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



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

Robotics iInnovation global trends

Da Vinci robotic surgery system (Intuitive Surgical)



Robotics iInnovation global trends “
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Remote Applications in Challenging Environments (RACE) in Culham Oxford



Robotics iInnovation global trends

MIT. Minik CRleal al

MIT Biomimefic Robotics.Laboratory

MIT Cheetah robot (Prof. Sang-bae Kim)



RObOUCS mnovaﬂon g\oba\ trends
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OceanONE Stanford Robotics Lab (Prof. Ousama Khatib)




Robotics iInnovation global trends

Robotics Ecosystems

Industrial Leadership
and Societal Impact

Industrial Robotics

Multi-functional
Advanced and 4 b Materials,
Emerging Soft Robotics,
Robotics and Al Society
Methodologies and x y o
Technologies for Robotics Enabling £ ot
and Mechatronics technologies Applications
1970 1980 1990 2000 2010 2020 2030 2040
Body of Knowledge % Future Robotics
ST | Mechanics : Soft Robotics
ST : Control : Embodied Intslligence
EESUR : Computer Engineering : Robot Companions

lllustration credit: Laura Margheri




Fil“S‘tpOS( Video Shows World Explainers

GES 2025: NVIRDIN: Cosmos Just Gave Roebats o
LHatGRT Moment'!

Tesla goes on a hiring spree as
it begins to ramp up
production of Optimus
humanoid robot

i | ks
CES 2025: NVIDIA's Cosmos Just Gave Robots a
The large number of open positions indicates that Tesla is accelerating its ‘ChatGPT Moment'!

efforts to boost manufacturing capacity for Optimus. As the company shifts its
focus to high-volume production, it appears poised to move closer to making V.,) By Nigel Pereira O NoComments & 5 Mins Read — 02/10/2025
the Tesla Bot a commercially available product :

Boston Dynamics joins forces with its former
VHEISIR-STORY, SEFUUR-:7H2:8:08 M CEO to speed the learning of its Atlas
humanoid robot

Inside Google’s *Year Mission to Give .-«
e AlaRobot Body

Fil“&t')()&l Home Video Shows World Explainers
Meta Is Developing
Humanoid Robots: This

Apple working on building a
Has Huge Potential For humanoid robot, to take on
Healthcare Tesla's Optimus

Dr. Sat Balasubramanian, M.D., J.D. ' '




Figure 8 Average speed, power and efficiency of top 50 green supercomputers, 2013-2023

Speed
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Notes: Average efficiency is calculated as the ratio of average speed to average power for the top 50 green
supercomputers. An Increase in efficiency can occur even when both speed and power are decreasing. 2013 is the base
year and set to 100,

Source: WIPO based on data published by TOP500.

Figure 9 Average lithium-ion battery price, 2013-2023
USD 800/KWh
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Note: Prices a shown in real 2023 USD.

Source: WIPO, based on data published by BloombergNEF.

Figure 13 Life expectancy and healthy life expectancy at birth (years), 2000-2022
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68
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Source: WIPQ, based on data published by World Bank (LE) and World Health Organization (HALE).

Figure 14 Global temperature anomaly, 1951-2023 land-ocean global mean temperature

1.4°C - COP15
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 1.3°C
1.2 " Mean
1.0 temperature
' 1.17°C
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0.4
N\
0.2 o
0.0 YN D v
00.2
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Notes: COP 15 (lower threshold) indicates the lower limit of 1.5°C global warming relative to the pre-industrial
temperature. This corresponds to a temperature increase of 1.3°C with respect to the average temperature from 1951 to
1980. Lowess smoothing denotes Locally Weighted Scatterplot Smoothing with a fifth-degree polynomial.

Source; WIPO, based on data published by NASA GISS GISTEM.



What does this mean for you? o

 Robotics skills are a must have

* All industries becoming more
automated / robotic THE FOUR INDUSTRIAL REVOLUTIONS

» “Robotics education [should be]

as a mandatory component of
other skills training.” (WEF)

o )

* “Industry 4.0 will disrupt nearly

ever i N d U St ry i N eve ry cOoOu ntry INDUSTRY 1.0 INDUSTRY 2.0 INDUSTRY 3.0 INDUSTRY 4.0

creda | N g new O p p O r't un |'t | es an Mechanization Electrification Automatization Cyber-Physical Systems

(t:)ha!lenges for Oe\c/)pll?’ places and roduconof Seamand  Ings uang Heckica power  compunes [[hlem and  Autanorius sysemy o1
u SI n esses ( i u ) waler power robotics machine learning

e Next generation needs

knowledge, language, network
and track record

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/
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rone pased value chain - togay

Mapping & Sampling

shutterstock 1038791134



Off-shore infrastructure

-

-

Extreme temperature regions

\ . ﬂ . - " »
Construction Mining/tunnel infrastructure



Drones for physical interaction & manipulation

A i Market Size
"l
t 14  Progressive
3 10
‘13 » Base
Billion
Conservative
1.9
[
2020 2025 2030
Market Size
6.3 Progressive
$
Billion Base
2.6
Conservative
0.4
ivem—
2020 2025 2030

