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Glucometer on |Phone

An Electromc Frontend
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An Electrochemical Sensor / An Electrochemical Cell /
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Wearable Glucometer by Abbot

An Electronic Frontend

An Unser’s interface (c) S.Carrara



Wearable Devices expected by 2030

Market Statistics Regional Analysis
Market Size (2022) Q
$138
Billion
Wearable
Market Size (2035) Largest Market - North America
Technology
$1.3
M ar ket Trillion
Key Market Players
Market CAGR (2023-35) Alphabet SONY

’
21%
« @

From 3 billion 1n 2025, Research Nester estimates that,
there will be 26 billion connected IoT devices by 2030

(c) S.Carrara 4




Fully-Connected Human++
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Courtesy, Hugo De Man (IMEC)
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Toward innovative systems we need:

1. Fully integration of olecules to assure
specificity

2. Fully integration ostructures to

assure sensitivity

3. Properontends to assure

(1) Precise Current measurements,

aaaaaaaaaaaaa

~ Bio/CMOS

nterfaces (11) Multiplexing for multi-metabolites,

and Co-Design

(111) Reliability in Temperature and pH

a5, ringer
2

" Bio/Nano/CMOS Co-design !
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Portable, Implantable, ‘n’ Wearable

Implantable“;'@- m( >

i
kil ‘  Wearable

gelttyimages'
yuoak

Monitoring scenarios
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Portable: e.g., Intensive Care Units

CONTINUOUS MONITORING MODE

~E R)

BT

Data transmission Android device

____________________________________

Plasma flux

—————————

&

_________

F. Stradolini, et al., IEEE Sensors Journal 16(2016) 3163 - 3170

Monitoring scenario where the main parameters of the patient
are continuously displayed on an Android mobile device

(¢) S.Carrara .



Monitoring in Intensive Care Units

F. Basilotta, et al., IEEE BioCAS 2015

""""
b, "
e
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The whole system with the Android'™
interface that allows connectivity too
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nAmps

Glucose and Lactate in flux

250
F. Basilotta, et al., IEEE BioCAS 2015

200
150
100

50

0

0 1000 2000 3000 4000
Seconds

Chronoamperometry for glucose (grey) and lactate (orange)
acquired with the fluidic system
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Emulation of Organs Failure

Monitorinq

Washing

et B

Potential (V) vs AglAgCI (1 M KCI)
o
"+
1

100 200 300 400 500 3000
time (s)
|. Taurino, et al., RSC Advances 6(2016) 40517-40526

r
4000

K™ acquisitions during cell’ osmotic chock

(c) S.Carrara
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Monitoring and Injection in Surgery

RaspberryPi

Serial Port

Infusion Pump

TCP/IP

¢ g

c) S.Carrara 12
on portable device Data Processing on laptop




Detection of Anaesthetics

F. Stradogni, et al., IEEE Trans. BioCAS 12(2018) pp. 1046-1064
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Sensors for Propofol, Paracetamol, and Midazolam have been
successfully developed and tested

(c) S.Carrara
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Chrono vs Cyclic: which best?

350

.. Cyclic
-Voltammetry
50 100 150 200 250 300
e CVavg CA avg (Peak) - Linear (CV avg) Linear (CA avg (Peak))

Paracetamol detection in
Chronoamperometry or in Cyclic Voltammetry

(c) S.Carrara
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Lab vs Field: what change?
Stirring vs Non-Stirring

Usually, all the papers about
electrochemistry we find in literature are
showing data acquired with a Stirrer that

assure best conditions with respect
diffusion phenomena.

Does any conclusion we read on those
papers be applied, for example, to
measure on-the-skin?

(c) S.Carrara
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The Stirrer

(c) S.Carrara
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Reality vs Ideality

Stirring vs non-Stirring

Top view

~eny

Magnetic stirrer :‘)\

S

_&Z Sensor (Electrodes)

Electrochemical

Hotplate/Stirrer
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Cyclic Voltammetry

Stirring vs non-Stirring

WE(1).Current (A)
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(c) S.Carrara
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Chronoamperometry
Stirring vs non-Stirring

(A)

é- A

N_ ~

g_ i )

=]

L 1 1 1 1 1
I I S S S I S D S S S e e .

(A)

APAP 0-300 uM at 0.4V, acquisition each 50 sec. in both the cases
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CV vs CA

Stirring vs non-Stirring

Sensitivity in CV 2.62 0.13
Sensitivity in CA 0.0045 0.012
Overall SD low high

In CV, both sensitivity and standard division in normal experiment are better than
water drop. Therefore, the limitation of detection of water drop experiment is
worst (higher) than normal experiment.

