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Robotics innovation global trends 2

Atlas robot Boston Dynamics
(YouTube: https://www.youtube.com/watch?v=-e1_QhJ1EhQ)

https://www.youtube.com/watch?v=-e1_QhJ1EhQ
https://www.youtube.com/watch?v=-e1_QhJ1EhQ


Robotics innovation global trends 3

Da Vinci robotic surgery system (Intuitive Surgical)



Robotics innovation global trends 4

Remote Applications in Challenging Environments (RACE) in Culham Oxford



Robotics innovation global trends 5

MIT Cheetah robot (Prof. Sang-bae Kim)



Robotics innovation global trends 6

OceanONE Stanford Robotics Lab (Prof. Ousama Khatib)



Robotics innovation global trends

Illustration credit: Laura Margheri
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What does this mean for you? 10

1. https://www.weforum.org/stories/2020/10/changes-needed-upskill-workers-robotics-education/  
2. https://www.gov.uk/government/publications/regulation-for-the-fourth-industrial-revolution/regulation-for-the-fourth-industrial-revolution  
3. https://www.calsoft.com/what-is-industry-4-0/ 

• Next generation needs 
knowledge, language, network 
and track record

• Robotics skills are a must have
• All industries becoming more 

automated / robotic 

• “Robotics education [should be] 
as a mandatory component of 
other skills training.” (WEF)

• “Industry 4.0 will disrupt nearly 
every industry in every country, 
creating new opportunities and 
challenges for people, places and 
businesses”

https://www.weforum.org/stories/2020/10/changes-needed-upskill-workers-robotics-education/
https://www.gov.uk/government/publications/regulation-for-the-fourth-industrial-revolution/regulation-for-the-fourth-industrial-revolution
https://www.calsoft.com/what-is-industry-4-0/


Robotics in Switzerland 11
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ENV-530 Sustainability Robotics
Motivation
The goal of this course is to provide methods and tools of robotics in promoting sustainable development. The 
course is a balance between theoretical basics in robotics, associated case studies and project-based 
learning. 

Content
Introduction to Robotics: Introduction to key concepts in Robotics. Application examples include 
environmental and field robotics and development trends in the academic and industrial community. 
Fundamentals of robotic systems: System components of ground based and aerial robots (e.g. hardware, 
software, sensors, system architecture, microcontrollers). Modeling, scaling and design of aerial robots given 
operational and payload constraints. 
Project on robotics and AI for sustainability: Definition of end user requirements, project planning and 
contextualisation within the UN Sustainable Development Goals. Group based execution and presentation. 

14



ENV-530 Sustainability Robotics 15

  Lecture Content  Bonus Content

1  Introduction to Sustainability Robotics  Intro to project development, hypothesis, project pitch (part 1) 
   Element 1: EARTH    
2  Agriculture robotics overview (part 1) Intro to project development, hypothesis, project pitch (part 2) 
3  Agriculture robotics overview (part 2) Guest lecture EcoRobotix
4  Autonomy for agricultural robotics  Guest presentation from Patrick Meier on the innovation pipeline 
5  Multi-spectral sensing and data analysis  Tutorial to image processing 
   Element 2: AIR    
6  Drone sizing fundamentals  Lecture on sustainable business and economic growth 
7  Drone Aerodynamics  Guest lecture from Pix4D 
8  Biodegradable drones  Personal tutorial and TA hour

9 
Drones for infrastructure monitoring and 
repair with perching drones  Personal tutorial and TA hour

   Element 3: WATER    
10  Underwater robotics  Training on video editing 

11 
Aquatic systems innovation (aerial aquatic 
and soft underwater)  Training on data presentation 

   Element 4: FIRE    
12  Search and rescue robotics   Guest lecture from FireDrone 
13  Guest lecture and drop in  Guest lecture from Inverto.earth 
   Element 5    
14  Final Presentations and Examination   



ENV-530 Sustainability Robotics
Book References

Fundamentals of Agricultural and Field Robotics 
https://link.springer.com/book/10.1007/978-3-030-70400-1 

Agricultural Robotics: The Future of Robotic Agriculture 
https://arxiv.org/pdf/1806.06762 

Handbook of Biodegradable Materials 
https://link.springer.com/referencework/10.1007/978-3-031-09710-2 

Biodegradable Polymers 
https://link.springer.com/referenceworkentry/10.1007/978-3-030-83783-9_13-1  

Infrastructure Robotics: Methodologies, Robotic Systems and Applications 
https://onlinelibrary.wiley.com/doi/book/10.1002/9781394162871 

Between Sea and Sky: Aerial Aquatic Locomotion in Miniature Robots 
https://link.springer.com/book/10.1007/978-3-030-89575-4

16

https://link.springer.com/book/10.1007/978-3-030-70400-1
https://arxiv.org/pdf/1806.06762
https://link.springer.com/referencework/10.1007/978-3-031-09710-2
https://link.springer.com/referenceworkentry/10.1007/978-3-030-83783-9_13-1
https://onlinelibrary.wiley.com/doi/book/10.1002/9781394162871
https://link.springer.com/book/10.1007/978-3-030-89575-4


Week 1 learning goals
• Grasp the core philosophical principles of Sustainability Robotics. 