Construction Source: Levitate Capital White Paper Dec. 2020



Robots & Drones in Infrastructure Maintenance

ROBOTS & DRONES
IN INFRASTRUCTURE MAINTENANCE

ROBOT & DRONE
APPLICATIONS

INSPECTION CONDITION

& MONITORING ASSESSMENT
———
PREDICTIVE =
MAINTENANCE  SAFETY &RISK

REDUCTION

ISO STANDARDS

ISO 55000
Asset Management

ISO 13822
Assessment of Existing Structures

ISO 13374
Condition Monitoring and Diagnostics

ISO 31000
Risk Management

1. Inspection & Monitoring (ISO 55000)

2. Condition Assessment (1SO 13822)

3. Predictive Maintenance & Data Management (ISO
13374)

4. Safety & Risk Reduction (ISO 31000)
5. Sustainability & Lifecycle Optimization (ISO 37101)
6. Digital Twin Integration (ISO 23247)

Cost savings:

Lower labor & safety costs: fewer humans in risky
INspections.

Preventive maintenance: early detection reduces
repairs and downtime.

Efficient compliance: automated ISO documentation
saves time.
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Kunming Montreal Agreement Framework (COP 2022)

Conserve Avoid

* Near 0 loss of biodiversity » Stop use, harvest, trade of species

* Restore 30% of degraded nature * Reduce alien species by 50%

- Conserve 30% of land and sea * Reduce pollution impact by 50%
- Halt extinctions * Reduce climate change impact

Safe-guard Act

- Sustainably manage wild species - Mainstream biodiversity into policy, practice
- Sustainable agri/aquacultures, fisheries, forestry » Businesses to monitor, disclose nature impact
* Restore nature’s goods * Reduce food waste by 50%
* Increase urban green/blue spaces - Closing biodiversity finance gap of 700 billion
- Fair sharing of genetic resources dollars per year




National & International Framewg
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Ordinance on  Kunming-Montreal Global Directive on
Climate Biodiversity Framework corporate
Disclosures (2022) -> Swiss biodiversity sustainability due

(since 2024) action plan (since 2025) diligence (since 2024)

Source: 1. Agricultural robots market size from Markets and Markets (lower) & Mondor Intelligence (higher) 2: Ocean robots market size from Market.us (lower) & Under water robots market size from Mondor Intelligence (higher) 3: Inspection robots market size from Meticulous research (lower) &
Market Research (higher) 4. Climate-tech opportunity, report from Oxford Climate Tech Initiative, 2023 5: The Future Of Nature And Business, New Nature Economy Report Il, World Economic Forum, 2020



Infrastructure

Robotics Blue
Nature =
Protection +$4-16 Bn° conomy
Robotics
5

+310°T | +$3-4 Bn?
Agriculture Climate Tech
Robotics —l +— Estimated VC in
+$34-50 Bn' 2022: $70 BN4

Research / \ Innovation

Funding R Funding
_ ! Ex: European Investment
Ex: Horizon Europe | Bank (EIB) Tech EU
Programme: €180 million I Initiative: €70 billion 2025-

2023-2027 I 2027
National & International Framewg
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Ordinance on Kunming-l\/lonﬂt&real Global Directive on
Climate Biodiversity Framework corporate
Disclosures (2022) -> Swiss biodiversity sustainability due

(since 2024) action plan (since 2025) diligence (since 2024)

Source: 1. Agricultural robots market size from Markets and Markets (lower) & Mondor Intelligence (higher) 2: Ocean robots market size from Market.us (lower) & Under water robots market size from Mondor Intelligence (higher) 3: Inspection robots market size from Meticulous research (lower) &
Market Research (higher) 4. Climate-tech opportunity, report from Oxford Climate Tech Initiative, 2023 5: The Future Of Nature And Business, New Nature Economy Report Il, World Economic Forum, 2020



Observation pyramid - technologies today

Alr

NASA, Land Remote Sensing, 2017

Land &
Arboreal

Soil Sampling Robots, Amrita - 2019; Momaro 2017

Autonomous surface vehicle: Buscamos-Vigia, 2021

20
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Imperial College Aerial Robotics Laboratory (est. 2012)
London

WATER

CLIMATE HEALTH

@ Empa Laboratory of Sustainability Robotics s

-~ 1 Prof. Mirko Kovac

4 FEn HOMALR 13 Postdocs, Engineers & Scientists 8 '
0 onos kAN o
2 Management A '

E P F L 3 Admin and communication

AGEING ASSET
MONITORING

38

Mission statement

Develop novel Robotics and Al technologies
to measure and modify environments to
deliver sustainable outcomes




/ Sensing
Control
/ Navigation

/

Materials// /
Structures

Actuators
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Co-evolve physical and digital intelligence a

Comparable biological systems

\ -
e ——

& : o X

; SAD, 78 - T ‘V,L\\u
Bumblebee Fly Ballooning spider “~"=" Perching eagle

Robotic systems

lg 10g 0.1kg l1kg

High passivity and mechanical intelligence ’ e —

________

Kovac, Learn‘ingfrbm nature how to land aerial robots,
Science (2016)






Biosystems & Biorobotics ' ‘.
Fes @ i | Ewopean
Raphael Zufferey WEHSN i S8 ‘-'-erc Research

Robert Siddall 7] O . “Eetie | Council
Sophie F. Armanini
Mirko Kovac

Between Consolidator grant

Sea and Sky (SERI funded) 2023-2027
Aerial Aquatic ,
I_OCOmOtion in . _Meta-morphic tri-modal

moblllty for Robotics

Miniature RObOtS ! wn+r\| nhnrr\nn : ﬁ{‘ N—— ; = _

| e \\\J« Rw W Hv

@ Springer %

2 .

