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Laboratory of Sustainability Robotics

Aerial Robotics Laboratory




Robotics innovation global trends

Da Vinci robotic surgery system (Intuitive Surgical)
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Remote Applications in Challenging Environments (RACE) in Culham Oxford



Robotics innovation global trends

MIT Minik Cheelah

MIT Biomimefic Robotics Laboratory

MIT Cheetah robot (Prof. Sang-bae Kim)



Robotics innovation global trends
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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
https://www.youtube.com/watch?v=-e1_QhJ1EhQ

Robotics innovation global trends

Robotics Ecosystems

Industrial Leadership
and Societal Impact
Industrial Robotics - o

Multi-functional
Advanced and Materials,
Emerging Soft Robotics,
Robotics and Al Society
Methodologies and . :
Technologies for Robotics skl P i
and Mechatronics technologies Applications
/ : m:.:-‘ LT p:r:;\:mr.-.f:. resenrch
1970 1§80 1990 2@00 2010 é020 2030 2040
== : Mechanics : Soft Robotics
e = : Control : Embodied Intelligence
= : Computer Engineering : Robot Companions

lllustration credit: Laura Margheri







Aerial Robotics based value chain - today
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rones for physical interaction & manipulation
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Drones fOr physma\ Interaction & manipulation

Construction

Market Size

14  Progressive

10

Base

Conservative

2025 2030

Market Size

6.3 Progressive

Base

2.6

Conservative

$
Billion
1.9
[
2020
$
Billion
0.4
L
2020

2030

Source: Levitate Capital White Paper Dec. 2020
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Kunming Montreal Agreement Framework (COP 2022)

Conserve Avoid

* Near O 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
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Robotics and Al (the classical paradigm)

Image credit: IEEE Spectrum, 2015, Darpa Robotics Challenge

Yamaguchi et al (2013) AR Yamaguchi et al (2013) AR Buschmann et al (2009) JP Kim, J. et al (2015) FSJ (https://www.youtube.com/watch?v=g0TaYhjpOfo)
kin./dyn. Modeling Simulation Controller Components Assembly Testing

Linear development with discrete components and development steps

15



Development In nature (the biological paradigm

16 L

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




Physical Artiticial Intelligence nature . @‘é@

A. Miriyev, M. Kovac, Skills for Physical Artificial Intelligence, ‘Wi | \ \\‘
Nature Machine Intelligence, 2020 (cover) A 1
078N | R KR




Physical Artiticial Intelligence nature

* Polymer science » Robotics o
« Composite materials « Mechatronics - B SO
» Characterization * Manufacturing aftlfICla
* Processing » Design \

Mechanical
engineering

_
gl

» Chemical synthesis ; S - Programming }
« Analytical chemistry \ . ¥+ Machine learning ,,-/
~» Organic chemistry Y - Data science |
* Biochemistry + Networking /

« Physiology
* Tissue engineering
* Biomechanics
 Phytology

g
A. Miriyev, M. Kovac, Skills for Physical Artificial Intelligence, )/‘ /]
Nature Machine Intelligence, 2020 (cover) lpfc”
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Lifelike aerial capability

Comparable biological systems T —————
—
| N, 7y7 WS
«’S} Y ) U ;_)JW

Bumblebee Fly // Ballooning spider Perching eagle

Robotic systems

\,I

7

lg 10g 0.1kg 1kg

High passivity and mechanical intelligence

High control, sensing, and planning
M. Kovac, Learning from nature how to land aerial robots,
Science (2016)
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Mentimeter
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Environmental sensing technologies today
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NASA, Land Remote Sensmg, 2017 Soil Sampling Robots, Amrita - 2019; Momaro‘ 201-7H - Autonomous surface vehicle: Buscamos-Vigia, 2021
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Sustainability Robotics

CLEAN WATER *J AFFORDABLE AND INDUSTRY, INNOVATION
AND SANITATION | CLEAN ENERGY AND INFRASTRUCTURE

1 SUSTAINABLE CITIES
AND COMMUNITIES

Alide

1 CLIMATE 1
ACTION BELOW WATER




Sustainability Robotics

Eco-robotics to protect
natural environments

Aerial Robots as first
responders

Aerial Robotics for
wind blade inspection
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Aerial-aquatic robots to
protect aquatic ecosystems
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Sustainability Robotics
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Aerial-aquatic robots to Aerigl rqbotics for
protect aquatic ecosystems ageing infrastructure

Aerial Additive
Manufacturing




Need for autonomous sensin
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Extreme event monitoring and response




Autonomous crown loss estimation

[ Field |

data |

[Syntheticw

data |

)‘/ \
Data
Augmentation

>
- J

Fealture
extraction
+
Neural
network
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WSL

WSL tree dataset

Density map (estimated)

RTCLE TSCLR

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 flight autonomy
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[2] 60 -45 -30 -15 0 15 30 45 60 Dw
azimuth [°]

Divergent Optical Flow Pair =

[1] (DOFP) "IN/ 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]). 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.