• Explore diverse applications at the crossroads of environmental sensing, material 
science, robotics, and data analysis. 

• Learn the development techniques for bio-inspired robot design. 

• Learn about the latest trends and advancements in multi-modal robotics. 

• Identify the infrastructure requirements for Sustainability Robotics. 

• Acquire skills in crafting project narratives and mastering the basics of proposal 
writing.

17
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What can drones be used for? 19



Aerial Robotics based value chain - today
20

shutterstock_1038791134 shutterstock_1067625281 shutterstock_1242092491

Imaging & Photgraphy Mapping & Sampling Autonomous Services



Drones for physical interaction & manipulation
21

Built environment 

Construction

Off-shore infrastructure

Extreme temperature regions

Environmental health

Mining/tunnel infrastructureShutterstock 450441286



Drones for physical interaction & manipulation
22

Built environment 

Construction Source: Levitate Capital White Paper Dec. 2020



The Paris moment for biodiversity
Image credit: Ryan Remiorz / AP



Kunming Montreal Agreement Framework (COP 2022) 

Conserve

• Near 0 loss of biodiversity

• Restore 30% of degraded nature 
• Conserve 30% of land and sea 
• Halt extinctions

Avoid

• Stop use, harvest, trade of species

• Reduce alien species by 50%

• Reduce pollution impact by 50% 
• Reduce climate change impact

Safe-guard

• Sustainably manage wild species 
• Sustainable agri/aquacultures, fisheries, forestry

• Restore nature’s goods

• Increase urban green/blue spaces

• Fair sharing of genetic resources

Act

• Mainstream biodiversity into policy, practice

• Businesses to monitor, disclose nature impact

• Reduce food waste by 50%

• Closing biodiversity finance gap of 700 billion 

dollars per year  



§ 25

Prof. Mirko Kovac
Aerial Robotics Laboratory at Imperial College London
Materials and Technology Centre of Robotics at Empa Material Science Thomas Creedy, Honduras, 2013



Autonomous perching 26
Sensing

Control
Navigation

Materials
Structures Actuators

Aerodynamics

Dynamic
manipulation

Multi-terrain
Mobility

Autonomous 
manufacturing

Shutterstock 18335158



Robotics and AI (the classical paradigm)

27

Linear development with discrete components and development steps

AssemblyController Components Testingkin./dyn. Modeling Simulation

Image credit: IEEE Spectrum, 2015, Darpa Robotics Challenge  
(https://www.youtube.com/watch?v=g0TaYhjpOfo)Yamaguchi et al (2013) AR Yamaguchi et al (2013) AR Buschmann et al (2009) JP Kim, J. et al (2015) FSJ



Development in nature (the biological paradigm)

28

Circular and simultaneous co-
evolution and adaptation of 
materials, sensors, actuators and 
controllers

sh
ut
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_1
31
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A. Miriyev, M. Kovac, Skills for Physical Artificial Intelligence,
Nature Machine Intelligence, 2020 (cover) 

Physical Artificial Intelligence 29



A. Miriyev, M. Kovac, Skills for Physical Artificial Intelligence,
Nature Machine Intelligence, 2020 (cover) 

Physical Artificial Intelligence 30



Lifelike aerial capability 31

M. Kovac, Learning from nature how to land aerial robots‌,  
Science (2016‌)



Sustainability Robotics
• Zero environmental footprint
• Zero energy need
• Zero maintenance need

32



Environmental sensing technologies today 33

Autonomous ServicesLand Water

NASA, Land Remote Sensing, 2017

Wingtra, Drone Photogrammetry, 2021

EPFL Helikite, Tethered Balloon, 2021

Soil Sampling Robots, Amrita - 2019; Momaro 2017

Treetec, Sensor Installation

Hylio, Crop Spraying Drone, 2018

DeepCLiDAR, Floating Buoys, 2016

ASPire, Sailing Platform, 2017

Autonomous surface vehicle: Buscamos-Vigia, 2021

Air



Sustainability Robotics 34



Sustainability Robotics 35



Sustainability Robotics 36



Sustainability Robotics 37Need for autonomous sensing

Tree biopsy, plant health, Ash dieback estimation

Biomass estimation, sensor placement for biodiversity quantification

Extreme event monitoring and response



Real

Reconstructed

Density map (estimated)

Autonomous crown loss estimation 38

Bo, H., Kocer, B.B. and Kovac, M., 2022. Vision based crown loss estimation for individual 
trees with remote aerial robots. ISPRS Journal of Photogrammetry and Remote Sensing