Zufferey, Kovac et al. Science Robotics, 2019
Li, Nguyen, Kovac, Wen et al. Science Robotics, 2022
Chen, Zufferey, Kovac, Wood, et al. Science Robotics, 2017



Flying Squio ;
HOWIT FLIES JET-POWERED SQUID

Spreads out fins and
tentacles to create

Cartilages
aerodynamic lift @ Fins and : Funai{siphon)
tentacles then
streamlined Anus
@ Launches by _for re-entry Rectum Gill (ctenidium)
ejeCting Water |nt0 Water Renal pore
at h'gh pressure \.\ Renal organ

Branchial
heart

Membrane
between tentacles

/ helps form "wing”

Ink-sac

r

o :

Dissection of mantle of
male squid (Loligo) from
ventral surface

Can fly more than 30 metres in three seconds

Squid opens mantle
and draws in water

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



Squid classitication

Fukaryota Animalia Mollusca

Specie

Loligo Pealell Loligo

Opalescence

Source: SEFSC

Pascagoula Laboratory; |
Collection of Brandi Source: Common market

Noble squid; Monterey Bay

NOAA/NMFS/SEFSC Aquariu.m, I\/Ionterey. Bay
Aquarium Foundation

Cephalopoda

Source: Getty images

Myopsida
Oegopsida
Sepiida
Spirulida

Source: Don
Hurlbert/Smithsonian
Institution

Mesonychoteuthis
Hamiltoni

Source: Lee Krystek,
unmuseum.org

28



Squid classitication

Species that have been found and
photographed / filmed flying

Specie
S:

Sthenoteuthis

pteropus
(Orangeback squid)

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

Dodisicus Gigas
(Humbolt squid)

Source: NOAA/MBARI 2006

29



Liftinduced drag
0.5 Cpipupv®A Cpy ¢ Lift?

0.5 Cpairv* A

Weight
— ';';'-;g.__‘- e - mg _'
Skin friciondrag pl“ng e
0.5 CDPalrvaskln =

Surface tension
Lyateriine * ¥ » c0s(8)

Forces are indicated in blue

coefficient
density
velocity

area

volume
torque
angular speed
gear ratio
efficiency

S FEO<HED O

Surface tension
Lyvatertine ¥ ° cos(@)

e ————

X R o
—\'_“"?F‘
1.

(‘# —
BT j}{&\)é. 5.& ;.

o g iy -
R e

.

Powered propeller case

T, =

r)prop.a
- Qa f g

Vq _r

- - e

IIIustratlon Credlt R. Zuf’r’erey



Mission Cycle .

Zufferey, Ortega Ancel, A., Farinha, A., Siddall, R., Armanini, S.F., Nasr M., Brahmal, R. V., Kennedy, G., KC



!

Aqguatic Jump gliding with water reactive fuel

"o Sl Y &
¥ Flying-Squid 8

-Wl-.- AR TR RE a
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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)

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



Propulsion System ?

Filling Water Acetylene Ignition Thrust
pumping production

—Ar

= IF

- -y N - > -

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



Static Tests y

0%
filled




Physics-based development

Lift induced
drag .-
-, Lift

5

.................................................................

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

...............
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CFD and model analysis
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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)



Experimental Comparison
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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)






Y Time (ms)

Aerial-aguatic RobouBee

B 12

Pressure (atm)
(o))

= Without opening
— With opening

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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Sailing : Energy efficient locomotion

a

- Terenius. Windsuh‘ing iﬁ 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)
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Sailing Micro Aerial Vehicles -

Motivation:
Marine Research
Climate change Research
Innacessible area Exploration

ground effect
assisted lift-off

, Landing




Wing morphology changes



Autonomously navigating and mapping Lake Vrana *

Wind direction sensor Autonomous control algorithm Testing & Mapping
N M M)
N _/ \_/

GROUND CONTROL STATION SAILING-FLYING VEHICLE

ff.. Props on | Sailing freeze

‘ ~
> c':-’t.‘ﬁ 1 O$> 4'\/;1'8

5., &
e Weather conditions L+ * Propson it
Sailing Xdos
L

¢ Navigation strategy > I =T
[beann || | 5G] !
Miniaturized sensor providing Control the robot based on Test strategy versus state-of-
information to the controller task and wind conditions the-art, covering more upwind

directions.

