Almost there...
What's next?
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Outline

« From H2020 to Horizon Europe: Technologies for Global
Challenges with Economic & Societal Impact

- Nanotechnology, Iphone, Guardian Angels, Energy
Efficiency, 3D chips...

- Future technologies for Edge Artificial Intelligence

- Health EU 1nitiative: a Revolutionary Integrative
Technological Platform for P3 Healthcare to shape future
missions in Digital Healthcare

- Conclusions




Horizon 2020

 Horizon 2020 i1s/has been the EU’s biggest ever
programme for research and innovation.
o 3rd]argest programme after Structural Funds

and Common Agricultural Policy.
€ 79 BN funding for 2014-2020

Carlos Moedas, — Robert-Jan Smits,

Commissioner far Research, Director-General,
Science and Innovation. Directorate-General for Research and Innovation,

European Commission.

Covers the whole value chain :
From blue sky research to near to market
innovation activities.
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Mid-term evaluation of H2020 &

KEY STRENGTHS OF HORIZON 2020 AT MID-TERM

M
An attractive, simplified and well-performing programme, highly relevant for stakeholders and societal \\ 3>
needs. X,
.l = :
On track to delivel value for moneyjand to meet its|knowledge-creating objectives. - "

\
Strong|EU Added Value|through unigue collaboration opportunities, competition & accgrgx;.’few knowledge.
(N

’

N
A

)
KEY AREAS FOR IMPROVEMENT IDENTIFIED . ﬁ\ )
Underfunding: Has lower success rates than FP7, especially for high quality/proposals, which constitutes
a waste of resources for applicants and of good proposals for Europe.

Support for market-creating innovation: Demonstrates potential for breakthrough, market-creating
innovation, but it could be strengthened substantially.
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Outreach to civil society: Could better communicate the results and impacts of R&I for society, and involve
users & citizens more in the agenda-setting & implementation (co-creation).




Features of coming HORIZON EUROPE

Horizon Europe is proposed as the most ambitious research and innovation funding programme
ever: a budget of €100 billion for 2021-2027 for Horizon Europe and the Euratom Research and
Training Programme.

& Strengthen EU science and technology thanks to increased investment in highly skilled people and
Y cutting-edge research;

innovation via the European Innovation Council and the European Institute of Innovation and Technology;

Deliver on the EU’s strategic priorities, such as the Paris Agreement on climate change, and tackle global

l é
,r Foster the EU’s industrial competiveness and its innovation performance, notably supporting market-creating
@ challenges that affect the quality of our daily lives.
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HORIZON EUROPE: what’s new?!

’ Support breakthrough innovation European Innovation Council
Create more impact through
@ mission-orientation and citizens’ EU-wide R&I missions
involvement
G Reinforce openness Open science policy
@ Rationalise the funding landscape New approach to Partnerships
o
d",‘ Reduce administrative burden Simpler rules

Pillar 1 Pillar 2 Pillar 3
Open Science Global Challenges and Open Innovation

Industrial Competitiveness

European Research Council ' Health ) European Innovation Council
» Inclusive and Secure Society
» Digital and Industry
Marie Skiodowska-Curie Actions » Climate, Energy and Mobility European innovation ecosystems
» Food and natural resources

Clusters

Infrastructures Joint Research Centre European Institute
of Innovation and Technology

Strengthening the European Research Area

Sharing excellence Reforming and Enhancing the European R&I system

* X &
* *
* *

* *
* 5k

MISSIONS
Mission-Oriented

Research & Innovation
in the European Union

A problem-solving ap 0 'h to fue gvatlon led grow
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Global Challenges for Humanity in
21st Century

1. Climate Change

Greenhouse gas emissions must be
drastically reduced within the next
decades to stay within 1.5°C of warming
above pre-industrial levels and avert the
worst impacts of climate change.

Met Office predicts 2014-23 will be the
warmest decade for 150 years
Temperatures average about 1°C above 1850-1900 levels

YEARS of deforestation near o
Pucallpa, Peruvian Amazon 20

15

Forecast temperature  LOW
likely to be between
1.03 and 1.57°C above

05 pre-industrial levels
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Confidence limit for 2015-2018 figs is 95%, confidence limit for 2019-23 is 90%

Source: Met Office BEE
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estimates

Source: FAO

the world

® Number undernourished people (in millions)

® Proportion of population undernourished (in %)

Hunger
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Global Challenge
21st Century

). Energy \5.

We are at a crucial point o
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reactive healtheca odel 1s unstists
‘ A"\

] The median increase in health care spending
has been 2% points above GDP for nearly 50
s YEALS in all OECD countries, with only minor
GDP 425 fluctuations. Expectations:

. b 30% of GDP in the United States by
cuiny 2040 (up to 97% in 2100)

United States

Medn 60720 = o 30% of the median OECD GDP by 2070

1960

1970

A.M. Ionescu, Euronanoforum, Bucharest, June 2019
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Every day new evidence of our unsustainable
1mpact on the environment is emerging.

 We have a critical window of opportunity to put
in place commitments and actions to reverse
the trend of nature loss and ensure the health
and well-being of people and our planet.

* Digital Technology should play a
crucial role in decoupling
development and environmental
degradation.
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EU: responsible answer to climate change!