In CA, result is almost the same as CV but sensitivity is higher in water drop

experiment. Maybe because of the injection position.
(c) S.Carrara 20



Wearable Monitoring Devices

_~— TOP PROTECTIVE TEXTILE
= /~ ANTENNA

SWEAT COLLECTING
PATCH

7 POROUS SWEAT ADHESIVE

. . . T.Kilic, aI..et S.Carrara / ICECS 2016
Metabolites Monitoring on the skin

c¢) S.Carrara
( 21



Metabolites on the skin

|.Ny Hanitra, et al., IEEE MeMeA 2018

Wearable Sensors

Wearable Electronics

(c) S.Carrara 22



Flexible Electronics

-----
.o

WIN

I.Ny Hanitra, et al., IEEE MeMeA 2018 ﬂ e

The Detection system has been realized
on flexible PCB

(c) S.Carrara
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Nicotine @ Wearable

E. Mehmeti, al. et S.Carrara / Microchemical Journal 158(2020) 105155
20

...... Blank (artificial sweat)
| = 10 uM Nicotine
—— 100 uM Nicotine
——— 200 uM Nicotine
154 —— 300 uM Nicotine

Recovery (%) Recovery (%)

---------

. . —— 1
03 04 05 06 07 08 09 10 11
Potential applied (V)

The Detection of Nicotine on the skin of
heavy and light smokers

(c) S.Carrara 24



Na* & K* @ Wearable

- Francesca Criscuolo, al. et / Sensors And Actuator B, 2020 submitted

|
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The Detection of 1ons in sportsmen

(c) S.Carrara
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LiI* @ Wearable

Artificial sweat

Potential (V)

1
sensitivity LOD
t 50 mV [mV /decade] M)
WATER  This work (flexible) 59.6 £ 1.5 (5.9+2.6) x 105
Literature (rigid) [27] 58.7 + 0.8 (1.3 4+0.4) x 105
SWEAT This work (flexible) 56.8 + 3.9 (1.7 +0.6) x 103
0 500 1000 Literature (rigid) [31] 57.6 +£2.1 (1.4+0.2) x 103
Time (s) ' |
Francesca Criscuolo, al. et / IEEE Sensors Journal, 2020 in press
=]
1]
__—n a8 4 tSO mV
-5 -4 3 <2 -1
Log a,;+

Non-invasive monitoring of Lithium
as Drug in Bipolar Disorder

(c) S.Carrara 2%



Under-the-Skin Devices & Wearable

An antenna very close to the chip 1s required for the remote powering
(¢) S.Carrara 27



The Realized Remote Powering Patch

J.Olivo, et al. / IEEE IEEE Trans. BioCAS 7(2013) pp. 536-547

The patch has been realized with off-the-shelf components

c¢) S.Carrara
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Under-the-Skin Device: button’ size

Top-layer with sensors

L7y
Ly

Intermediate layer and ICs

PCB for ICs Antenna tor remo owering

& 4C. Baj-Rossi, et al./ IEEE EMBC14
S I &
™ N

< >
1 cm
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i A subcutaneous biosensor chip to |
e revolutionize tomorrow's medicine
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Under-the-Skin Device: needle’ size

IC CMOS circuit for transmission and detection

Temperature Sensor

pH Sensor

2.2 mm

Molecular Sensors

S.Carrara et al. / IEEE Sensor 13(2012) 1018-1024

\

Receiving coil

Minimally invasive with size within that of a surgery needle

(c) S.Carrara 31



Nano-Bio-Sensors by Electrodeposition

w
()
o
(@)

2000 -

1000 A

Normalized current (nA)

o

0 20 40 60 80
H202 concentration (mM)

Different amount by different deposition times
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Some Reallzed CMOS Frontends

Chip C0.18 Cmp#BUMCO18
IEEE Trans. BioCAS IEEE Trans. BioCAS

(2014) pp. 891-898 10(2016) pp. 955-962

Chip # 2 UMC 0.18 Cmp#4AMSOS5
IEEE Sensors Journal IEEE Trans. BioCAS
15(2015) pp. 417-424  11(2017) pp. 1148-1159

(¢) S.Carrara 33



pnController

The IC Frontend

Yellow: Digital circuits; Green: Analog circuits
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Energy Scavenging Strategies

Infrared Radlatlon Inductive
(IR) Coupling

\ flere)y i
ST Q]’ ))O ..\/\/JH

Thermoelectri
Effect

{ Kinetic 1

Magnetic
Coupling

{ Fuel Cells 1
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Inductive Coupling