Farinha A.*, Romanello L.*, .., Kovac M., SailMAV: Water-surface locomotion and applications of aerial-aquatic sailing
vehicles IEEE Transactions in Field Robotics, 2025.
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Farinha A.*, Romanello L.*, .., Kovac M., SailMAV: Water-surface locomotion and applications of aerial-aquatic sailing
vehicles IEEE Transactions in Field Robotics, 2025.
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Concept to system to insights @Empa EPFL

Design

Laboratory of Sustainability Robotics
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Concept to system to insights @Empa EPFL
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Concept to system to insights @Empa EPFL
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Multi-modality cost

Structure CAaVaLDF Propulsion
ESC
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Zufterey, R., Ortega, A., Raposo, C., Armanini, S., Farinha, A., Siddall, R.,
Barasaluce, |., Zhu, H., Kovac, M. (2019) IEEE Robotics Automation Letters
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Soft Robotic Wing for hydrobatics
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Soft Robotic Wing for hydrobatics
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DUSA: A multl-environment dual ronot

Development of integrated water quality sensing solutions for

a Multi-Environment
Dual-Robot

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



g ® Manual sample
. !
O 2 ;: ) UAAV sample
..: - - - GD
»

L) A} LJ

0 3 6 9 12 15
Chl-a (ug/L)

i ————

i -
. - "" m——
— — ——
- =
- , . - — —~ . : I —
S— ' = - LG 400 - : 3 —— . e —
et » > - — - - — — — R —
— - — - - -

—
—

Farinha, A., di Tria, J., Reyes, M., Rosas, C., Pang, O., Zufferey, R., Pomati, F., Kovac, M.,
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MEDUGSA System Overview

- Remote
control "
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GCS: Ground Control Station (Drone pilot)



Custom sampling poo

Pod features
« Sampling

 eDNA filter, water extraction
« Samples only at targeted depth

 CTD measurements
» Conductivity, temperature, depth
» Lightweight — only 1.8 kg |
» Lighter than commercial CTDs
« Completely custom; including PCB




Environmental Challenges

Unknowns about polar regions and fjords conditions

* Reliability of system in brackish, cold water

* Need extensive field testing before landing drone beyond retrieval
» E.g., close to glaciers

Need ’[O CharaC’[el’iSGZ Cross-jet distance / km

10 12 14 16

* Drone surface movement vs weather conditions
* Drone surface vs underwater current conditions
 Different lengths of pod
* How subject to currents? Tides?

Other unknowns

 Other environmental events which could effect
drone flight?

« Polar heat bombs cause high currents?’

1) https://www.nature.com/articles/s41467-021-22505-5
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Future / ongoing Projects

Forel

2026 — Greenland
2027 — Antarctica?

Tara Polar Station LeXPLORE
2027 — Arctic (Summer + Winter) 2026 — Fully Automated station
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'- Antenna
& z Sensing

mechanism
Sensors are
deployed Power
autonomously #CQ Data relayed source
/ back to a mobile
// or static receiver

Sensors degrade into
environmentally harmless
by-products

Sensors reach

otherwise inaccessible
locations

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



i Temperature ~~ Flow rate

@ Intelligent
Sensors

' ‘ ity 3D forest & Rain water ‘)) Audio - Imaging
: structure 4¢ quality recording devices
l 1 B — N 3 - = — 2 ;
A
Sensors are 1 \ Data relayed Soil
deployed ‘l ‘\.‘ back to a mobile ,
autonomously \ or static recsiver compaction
\ & .
\

Near future Mid-term Long-term
Data transmission Advance placement, locomotion, Sensors match and surpass today’s
is refined and degradation strategies non-transient electronics

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



Autonomous crown loss estimation .
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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
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Bio-inspired forrest tflight autonomy
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Constant OFD threshold could give false alarm

Obstacle

0.8 I- - Velocity
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Seeing obstacle
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OFD = OFrateleft — OFraten-ght

Xiao, F., Zheng, P., Tria, J., Kocer, B., Kovac, M., [EEE ICRA / RAL 2021
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Fictitious wall hypothesis .

Xr Xr Xg State vector: x =

XM [XM Vi XF]T

System model: x =

[V a 0]"

Observation model:

V
y = OFD = M/XF—XM

l OF Ihbservation
X
model input M
a XF

Distance: Dp = X — Xy
Xiao, F., Zheng, P., Tria, J., Kocer, B., Kovac, M., IEEE ICRA / RAL 2021
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Transient Robotics

Structural materials
@

« Lightweight, high strength
biodegradable structures
(cryogels, aerogels etc.)

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

* Incorporation of living cells

Actuating materials

@

e Electro thermal actuators
Humidity responsive
composites

(swelling, bending etc.)

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

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

74

Sensing materials
_‘

 Biodegradable tactile
sensors (e.g. strain)

* Biodegradable environmental
sensors (e.g. temperature,
humidity, UV)

e Carbon or transient metal (e.g.
/n, Mg, Fe) based electronics

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




Transient Robotics

Structural materials
@

* Lightweight, high
strength biodegradable
structures
(cryogels, aerogels etc.)

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

* Incorporation of living cells

Actuating materials

@

e Electro thermal actuators
Humidity responsive
composites

(swelling, bending etc.)