Electric

car fleet:
2016 -2040

Mitigating climate change

The European Union's efforts to reduce greenhouse-gas emissions are working. In fact, the EU is expected
to meet its unilateral 20% reduction target (compared to 1990) ahead of the agreed 2020 deadline.
Moreover, the EU intends to reduce domestic emissions by at least 40% by 2030 and further decarbonise
its economy by 2050. The EU currently emits around 10% of global greenhouse-gas emissions.

EU greenhouse-gas emissions and reduction targets,
luding land use, land change and forestry (LULUCF)

1990
2013

-19% 2020
-20%

a1 2030

SN _-40%
b ~
O
-~
-
S 2050
SO~ -80% to -95%
~ ~
Sy
~ \
~
I

EU greenhouse-gas emissions by sector, excluding LULUCF

. 13% Buildings
‘ 10% Agriculture y
3%

Waste

Industry 19%

Transport 20%

5% Other

Energy sector 30%

A greenhouse-gas

The international community has agreed to limit the global average temperature increase to 2°C above

pre-industrial times. Scientific studies show that, to increase our chances of limiting the average temperature

increase to 2°C, global emissions have to peak in 2020, and then start declining. Global emissions in 2050
have to be 40 to 70% lower than in 2010 and they have to fall to near zero — or below — by 2100.

VN 50

40

\ 40% reduction,

Wo rl d s, fompared t0 2010 .

emissions

\ 20
' 70% reduction,
" compared to 2010 -
o ==
= 10

Gigatonnes of CO,-equivalent, including LULUCF

1860 1900 1950

Notes: (1) World GHG emissions 1860~1970 are estimated based on EDGAR data and “Global CO, emissions,
1860-2006" figure in climate change mitigation chapter of SOER 2010. (2) The EU long-term pathway on the right
(in black) is only indicative as the EU target for 2050 excludes the net impact of LULUCF.

| A

2000 cor21 2050

A cﬁ.@‘to
;.

Sources: EEA, 2014. Annual EU greenhouse gas inventory 1990-2012 and inventory report 2014; EEA, 2010. Mitigating climate change -
SOER 2010 thematic assessment; European Commission-Joint Research Centre, 2014. Global Emissions EDGAR v4.2 FT2012 (November
2014); IPCC, 2014. Mitigation of Climate Change. Contribution of Working Group |1l to the 5th Assessment Report of the IPCC.

Read more: EEA Report ‘Trends and projections in Europe"

Million cars

300

2016 2025
Other countries
United States

India

European Union
China

2040



DISORDERS MANAGER COMPANION

Iphone & - Edge of the cloud technologies...
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Nanoelectronics: ~10nm 3D transistors

Today: 14 nm:
O 40 millions
transistors/mm?2

2019-2020: 10 nm:
O 100 millions
transistors/mm?2

TEM image of Si(110),

Ak schematic not to scale
R a/4

O—
a
oo —Q
a=5.43A L—Jsas

a/4=1.36A a2 yhite spot
al2=3.84A on TEM img

-

Ll |

Virus

Negatively stained Influenza Virus,
usually spherical or ovoid in shape,
80 to 150 nm.

o~ - ;
WD: 4.50 mm TR MIRA3 TESCAN

SEM MAG: 278 kx | Det: STEM BF 200 nm
View field: 0.994 ym = SM: RESOLUTION
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Dark silicon era? Is this so bad?

- We get more transistors, we just can’t afford to turn them all!
Greg Yeric, ARM @ IEDM 2015
One or two walls?

Power Wall 2
5om  80% m-m - :
/nm 75% | i
[Onm 56% o §
[4/16nm 45% & | % “é

= L @, g

20nm  33% o % g
s

28nm: 0 B =
(reference) : =

Number of cores




A dark brain?

* only about 3% of the neurons
in the brain can be highly
active at one time

* visual processing accounts for
44% of the brain’s energy
consumption

P. Lennie, Current Biology, 2003.




Expectations

 Connected Home

| (Deep Learning

& _ Machine Learning
Autonomous Vehicles
Nanotube Electronics

Virtual Assistants
loT Platform .~
Smart Robots .

Edge Computing

% B, Cognitive Computing
gmented Data . . :
Discovery ; Blockchain
Commercial UAVS (Drones
Smart Workspace ( )

Conversational
User Interfaces

Brain-Computer Cognitive Expert Advisors

Interface Volumetric

Quantum —— Displays

Computing Digital Twin
Serverless
PaaS

5G

Human
Augmentation

Neuromorphic
Hardware

Deep Reinforcement
Learning Software-Defined

Artificial General Security
Intelligence

4D Printing

Reality
Smart Dust
: ati Peak of _ .
nnovation Infistod ‘ T'O“Qh of
Trigger Expectations Disillusionment

Time

Enterprise Taxonomy
and Ontology Management

Augmented

Plateau will be reached in:

less than 2 years
. 2to 5 years

@ 5to10years

2-5 years

 JoT & Edge Computing
5-10 years

 Digital Twins

« Cognitive computing

More than 10 years

« Human Augmentation
« Artificial Intelligence
* Quantum computing

Slope of Enlightenment LR R
pe g : Productivity
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Silicon technology @ end of nano-scaling?