WSL tree dataset



Bio-inspired forrest flight autonomy 39

𝑉𝑀 𝐷𝑤

𝑂𝐹𝐷 =
𝑉𝑀

𝐷𝑤

Divergent Optical Flow Pair 
(DOFP) 𝑂𝐹𝐷 = 𝑂𝐹𝑟𝑎𝑡𝑒𝑙𝑒𝑓𝑡 − 𝑂𝐹𝑟𝑎𝑡𝑒𝑟𝑖𝑔h𝑡

[1]Evangelista C, Kraft P, Dacke M, Reinhard J, Srinivasan MV (2010) The moment before touchdown: Landing manoeuvres of the honeybee Apis mellifera.  
J Exp Biol 213(2): 262–270 
[2]J. C. Zufferey and D. Floreano, “Fly-Inspired Visual Steering of an Ultralight Indoor Aircraft,” IEEE Transactions on Robotics, vol. 22, no. 1, pp. 137–146, 2006.

[1]

[2]



Obstacle

Seeing obstacle

false alarm

𝑂𝐹𝐷 = 𝑂𝐹𝑟𝑎𝑡𝑒𝑙𝑒𝑓𝑡 − 𝑂𝐹𝑟𝑎𝑡𝑒𝑟𝑖𝑔h𝑡

Xiao, F., Zheng, P., Tria, J., Kocer, B., Kovac, M., IEEE ICRA / RAL 2021

Constant OFD threshold could give false alarm 40



Fictitious wall hypothesis 41

, 𝑉𝑀 𝑎

𝑋𝑀

𝑋𝐹 𝑋𝐹 𝑋𝐹 State vector: 

 

System model:  

Observation model: 

𝑥 = [𝑋𝑀 𝑉𝑀 𝑋𝐹]𝑇

𝑥̇ = [𝑉𝑀 𝑎 0]𝑇

𝑦 = 𝑂𝐹𝐷 =
𝑉𝑀

𝑋𝐹 − 𝑋𝑀

Extended Kalman Filter 𝑎 model input

observation
𝑂𝐹𝐷

𝑋𝑀
𝑉𝑀
𝑋𝐹

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒:  𝐷𝐹 = 𝑋𝐹 − 𝑋𝑀
Xiao, F., Zheng, P., Tria, J., Kocer, B., Kovac, M., IEEE ICRA / RAL 2021
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Xiao, F., Zheng, P., Tria, J., Kocer, B., Kovac, M., IEEE ICRA / RAL 2021



43

Xiao, F., Kovac, M., et. al. (in revision)



Rotorigami for impact protection 44

P. Sareh, P. Chermprayong, M. Emmanuelli, H. Nadeem, M. Kovac  
Science Robotics (2018)



Rotorigami for impact protection 45

• To take from RoboSoft slides?

P. Sareh, P. Chermprayong, M. Emmanuelli, H. Nadeem, M. Kovac  
Science Robotics (2018)



Rotorigami for impact protection 46

P. Sareh, P. Chermprayong, M. Emmanuelli, H. Nadeem, M. Kovac  
Science Robotics (2018)



Meta-morphic full body perching

Zheng, P., Xiao, F., Nguyen, P. H., Farinha, A. and Kovac, M., (2023) Metamorphic Aerial  
Robot capable of mid-air shape morphing for rapid perching, Nature Scientific Reports



Meta-morphic full body perching

Zheng, P., Xiao, F., Nguyen, P. H., Farinha, A. and Kovac, M., (2023) Metamorphic Aerial  
Robot capable of mid-air shape morphing for rapid perching, Nature Scientific Reports



Meta-morphic full body perching

Zheng, P., Xiao, F., Nguyen, P. H., Farinha, A. and Kovac, M., (2023) Metamorphic Aerial  
Robot capable of mid-air shape morphing for rapid perching, Nature Scientific Reports



50

A. Farinha, R. Zufferey, P. Zheng, S. F. Armanini and M. Kovac,  
IEEE Robotics and Automation Letters (2020)



51

A. Farinha, R. Zufferey, P. Zheng, S. F. Armanini and M. Kovac, "Unmanned Aerial Sensor Placement for Cluttered 
Environments,"  IEEE Robotics and Automation Letters (2020)

Sensor Launching



52

Hamaza, S., Farinha, A., Nguyen, H. N., & Kovac, M. IEEE IROS, 2020 
A. Farina, M. Kovac et. al IEEE Robotics and Automation Letters, 2022 and in preparation

Acoustic signature



Bird abundance and richness differs across layers 53

135 species recorded

(61% drop) (22% drop)

Hamaza, S., Farinha, A., Nguyen, H. N., & Kovac, M. IEEE IROS, 2020 
A. Farina, M. Kovac et. al IEEE Robotics and Automation Letters, 2022 and in preparation
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Illustration: Yusuf Kaya Furkan



55

Sethi, S.S., Kovac, M., Wiesemüller, F., Miriyev, A., Viellard-Boutry, C., (2022)  
Nature Ecology & Evolution



56

Sethi, S.S., Kovac, M., Wiesemüller, F., Miriyev, A., Viellard-Boutry, C., (2022)  
Nature Ecology & Evolution



Transient Robotics 57

Actuators Sensors 

Structure

   

Structural materials
• Lightweight, high strength 

biodegradable structures  
(cryogels, aerogels etc.)