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

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

75

Sensing materials
_‘

 Biodegradable tactile
sensors (e.g. strain)

* Biodegradable environmental
sensors (e.g. temperature,
humidity, UV)

e Carbon or transient metal (e.g.
/n, Mg, Fe) based electronics

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




Structure: Cellulose composite cryo

gels .
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Sensing: Functionalised cellulose substrates .
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Wiesemuller, F., Nystrom, G., Kovac, M., et al.
Advanced Intelligent Systems (2023) & IEEE Robotics & Automation Letters (2021)



Actuation: Humiadity responsive composites

Plotter Cutter

Potato Starch Wafer Paper

CNF:G 0.75:0.25 film
tested at 55%:90%:90%:55%

relative humidity at 20°C

3D Printed Molds

F. Wiesemdller, G. Nystrom, M. Kovac et al.,
Frontiers in Robotics & Al (2022) & N.I.C.E. (2022)
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Bird abundance and richness ditfers across layers

135 species recorded
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Hamaza, S., Farinha, A., Nguyen, H. N., & Kovac, M. I[EEE IROS, 2020
A. Farina, M. Kovac et. al I[EEE Robotics and Automation Letters, 2022 and in preparation
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Rotorigami for impact protection

Obstacie Aeriagl Universal
robot protective
Rotary — ““‘ frame
origami e~ N\"a
bumper i 0\
N

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



Rotorigami for impact protection .
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Rotorigami for impact protection

Fixed-Naked

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

Rotary-Origami
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Meta-morphic full body perching

dry weight (no battery): 650g
wheelbase: 280 x 350 mm
propeller size: 5.1 inch
estimated MTOW: 1850 g

C

arm tip steel spines |

\

twin deck
carbon fiber body

servomotor | @* tr_l'-gn'd.on actuation
driven spoo N " e ’-‘,\_ |

g

&
B 30% subsystem
% Wweight reduction
) ‘.’ g .
N

‘n
PN

F 4
“/

metamorphic
bi-stable arm

/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 Screntific Reports
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Robot capable of mid-air shape morphing for rapid perching, Nature Screntific Reports



Meta-morphic full body perching

Indoor Autonomous Land-Perch

L

S L nd-pefching manixally in Silwood Park forest
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/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 Screntific Reports
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Braithwaite, A., Alhinai, T., Haas-Heger, M., McFarlane, E., Kovac, M., (2018)

Robotics Research: International Symposium ISRR, Springer International Publishing,



Autonomous lensile Perching

I | ey
i s

Admittance P#®¢  Motion ~_ Quadrotor
Control Control Dynamics

P

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

Tethered hovering thrust

at 30deg: save 50% the energy
at 10deg, save more than 80%
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Robotic inspectors developed to fix wind
farms
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Autonomous |ensile Perching

tree branch G >

/ > f
s

grapple

But uncurls and detaches
easily when tension Is
removed.

The grapple passively
curls to match the shape
of the branch under
tension.

Approach Contact Perch

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

Drone Mission ] e
.................................................. i !,
3" Tethering Manoeuvre
Takeoff Fly to Target-region Approaching Flipping Over N
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. | \
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Position Control Roll-Angle Control '
Analytical Solution Reinforcement Learning
Land Fly back Restart
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Hauf, F., Kocer, B., Slatter, A., Nguyen, H-N., Pang, O., Clark, R., Johns, E., Kovac, M.
Learning Tethered Perching for Aerial Robots. IEEE ICRA 2023



Neural Nets for dynamic perching

Drone Mission

( Tethering Manoeuvre

Takeoff Fly to Target-region Approaching Flipping Over

T T A a—— N e o N >
. | \
(\ 1 I @ J
- i i\ J P,
Position Control Roll-Angle Control .
Analytical Solution Reinforcement Learning
Land Fly back Restart
s 'R 4 % N
« § ? &
T ‘1 els
\ y o J  \ J

Energy conservation for swinging

f— L2+ L 2+L sz’n((‘))-{-écos(O)
2g  V 27 \2 ! 2

Reinforcement Learning scheme:

Reward 1: Function following baseline
Reward 2: Moving continuously and safely

Changing weights of reward functions
Evolved in Gazebo and tested in arena (21 flights)

Hauf, F., Kocer, B., Slatter, A., Nguyen, H-N., Pang, O., Clark, R., Johns, E., Kovac, M.

Learning Tethered Perching for Aerial Robots. IEEE ICRA 2023
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FireDrone - Temperature agnostic aerogel drone .