- Moore’s Law, Dennard’s happy scaling Koomey’s law:
- Silicon 1s mainstream: 14nm, 7nm, 5nm, ... Inm? computations per killowatt hour
>
be:g'
1.E+16 Qaﬂ LG

- r x,' (no screen)
1E-03 R« o Landauer 1988 . x .
PN EH15 N
1E-05| N\ wes, kF(300) X - o
~ e a IBM o bal, E
= 1E-07 * oo % Intel 1.E+14 1 Qto Gateway P3, 733 MHz 45
>\ 1E-09 A \ o ITRS oy 60 3
E LN g 154181 QQ IBM PS/2 E high * Dell Optiplex GXI E
- 1E-11 %, | Rapid Vreductlo E WP Qcﬁ Sctoncy thekns & 24 g
cn .)':.t l SIower Vreductlon g . 0.5(\ & £
- P 2 an %
: 1E-13 Ny Clockfr lateaus : @s‘{{ Deskiops E
| <
= - \ ¢ Y S 1.E+11 4 =
(%) \ ? =
1E-17 \\ %%] 1.E+10 | E
1E-19 1988 extrapolation ——»_ e ¢
oooooooooobooooooooo‘ooooooooo(ooooo\o\ooooooooooooo 1.E+09 ” Re-gresslonresuns: »—10
1E-21 : ; ‘ .  —— :\‘diu:::ed R-squared = 0.970 i

1940 1960 1980 2000 2020 2040 Average doubing ime (1975 t 2009) = 152 years
1.E+08 -
Year 1975 1980 1985 1990 1995 2000 2005 2010

Theis & Wong, Computing in Sci. & Eng., 2017. Koomey et al., IEEE Ann. of History of Comp., 2011.



The Zettabyte Era...

. R s ' ‘:
" One zettablyte is't Y
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The Zettabyte Era

QQQ
Q " Storage 277EB

2007 Coms 537EB1

mp 195PIPS

Storage 140 ZB
Coms 272 ZB

2 ()2() Comp 2590 ZIPS

Edge IoT >50 ZB
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Future: billions of energy efficient IoT
edge & fog devices...

CLOUD: Data Centers ,

3 A
Thousands _#/8

EQG: Nodes
"™ | Millions §
EDGE: Devices “ ,
Billions \§

2020:10% of the world’s
data (Source: IDC).




Future computing and sensing near
100mV: energy efficient technologies

- What 1s the optimal voltage?

& . .
\ scaling R
' \size scaling “ Energy per ~ Energy per
Epea \ C . computed bit: =¥ communicated bit:
load X
oy ~ . ’
S i at 100aJ > <1ad A - 100nJ > <10pJ
§ \ 7 A Compute
5 [, This Milli-Tech
i’ | proposal: W__,_,,,,.,-.-.-.-::-'131:"' B i proposal
| millivolt ™ YRS i e
e o Energy harvested
sonsgcyl :I & - per area and/or
* R - volume:
100uW > <100nW 100W/cm? > >10mW/cm?
' : Y : > Sensitivity = 1/S
01 0.2 0.4 0.8

Vaa (V) ERC MilliTech
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Information processing @ |V deladRiR e
100mV?

Analog Signal
o Subthreshold CMOS -
Digital Signal Q
[<D)
(=)
ﬂ Neuron potential by Na+, K+ ion pumps, s
1s in the order of +40mV to -70mV :
<
Neuron Spiking Signal R
_~4M0fs = s w xow 8w o SRS GO C g S g
> =)
Intra :é §, é
M LT E o
i i = N =B =® =B =B B 6CHB ®m Sy R 02 B B ®B = n o
B3 W - VM'W“‘;I"-H u’b‘._,.' ) _n"hk.h-.. VMR e MMA_M\J' N %} 0 S
: .
« Neural activity is very costly, and a little of T 7 nlichs S
it has to go a long way. ~-70 =

_ ndershoot
Stimulus

0 ] 2 3 4 5
Time (ms)




Energy efficient tunable electronics
by phase transition materails
L

Revolution by new material properties: correlated oxides and ‘ > e

Metal-Insulator-Transition! .’ ' ")

- Mott insulators: Metal that stops conducting under certain conditions , ”
(low temperature or high pressure), despite classical theory predicting
conduction. Flaw in central approximation in band theory: inter-electron
forces are not negligible

Nobel Prize © When is a metal not a metal? Steven C. Erwin (Nature, Vol. 441,
2006) - Materials that owe their insulating nature to correlations in the

for Physics 1, 5ti0ns of different electrons.
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1n 1977 K Insulator Metal g

10° 5 S

: oV &

oy Xo) (ON0) %

vy S 5% g

. . . A / =

* Vanadium dioxide, VO,, undergoes a structural 3 ‘%é:?oé:ﬂ 8808 E

phase transition at ~68 °C accompanied by a steep = 102 ofde! c* 3]

. . e . 2 3

decrease 1n .re.51st1V1ty. 3 £

* The monoclicic phase presents a bandgap ~0.6 eV. & 10°; T % :

° ° 7 . 3d" 2.