Neural
[8] g(( Zg; 4 MHz twivlvr:;'é;v.vphg?SK twd Ext.:125 kbps 10 mW 5mm Air Recording
T N System
Tx:196.3 A ' Water Bearing ,
9] Rx: 314 \ 4 MHz twd Ext.: LSK 5 kbps 6 mW 25 mm Colloids Various
[10] T;):CI;’,SZ(;O}\A 1 MHz 150 mW 1% (min) 205 mm PVC Barrel Stomach
Tx: 184.9 A 18.9% . Cerebral
[11] Rx: 10 A 1 MHz 10 mW (max) 5 mm Air Cortex
Tx: 282.7 A twd Int.: ASK twd Int.: 60 kbps 0 Orthopaedic
[12] Rx:31.4 A e/ Wil twd Ext.: LSK twd Ext.: 60 kbps SO % lmeg) | | S Implant
Tx:31.4 A twd Int.: ASK twd Int.: 120 kbps  22.5 mW in vitro .
[13] Rx: 5 A LUl twd Ext.: BPSK twd Ext.: 234 kbps =19 mW in vivo CLIL Heltiali vtz
Tx: 196.3 A Neural
[14] R 3.5\ 5 MHz twd Int.: OOK 100 kbps 5 mW 40mm m Stimulator
o twd Int.: OOK ' . - - Muscolar
[15] =Rx:112.5A 6.78 MHz twd Ext.: LSK twd Ext.:200 kbps 120 mW 20% (max) m Dog Shoulder Stimulator
Tx: 40 A . .
[18] Rx: 0.4 A 915 MHz 0.14 mW 0.06% 15 mm Bovine Muscle Various

18] TAkInatal,“Awinkzs ImpRnabk multkanmidplal mural cording systamfora mkromachined skhve e kctrode”, EEE [ Sow-s 2 Cic, vol.83, pp. 109~ 118, an 1998

I9|CSawratal, “Powar Harvae sting and TRk matry InCMOS for Implanted Davkaes', E£E Thapson Clc.arsand Systoms, wol.52, n.1 2, pp.2605-2% 13, 2005

[10] B. Lamaartzat.al, “Anind ucthve powar link fora wink sz andoscops”, Sosensorsand Sloe Rctronk 5, vol.22, pp. 1890~ 395, 2007

I K.M.SIRy et.al, “Load Optimizationof an Inductive Powar Link for Ramote Powaring of BElomad kal Implnts®, EEE Proc.of e rm tiom /Sy m posivm on Clrc wWisand Syste ms 2008,
pp.523-535, hay 20089.

[12] B. Lamaartzat.al,“An Ind ucthve powar systam with Integ rated bidinctiomidata-tansmiz=on, Sepsorsand Acttors A,vol. |15, pp.221-229, 2004

112] J.Parmmonatal, “ASK-tazad tattery ks mphantabk takmaty mikrosyztam for recording purposas’, £xp. /0 ARg. 2 nd 8lo. Soc, In Proc. of the ISth Anng/int. Cons, vol.5,
pp.2225-2228, 1997.

14| C.Cudmzonatal, “AChip foran impRntabk NurlIStimultor, Amby egRNd Chcuwtsand S m/Processing ,vol.22, pp.81-89, 1999

[1S| E.Smithatal,“Anextarmily powaerad, multklanm |, ImpRantabk stimulktor-te kmater forcontrolof paralyzed muscK*, E£E Thans. on Slomed. £xp.,volAS, ppA63-475, 1998

18] AS.Y.Poonatal A mm-sizad Implntabk Powar Raca ivar with Adaptative Link Companzmatiorn”, Stanford Unhva rsity



Measures on the
Designed Inductors
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The Tiny Spiral Inductors

Through Board Hole

Multi-layer on PCB ..o comecton

S. Carrara et al. / IEEE Sensors Conf. 2012

J. Olivo et al./ Microelectronic Engineering 113 (2014) 130-135

Two versions of the antenna have been fabricated and tested

(¢) S.Carrara



The Tiny Spiral Inductors on Air

Through Board Hole

Multi-layer on PCB . commecton

£ 10 o
£ ! 3
tLS 0.9 :' Through Board Hole » w,a‘-""“’ g
;_l 0.8 d'.D E 7
@ 0.7 P ey . .
5. g6 T Single-layer on Si
o \
]

o
2 os \ E _400/ A Measurement o
E Lj ff— 0 o Model T4 E =1 4%

o . -—
N ST 1
- 03 g 2 -
E 0.2 2‘\
‘—E“ 0.1 2\\8\_ 0 \{ T
;’ 0.0 \Z o “g‘"]s“-g---'- ------ N —— a 0 10 20 30 40 50 60 70 80