Hausermann, D., Bodry, S., Wiesemdller, F., Miriyev, A., Siegrist, S., Fu, F., Gaan, S.,
Koebel, M.M., Maltait, W.J., Zhao, S., Kovac, M., (2023) Advanced Intelligent Systems



FireDrone - Temperature agnostic aerial robot

Electronics Compartment
- Flight Controller
- Data Acquisition
- Cooling System Actuation

- Motor Mounts
- Drive Shafts & Gearboxes

Battery Compartment
- Battery storage
- Data Transmission

I Drivetrain

Propeller
Mount Gearbox

Housing

Bevel
r Gears

’ A Horizontal
' o/ Shaft
' :ﬁ\i \5
N NP
Bearings
Vertical Shaft

Camera System
- RGB Camera
- IR Camera

Aluminium Arms

Gear Box

300mm

Servo.\ Linkage

Hom —

CQO: Valve

Battery

Radio Receiver
CO: Cartridge

Flight Computer

IR Camera

Video Transmitter

F_ﬂ Top Cover

Mounting Frames
(blue)

-—

Arm Insulation /‘ :

Bottom Cover

Hole for Arm

RGBCamera [
Polyimide Aerogel Tiles - -

Hausermann, D., Bodry, S., Wiesemdller, F., Miriyev, A., Siegrist, S., Fu, F., Gaan, S.,
Koebel, M.M., Maltait, W.J., Zhao, S., Kovac, M., (2023) Advanced Intelligent Systems
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FireDrone
Temperature agnostic aerial robot

_

Hausermann, D., Bodry, S., WiesemUl .-

S. Fu F. Gaan. S. Koebel M.M. Malfa

Kovac, M., (2023) Advanced Intelligen



FireDrone
Temperature agnostic aerial robot

AVAREEL ]

7

/G VA -

Hausermann, D., Bodry, S., WiesemL'JH, grjsi,.
S., Fu, F., Gaan, S., Koebel, M.M., Malfel
Kovac, M., (2023) Advanced Intelligen‘\ ~



Create situational awareness,
pinpoint hazards and victims from a safe distance
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‘Petersen, Kovac, et al. Science Robotics (2019)
Kaya, Kovac et al. Science Robotics (2025)







Construction in nature

. e Dictyostelium
Anelosimus eximius S Macrotermes
103 discoideum michaelseni
10° Castor canadensis
N
wm
©
= Eciton burchellii
~
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2 10! Oecophylla smaragdina
. A
Petrachelidon rufocollaris
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Colony size

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



Bulldozer ants - use of templates

S = be A Building process (external workers / internal workers)

—_ /AT .
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
3 8. Template is local information and does not provide global
knowledge of structure. How is nest entrance built?

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

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



BI0-INsSpired construction principles e

Construction
coordination

Templated (8) Emergent (23)

Building elements

Predefined (43) Continuous (32) Arbitrary materials

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



Imperial College London | University College London | University of Bath
@Copyright all rights reserved



g

Sy

Scan-drone Build-drone

-
thn

-

ht) [mi

J

211

=

N

-
-



Multi-Agent Aerial-AM: Virtual Printing with Multiple Robots

Imperial College London | University College London | University of Bath
@Copyright all rights reserved
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Aerial Additive Manutfacturing nature
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B.B, Burns, A., Orr, L., Alhinai, T., Choi, C., Darekar, D.D., Li, W., Hirschmann, S.,
Soana, V., Ngah, S.A., Grillot, C., Sareh, S., Margheri, L., Pawar, V., Ball, R.J.,
Williams, C., Shepherd, P., Leutenegger, S., Stuart-Smith, R., Kovac, M., (2022) _

Aerial Additive Manutacturing: 3D Printing with Multiple Autonomous Aerial Robots 3D construction using
Nature 2022 (cover article) bee-inspired aerial robots
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Aerial Additive Manufacturing nature
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Williams, C., Shepherd, P., Leutenegger, S., Stuart-Smith, R., Kovac, M., (2022)
Aerial Additive Manufacturing: 3D Printing with Multiple Autonomous Aerial Robots 3D construction using
Nature 2022 (cover article) bee-inspired aerial robots
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Aerial Additive Manutacturing - Methods

Built structure
5 scale

Discrete Aerial AM Tensile Aerial AM Continuous Aerial AM

Construction
location

(Indoor - outdoor)

Application
diversity =

Autonomy Robot population
level size
—— I Discrete Aerial AM

. Tensile Aerial AM
— I Continious Aerial AM

Kaya, Y. F., Orr, L., Kocer, B. B., Pawar, V., Stuart-Smith, R. and Kovac, M.
Science Robotics (2025)



Aerial Add|t|ve I\/Ianufacturmg Autonomy

&.
ol
..... =
Trajectory Flight Aerial Physical M On#inetFli.ght_lgt > Scanning-in-the-loop Structural Assessment
Interaction antiactuiiing tas Manufacturing & Design in-the-loop
Planning
\ /
N N
Lindsey «t al [10] Braithwaite et al [21] Mirjan et al, [23) Saldana et al, (20]
3. B
&> 1
BuiIdDrone

Augugliare et al, [11] Hunt et al. [25] Eskandarl et al. [35] Wood et al, [19] Zhang et al [7)

Conceptual representation of oxisting AAMs, the radar chart analysis of them, and their chronological representation.