* The tetragonal phase presents metallic behavior. 5 e E O\ ) <
 Fast transition ~ns. 10" 5

410 ' 6I0 ’ 8I0 ’ 1(|)0

Temperature (°C)



Resistivity Ohm cm

Qcm)

Film resistivity (

Reconfigurable electronic functions based on

MIT 1n Ge-VOZ (FET Open Phase Change & Millitec ERC)

100

T T 1
—a— GeV02_GaN

1 R

\

A
0.001 &

20 30 40 50 60 70 80 90 100
temperature, °C

 ~s0°c

1a)

10'—E

-
o
°©
wl

1 & e VvV ONA ALTELTTTT ..
E Ge 0005 0995 A.f—-h‘# =g .
N —y Y

©o.043Y0.05702 ‘-\

! :—'—vo \\\\ \f\ ~950(J

4

*— Ge

e o
10° 4 Geo,osgvogmoz T .
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20 40 60 80 100 120
Temperature (°C)

- Hybrid steep slope

switches

- RF filters, phase

shifters and tunable
antennas: 1- 100GHz

- Neuromorphic

computing:

v Coupled oscillators
v Stochastic ICs

Load Line Englneerlng -

ransistor ==

) Cycle-lo-Cycle%
Vut Variation ¢,

Insertion Loss 521 (dB)

I —ON - VO2 tunable
----- ideal fixed filter

——OFF - \."02 tunable

1o
AQON AT, ON

; : D‘:’Q’i’oo
oo

b//
. Vias=2.04V

-
|

8% .71‘!‘--,.\ Af, OFF .
-20F 0w
45 &6 7 & 9 10
Gore' 9,
25 ; OFF/ ON X X
0 10 20 30
Frequency (GHz)
b Stochastic Spiking
( ) 100% Splk
lll Probability

0.5
VN pp

ﬁ VGS-ﬂ 92V

{o.
150% Spike 1
Probability :

Resting State

0.0 0.4

. 08 1.2
Time (ms)




Silicon Technology:
a 3D migration into the future

- High-performance, functionally diversified, 3D integrated # technologies

Major innovations saturate within a decade...

Nanowire devices,
3D multi-chip stacking &
Photonics

3D Devices &
3D chip stacking
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o Planar CMOS w/ * 5
: . @
s material & memory « 2
o Planar CMOS innovations | <
| 1 : 2
Bipolar Gate Planar D.“::;"si'con Source: Tom Reeves,
Oxide evice i
. PL‘?w.et' Limit oLimit umt IBM, 2014.
Bipolar s 2 o s >

1980 1990 2000 2010 2020




3D heterogeneous integration with ultra-
dense connectivity: the N3XT concept

Experimental Demonstrations
Merits

(a) 3D RRAM {Massive Storage)
Computation s
Immersed in Memory ro— W 3, = v =2
Fine-grained
connectivity

1000x Energy-Delay
Product benefits

.. {c) Eficent Heat Removal Solusions
Energy efficient | R
transistors: CNT & 2D

.
Large amounts of NV M 4 _ SR
RAM & RRAM memory 49 Megalel S EE T

Abundant data H

N3XT 3D Nanosystems
Computation Immersed in Memory
>1000X EDP Benefit

(b) STT-MRAM (Quick Access)

Classification Accelerator 1 Mbit RRAMw/
(CNT Computing Logic) CNFET Access Logic

Monolithic 3D Integration

* Dense connectivity using nanoscalevias

* Enables >1000X EDP benefits in abundant
data applications (e.g., deep leaming)

Experimental Demonstrations
(ff 1D CNFETs
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M. Sabry, Ph. Wong, S. Mitra, Computer, 2015.




Neuromorphic computing: what 1s and what 1s not?!

Goal: build computers that learn and
generalize in broad variety of tasks, much
as human brains - Todd Hylton

Cognitive computing:
BRAIN = COMPUTER
THINKING = EXECUTION OF [ALGORITHMS]

A neuromorphic computer is not a brain but
a brain-like energy efficient system to
do machine learning & Al

|

Computational efficiency of

various technologies

Power Efficiency Scaling
10MMAC(/s)/W —t— Ist DSPs (1978 - 1981) %
=3
100MMAC(/s)W —— =38
0
i s
IMMAC(/S)/mW —— £ s
o
| Energy Efficiency Wall
IOMMAC(/s)mW (32bit inputs) "
100MMAC(/s)/mW —— - ?
£
€0
IMMAC(/S)uW —— =g
Q.
Analog SP & @
IOMMAC(/sJuW (ie. Analog VMM) A
2113
100MMAC(/sVuW —— S 8
=
_ | Can Neuromorphic S &
IMMACUS )W techniques enable 'gr'g 'g
LOMMACUsYaW —— improvements? 5 f, E
e o o
- ARE:
100MMAC(/s)aW —— 52| |5
8in v§-
IMMAC(/s)/pW —t— (<) Biological Neuron

MAC = Multiply-Accumulate Instr.

.J. Hasler, B. Marr, “ Frt. Neurosc., 2013\
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Tremendous recent progress in -
neuromorphic computers...

« Key feature: fundamental reorganization of memory and
processing (co-location).

« IBM’s TrueNorth (DARPA’s SYyNAPSE project)

65 mW real-time neurosynaptic processor, 4096 neurosynaptic cores
tiled in 2-D array, 1 million digital neurons and 256 million synapses,
with computational energy efficiency = 400 GSOPS/Watt.