0 10 20 30 40 50 60

Distance (mm) Distance (mm)
J.Olivo, S. Carrara, G.Demicheli/ IEEE TBCAS 2013 J. Olivo et al./ Microelectronic Engineering 113 (2014) 130-135

Two versions of the antenna have been fabricated and tested
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The Multi-layer Inductor on Tissue

&

RBYY 300 kHz
Att 30 dB VBW 1 MHz M1[1]

2.074118284 mwW
Ref 100.00 mw * SWT 100ms

4.999989452 MHz

ST R
Clrw " M1

1w /\

100 pw /
10w

1pW

100

10 n|

1n

100

CF 4.75 MHz

Span 9.5 MHz

Natras 12 DD 2M011 11+.68.46

®

Att 30 dB DBW 1.6 MHz
Ref 0.00 % AQT 100.00ps

14p | 80 %
Clrw | 50 9%

o%ﬁmmm
/Q\\ AT

0 %

J.Olivo, S. Carrara, G.Demicheli / IEEE TBCAS 2013

" 2.09 MW (25mm — Bovine Tissue) - THD 2.08%

e N ] 1 ]
N S LN e RN———
-60 % . .
[0 " 3.6 MW (14mm — Bovine Tissue) - THD 2.27%
Tr? CF 5.485 MHz 10.0 us/
AM Modulation Summary
R R AT Sosme | | ® Communication is achieved at 100 kbps
*+Peak/2 51.8502 % | Mod Depth 50.4329 %
RMS 42.7038 %

(c) S.Carrara
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Data Transmission

Power Transmission L.
- Data Transmission
(Magnetic Field) (Downlink)

(Load Modulation)

C1
Power [
Amplifier \

Current-!o-

4| Frequency
Converter
N\

QO v..

<

Reader Side
Commands to control

the switches (1-5) T N

Data Transmission
(Uplink)

Tag Side

——p» Controller |

Power consumption vs. Complexity
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The IC Potentiostat

S.S. Ghoreishizadeh, al., S. Carrara & G. De Micheli / IEEE TBCAS, 2013

>

- Al

140 7
120

s 140
< 100
£ 120
w— 80 2=0.996 —~
= g 100
g e L R? = 0.992
8 a0 = IC = & R?=0.995 '

20 ~ g 60

0 P = 40 IC

0 50 1000 1500 2000 2 O — Autolab
. [Glucose] (M) i
Sensitivity (WA/mM x cm?) LOD (uM) ‘100 15 200 250

Metabolite  1IC Autolab IC  Autolab [Lactate] (uM)

Glucose 27.2 27.3 87.9 17.5 !

Lactate \_285.7 391. 21.4 4.1

The integrated potentiostat works quite well with respect the
well-know and costly lab-one by Autolab
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The IC Potentiostat

S.S. Ghoreishizadeh, al., S. Carrara & G. De Micheli / IEEE TBCAS, 2013

600
400 -
< 200
N
E 200{ 2%
Yz m—
Peak current location (mV) — Autolab
[Etoposide] IC Autolab
200 uM B12.5 616.8 Cell voltage (mV)
400 uM \609.5 631.4

The integrated potentiostat works quite well with respect the
well-know and costly lab-one by Autolab
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Peak estimation on I, @ WE

S.Aiassa et al. / IEEE MeMeA 2020

Usual peak detection method [4], [5], [8]-[10]

Voltage ramp Output current | ===~~~ ---- -~ S S S ter oS
s I : ’ - :
+ | Current \DC Peak |
/\ Ijk\/ '[mdm] [ ] v :
. . |4 S G .0 > .
t t o - .
VOI.tage oooooooooooo ’ ooooooooooooooo . “ Concentranon
driver p cecccccccccccccccccccccca—=a, 0 value

1 E Charge E’
Electrochemical cell : accumulator :

New TCDC measurment

New Measurement Method in Drug Sensing by
Direct Total-Charge Detection in Voltammetry

(c) S.Carrara 44



Peak estimation on I, @ WE

- 0.6
520 >
i g 04
5 10 s
S.Aiassa et al. / [IEEE MeMeA 2020 3 S 0.2
0
C 0
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H Time (s) Time (s)
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mlﬂF b Nagaraj SC
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] E e

Fig. 2: TCDC instrumentation. The Nagaraj integrator (A,;)
and the SC integrator (Az) accumulate and convert the total
input charge into the output voltage, during the two non-
overlapped clock phase (©,, ©,)

oo

i HH
Hlllu I\

0 02 04
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Voltage (mV)
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New Measurement Method in Drug Sensing by
Direct Total-Charge Detection in Voltammetry
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Injectable with biocompatible packaging
BIB[C

NEWS HeaALTH

Weather Travel Future Auto

l

Home UK Africa Asia Europe Latin America Mid-East US & Canada Business JiEEUGN Sci/Envirg

20 March 2013 Last updated at 01:49 GMT l] D s

‘Under the skin' blood-testing device

developed

By Michelle Roberts
Health editor, BBC News online

Scientists say they have developed a tiny
blood-testing device that sits under the
skin and gives instant results via a mobile
phone.