Constant OFD threshold could give false alarm

Obstacle

0.8

o
o

velocity(m/s)
o
N

O
b

OFD(1/s)

OFD = OFrate;,;; — OFrate, ;g

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

State vector:

xz[XM Vi XF]T

: SV ,a | !
: M I R Y . . System model: x = [VM d O]

Observation model:

v
y=0FD = v
Xp— Xy
OFD
v observation
———————— ——— XM
V., q model input ) . VM
DF —

OFD X

X F
Distance: Dp = Xr— Xy,

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

Obstacle Aerial Universal
robhot protective

Rotary frame

origami

bumper

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



34

Rotorigami for impact protection
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P. Sareh, P. Chermprayong, M. Emmanuelli, H. Nadeem, M. Kovac
Science Robotics (2018)



Rotorigami for impact protection

Fixed-Naked

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

2

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 /

1

twin deck
carbon fiber body

servomotor tri-tendon actuation

driven spool - .
e e
B W T esil™ Pt

\, 30% subsystem
metamorphic _ § \Vel9' t = uction
bi-stablearm - *ﬁ,

/heng, 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

A| carbon fiber driving tendon

glue sheet unlocking tendon

carbon fiber

glue sheets <
polyimide
_— == S
(pressure activated) = \I Stex rubbar
Em—— (pre-stretched)
b =TT, carbon fiber

/heng, 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

Indoor Autonomous Land-Perch

T

-

-7 Land-perching manually in

am
- 4 -
’,./

-,

o T

/heng, 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
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A. Farinha, R. Zufferey, P Zheng, S. F. Armanini and M. Kovac,
IEEE Robotics and Automation Letters (2020)
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Bird abundance and rlchness differs across layers

135 species recorded

II Shrub
90 - |
6000 - ”
(7))
. | g
S b= |
m .
€ 4000 - e
5 ? 60
e 'O
< Q
N
2000 - *

* , 30 |
0 - 61% drop) (22% drop)

C1 S1 C2 S2 C3 S3 C4 S4 C5 S5 Ct 81 C2 S2 C3 S3 C4 S4 C5 S5
Layer Layer

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

deployed
autonomously Data relayed

back to a mobile

or static receiver

by-products

Sensors reach
otherwise inaccessible
locations

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

Antenna

Sensing
mechanism

Power
source

Sensors degrade into
environmentally harmless




i Temperature

‘ Humidity

i
I
1
|
|
I
Sensors are | \ Data relayed
1
|
!
\
\

deployed , backtoa mobile
autonomously v or static receiver

~~ [low rate

i

3D forest ‘ Rain water
structure 4¢ quality

Soll
compaction

Intelligent
Sensors

Audio ‘ Imaging
") recording - devices

Near future

Data transmission
IS refined

Mid-term

Advance placement, locomotion,
and degradation strategies

Sethi, S.S., Kovac, M., Wiesemdller, F., Miriyev, A., Viellard-Boutry, C., (2022)

Nature Ecology & Evolution

Long-term

Sensors match and surpass today’s
non-transient electronics



Actuating materials @

Transient Robotics

Structural materials @

* Lightweight, high strength

biodegradable structures
(cryogels, aerogels etc.)

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

e« Incorporation of living cells

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)

46

@ Sensing materials

 Biodegradable tactile
sensors (e.g. strain)

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

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

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




Actuating materials @

Transient Robotics

Structural materials @

* Lightweight, high
strength biodegradable

structures
(cryogels, aerogels etc.)