 Intel’s Liohi (September 2017)

i F. Ak t al.,
130000 neurons, 130 million synapses opyan et a

IEEE TCAD, 2015

Potential future applications:
cognitive prostetics, BMI, wearables, |
smart in situ imaging facilities. N

A M. Ionescu, Euronanoforum, Bucharest, June 2019



The Future of Energy Efficient Computing?
Hybrid: CMOS + Neuromorphic + Quantum

Quantum
computing

Neuromorphi
Computing




What’s next? A deluge of opportunities...

Pl ’I\

k& The evolution of technologies that demand semiconductars, for example
loT, automotive, and artificial intelligence, is still on the lower end of the
hockey stick. This potential is driving the sentiment that the, semiconductor
industry still hés a ways to go in the current expansion cycle. )

— Chris Gentle o v \
Partner, Global Semiconductor practice, KPMG LLP (U.S.)

The global semiconductor market was valued at $463.5 billion in 2016 and
1s projected to reach $831.5 billion by 2024.

A.M. Ionescu, Euronanoforum, Bucharest, June 2019



Semiconductors are the best performing
industry over the past five years

Through 20 August 2018
S5-year
annualized
Fund / ticker return (%)
Aerospace & Defense (XAR) 20
Biotech (XBI) 20.1
US Technology Sector Stocks (XLK) 20.2
Health Care Equipment (XHE) 22.4
Semiconductors (X5D) 23

* The industry is evolving to more of a
portfolio model — selling chips into many
different products, spreading returns
across a greater number of assets.

What’s next?

If you were a financier and had $500M to invest in the
semiconductor industry, what segment/technology would
you invest in?

Memory

Microprocessors
optimized for
New packaging Al and neural

technology networks

Wide band
gap/compound
semiconductors

Sensors/MEMS optimized
for loT and autonomous vehicles

Source: KPMG Global Semiconductor Survay 2017
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2025: Al-related semiconductors will account for
20% percent of all demand, $67 billion 1n revenue.

Growth for semiconductors related to artificial intelligence (Al) is expected
to be five times greater than growth in the remainder of the market.

Al semiconductor total Al semiconductor total Estimated Al semiconductor total

available market,' $ billion available market, % available market CAGR,” 2017-25,
%

oAl

B Mon-Al

18-19

240

3-4

2007 2020E  2025E* 2017 2020E 2025E Mon-Al Al

'"Total available market includes processors, memory, and storage; excludes discretes, optical, and micro-
glectrical-mechanical systems.

*Compound annual growth rate,

iE = estimated.

Source: Bernstein; Cisco Systems; Gartner; IC Insights; IHS Markit; Machina Research; McKinsey analysis

McKinsev&C T Pany




Anticipating (!) future optimal computing

The optimal compute architecture will vary by use case.

Example use-case analysis of importance

v Hardware Backward Small size;
ery interfaces compatibility’ form factor
Somewhat Processing Processing/ Flexibility
D Less speed watt

Language translation,
speech understanding

Face
detection

Financial risk
stratification

Route planning and
optimization

Dynamic
pricing

Autonomous
driving

'Can use interfaces and data from earlier versions of the system.
*Graphics-processing unit.

*Application-specific integrated circuit.

‘Central processing unit.

*Field-programmable gate array.

McKinsey&Company

Technical
capabilities

required

Low cost of
development

Processing/

$ spent

Training
GPU?
ASIC?

GPU
FPGA®

GPU

FPGA

GPU

GPU

ASIC

Inference

CPU*
ASIC

CPU
ASIC

CcPU

CPU

CPU
ASIC

GPU
ASIC
FPGA

Decentralizing is next.

This 1s the breathing in
and out of the computer
industry.

Edge computing is a
natural next step from
cloud computing.

EDGE
COMPUTING




Challenge: creating next-generation
R&D for Al-related semicondutors!

“Technical or energy constraints make it impossible to stream all that data to the cloud where
the Al resides,” Rudi Cartuyvels, Imec Smart Electronics & Applications R&D

.. for democratized
Al verticals

Anticipating Digital Hardware Al
challenges with focus on the Edge

 Computation: from Machine Learning in the ¥ « (Conversational Al

* Bussiness intelligence &
analytics
Cybersecurity

* Automotive

 Healthcare

* Robotics

 Fintech and insurance

« Commerce

Cloud to Machine learning on the Edge
- Energy Efficiency
* Custom Form Factor
 Closer to real-time
 Include enhanced security features
* Self-contained
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Energy efficient autonomous sensor nodes
for Internet of Things

100 microWatt — 10 mW Smart hub: 100mW - 10W
/ sensor node (tens of sensors /hub)

MCU

5%
PM
25%
/Q\
R £ - RESPIRATORY ~ EMOTION
P—ps " up - — RATE ESTIMATION
s ;dn- Radio g ’ . =
Sensor S‘—— .
and R—out < Mucro/nanop‘ower harvester
19% |
Radio
50%
ADC
1%

Source: IMEC
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Biosensing as enabler of revolutionary smart
sensing & computational systems

3. Portable (or wearable)
imaging device is used to
interrogate sensor as needed

1. Sensors are injected
using a minimally
invasive technology

L3
2.
Intra- and extra

cellular nanosensors
@ @ reside under the skin

BRAIN

- Wearable biosensors: ECG, EEG, EMG,

SpO2, blood pressure, pH, glucose, various
analytes/biomarkers in biofluids, ...