Kaya, Y. F., Orr, L., Kocer, B. B., Pawar, V., Stuart-Smith, R. and Kovac, M. SDW
Science Robotics (2025) b=
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Sustainability Robotics
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Co-development Method:
Physical Artificial Intelligence

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

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

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



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

Co-development Method:
Physical Artificial Intelligence

Translational

Review of creativity
biological systems Applications
e muye.  inrobotics
Interdisciplinary A \NSP'RE B
curiosity | * : - Openness for
, .. unconventional
Design . designs
validation
~ Bioinspired |
System | =» . p Expenmeptal
optimization | (i Robot DESlgn g analysis
3 g
Prototyping )

. Biomimetic
@ " exploration

and fabrication O’@/ _ . Q

Modelling
Material o and simulation
selection  Product Principle
design definition
frameworks

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

Soft Robotics, 2014

Kovac, Learning from nature how to land aerial robots,
Science, 2016
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UK's most advanced drone 1ab to be built

Multi-terrain flight arena at Imperial College L.ondon
N South Kensington

‘ _;~-——

= |

£1.25m Brahmal Vasudevan aerial robotics lab will allow
development and testing of next-generation flying robots

Rise of the drones: how unmanned aircraft took off - video

-
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: 0 The new facility In South Kensington will place the UK at the forefront of drone research.
ir/ground/water test areas |
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. : Photograph: Jean Pierre Muller/AFP/Getty Images
-12m long, 10m wide 5.7m high th di
- Integrated workshops, meeting rooms Samuel Gibbs cguardaian

and student spaces
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Gap for a transitional research facility
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DECENT WORK AND B = ,,, CLIMATE
ECONOMIC GROWTH | Ema cPFL P 1 ACTION

Laboratory of Sustainabllity Robotics
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Infrastructure
Robotics Facade

131

Building interface for logistics
*Drone based Non Destructive Evaluation
* Autonomous recharging
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~~ Preventive inspection
and maintenance

Emergency response /./ "
= |

B

> Transportation of goods
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Biosphere for
environmental

sensing

*Transient robots made from
bio-polymers

*Long term biodegradability in real-life
setting.

*Sustainable circular economy, growing
robot structures




l?‘
.

: ..J\'.' .‘.\‘
-‘. e e
e : ‘ :
~ A oA ]
. s
. W,
- /" ) |

"V
:
" N
- -l'. . -
r .

B L%
| ~ .‘.‘:
- ' !
- . ‘
- .v | .J
- ' ‘
. I Y
\. ‘< S/ ‘
2 ny
» » ‘
I .

| B
~
‘ . -
’ .
. .
‘.\‘

,' .
4"
N
4 .. -t

Multi-modalrobots /.

| . }/
b 9 T . .
- Kl ‘ |
)

.
-



A 9‘)\39 AT TR R

T
\\“\\‘\\“\‘\‘z‘s\‘\x R i
Pt s
A\

..... -
T e 'lo’l'&-

. N A NANMYY
- y ' i " }
OO ‘:”N&;’ ‘
B 0 0 0
POCRERNKE TN
}‘oﬁf‘%%o‘# iy %%a: [
OO Y

"”0 0"9‘4’ Qﬂ

Bl |
IR B

3
SO
SO

‘%JV%“

. Aerial Adaitive
# |\ Manufacturing

N

“t
OO

e

*Inspection and repair tasks
|

*Construction at height
*Modular characteristic
B Safe outdoor flight area

v ALLAERE
o{’po.OIODHI
r

AADONNIASE

.....
..........
'."

AN
000000000
.......

,,,,,,,,

Theinternational journal of science/ 22 September 2022

:
""""
o

-----

) ' Par.
'-::. ; -r' .'. l‘-‘ '.
= Aﬁaﬂ.‘EZa
‘ i, R L e
) "3 R D - SR
Pty ‘o 8" L
. a9 - ms ".. T
' . = T Y%
e —
=
— o
B
&
\ t —
‘ -

DRONES

3D construction using
bee-inspired aerial robots
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DroneHub opened for collaboration
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Aquatic research platform in lake Genéva

e ' DE GENEVE
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Global Competence Centre for Sustainability Robotics

Vision
A cross-disciplinary hub promoting the collaborative and

beneficiary use of physical Al systems towards ecological
measurement and the UN sustainability goals.

Innovation pathway for Sustainability Robotics

Research Development Demonstrator Proof-of-Concept Impact

|

New insights provoke new questions

S Environmental Sensing Sensing Sustainability Environmental
Sustainabllity hypothesis development characterization Robotics testing Insights
‘ platforms
S . — Start-ups
Cross-dISCIp::nary Joint hypothesis —— Integrated platform T S
approac S
PP - Extreme —  Global visibility
‘ Environments
Robotics and Al Technology Robotic platform Functionality Fe Newtech
hypothesis development testing innovation

|

New technology gives further potential concepts



Infrastructure

Partners

Global Competence Centre for Sustainability Robotics

Development arenas Deployment within Switzerland Deployment globally

4 N\ 4 N\ 4 N\
Indoor Arena Controlled Outdoor Arena Greenland

. Lac Léman
l

« AT TR MR L TS

G
Forel Boat-based robot deployment

LEXPLORE The Arctic and Antarctica
@ y A J N

i) University of Zh ea.wag
11 ) Zurich"® aw aquatic research .