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

e« Incorporation of living cells

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)
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@ Sensing materials

 Biodegradable tactile
sensors (e.g. strain)

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

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

« Degradable & eco-friendly
chemical sensing (e.g. pH,
micropollutants)
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Structure: Cellulose composite cryogels

A MFC:S No. | !
Starch, agar or Starch, agar or gelatin 3D printed 09 A = MFC:S No. 2 |
l 4 \‘1 : . ]\IF b X e ld 5 +4OC‘ 0 A MFC:A No. 1 Day 2
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¥ex ¥ o * MFC:G No. |
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- . ~ ’ _ ! % - Day 14
MFC suspension * Magnetic stirrer V4 é 0.4t mEom A
' - -80°C 03 —
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\ into drying mould  =-"""""""-5 into freeze-dryer specimen ' .
| T ’- . 7 - e e . ’» C I N >- 0.1F
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0 ‘ M Y P S P Day 70
: ) 0 10 20 30 40 50 60 70
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J :‘?»- /O
L5 Z * ’ # =
A = l | Lok L
. ‘,’;4 s c";: l 0 L: /| /'/ * :
g o f N | i
e - /
at g >z K = ®  MFC-Urea [Jossetl7]
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Wiesemlller, F., Meyer, S.,, Hu Y., Bachmann, D., Parrilli, A., Nystrom, G .
. 1 2
Kovac, M., (2023) Advanced Intelligent Systems 10 10
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Sensing: Functionalised cellulose substrates

et-gf

c
S
-/" {p
. o
Carbon-ink droplets i
Carbon black P Tl \ aRELNT N
conductive ink Epson inkjet printer 5 ;"'\.‘,\f"‘:f,, | .’1"",@\:‘.}-,"‘,.[':"
R K i EXmE2Ron % mﬁm\.f.ﬁ‘t-\l W LR
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v Fill in ink and S i, - kl ' ' ’
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- e e = P : i >
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I || | | | | | | || | | | | | | || | | | | | | || | | | | | | ||
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paper substrate printed sensor 230 20 10 0 0 -0 % ‘ o
Deflection [°]

| thermally cure ink

Wiesemdller, F., Nystrom, G., Kovac, M., et al.
Advanced Intelligent Systems (2023) & IEEE Robotics & Automation Letters (2021)
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Actuation: Rumidity responsive composites

- Plotter Cutter

'© Scott Zona

CNF:G 0.75:0.25 film
N - , tested at 55%:90%:90%:55% RE) ¢
Top v T / relative humidity at 20°C

,.:r,.,_..l

Movie S2 - Actuator characterization

Press Molds for 15 min

3D Printed Molds

F. Wiesemutller, G. Nystrom, M. Kovac et al.,
Frontiers in Robotics & Al (2022) & N.I.C.E. (2022)



Hygroscopically-driven transient actuator for
environmental sensor deployment
\\\/ Grippcr(}ripper clamp

. Sensor
Sensor - , o/ |
] 7 _ Gripper
\C ‘ - ! ’ :
Step-up converter —_ deployment
\ unit

Receiver S |
Flight Controller— St
| : = » — Battery

~4

Carrnier Drone

100 mm Back View Front View

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

e Characterization of time-dependent coiling & maximum payload

e Deployment unit design & gripper integration with quadrotor

e Successful indoor deployment tests of sensing unit

M. Heinrich, F. Wiesemdller, X. Aeby, Y. F. Kaya, D. Sivaraman, P. H. Nguyen, S. Song,
G. Nystrom, M. Kovac, IEEE Robosoft 2023
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Wiesemduller, F., Meyer, S., Hu Y., Bachmann, D., Parrilli, A., Nystrom, G.

Kovac, M., (2023) Advanced Intelligent Systems (cover)
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Aerial Robotics for
wind blade inspection

) CLIMATI
)

A

y
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Footage credit: Oreon Strusinski www.oreonphotography.com
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Braithwaite, A., Alhinai, T., Haas-Heger, M., McFarlane, E., Kovac, M., (2018)

Robotics Research: International Symposium ISRR, Springer International Publishing,



58



Autonomous Tensﬂe Perchmg

.\ U

Tethered hovering thrust

at 30deg: save 50% the energy
at 10deg, save more than 80%

Scotland  scotland Politics ~ Scotland Busin Edinburgh, Fife & East = Glasgow & West ~ H

Robotic inspectors developed to fix wind

| |

_ Admittance _. Motion _ Quadrotor

Control Control Dynamics

Fe |

pda Rd

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




Autonomous lensile Percning

tree branch

&

~~

)

grapple

Approach Contact Perch

60

But uncurls and detaches
easily when tension is
removed.

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

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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HIgh payload coaxial tri-rotor

Ouster OS1 LIDAR ‘Max. Take off Mass: 14kg (7kg

payload) — 1.3m span

*Frame designed and manutfactured
in-house at |ICL

Compact coaxial frame layout
> Frame size: [}

' End-effector
moment arm: .