. Implantable sensors and transducers

- Organs on Chip with embedded

biosensors!

Requirements

« High quality data - multi-parameter sensing
 Form factor - frictionless

* Autonomy - low power, energy efficiency o | i 24
- User acceptance - data security, privacy Ky Wy 4 iy
« Low cost systems — 3D, on foil integration @ 9
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Towards sensitive

biostamps & tatoos

Electronic “skin’’ can monitor heart

An ultra-thin electronic device that attaches to the skin like a stick-on
tattoo can measure electrical activity of the heart, brain waves, and other
vital signs without the bulky electrodes used in current monitoring

Epidermal Strain gauge  EMG: Electromyography
electronic sensor to monitor electrical
system (EES) activity in muscles

Antenna o

coil
LED

4

/ Skin

%’olyester.

thickness
4 of single
human
hair

ECG: Electro-
cardiography
sensor to
monitor heart
activity

Source: Science  Picture: J, Rogers, University of [llinols
@ GRAPHIC NEWS

Body
temperature UVA & UVB Lactate Water NFG chip ] Stretchanle
sensor UVA & UVB dose intensity sensor  detection detection | antenna

sensor

Chloride
— detection

pH
getection

- Glucose
UVA dose detection

Sensor

UVB dose
sensor

BLOOD PRESSURE

UV EXPOSURE & TEMPERATURE PERSPIRATION & BIOCHEMISTRY

John A. Rogers, Science, 2011 & IEEE Spectrum. 2015.




Sweat
sensing

- An emerging frontier

TABLE 1I. Typical concentration ranges for common biomarkers in sweat versus blood, plasma, and/or serum with sub-
scripts indicating particular fluid (b—blood; p—plasma; s—serum). Please see appropriate sections for all references

related to each biomarker.

Partitioning and sweat rate Concentration range  Concentration range
dependent (SWD) or mainly (mM) in sweat (mM) in blood,
Biomarker independent (SWI) at surface plasma, serum References
Sodium (Na™) Active—SWD 10-100 135-150, 55, 88
Chloride (C17) Active—SWD 10-100 96-106, 55,89
Potassium (K™ Passive—SWI 4-24 5-6 1,2, 90
Ammonium (NH, ") Passive (amplified)—SWI 0.5-8 20-50x < sweat 1
concentrationy
Ethanol Passive—SWI 2.5-22.5 ~2.5-22.5, 67
Cortisol Passive—Ilikely SWI 221 x 10°° 124 x10°* 32, 69,72
-3.86 x 10°* 4.0 x 1074,
Urea Various, not confirmed 2-6 5-7, 1,2,76,77
Lactate Generated by gland—SWD 5-60 1-7, 23,25,78,91
Neuropeptide Y (NPY) Various, not confirmed 1.88 x 10710 1.41 x 10710 83
—-6.82 x 1071° -6.11 x 107",
Interleukin 6 (IL-6) Various, not confirmed 291 x 107'° 215x 107" 80, 83
—-6.54 x 1071° —5.69 x 1071°

P

arest, June 2019



Real-time sweat analysis with Lab On Skin™

- Embeddable unique Xsensio’s Lab-On-Skin™ electronic stamp technology:
minute by minute non-invasive multi-biomarker sensing

» Ultra-low power UTB SOI ISFETs:
<50nWatts/sensor

Near Nernst limit sensitivity
Selective

Zero energy microfludics

Lab on Skin™

Inlets &
ufluidic channels

,,,,,,,

———— \
- SN -
~—p e

——————
———
ttttttttt

‘‘‘‘‘‘‘

A M. Ionescu, Euronanoforum, Bucharest, June 2019

FD SOI (wafer #1 ElectrodesiORE)

F. Bellando et al., IEDM 2017.



Extended gate ISFETs in CMOS BEOL
for pH, Na+, K+ and Ca2+ sensing

J. Zhang et al., @ IEDM 2018. ol
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Micro/Nanotechnologies for human
exposome

- The exposome represents a concept that incorporates the complex
exposures we face as humans.

- Effect of mixtures: an increasing body of science shows a neglect of mixture effects

can cause underestimated chemical risks, leading to adverse health outcomes. 2
S
E
Exposome EWOSOrne-‘.'./lde HSSUCJaUOn ‘ ¥
endogenous Sty ies ZA 3
Rrsand £
Pegple Cellular toxicity A Aiversa )
| pathway (qanis™ —7 health g
0 ~
Air, Food g > ‘ N : 4 g
Wator @ ;‘/;‘ 3 Adverse Outcome Pathway S
A . el - =}
? v =
Consumer & 2t :
product \ - T ecosystém -
A Molecular ) OXic effe ots =
: & Initiating Cp\O o =
Indﬁgor . Event O\O'P <

i @ ‘._-‘ p .* x \_\Ca\ GC’
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Wearable exposome gas sensors

Provide the exposome (environmental) sensing technology that is
consistent with the form factor and low energy budget.

CO2, VOCS), particles (PM25, PM]_O) system integration
and relative humidity (R.H.).