• Biodegradable polymers 
(3D printing, casting, 
moulding) 

• Incorporation of living cells

Sensing materials
• Biodegradable tactile 

sensors (e.g. strain)
• Biodegradable environmental 

sensors (e.g. temperature, 
humidity, UV) 

• Carbon or transient metal (e.g. 
Zn, Mg, Fe) based electronics 

• Degradable & eco-friendly 
chemical sensing (e.g. pH, 
micropollutants)

Actuating materials
• Electro thermal actuators 
• Humidity responsive 

composites  
(swelling, bending etc.)

• Micro-organisms induces 
shape changes (e.g. bacteria 
growth) 

• Eco-friendly electro active 
polymers (e.g. polypyrrole)

Transient
Robotics



Transient Robotics 58

Actuators Sensors 

Structure

   

Structural materials
• Lightweight, high 

strength biodegradable 
structures  
(cryogels, aerogels etc.)

• Biodegradable polymers 
(3D printing, casting, 
moulding) 

• Incorporation of living cells

Sensing materials
• Biodegradable tactile 

sensors (e.g. strain)
• Biodegradable environmental 

sensors (e.g. temperature, 
humidity, UV) 

• Carbon or transient metal (e.g. 
Zn, Mg, Fe) based electronics 

• Degradable & eco-friendly 
chemical sensing (e.g. pH, 
micropollutants)

Actuating materials
• Electro thermal actuators 
• Humidity responsive 

composites  
(swelling, bending etc.)

• Micro-organisms induces 
shape changes (e.g. bacteria 
growth) 

• Eco-friendly electro active 
polymers (e.g. polypyrrole)

Transient
Robotics



Structure: Cellulose composite cryogels 59

[4]

Wiesemüller, F., Meyer, S.,, Hu Y., Bachmann, D., Parrilli, A., Nyström, G. 
Kovac, M., (2023) Advanced Intelligent Systems



Sensing: Functionalised cellulose substrates 60

Carbon-ink droplets 
Clamps

Inkjet-printed strain 
sensor

Wiesemüller, F., Nyström, G., Kovac, M., et al. 
Advanced Intelligent Systems (2023) & IEEE Robotics & Automation Letters (2021)



Actuation: Humidity responsive composites 61

© Scott Zona

F. Wiesemüller, G. Nyström, M. Kovac et al.,  
Frontiers in Robotics & AI (2022) & N.I.C.E. (2022)



Hygroscopically-driven transient actuator for 
environmental sensor deployment

62

• Development, manufacturing and testing of a transient high-
deformation gripper for sensor deployment tasks 

• Characterization of time-dependent coiling & maximum payload 

• Deployment unit design & gripper integration with quadrotor 

• Successful indoor deployment tests of sensing unit

M. Heinrich, F. Wiesemüller, X. Aeby, Y. F. Kaya, D. Sivaraman, P. H. Nguyen, S. Song,  
G. Nyström, M. Kovac, IEEE Robosoft 2023 



Transient Robotics

Wiesemüller, F., Meyer, S., Hu Y., Bachmann, D., Parrilli, A., Nyström, G. 
Kovac, M., (2023) Advanced Intelligent Systems (cover)



Transient Robotics

Wiesemüller, F., Meyer, S., Hu Y., Bachmann, D., Parrilli, A., Nyström, G. 
Kovac, M., (2023) Advanced Intelligent Systems (cover)
Wiesemüller, F., Miriyev, A., Kovac, M., (2021) AIRPHARO
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Aerial Robotics for  
wind blade inspection

66



67

Footage credit: Oreon Strusinski www.oreonphotography.com 

• String as sensing apparatus

• Tethered dynamic movement

• Tensile perching to save energy



Autonomous Tensile Perching

Braithwaite, A., Alhinai, T., Haas-Heger, M., McFarlane, E., Kovac, M., (2018)  
Robotics Research: International Symposium ISRR, Springer International Publishing,

68
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Tethered hovering thrust
• at 30deg: save 50% the energy 
• at 10deg, save more than 80%

Nguyen, H-N, Stephens, B., Kovac, M., IEEE ICRA 2019 (video contribution)

Autonomous Tensile Perching 70

Video credit: Empa / Schwarz Pictures

Quadrotor 
Dynamics

Motion 
Control

Admittance 
Control

𝑝𝑟,  𝑅𝑟

𝑓

𝑝𝑑, 𝑅𝑑



Autonomous Tensile Perching 71

Contact PerchApproach

𝑔𝑟𝑎𝑝𝑝𝑙𝑒

𝑡𝑟𝑒𝑒 𝑏𝑟𝑎𝑛𝑐h

Nguyen, H-N, Siddall, R., Stephens, B., Navarro-Rubio A., Kovac, M., A Passively Adaptive Microspine Grapple 
for Robust, Controllable Perching IEEE RoboSoft 2019 