Delta manipulator
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1000

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)
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Jtonomous sensor placement
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Imperial College

London

Department of
Aeronautics

AERIAL ROBOTICS LABORATORY

— Animals and

Anolicatians

Dr Mirko Kovac

www.imperial.ac.uk/aerialrobotics

Initialization

t « clock_time; |
phase « target_search;
pa + home_position;

=

Return home

Input: phase
Pa « home_position;

-

x
Target search

Input: t. phase

Output: phase

L, + target_scarch_threshold,

pa « target_search_waypoint;

while < {, do

if target_feasible then
phase « targel_approach:

\_ break;

if phase = target_search then
i phuse = return_fiome;

—

Target contact

Input: 1. phase
Output: phase
l. « targel_contact _threshold;
pa + target_position + A,
if £ > t. then

l_ phase = return_home;

\.

~

f Target approach

Input: t, plhase, fe
Output: phase
t. « target_approach_threshold;
Je + exlernal_force:
fi ¢ foree threshold,
pa < target_position + Ag:
while { < {. do
if f. > f, then
fe = T¢;
phase — target_contact:
| break;
else
f.= 0"

if phase = target_approach then
[_ phase = return_hiomie:
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Sustainability Robotics
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Aerial Robotics for
] wind blade inspection

Aerial Additive
Manufacturing

Aerial-aquatic robots to Aerigl rqbotics for
protect aquatic ecosystems ageing infrastructure




| ondon Greenfell tower fire

-

Image credit: Natalie Oxford (Wikipedia)
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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



~ireDrone - lemperature 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
Gears

Horizontal
Shaft

IR S5
T )\
Bearings
Vertical Shaft

y
>

Camera System
- RGB Camera

- IR Camera

Aluminium Arms

iy — Gear Box

-r‘.,: A%

300mm

Servo Linkage
Hom = ——

CO

Top

CO: Valve
Aerogel Shell \

Battery /

Radio Receiver
CO: Cartridge

Plate

IR Camera

/  Video Transmitter

F4 | Top Cover

2 N \ | Mounting Frames
Valve O |
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Arm Insulation -

RGB Camera | S
Polyimide Aerogel Tiles -
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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 - lemperature agnostic aerial robot

FireDrone - Unmanned aerial vehicle for extreme temperature environments - YouTube

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


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

~FireDrone
Temperature agnostic aerial robot

18
Hausermann, D., Bodry, S., Wiesemdll -.R‘
S., Fu, F, Gaan, S., Koebel, M.M., I\/Iag

Kovac, M., (2023) Advanced Intellige \t




~FireDrone
Temperature agnostic aerial robot

a8

- .
‘‘‘‘‘‘‘‘‘
.....

< C
e N
" \\\\\\\\
.........
""""""

ERAV AL A

G VA -

—

Hausermann, D., Bodry, S., WiesemUillet egristy:
S., Fu, F, Gaan, S., Koebel, M.M., Malfal
Kovac, M., (2023) Advanced /nte///gen\t



Sustainability Robotics

Eco-robotics to protect it
natural environments

Aerial Robots as first
responders

Aerial Robotics for

m’g (¥

VR TIPS v s -

wind blade inspection ]| b
¥ =
g B S ‘
’ '. -"‘- - '.-. .
- ) & RN AN e
) - : :;.' :lt 3 - v
; o ;,‘~..“.r'i} - “.4
P Rl s .

m mwuwm

™

INDUSTRY, INNOVATION
ANDINFRASTRUCTURE
—M/v
U ONATION , - UNITED NATIONS & ﬁEéﬁ l
Aerial-aquatic robots to Aerlal robotncs for Aerial Additive %a
t ' t | r r Manufacturin A . )
protect aquatic ecosystems | ageing infrastructure g i‘lllf"ig.lﬁi‘-ll
NN [ .II
VAL AN L ,
T VIINRe [ [ / (RN
ShL Aryll TURN T | [N
U IR
Al NN
- ':u-n MR
= S a.nv
S 0 g I‘Ill‘

<
E’E"nﬁ'
lr_—-l-._-l.—-“-

lﬁ:!l.!:i!ls:
:. | — - ’-'
o | 12
L -I
7 u
ﬂ
i i
:—
L=

d
]




R

W e g T
T S,
.

s
™




Aerial-AM
AERIAL ADDITIVE MANUFACTURING

3D Printing with Autonomous Aerial Robots

Imperial College London | University College London | University of Bath
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Construction in nature

Dictyostelium

Anelosimus eximius ST Macrotermes
10° discoideum michaelseni
10° Castlor canadensis
8
v
o
= Eciton burchellil
~
@
g
=
e 10! Oecophylla smaragdina
o >
- Petrochelidon rufocollaris
1 l R
10° 10! 102 10° 104 10° 108 10’

Colony size

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



Bulldozer ants - use of templates

& a S = B

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

1.
2.