@ N02 ac mﬂ“

\-—r’

g | ) .
Resolution: EC Standards. ' F 857 3 4
. . alphasense CO-B4  alphasense NO,-B4 aeroqual SM-50 (O5)
Power consumption: ~10uW (incl. ROIC). i . : :

On-foil integration

Form factor (size): 0.1-1cm.

- Before bending
ho—— After 5000 bending

NH;IOO ppm i

Wireless communication

Rate: 1 - 1 O HZ . Energy harvesting, management

and flexible battery

BenChmarking Microcontroller, front-end circuits

Environmental sensors

Sensitivity (%)
e o Lo b b6

Local signal processing, data mining

@150C
0 10

Physiological & activity sensors Flexible graphene/MoS, sensor

Time (min)



Exposome gas and particle sensors in
Flagera CONVERGENCE

Energy-efficient, compatible with on-foil integration and including
interface electronics

IMT
CO, NH,, VOCs

polymeric layers
(Polyaniline,
Polypyrrole)

NO,,, sensors

carbon-based :
voltammetric

Sensors

A M. Ionescu, Euronanoforum, Bucharest, June 2019
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What else?
Today our technology can predict weather...

SENSORS = BIG DATA = MODELS = COMPUTING > WEATHER FORECAST

STORM
@, WEATHER I R MA
"*’12 q Name: IRMA

6 ————— Location: 16.9°N, 59.1°W

! 0A

’ - Wind: 185 mph
_ Movement: W at 14 mph

West I;a Sat 8:00 AM EDT Pressure: 926 mb
% 150 mph

Fri8:00 AM EDT

&‘k > 155 mph
K Thu 8:00 AM EDT
\k N 160 mph

Cancun : f 4
E m 5 Wed 8:00 AM EDT
Dominican —

Republic Puerto

Jamaica Rico

Islands

A.M. Ionescu, Euronanoforum, Bucharest, June 2019



... but cannot predict health status

* Goal: turning a stream of information into predictions of outcomes
« Can a Wearable Fitness Device Predict Your Heart Attack? Value chain!

SENSORS = BIG DATA > MODELS = COMPUTING > HEALTH FORECAST
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2018: Imprecision medicine era

For every person they do help (BLUE) the ten highest growing drugs in
USA fail to improve the conditions of 3 to 24 people (RED):
IMPRECISION & HIGH COST!

1. A_BlU? (aripiprazole) 2. NEXIUM (esomeprazole ) 5 CYMBALTA (duloxetine) 6 ADVAIR DISKUS (fiuticasone pro pionate ) [A ENBHE]. (etanercept)
zophrenia

g BIIIIIIILLL JIIIIIIIIIII T

e reRRvRRRRRAN JII N IIIIIIIIINT

" .???????i’? T
e rereeennen f # JITIIIINMITIYL,

Personalized medicine: Time for one-person trials
N.J. Schork, Nature, 2015.




Severe consequences...

Adverse drug reactions:
kill 1 97’000 Europeans every year

kill 1 80,000 Americans every year

This 1s more than colon cancer!

Time to act!

Leading Causes of Death in U.S.

100,000
700,000 - by properly prescribed drugs
| 80,000
600,000 - E by improperly prescribed drugs
+— = 180,000 Deaths
5000 & o hy prescription drugs
] h g
(= =
=< =T
o000 S R‘
N —— %
300,000 (- E
= .
200,000 - ©
=
S -
100,000 - =
= ¢
= X

SOURCES of Data: U.S. Centers for Disease
Control and Prevention and Journal of the
American Medical Association (JAMA).




2030: From Object to Human Digital Twins

Digital Twins of All Objects Digital Twins of All Humans

SEARCH @ / (45
PN .
‘e

= ‘,ln. ANALYSIS S8

A Truly Personalized and

Preventive Healthcare System:
SUSTAINABLE

A M. Ionescu, Euronanoforum, Bucharest, June 2019
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Imagine a revolutionary healthcare and disease management system in Europe, built on human avatars aiming at:

Empowering every citizen with a Human Avatar
enabling access to comprehensive personalized
healthcare, healthy lifestyle and disease
prevention
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Why Health EU 1s

: : ) ¥ cUnicians, ¥ y -
disruptive’ [ ramrn, | R
® mi S S i n g l i nk Of the 2 1 St Century MEDICAL KNOWLEDGE F v MEDICAL KNOWLEDGE

o o CREATION APPLICATION
for breaking barriers between

Medical Knowledge Creation and |
Medical Knowledge Application (Cranza

PREVENTION, [ SECURITY
: BEHAVIORAL SCIENCE : PRIVACY

ETHICS

- creating the Citizen —- Human STANDARDS
Avatar — Clinical Professional CITIZEN - HUMAN AVATAR -
. . CLINICAL PROFESSIONAL
triangle for the personalised, - -
preventive and participatory

healthcare vision proposed by
Health EU.
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Health EU Integrative Technology Platform:
much more than a Digital Twin...
T