High payload coaxial tri-rotor
72

Delta manipulator

Ouster OS1 LIDAR •Max. Take off Mass: 14kg (7kg 
payload) – 1.3m span 

•Frame designed and manufactured 
in-house at ICL 

•Compact coaxial frame layout



Autonomous turbine model inspection
73

x4 speed 

B. Kocer, L. Orr, B. Stephens, Y. Kaya, T. Buzykina, A. Khan and M. Kovac,  
UKACC 13th International Conference on Control (2022) (best abstract award) 



Aerial robotics for ageing infrastructure 74



Autonomous sensor placement 75
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London Greenfell tower fire 78

Image credit: Natalie Oxford (Wikipedia)



79

Häusermann, D., Bodry, S., Wiesemüller, F.,  Miriyev, A., Siegrist, S., Fu, F., Gaan, S.,  
Koebel, M.M., Malfait, W.J., Zhao, S., Kovac, M., (2023) Advanced Intelligent Systems

Absorption of 
radiation on 
dark feathers 

Feathers &
fat layer 
for thermal 
insulation

Conservation of
body heat

Thermal 
insulation
foam layer

Evaporation of 
liquids induces
cooling effect

High ambient
temperature

Lower temperature
inside the foam cavity

Optimized 
surface to 
volume ratio

Reduction
of body
feature size
through 
evolution

(a) (b) (c)

Solar radiation Low ambient
temperature

Solar 
radiation



FireDrone - Temperature agnostic aerogel drone 80

Häusermann, D., Bodry, S., Wiesemüller, F.,  Miriyev, A., Siegrist, S., Fu, F., Gaan, S.,  
Koebel, M.M., Malfait, W.J., Zhao, S., Kovac, M., (2023) Advanced Intelligent Systems



FireDrone - Temperature agnostic aerial robot 81

Häusermann, D., Bodry, S., Wiesemüller, F.,  Miriyev, A., Siegrist, S., Fu, F., Gaan, S.,  
Koebel, M.M., Malfait, W.J., Zhao, S., Kovac, M., (2023) Advanced Intelligent Systems



FireDrone - Temperature agnostic aerial robot 82

FireDrone - Unmanned aerial vehicle for extreme temperature environments - YouTube

Häusermann, D., Bodry, S., Wiesemüller, F.,  Miriyev, A., Siegrist, S., Fu, F., Gaan, S.,  
Koebel, M.M., Malfait, W.J., Zhao, S., Kovac, M., (2023) Advanced Intelligent Systems

Test in glacier tunnel (thank you Prof. D. Farinotti ETHZ/WSL)

https://www.youtube.com/watch?v=pNp2T9Sx7xY
https://www.youtube.com/watch?v=pNp2T9Sx7xY


FireDrone 
Temperature agnostic aerial robot

83

Häusermann, D., Bodry, S., Wiesemüller, F.,  Miriyev, A., Siegrist, 
S., Fu, F., Gaan, S., Koebel, M.M., Malfait, W.J., Zhao, S.,  
Kovac, M., (2023) Advanced Intelligent Systems (cover)



FireDrone 
Temperature agnostic aerial robot

84

Häusermann, D., Bodry, S., Wiesemüller, F.,  Miriyev, A., Siegrist, 
S., Fu, F., Gaan, S., Koebel, M.M., Malfait, W.J., Zhao, S.,  
Kovac, M., (2023) Advanced Intelligent Systems (cover)
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Illustration: Yusuf Kaya Furkan
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Construction in nature 89

K. H. Petersen, N. Napp, R. Stuart-Smith, D. Rus, M. Kovac,  
Science Robotics (2019)



Bulldozer ants - use of templates 90

Franks, N. R., & Deneubourg, J. (1997). Animal Behaviour

Building process (external workers / internal workers) 

1. External workers collect material and return to nest

2. Enter nest and drop material close to cluster of nest mates 

(carrying time is constant at 21sec after entry)

3. Drop material after direct contact with a cluster of internal 

workers or stones previously deposited. Release stone only 
after feeling resistance of stationary stones


4. External workers rarely pick up stones on the inside

5. Internal workers often pick up stones and bulldoze outwards

6. No evidence of pheromone or cement pheromone use

7. Cluster of adult workers around brood cluster (radial 

symmetry) serves as mechanical template for wall geometry 

8. Template is local information and does not provide global 

knowledge of structure. How is nest entrance built?