N o Ok

Building process (external workers / internal workers)

External workers collect material and return to nest

Enter nest and drop material close to cluster of nest mates
(carrying time is constant at 21sec after entry)

Drop material after direct contact with a cluster of internal
workers or stones previously deposited. Release stone only
after feeling resistance of stationary stones

External workers rarely pick up stones on the inside

Internal workers often pick up stones and bulldoze outwards
No evidence of pheromone or cement pheromone use
Cluster of adult workers around brood cluster (radial
symmetry) serves as mechanical template for wall geometry
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)
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Bl0-INSpired construction principles

Construction
coordination

Emergent (23)

Building elements

Predefined (43) Amorphous (68) Continuous (32) Arbitrary materials

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



Aerial-AM
AERIAL ADDITIVE MANUFACTURING

3D Printing with Autonomous Aerial Robots

31

Imperial College London | University College London | University of Bath



Access and Build Envelope

Off-site, fixed,
Single linear operation

At height, inaccessible/remote,
mobile operation

On-site flat terrain,
mobile operation

Off-site, fixed,
Single linear operation

i'Y'i'

3',-’\'
=
=
4

At height, inaccessible/remote,
parallel operation

Flat terrain,
parallel operation

Un-tethered
No constraints

Tethered
Constrained in z axis

Static

Flat terrain, accessible
Fixed, single linear operation

Constrained in x,y,z axis

82



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




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

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



The international journal of science /22 September 2022

Aerial Additive Manutacturing nature

;“

Zhang, K., Chermprayong, P., Xiao, F., Tzoumanikas, D., Dams, B., Kay, S., Kocer, B.B, B“Iln[R
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) 3D construction using
bee-inspired aerial robots



The international journal of science /22 September 2022

Aerial Additive Manufacturing

VENICE, 20.05 - 26.11 2023

Y BIENNALE ARCHI
£2023

=55 =+ '18TH INTERNATIONAL ARCHITECTURE EXHIBITION""

|

Zhang, K., Chermprayong, P., Xiao, F., Tzoumanikas, D., Dams, B., Kay, S., Kocer, B.B, B“IlD[R
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 3D T .
Nature 2022 (cover) construction using

bee-inspired aerial robots
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Liftinduced drag

Forces are indicated in blue
0.5 CpipairviA Cp; < Lift?

C coefficient
p density
; v velocity
A § (1),1§tc > é arflea Powered propeller case
: . U volume
0.5 CFPairvafront : oy Q torque = Zpropa Qa " Wq
€ w angular speed e 5
_ == ———— Propulsion i s —//l
< | P n efficiency
Weight A
= - mg

%)
Skin friction drag _\\“\,_\ I“ “ e
0.5 CDPW‘DZA skin R

Surface tension

Lyateriine * ¥ * €0s(0) Surface tension

Liateriine - ¥+ cos(8)

o . - ‘. - -~ \ - -
» - v

- T —

| s & _ , : - lllustration credit: R.-Z.Lifferey



Aerial-aguatic animals

Siddall, Kovac (2014) Bioinspiration & Biomimetics

Video: Rainer Bergomaz from Blue Paw Artists https://vimeo.com/107714608


https://vimeo.com/107714608

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

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



Flying Squid
HOWIT FLIES JET-POWERED SQUID

Spreads out fins and
tentacles to create

aerodynamic lift @ Fins and
tentacles then
streamlined
@ Launches by for re-entry
ejecting water into water

at high pressure

Membrane

between tentacles
helps form “wing”

Can fly more than 30 metres in three seconds

Squid opens mantle
and draws in water

Source: https.//ourmarinespecies.com/c-squid/flying-squids/

93

Cartilages

Funnel (siphon)

Anus ‘:. ’l’
W) 7
Rectum “g ¥ Gill (ctenidium)
i H
=5 - Renal pore
)\
/ \E
./ \'
/ \S
/) Qs Renal organ
N LW
Branchial ]
heart

Ink-sac

<

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

Photo credit: "cephalopods” on crondon.com



Squid classification

Fukaryota

Species:

Loligo Pealeii

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

Animalia Mollusca

Loligo Opalescence

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

Cephalopoda

B

lllex lllecebrosus

Source: Getty images

Myopsida
Oegopsida
Sepiida
Spirulida

Source: Don Hurlbert/
Smithsonian Institution

Mesonychoteuthis
Hamiltoni

Source: Lee Krystek,
unmuseum.org

94




Squid classitication

Species that have been found and
photographed / filmed flying

Sthenoteuthis

pteropus
(Orangeback squid)

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

Dodisicus Gigas
(Humbolt squid)

Source: NOAA/MBARI 2006
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Mission Cycle
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Zufferey, Ortega Ancel, A., Farinha, A., Siddall, R., Armanini, S.F., Nasr M., Brahmal, R. V., Kennedy, G., Ko
Science Robotics (2019)
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Aquatic Jump gliding with water reactive fuel

- w7 Flying Squidye™ =

=

y

_

|

=

- .
=
%
=

Zufterey, 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
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Propulsion System

Filling Water Acetylene Ignition Thrust
pumping production

o
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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)



Static Tests >

0%
filled
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Physics-based development

Lift induced
drag &% N, Profile
-, Lift drag

.,

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

Zufterey, 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

<10
180 10.2 . 60
-Analytical 6 _Analytlcal
160 Analytical 1 0-18 i --=-CFD 7.
140 - 10.16 Water jet ---CFD >0 6
— 5 -
= | :"_.- . phase T 59
g 1% O % % 140 £ 4.
o 1012 @ 4B\ N e =
® 100 = = B Vi < T 3,
o o, % ) “s 1308 2,
: 80 Q) T 3 1 43 N . ~ i = N
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2 ‘B E Max thrust g \ Air jet ¥ I
S 0 .- 5 g | 20" o
= » 8 y phase 14
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| 1 Spray . N [40%, 6.8 mm]
T N 110
20 0.02 e wg
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0O 20 40 60 80 100 120 140 180 180 200 | | | | i D imml ) 035 4
v olume traction
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Time [ms]

Zufterey, 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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Experimental Comparison

120 - Total Acceleration Total Velocity 17°
[m/s?] [m/s]
100
ol \\N /.7 e 410
- T heoretical
GO AN Y I'\/' J 1
e MU 2
4 et IMU 3 e
—e— [racked
— Theoretical
20 e 0202020202020 ek GG . isckasver Tracked
e Doonts Moo X
0 : ' 10
500 600

Zufterey, 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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Aerial-aquatic RoboBee

| —— Without opening
| —— With opening

V.J Time (ms) i 1.7 |

B

Pressure (atm)
(o))
i

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)

Nature (Remora Fish
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Aerial - Aquatic platforms for biodiversity

| S ——
e T

-q| —
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Development of integrated water quality sensing solutions for
mobile in-situ sensing VMEDUSA.

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



® Manual sample
O UAAV sample
wees CID

0 3 6 9 12 15
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) I%rinr;a:A., di Tria, J., Reyes, M., Rosas, C., Pang, O., Zufferey, R., Pomati, F., Kovac, M.,
Frontiers in Environmental Science (2022)
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Sailing : Energy efficient locomotion

e ST m— . KT Y R O 2

- Terenius. Windsurfing 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




SailMAV: design and implementation
of a novel multi-modal flying sailing robot

Raphael Zufferey, Alejandro Ortega, Célia Raposo, Sophie F. Armanini, Andre Farinha,
Robert Siddall, Ion Berasaluce, Haijun Zhu and Mirko Kovac

Aerial Robotics Laboratory, Imperial College London

Submitted 24.02.2019 to RA-L



Multi-modality cost N

Structure Eienator Propulsion
ESC

25% Rudder = ~ _ Motor mount 9%

10 % mass &

redundant Dome R,

in flying Top-plate Motor > < Prosellor

4 Hull e
/ \
/ \
/ \
Seal, BEC \ + actuator
! Screws

Total mass ‘V folding
520 g

20 % mass

redundant
Battery  jn sailing

Actuator
Folding

Actuator Wing’

Actuator Tail
Central Wing
Pixhawk
RC
PCBs
E-mounts
Telemetry Sails

2900/ Sail Actuation 26%
Electronics Wings

Zufferey, 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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Fleld testing campaign

