dyes and
biodegradable polymers
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Passive Smart Dust (Upcoming) ; BAM
* Machine learning approach (b) + Cellulose-based sensors

for fast detection in al
kinds of terrain

* Train models show
excellent and fast
detection results (a)

showing an optical as well
as fluorescence signal (b)
for petrol detection

e Future work can include
further miniaturization

+ Gas target detection is the
next logical step

Ammonia
sensitive test
strip (c)
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2 BAM

Conclusion & Future Work
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Conclusion ; BAM

+ Heterogeneous sensing (stationary, mobile,
aerial) significantly improves spatial and temporal
coverage

+ Real-world deployments confirm added value in
complex, harsh industrial environments

- Data-driven insights enable targeted mitigation
measures (e.g., adjusting processes, improving
ventilation, repairing leaks) that enhance safety,
ensure compliance, and boost operational efficiency
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Future Work ; BAM

- Develop fully integrated heterogeneous sensor
networks that seamlessly combine stationary,
mobile, and aerial measurements

+ Advanced AI models for self-calibration, anomaly
detection, and plume prediction in dynamic
industrial settings

+ Broaden field validation with extended, long-term
deployments at diverse industrial sites

+ Increase autonomy of mobile platforms for on-
demand monitoring, adaptive sampling, and reduced
human intervention
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Thank you for your attention.

Contact:

Patrick P. Neumann
8.1 Sensors, Measurement and Testing Methods

Phone: + 49 30 8104-3629
Email: patrick.neumann@bam.de

www.bam.de
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