B SWITZERLAND
INNOVATION

@®Empa EPFL

Laboratory of Sustainability Robotics




Sustainability Robotics

135 species recarded

8000 1

80001

v/ Robotics - Materials - Environments

v/ Bio-inspired methods can increase robustness and
multi-terrain capabilities

V' Physical Al: Co-eveolution of disciplines for lifelike
robots

v/ DroneHub: Physical Al testbeds for future robotics
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Abundance

S

2000 - Ill III

0 (61% drop)
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Layer

Prof. Mirko Kovac
Sustainability Robotics Laboratory at Empa/EPFL



Let’s continue the
conversation

Swiss National
Science Foundation
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for Cllmate Change

RS G IR CPE Lorkao Engineering and Physical Sciences
Research Council

7~ TITAN
lllustration/visualisation credit: Yusuf Fukan Kaya, Robert Stuart-Smith, Raphael Zufferey, Jose Pereia, Aerial Robotics Lab, Laboaratory of Sustainabilty Robotics, Al LLMs
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npJ | robotics 145

Call for Papers

npj Roboticsis an open-access journal that publishes high- EXAMPLE TOPICS

quality research papers, representing substantial advancesin : il Al
the field. Artificial intelligence fuels many of these advances Phys

and will reach its full potential when developed in synergy : Eiilo-l:' : lgdre:’n}dllg_ mathod
with a robot’s body, environment, and application. - Eo-iml ; Al““ o)

npj Fbboticsaims at stimulating the publication of research : g;t'l ) I:I Idli zﬁems

that adopts a holistic stance, taking the physical nature of « Micso. sl bot
robots and their relation and interaction with the world as a ‘N 'GT = a\dl : adulactsors

departure point.

1 nhature partner
npj journals

https://www.nature.com/npjrobot/ nature research




Shinrin-yoku (FF#&) — Forest Bathing

...making contac

- "B

t with and taking in
the atmosphere of the forest...

as defined by the Japanese Ministry of Agriculture,
Forestry, and Fisheries in 1982
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+ - 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
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Shinrin-yoku — Health Benefits

Salivary cortisol concentration (ug/dl)
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Yoshifumi Miyazaki Environ Health Prev Med (2010)
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Shinrin-yoku

direct pathway Central Nervous System
e.g., |PFC, |subgenual PFC,
|amygdala, treward circuity, Affective/Motivational
Visual Stimulation 1serotonin e.g., frelax, tvigor, tsatisfaction,
tresilience, |sadness, |anxiety,
Olfactory Stimulation Autonomic Nervous System limpulsivity, |aggression,
phytoncides |sympathetic, tparasympathetic Taltruism
e.g., |heart rate, |blood pressure
Auditory Stimulation . [> Cognitive
Endocrine System e.g., tattention,

|cortisol, |adrenaline, |noradrenaline,
ladiponectin, melatonin, tvitamin D

tworking memory, {creativity

Tactile Stimulation

Inhalation Immune System PhYSica|
phytoncides.‘ negative air ions, tNK cell, tanti-cancer proteins, e.g., lpain, Tpost-operat.ive
microbes | pro-inflammatory cytokines such as recovery, {sleep, |obesity,
IL-6 and TNF-a Lhypertension, |coronary artery
Skin disease, |allergies, |respiratory
microbes, sunlight Microbiota disease, | mortality
=
LAir Pollution
indirect pathway
> | Noise Pollution

| Heat Pollution

|Light Pollution
1Physical Exercise

1Social Interactions

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




Shinrin-yoku <—> Blodlver8|ty

For example: reducing exposures
“ to environmental stressors like
T heat and air pollution; provision of
>l S/ medicines, food and clean water

- Restoring capacities

——

— For example: restoring attention,

- . ,l;",'--/""" facilitating stress recovery Health & Well-being
Biodiversity 7P N Confact with Blodiversiky ‘
ver: 1 e 4 ONIACT WK DHO 4 ) .
=4 1; - I For example: improved perceived
Exticaiine Esiaranca health, lower risk of depression
P P Building capacities or mortality, greater risk of Lyme
s o disease or allergic rhinitis
i For example: encouraging
N A .. physical activity, facilitating
transcendent experiences
N
\\
—» Moderators AN I
Environmental and socio-cultural context \
(e.g. accessibility, weather, facilities, main- Causing harm
tenance level, perceived safety, social norms, N\
and cultural values and practices); and/or " Y For example: increasing risk of
Individual characteristics allergies, infectious diseases,
(e.g. age, gender, socioeconomic position, harmful microbiota

ecological knowledge)

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

Dimensions of biodiversity at a location

What biodiversity
{0 measure

e N

Actual
biodiversity

Biodiversity present at a
location.

-
Individual organism/trait I

Abundance l
\

A I\

Richness I
L

\

s ~ B

Individual organism/trait I

Perceived Biodiversity people thinkisat | [

Abundance

]

a location. \

J

biodiversity
>

. \.

Richness I

Measurement Approaches

| Ecological field techniques
Countindividuals, estimate theirspatialand temporal
variation )
| Comprehensivemonitoring/species assessment

Questionnaires, Eye-tracking,
Electroencephalography (EEG),
Observational research, Behavioural
mapping, Participant photography

Craig et al. Natural environments, nature relatedness and the ecological theater:

connecting satellites and sequencing to shinrin-yoku
Journal of Physiological Anthropology (2016)