K. H. Petersen, N. Napp, R. Stuart-Smith, D. Rus, M. Kovac,  
Science Robotics (2019)



Bio-inspired construction principles 91

K. H. Petersen, N. Napp, R. Stuart-Smith, D. Rus, M. Kovac,  
Science Robotics (2019)
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Build-droneScan-drone
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Zhang, K., Chermprayong, P., Xiao, F., Tzoumanikas, D., Dams, B., Kay, S., Kocer, B.B, 
Burns, A., Orr, L., Choi, C., Darekar, D.D., Li, W., Hirschmann, S., Soana, V., Ngah, S.A., 
Sareh, S., Margheri, L., Pawar, V., Ball, R.J., Williams, C., Shepherd, P., Leutenegger, S., 
Stuart-Smith, R., Kovac, M., (2022)  
Aerial Additive Manufacturing: 3D Printing with Multiple Autonomous Aerial Robots 
Nature 2022 (cover) 

Aerial Additive Manufacturing 97



Aerial Additive Manufacturing 98

Zhang, K., Chermprayong, P., Xiao, F., Tzoumanikas, D., Dams, B., Kay, S., Kocer, B.B, 
Burns, A., Orr, L., Choi, C., Darekar, D.D., Li, W., Hirschmann, S., Soana, V., Ngah, S.A., 
Sareh, S., Margheri, L., Pawar, V., Ball, R.J., Williams, C., Shepherd, P., Leutenegger, S., 
Stuart-Smith, R., Kovac, M., (2022)  
Aerial Additive Manufacturing: 3D Printing with Multiple Autonomous Aerial Robots 
Nature 2022 (cover) 
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Aerial-aquatic robots to protect aquatic ecosystems

100

Use cases: 
Water health monitoring (Arctic, coral reefs, lakes etc.) 
Catchment area modelling (flooding, sewage spills etc) 
Environmental DNA and biodiversity monitoring 



Aerial-aquatic transition physics 101

Illustration credit: R. Zufferey



Aerial-aquatic animals 102

Video: Rainer Bergomaz from Blue Paw Artists https://vimeo.com/107714608 Siddall, Kovac (2014) Bioinspiration & Biomimetics

https://vimeo.com/107714608


Ron O’Dor, et. al. Squid rocket science: How squid launch into air, Deep Sea Research Part II: 
Topical Studies in Oceanography, https://doi.org/10.1016/j.dsr2.2012.07.002.

“Flight has a clear energy benefit that would aid horizontal 
migration in addition to being an escape mechanism.” 



Flying Squid 104

Source: https://ourmarinespecies.com/c-squid/flying-squids/ Photo credit: ”cephalopods” on crondon.com



Squid classification 105

Loligo Pealeii 

Source: SEFSC 
Pascagoula Laboratory; 
Collection of Brandi 
Noble, NOAA/NMFS/
SEFSC

Loligo Opalescence 

Source: Common market 
squid; Monterey Bay 
Aquarium, Monterey Bay 
Aquarium Foundation

Illex Illecebrosus 

Source: Getty images

Architeuthis Dux 

Source: Don Hurlbert/
Smithsonian Institution

Mesonychoteuthis 
Hamiltoni 
Source:  Lee Krystek, 
unmuseum.org

Eukaryota 
Domain

Animalia 
Kingdom

Mollusca 
Phylum

Cephalopoda 
Class

Order

Myopsida
Oegopsida
Sepiida
Spirulida

Species:
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Loligo Pealeii 

Source: SEFSC 
Pascagoula Laboratory; 
Collection of Brandi 
Noble, NOAA/NMFS/
SEFSC

Sthenoteuthis 
pteropus 
(Orangeback squid) 
Source: Common market 
squid; Monterey Bay 
Aquarium, Monterey Bay 
Aquarium Foundation

Dodisicus Gigas 
(Humbolt squid) 

Source: NOAA/MBARI 2006

Architeuthis Dux 

Source: Don Hurlbert/
Smithsonian Institution

Mesonychoteuthis 
Hamiltoni 
Source:  Lee Krystek, 
unmuseum.org

Species:

Species that have been found and 
photographed / filmed  flying
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Zufferey, Ortega Ancel, A., Farinha, A., Siddall, R., Armanini, S.F., Nasr M., Brahmal, R. V., Kennedy, G., Kovac, M., 
Science Robotics (2019)



Aquatic Jump gliding with water reactive fuel 108

Image Credits (from left): ‘Oceanic Squid do Fly’, Muramatsu et al., Oceans 2013; US NOAA

Flying Squid Flying Fish

Zufferey, Ortega Ancel, A., Farinha, A., Siddall, R., Armanini, S.F., Nasr M., Brahmal, R. V.,  
Kennedy, G., Kovac, M., Science Robotics (2019)



Propulsion System 109

Water
pumping

Acetylene
production

Ignition ThrustFilling

Zufferey, Ortega Ancel, A., Farinha, A., Siddall, R., Armanini, S.F., Nasr M., Brahmal, R. V.,  
Kennedy, G., Kovac, M., Science Robotics (2019)



Fz [N]