Legend

Lake Vrana

R:=-0.05 F21=0.65 p=0.54
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. 2019, IEEE RAL/IROS2019
a SailMAV: Design and Implementation of a
Novel Mult:-Modal Flying Sailing Robot

l - 2020, IEEE RAL/IROS2020
MEDUSA: A Multi-Environment Water :
reactive i Sail up
AquaMAV fuel jet Harertioh

Sail down )
Central wing

orsssarsqmicrobo pufoms " "
Jump-glider take-off #

Passive
floating

Underwater

inspection

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



Biosystems & Biorobotics

Raphael Zufferey
Robert Siddall

Sophie F. Armani &'i

Mirko Kovac
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Concept to systems to insights @Empa EPFL
l’: a\- Laboratory of Sustainability Robotics
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Proteus:
Metamorphic sea god

lllustration credit: Generative Al Adobe Firefly
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Meta-morphic tri-modal mobility for robotics

European

Research
Council

Consolidator grant 2023-2028
(funded by SERI)

y' . Meta-morphic tri-modal é&

~mobility for Robotics
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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 lcy Moons

» Validation in Greitensee & Aletsch-glacier lake planned

Pixhawk & Raspberry Pi

Soft Wing Control Unit Buoyancy Control Unit

ETH 7 (irich Bifiik 38

Direction of Travel Attitude Control Unit

WSL




Shinrin-yoku (F£#%,8) — Forest Bathing
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taking in the atmosphere of the
axforest...

= - as defined by the Japanese Ministry of
i Agriculture, Forestry, and Fisheries in 1982
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- Benefits
* Reduced stress
~* Improved mood
 Enhanced relaxation
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..+ Boosted immune system My
“ » Increased focus 418

.- * Lowered blood pressure
~_ '« Decreased anxiety

£ ‘ mproved sleep

»_ * Increased energy levels
-~ :* [Enhanced creativity

« &° Reduced inflammation

* Improved mental clarity
* Lowered heart rate

* Better cardiovascular health
h * |Improved overall well-being
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Shinrin-yoku — Health Benetfits
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Bum Jin Park, Yuko Tsunetsugu, Tamami Kasetani, Takahide Kagawa,
Yoshifumi Miyazaki Environ Health Prev Med (2010)
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Shinrin-yoku

direct pathway Central Nervous System
e.g., |PFC, |subgenual PFC, . . .
lamygdala, treward circuity, Affective/Motivational
Visual Stimulation 1serotonin e.g., trelax, tvigor, tsatisfaction,
tresilience, |sadness, |anxiety,
Olfactory Stimulation Autonomic Nervous System limpulsivity, |aggression,
hytoncides lsympathetic, tparasympathetic taltruism
P e.g., |heart rate, |blood pressure
Auditory Stimulation : Cognitive
Endocrine System e.g., Tattention,
: : : |cortisol, |adrenaline, |noradrenaline, Tworking memory, Tcreativity
Tactile Stimulation ladiponectin, melatonin, tvitamin D
Inhalation Immune System PhYSical
phytoncides,. negative air ions, tNK cell, tanti-cancer proteins, e.g., lpain, Tpost—operat.ive
microbes | pro-inflammatory cytokines such as recovery, fsleep, |obesity,
IL-6 and TNF-a lhypertension, |coronary artery
Skin disease., lallergies, 1re§piratow
microbes, sunlight Microbiota disease, | mortality
JAIr Pollution
indirect pathway
> |Noise Pollution

|Heat Pollution

|Light Pollution
TPhysical Exercise

1Social Interactions

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




Shinrin-yoku <—> Biodiversity

For example: reducing exposures
to environmental stressors like
heat and air pollution; provision of
medicines, food and clean water

9 I

Restoring capacities V%
y \
For example: restoring attention,

facilitating stress recovery Health & Well-being

f | I For example: improved perceived

= = = health, lower risk of depression
rposie xperience Building capacities or mortality, greater risk of Lyme

disease or allergic rhinitis

For example: encouraging
N physical activity, facilitating /

4

transcendent experiences K
— Moderators A I K
Environmental and socio-cultural context
(e.g. accessibility, weather, facilities, main- | Causing harm
tenance level, perceived safety, social norms,
and cultural values and practices); and/or 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

(

.

Actual
biodiversity

~N

/

f

\.

Perceived
biodiversity

~\

(

J

.

Biodiversity present at a
location.

f

\.

\

Biodiversity people think is at

a location.