The Swiss team say the wireless prototype -
half an inch (14mm) long - can simultaneously
check for up to five different substances in the
blood.

The device sits under the skin and takes multiple
readings

The data is sent to the doctor using radiowaves
and Bluetooth technology.

c¢) S.Carrara
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Syringe-injectable electronics:
Reveal LINQT"’I

Mark Phelps by Medtronic, and the Reveal LINQ™ gystem

(¢) S.Carrara 47



Android Users Interface

Monitoring

Glucose
R

Lactate
—_—

Paracetamol
—_—

F. Stradolini, et al., IEEE Sensors Journal 16(2016) 3163-3170

The whole system with the Android'™
interface that allows connectivity too

(c) S.Carrara 48



Connectivity with Smart-Watch

Smartwatches deliver alerts to intensive care doctors

Patients in intensive ca

care must be constantly monitored. Their vital signs are recorded in real time by a series of
biosensors. If an

anomaly is detected, an alert is sent to the doctor on duty.

Live Demo @ BioCAS17

s P /\ : 3 YouTube,

F. Stradolini, et al., MOBILHEALTH 2016

The doctor's smartwalch is

connecied to the main server in
© Lactate the intensive care unit via wifi.
© Bilirubin It keeps the doctor up to date on
® sodium | the patients’ status and alerts the
© Potassium | doctor if there are any problems,
I Temperature

Connectivity till the smart-watch by the WiF1 network
has been successfully investigated as well

(c) S.Carrara
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Connectivity by through the Cloud

L Cloud System .

) )
) )
A )
\

)

Anesthesiologist % g

N.Tamburrano, et al., IEEE ISCAS 2018, invited paper

Connectivity by through the cloud has been
successfully investigated too

(c) S.Carrara
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Portable, Implantable, ‘n’ Wearable!

] 7
?
2 1 ‘ Wearable

gelttyimages'
yuoak

Monitoring scenarios

¢) S.Carrara
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Body Dust: Drinkable Electronics

gelttyimages'

Monitoring scenarios

(c) S.Carrara




Hyper Curve with Smart Dust

Digital Twin —
Biochips —{

Smart Workspace \
Brain-Computer Interface X
Autonomous Mobile Robots

Smart Robots —,
Deep Neural Network ASICs —

Deep Neural Nets (Deep Learning)
Carbon Nanotube
loT Platform

Q© Virtual Assistants
@ Silicon Anode Batteries

Al PaaS )
Quantum Computing — @ Blockchain
5G —~
Volumetric Displays —_ @ Connected Home
Self-Healing System Technology A\ Autonomous Driving Level 4
I Conversational Al Platform »
c Autonomous Driving Level 5§ — @ Mixed Reality
9o Edge Al
-~
" Exoskeleton — '
9 | Blockchain for Data Security — @ — :eu;omorphuc
Q Knowledge Graphs i bk
; 4D Printing
Artificial General Intelligence A
Smart Fabrics @
> Smart Dust A o
wutonomous Vehicles Augmented Reality
A Biotech — Cultured or Artificial Tissue
As of August 2018
time
Plateau will be reached:
O @) O A ®

According to Gartner, “Smart dust” 1s set to take the technology
industry by storm in the next decade [https://www.gartner.com]

(c) S.Carrara


https://www.gartner.com/smarterwithgartner/5-trends-appear-on-the-gartner-hype-cycle-for-emerging-technologies-2019/

The innovative concept of
BODY DUST

-
Imagine to drink a water that contain an electronic Dust
that spread 1n your body and then provide diagnostics

(c) S.Carrara 55



Body Dust
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Credit: EPFL news pages

Tracking cancer-cell development
with “drinkable” electronic sensors

(¢) S.Carrara
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Body Dust: Dramatically Small
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Credit: EPFL news pages

Drinkable electronics so small to be filtrated by liver and
kidneys means sizes on the scale of a blood cell

(¢) S.Carrara




Body Dust: Challenges to address!