Static Tests 110



Physics-based development 111

Zufferey, Ortega Ancel, A., Farinha, A., Siddall, R., Armanini, S.F., Nasr M., Brahmal, R. V.,  
Kennedy, G., Kovac, M., Science Robotics (2019)



CFD and model analysis 112

Zufferey, Ortega Ancel, A., Farinha, A., Siddall, R., Armanini, S.F., Nasr M., Brahmal, R. V.,  
Kennedy, G., Kovac, M., Science Robotics (2019)



Experimental Comparison 113

Zufferey, Ortega Ancel, A., Farinha, A., Siddall, R., Armanini, S.F., Nasr M., Brahmal, R. V.,  
Kennedy, G., Kovac, M., Science Robotics (2019)



Water Reactive Robot 114



Aerial-aquatic RoboBee 115

Air

Chen, K., Zufferey, R., Kovac, M., Wood, R. et al.  
Science Robotics (2017)
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Li, L., Nguyen, P., Kovac, M., Wen, L. et al.  
Science Robotics (2022)
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Development of integrated water quality sensing solutions for 
mobile in-situ sensing MEDUSA:  

a Multi-Environment 
Dual-Robot

Zufferey, R., Ortega, A., Raposo, C., Armanini, S., Farinha, A., Siddall, R.,  
Barasaluce, I., Zhu, H., Kovac, M. (2019) IEEE Robotics Automation Letters

Aerial - Aquatic platforms for biodiversity
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Farinha, A., di Tria, J., Reyes, M., Rosas, C., Pang, O., Zufferey, R., Pomati, F., Kovac, M.,  
Frontiers in Environmental Science (2022)



Sailing : Energy efficient locomotion 119

- Terenius. Windsurfing in Mute Swans (Cygnus olor). The Wilson Journal of Ornithology, (2016) 
- Hayashi, Morito, et al. "Sail or sink: novel behavioural adaptations on water in aerially dispersing species."  
  BMC evolutionary biology (2015)



Sailing Micro Aerial Vehicles 120

Motivation:
Marine Research

Climate change Research
Innacessible area Exploration



Sailing 121



Multi-modality cost 122

Zufferey, R., Ortega, A., Raposo, C., Armanini, S., Farinha, A., Siddall, R.,  
Barasaluce, I., Zhu, H., Kovac, M.  (2019) IEEE Robotics Automation Letters



Aerial - Aquatic SailMAV 123

Gortat, D., Ortega Ancel, A., Farhina, A., Zufferey, R., Kovac, M.,  
Use of Superhydrophobic Surfaces for Performance 
Enhancement of Aerial-Aquatic Vehicles 
Advanced Intelligent Systems 2023 (cover) 



Aerial - Aquatic SailMAV 124

Gortat, D., Ortega Ancel, A., Farhina, A., Zufferey, R., Kovac, M.,  
Use of Superhydrophobic Surfaces for Performance 
Enhancement of Aerial-Aquatic Vehicles 
Advanced Intelligent Systems 2023 (cover) 



Field testing campaign

In prep.



Aquatic Micro Aerial Vehicles

Kovac et al. Science Robotics 2016, 2019, 2022, Royal Society Interface Focus 2x 2017, ICRA/RA-L 2016, 2017, 2019, IEEE TMech 2016, 
Bioinspiration&Biomimetics 2014, AIAA 2019, IROS 2019 
Best paper/poster awards at AMAM 2019, TAROS 2015, AAAI 2017, QM best PhD thesis award 2018 & 2020
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Concept to systems to insights

Outdoor validation

Design iteration

Design

Testing

Insights

[Zufferey et al IEEE RAL, 2019]

[Gortat et al Adv. Intel. Syst., 2023]

[Lawson et al Remote Sensing in Ecology and Conservation, 2023]
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Illustration credit: Generative AI Adobe Firefly

Proteus:
Metamorphic sea god



Meta-morphic tri-modal mobility for robotics  130

Consolidator grant 2023-2028 
(funded by SERI)

Illustration credit: R. Zufferey



ARIS - Nautilus 
• Collaboration with ARIS (Academic Space  

Initiative Switzerland)  
• 20 active contributors, 3 MSc projects 
• Development of an Unmanned Underwater Vehicle 

(Glider) for Planetary Exploration of Icy Moons 
• Validation in Greifensee & Aletsch-glacier lake planned

Pixhawk & Raspberry Pi Sensor Bay
Battery Pack

Attitude Control Unit SonarHard Wings Buoyancy Control UnitDirection of Travel Soft Wing Control Unit

Greifensee mission profile



Aquatic research platform in lake Geneva



Shinrin-yoku (森林浴) – Forest Bathing
...making contact with and 
taking in the atmosphere of the 
forest… 
- as defined by the Japanese Ministry of 