/

What biodiversity
{0 measure

Individual organism/trait I

Abundance l

Richness l
\

Individual organism/trait '

’
Abundance

-

]

r

Richness

-

J

Measurement Approaches

~
' Ecological field techniques
Countindividuals, estimate theirspatialand temporal
variation J
l Comprehensivemonitoring/species assessment
r

A

Questionnaires, Eye-tracking,

Electroencephalography (EEG),
Observational research, Behavioural

mapping, Participant photography

e

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



DroneHub

Empowering aerial innovation
for a sustainable future

—

Prof. Mirko Kovaé =
Aerial Robotics Laboratory at Imperial College London
Sustainability Robotics at Empa Material Science
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Drone HUELC

Building-drone interface for integrated living

L-u-JI I---L;lﬁ‘;




Infrastructure
Robotics Facade

*Building interface for logistics

Drone based Non Destructive
Evaluation

*Autonomous recharging

Imperial College
MPa | ondon




Biosphere for
environmental
sensing
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Aerial Additive
Manufacturing

*Inspection and repair tasks

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

The international journal of science /22 September 2022
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BUILDE

DRONES

3D construction using
bee-inspired aerial robots

Imperial College
London
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Infrastructure Drones Testbed @ Empa

Wind blade tip (7m) Wind blade base (bm) Bridge element (8m) Water tunnels




Mission statement

Novel Robotics and Al technologies to measure and modity environments and deliver sustainable outcomes

WATER
HEALTH

CLIMATE
MONITORING

FOREST
HEALTH

AGEING ASSET
MONITORING

28

CITIES



Mission statement

Novel Robotics and Al technologies to measure and modity environments and deliver sustainable outcomes

WATER

CLIMATE HEALTH

MONITORING

ics and Al ¢
@0 by,
f

Biohybrid

Environmental ) _
Sensors Aerial-Aquatic

Mobility

Autonomous
Aerial 3D Robotic Navigation
Printing

& Repair SWwiss Army Knife FOREST

HEALTH

of Environmental
. Sensor
Sensing Placement

Multi-Scale
Aquatic Sensing

Al-Based
Data Analysis

AGEING ASSET
MONITORING

23

SMART
CITIES



2005 2010 2012 2019 2024

Diploma (BSc/MSc) PhD Post Doc Full Professor
m .(I)ﬂ- ’?ﬁ@ HARVARD Imperial College ab Fead
Zurich UNIVERSITY | ondon -~
: TEC r 9
oL e @ Empa " eth nomain

Materials Science and Technology

Multi-modal platform development. From Nature to Robotics and Back



135 species recorded

Sustainability Robotics 138

8000 Ed Canopy
B Shrub

v Autonomous drones can quantify biodiversity

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

v Meta-morphosis can increase functionality

v Physical Al: Co-eveolution of disciplines for lifelike
robots

v DroneHub: Physical Al testbeds for future robotics

v Sustainability Robotics - join us!

6000 1

4000 1

2000 - . . | |
N BN
0 {61% drop)

C1 S1 C2 S2 C3 S3 C4 S4 C5 S5
Layer

Abundance

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




NpPJ | robotics 139

Call for Papers

npj Roboticsis an open-access journal that publishes high- ERAMIPLE TORICS

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

and will reach its full potential when developed in synergy * Embodied intelligance
with a robot’s body, environment, and application. * Bio-inspired learning methods
’ : + Bio-inspired Al
npj Fbboticsaims at stimulating the publication of research * Blo-hybrid systems
isti : : » Soft robotics
that adopts a holistic stance, taking the physical nature of
robots and their relation and interaction with the world as a * Micro- and nano-robotics
* Novel sensors and actuators

departure point.

1 hature partner
an journals

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




12 years celebration @ Imperial College London & Empa

Raphael Zufferey, Asst. Prof. MIT Sukho Song, Asst. Prof. DGIST South Korea

P RO F E S SO R IAL Basaran Bahadir Kocer, Asst.Prof.(Lecturer) U. of Bristol Ketao Zhang, Asst.Prof.(Lecturer) Queen-Mary Uni.
Salua Hamaza, Asst.Prof. Delft University Rob Siddall, Asst.Prof. (Lecturer) University Surrey

LAB Sophie Armanini, Asst.Prof. TU Munich / Imperial Aslan Miriyev, Ben Gurion University of the Negev

AL U M N I Pooya Sareh, Asst.Prof.(Lecturer) U. Liverpool Pisak Chermprayong, Asst.Prof. (Lecturer) Burapha Uni.
Sina Sareh, Assoc.Prof. (Reader) Royal College of Arts Yunus Govedeli Asst.Prof. (Lecturer) Salford Uni.