Sandro Carrara / IEEE Sensors Journal, 2021

() Extremely small sensors;

(i) Extremely small and thin CMOS;

(i) Extremely small data-link;

(iv) Powering approaches with
extremely small power-receivers;

(v) Demonstrating in-body
applications by drinking




(i) Extremely small sensors;

<
k=
-
c
Q
-
o
b |
v

o

0.2 0.4 0.6 0.8
Voltage vs. Ag/AgCl [V]

Rothe, Joerg, et al. / Analytical chemistry 86.13 (2014): 6425-6432.

Imagine to drink a water that contain an electronic Dust
that spread 1n your body and then provide diagnostics

59
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(ii) Extremely small and thin CMOS;

10 um

o

Working Reference
Electrode Electrode

.~/ Counter
.-"/Electrode

10 um

Sy 5'"le
v _o* transistor

(c) S.Carrara
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(ii) Extremely small and thin CMOS;

CMOS 0.18 um within 10?2 pm? possible?

CMOS Body Dust - Towards Drinkable Diagnostics

Abstract—In this paper we introduce the concept of CMOS Body Dust.
Body dust, as we envisage is to be, is a swarm of physical micro-sensing
systems designed in CMOS as a cube with the size of red blood cells such

that they will be drink
to deliver vital diagnos
the source of a diseas(
therefore to discuss ar
CMOS architecture w
factor, to be in the sai
have a diameter of an
total size of less than

Keywords—Diagnostics,

Jan Snoeijs', Pantelis Georgiou? and Sandro Carrara
| EPFL, Lausanne, Switzeland 2Centre for Bio-Inspired Technology, Imperial College London, UK.

Email: sandro.carrara@epfl.ch

1

IEEE BioCAS 2017

AC/OC rectifier [ Yo

I

e |

‘ote ntostet

8-0ren 107

TABLE IV. TOTAL AREA AND POWER CONSUMPTION TRADE-OFF
Area [um?] Power | Power [uW] Area
(best case) [LWW] (best case) [umz]
Potentiostat 8.7 0.141 0.124 12
I to f conv. 22 0.836 0.836 22
Rectifier 28.44 9.655 9.655 28.44
Voltage regulator 159 8. 5.7 24
Band-gap ref. 15.2 15.2
Pulse generator 10 10
Total 100.24 4 L11.64

(c) S.Carrara
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(ii) Extremely small and thin CMOS;
CMOS 0.18 um within 102 um? possible?

Direct Digital Sensing Potentiostat
targeting Body_DuSt IEEE BioCAS 2022

Roberto Rubino Sandro Carrara Paolo Crovetti
DET Integrated Circi 23um
™ Y ,.fgi", e '=y !.que i (
v, DPT { §, i r f p=2 nne, S A
M7 4 D4 L iiiiiiifpiatsst  P.CAIMS
o n : é P =3
Fuls silsil it
v 1 | "'—D—Dbf = Tex 5 MT Al'ea
P + clk—sp cof—=t Dp = E i
e = | JEE 460pm
s /-D—n o ] |{= M5 ) e R £ U TR p
Vier fV" / clk &[] ::D_,*I b N il [ -
n |% :—E_@i—fi?:z}"—o{ I Y pot ﬁA% it of b B wey
i . M6 M T i
v, f D CE it
—(C= : s logic output stage

. A:I_v.. RE WE Y DI o &=

TM10 input stage
Fig. 4. Layout view of the DDSP.
Fig. 3. Proposed digital-based potentiostat schematic and digital acquisition (c) S.Carrara 62
pulses.




(ii) Extremely small and thin CMOS;
DATA 0.18 um transmission within 10> um??

Body Dust: Ultra-Low Power OOK Modulation
Circuit for Wireless Data Transmission in Drinkable
sub-100um-sized Biochips  Arxiv, December 2019

4 Parallel in a*', Danilo Demarchi*’, Sandro Carrara’

_________________ Lt , Politecnico di Torino, Turin, Italy

— ] de La , Neuchitel, Switzerland

100 kHz FE || pronce end Load PISO input |, Antenna TX dfT:cno;:;znzenZ:: I:ZIY i
E—d > Y| : gy '
, | monstable condictioning | , assa@polito.it
_rU—”_T— I;;;:l-\‘lﬂz Rectifier
'[ 1 MHz | CLK | Monostable | LE | | |11 DATA
‘| sro syncronizer | | | TABLE I: SRO performance comparison.
. . 12 13 This work
Fig. 1: System block dia [12] [13]
CMOS technology 130nm  130nm 180 nm
cell (diameter around 30 um for white ¢
circula_tion of the cube in human tissue: Voltage supply (V) 3 3 33 1.8
No No
enersg
7 Almost: 34x34 ym?| 2530 | :
0 18’I AL AYANIO ULED YWiulk DuuTav
and a total chlpv arean’of 43x44 pym’ FT rower UIW) 1515 87 9‘5
the limits of the designed system and Am (mmz) o_w 0_054 o.ml 16
improvements toward real applications i
(c)S.Carrara 63



(ii) Extremely small and thin CMOS;
DATA 0.18 um transmission within 10> um??