Agriculture, Forestry, and Fisheries in 1982 

Benefits
• Reduced stress
• Improved mood
• Enhanced relaxation
• Boosted immune system
• Increased focus
• Lowered blood pressure
• Decreased anxiety
• Improved sleep
• Increased energy levels
• Enhanced creativity
• Reduced inflammation
• Improved mental clarity
• Lowered heart rate
• Better cardiovascular health
• Improved overall well-being



Shinrin-yoku – Health Benefits

Bum Jin Park, Yuko Tsunetsugu, Tamami Kasetani, Takahide Kagawa,  
Yoshifumi Miyazaki Environ Health Prev Med (2010)



Shinrin-yoku

Chen et al. Nature’s pathway to human health  
International Handbook of Forest Therapy (2019)



Shinrin-yoku <–> Biodiversity

Craig et al. Natural environments, nature relatedness and the ecological theater: 
connecting satellites and sequencing to shinrin-yoku 
Journal of Physiological Anthropology (2016)



Shinrin-yoku <–> Biodiversity

Craig et al. Natural environments, nature relatedness and the ecological theater: 
connecting satellites and sequencing to shinrin-yoku 
Journal of Physiological Anthropology (2016)



Co-development Method: 
Physical Artificial Intelligence

Miriyev, Kovac, Skills for Physical Artificial Intelligence,
Nature Machine Intelligence, 2020 (cover)

Kovac, Learning from nature how to land aerial robots‌,  
Science, 2016

Kovac, The Bioinspiration Design Paradigm: A Perspective for Soft Robotics‌,  
Soft Robotics, 2014



Miriyev, Kovac, Skills for Physical Artificial Intelligence,
Nature Machine Intelligence, 2020 (cover)

Kovac, Learning from nature how to land aerial robots‌,  
Science, 2016

Kovac, The Bioinspiration Design Paradigm: A Perspective for Soft Robotics‌,  
Soft Robotics, 2014

Co-development Method: 
Physical Artificial Intelligence



Nvidia keynote CES 6.1.2025



Multi-terrain flight arena 
in South Kensington
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DroneHub
Empowering aerial innovation 
for a sustainable future 

Prof. Mirko Kovač
Aerial Robotics Laboratory at Imperial College London
Sustainability Robotics at Empa Material Science



Chen, K., Zufferey, R., Kovac, M., Wood, R. et al. A biologically inspired, flapping-wing, hybrid 
aerial-aquatic microrobot, Science Robotics (2017)
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DroneHub



DroneHub



Infrastructure 
Robotics Facade
•Building interface for logistics 
•Drone based Non Destructive 
Evaluation  

•Autonomous recharging





•Transient robots made from  
bio-polymers 

•Long term biodegradability in real-life 
setting. 

•Sustainable circular economy, growing 
robot structures

Biosphere for 
environmental 
sensing





Aerial Additive 
Manufacturing

•Inspection and repair tasks 
•Construction at height  

•Modular characteristic 
•Safe outdoor flight area 



Infrastructure Drones Testbed @ Empa

The 1000m3 flight arena universal drone testbeds



Infrastructure Drones Testbed @ Empa

Bridge element (8m) Water tunnelsWind blade tip (7m) Wind blade base (6m)
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Mission statement
Novel Robotics and AI technologies to measure and modify environments and deliver sustainable outcomes



Mission statement
Novel Robotics and AI technologies to measure and modify environments and deliver sustainable outcomes



Sustainability Robotics 159

Prof. Mirko Kovac
Aerial Robotics Laboratory at Imperial College London
Sustainability Robotics Laboratory at Empa - EPFL

✓ Autonomous drones can quantify biodiversity 
✓ Bio-inspired methods can increase robustness and 

multi-terrain capabilities 
✓ Meta-morphosis can increase functionality 
✓ Physical AI: Co-eveolution of disciplines for lifelike 

robots 
✓ DroneHub: Physical AI testbeds for future robotics 
✓ Sustainability Robotics - join us!



12 years celebration @ Imperial / Empa / EPFL		 	 Mirko.Kovac@empa.ch 

Sukho Song, Asst. Prof. DGIST South Korea 
Ketao Zhang, Senior Lecturer (Assoc. Prof.) Queen-Mary Uni.
Rob Siddall, Asst.Prof. (Lecturer) University Surrey
Aslan Miriyev, Sen. Lecturer (Assoc. Prof.) B. G. Uni of the Negev
Pisak Chermprayong, Asst.Prof. (Lecturer) Burapha Uni.
Yunus Govedeli Asst.Prof. (Lecturer) Salford Uni.

Raphael Zufferey, Asst. Prof. MIT
Salua Hamaza, Asst.Prof. TU Delft
Sophie Armanini, Senior Lecturer (Assoc. Prof.) Imperial 
Basaran Bahadir Kocer, Asst.Prof. (Lecturer) U. of Bristol
Pooya Sareh, Asst.Prof. (Lecturer) U. Liverpool
Sina Sareh, Assoc.Prof. (Reader) Royal College of Arts
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