DIGITAL HUMAN AVATAR  [REEEES

PHYSICAL HUMAN AVATAR

" Data
(Generator
s i Technology

IMPLANTABLES

METADATA

[ ]
CLINICAL DATA
INTEGRATION

BIG DATA ANALYTICS

D a ‘ 1a ARTIFICIAL INTELLIGENCE
NATURAL LANGUAGE
I I I PROCESSING
O VISUALISATION &

VIRTUAL REALITY

A I DATA STANDARDIZATION

DATA PRIVACY & SECURITY

NANOMEDICINE

BODY-ON-CHIP

[ ]
ENERGY EFFICIENT ( j | Ilp

COMPUTATION & COMMUNICATION

FA.LR.
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HETEROGENEOUS INTEGRATION

PERSONALIZED
THERAPIES & DRUGS

PREVENTIVE
© Health EU HEAL AR  HEALTHY
LIFESTYLE

BIOCOMPATIBILITY




Organ-On-Chip Technology

in Health EU

OOC =2 Body-On-Chip goals

Body-On-Chip systems: future in vitro
tools to enable the discovery of new
mechanisms underlying diseases

- Strategic dedicated Roadmap for OOC/BOC

- 3D biocompatible heterogeneous integration
platform: microfluidics + sensors & actuators

- Validated realistic, multicellular and

d) Inside

tubular fluid 0
L kid | c
ney | T
‘ -
mﬁuld ]
‘ %‘ Shear stress
L2 el
Multi-l microfluidic li‘l J
device (MMD)

physiologically relevant OOC models of any healthy
individual or patient

o capability to model a unique genetic background
o used for prediction of disease predisposition and severity

o serve as test systems for the discovery of new effective
treatments (clinical trial-on-chip) and repurposing of drugs

- Long term: scaled production and standardization
of OOC and its development into a Body-on-Chip
technology

o to create multi-organ/body-on-chip surrogates to study inter-
organ communication.

o gradually replacing animal experimentation

H. Kimura et al, Drug metabolism
& Pharmacokinetics, 2017.
D. Bovard et al, Toxicology, 2017.
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Health EU expectations

- Delivering on the promises of personalised and preventive medicine in advancmg % s
towards affordable universal healthcare solutions |

Takmg medical sciences and practice to the next level to promote well-being and |
improve life expectancy in good health X{\ &/)
\

- Providing future tools and infrastructure to accelerate the generation of new
data that can further enhance our knowledge to support prevention and
personalised treatment of diseases

- Creating new business models, financing frameworks and incentive schemes

0, Bucharest, June 201

You, Your Human Avatar, Clinical Professional
Up to 80 % of the costs associated to NCDs
preventable with Health EU Human Avatars:

« Less chronic diseases (by prevention and monitored avatar-guide healthy living)

« Better Quality of Life

+ Less adverse drug effects & medical errors (3" leading cause of death)
« Cheaper medication by personalized repurposing

« Less need for organ transplantation by prevention

* Less (severe)surgical interventions and less misguided therapies

* Less need for animal testing by Organs on Chip



Health EU

Consortium

* 110 participating
organisations from 29
countries

e Unifies:

87 ERC grants

« 308 FP7/H2020
project coordinations

* 633 large national
programme leads

@ Health EU country
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Conclusions

Almost there...
- Extraordinary progress made by R&D in Horizon 2020 EC programme.

What is next?

- High expectations in framework R&D programme Horizon Europe from novel
technologies to sustainably solve Human Great Challenges: Climate
Change, Energy and Health!

est, June 2019

char

- Energy efficiency technologies form the next driver in the zettabyte era.
- Future innovations: based on TECHNOLOGY-SYSTEM-DATA interactions!

- Democratized Edge Artificial Intelligence: huge opportunity for
semiconductor technology in 21st century — new strategic verticals!

- A revolution in P3 Digital Healthcare 1s possible by Nanotech & Al:
Human Avatars for a Healthy YOU!

, Bu

noforum

, Eurona

A M. Ionescu

How to effectively ACT?



ucation, Research, Innovation & Health:

are strategic investments
in the future of any nation

How Much Countries Invest in Research & Development

Botswana Mali $161M
L o Mal 1
\raqyéﬁM

v ) o Nepal $159M
Sri Lamigowj o Senegal $149M
Uruguay $220M e Macedonia $145M
afgee o @ e Gabon $132M
Ugand2 1l . o Cyprus $124M
ganda
Jordan $243M ®Malta $104M
Ghavw%ZGSM. e Bosnia and Hegf5103M
SuoanngM. ® Zamiif5101M
$281M. # Palestine $96M
‘%Slﬁz”ﬂ Sweden, e Mozambique $92M
Uzbekistan L 14.28 « Namibia $81M
Azerba ?7345M. « Bolivia $78M
‘SB%%’ e Mongolia $78M
Oman e Macao $71M
$35/M® « Moldova $66M
548%;“\"‘ ® o Georgia $64M
Costa Rica
$412M @
Estonia
$545M®
Puerto Rico

« Bahrain $62M

« Paraguay $61M

« Armenia $59M

« Guatemala $48M

» Panama $48M

« El Salvador $43M
$548M @ +Burkina Faso $40M

. Trinidad and

Tanzania
$624M @
Luxembot

$715M @

Kazakhstan

Tobago $39M
5 » Mauritius $39M
+ Albania $37M
$718M
Croatia
S73/M.

. Montenegro $35M

. Congo, DR $28M
«Togo $27M
« Tajikistan $26M
«Kyrgyzstan $25M
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