Body Dust: Ultra-Low Power OOK Modulation
Circuit for Wireless Data Transmission in Drinkable
sub-100um-sized Biochips  Arxiv, December 2019

Gian Luca Barbruni*f, Paolo Motto Ros?, Simone Aiassa*', Danilo Demarchi*’, Sandro Carrara’
*Department of Electronics
fIntegrated Circuits Laboratory, Ei 6%
!Electronic Design Lal

Corresp

Total area: 1980 um?®

B Starved ring
W Monostable synchronizer

m PISO Register
Front-end adaptor

T Y Do better: below 34x34 pm?l

VDD

—4[f0.24/o.36 —1[f0.24/o.36 —4[]0.24/0.36

0.24/0.36 0-2410-3 0 24/0 36 DTLIdILL 5 npplua\.u 9], vuL Ulal Ladc uIC alviucuiuic wad
4[: _“: : -{[: _L :::“lt: quietly different: that proposed solution included three nodes
Ce= £ e using a (an external transceiver, a sub-dural one and the proper Neural
-{[:|0.24/0.36 —{l:|0_24/0_36 —|Elo_24/o_36 ption Dust device) while in our design only two components are
€S  expected (the external base station that works both as power

mo';g':; transmitter and data receiver and the body dust tags) and,

secondlv. in that architecture anv communication circuit was

Fig. 2: Three stages starved Ring Oscillator (RO).




(ii) Extremely small and thin CMOS;
DATA 28 nm transmission within 10> um??

From 0.18 um to 28nm Scaling CMOS Technologies for
Data Links in Body Dust Applications

IEEE SENSORS 2021

Gian Luca Barbruni™*#, Paolo Motto Ros, Danilo Demarchi* and Sandro Carraraf

tIntegrated Circuits Laboratory, Ecole Polytechnique Fédérale de Lausanne, Neuchatel, Switzerland
*Denartment of Electronics and Telecommunications. Politecnico di Torino. Turin. Italv

.. Done better:
... total size smaller than 55 pm? in 28nm!

~{ 0.24/0.% 4" 02403 4[:0.24/0.36
~Ii 0.24/0.36

Il 0.24/0.36 ~|[:\0.24/0.36
-

S.C 65
Fig. 2: Three stages starved Ring Oscillator (RO). (s Carrara




(iv) Powering approaches with
extremely small power-receivers;

Khalifa, A., Zhang, et al. / 2016 IEEE ISCAS

Recording electrodes

v [6] [1] [7] [2] [3] This Work
M s Total Power (mW) | 0.468 | 0.0105 15 L5 8 0.016
Total Area (mm®) 4 0.125 2.25 12 244 0.039
i Off-Chip None None None | None Cap None
Chanels (#) - e -+ 128 100 1
Process (nm) 180 130 600 180

um col

16 uW received to a 0.039 mm? area-coil

by inductive-link

(c) S.Carrara 66



(iv) Powering approaches with
extremely small power-receivers;

D.K.Pietch, et al. / 2020 NATURE Biomedical Engineering

1 7mm3 neuro-stlmulatorl

65 uW received to a 1.7 mm?® volume-size
transducer by ultra-sound

(c) S.Carrara 67




(iv) Powering approaches with
extremely small power-receivers;

Three
— y v . \‘i\
S5 Scenarios
Amin = = 1.98 - 10*um?* —140.81 i 2
'! | o 22 o RIS
S - Amin = ?m = 4.22 - 10° um? —e2965.6 i
33 e d

Prin.  80s10¢
T I 1230% 2.44 - 10*um? —0 156 i
m?2

Almost!
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Some Recent Bio/CMOS interfaces

Chip # 5 TSMC 0.18 Cmp#6TSMCO18
IEEE MOCAST, June 2022 (arrived October 2022)

Chip # 7 TSMC 0.18 Chp#8TSMCO18
(arrived October 2022) (Just arrived 2023)

(c) S.Carrara 69



S11 (dB)

-10

-15

-20

-25

-30

Power Transfer to 150 um-coil

200 um On chip coil - Simulations VS Measurements

1.00E+08 3.00E+08 5.00E+08 7.00E+08 9.00E+08
Frequency (Hz)

=o=|easurement e==Post-Layout Pre-Layout
(c) S.Carrara 70



Smart Micron-sized Neural Dust

Barbruni Gian Luca, et al., PCT/IB2022/059944, 2022.

(c) S.Carrara




Body Dust: Challenges to address!

Sandro Carrara, al. et / IEEE Sensors Journal, 2021

(1) Extremnr all sensors;
(i) Extremely small and thin CMOS;
(i) Extremely small data-link;
IV) Powering approaches wi

extremely small power-receivers;

(c) S.Carrara 72




Conclusions

CMOS ASICs design is still required for more
reliable Bio/CMOS Interfaces and, especially, for
electrochemical sensing for metabolism

Special Biotech solutions are necessary to target
the right selectivity in order to uniquely identity
the right metabolic molecules

the right sensitivity and limit-of-detection in the

Special Nanotech solutions are necessar‘% to reach
ranges of concentrations on human tiss

€S

Automatic and continuous monitoring of the
metabolism in humans is actually feasible from
body tissues to our personal electronics, including
portable, wearable, implantable, and may be one

day also spreadable in the form of Diagnostic Dust!
(c) S.Carrara 73




|: |: EDMI Microsystems and Microelectronics
= [l

MICRO-614: Electrochemical Nano-Bio-Sensing

and Bio/CMOS interfaces

Course outline S(/

1. Probes and Targets Building Blocks

5. Probes Detection Principles (P450)
— 6. Probes immobilization

7. Checking Probes-layer quality (RR+SPR+SEM+AFM)
8. Nanotechnology to prevent Electron Transfer

9. Nanotechnology to enhance Electron Transfer

11 Circuits for metabolites detection in Fixed-Voltage
12.Circuits for metabolites detection in Scanning Voltage
13. Circuits for DNA Capacitance and Amperometric Detection
14. Circuits for metabolites detection with multi-panel systems
15.Summary on Bio/nano/CMOS interfaces co-design

(c) S.Carrara

2. Probes/Target interactions (DNA & Ab) :,b

3. Probes/Target interactions (Ox & P450) a
4. Probes Detection Principles (DNA or Ox) BiO @

10. Nanotechnology for Memristive Biosensors N a n O

CMOS
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Aim of the course
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New paradigms for Nano-Bio-CMOS co-design
are required to succeed in chip bio-sensing

(c) S.Carrara 75



New Paradigms are required
arwise... ‘

Excellent CMOS technology is not sufficient if
molecules are not doing their own job at the
Bio/CMOS interface!

(c) S.Carrara 76



CMOS/Sample interface

@ 5P cvos pesion’

The interface between the CMOS circuit and the bio-sample
needs to be deeply investigated and organized

(c) S.Carrara



Exercise’ Solutions to get the Credit

™ Meeting Information Day-15th-June - Dropbo = Course: Electrochemical nano- X .

e @ @ | Q Search

¥ Most Visited @ Getting Started

Go to main site E PFL MOODLE FR EN

= MICRO-614

& Participants

&8 Grades
B Bio/C
O General B ProberT arget interactions
O Day 1 - Bio: ﬁ Sensing Principles with biomolecules

Probe/Target Molecular

: , B APPENDIX 1: Building Blocks & Protein’ Structures
interactions

B APPENDIX 2: Binding Energy

© Day 2 - Bio: B e b e
Elockracheniical @ Euronews about under-the-skin biochip
Sensing Read Chapter 2 in the Book for Conductive Solutions and the concept of pH,

and Chapters 3 & 4 for Target/Probe biochemistry & interactions
0 Day 3 - Nano: Probes-

layer for Targets Read also APPENDIX A in t of Molar Concentration
Detection

& Day 4 - Nano/CMOS:
Memristotors and
CMOS Analog4Bio
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Final Work to get the Credit

v Final work for the grade »

1. For the final Grade, the students have of write an IEEE-style essay-paper (two column, max 3 pages, plus one of
bibliography), with which they have to. demonstrate they understanding about the course content. Hard deadline to submit is
in 4 weeks from now, namely the end of July . This essay-paper has to be submitted by email to
sandro.carrarra@epfl.ch, together with all the solutions of the above-mentioned exercises proposed by the book.

2. This assay-paper.needs to propose a solution to address the detection-need required student-by-student here below
(please, search for your name). The proposed solution needs to address one of the electrical detection-techniques deeply-
discussed during the course. Solutions with optical detections are not accepted.

3. This assay-paper is an “exercise of style” and, thereforem These need to
be scientifically based on literature: e.g., if a certain sensitivity has been published for a similar target/probe biochemical-

system, then the same sensitivity might be taken as assumption for the detection proposed by the student, with reference to
the paper with similar system.

4. This assay-paper needs to report th for the proposed application.
Then, the paper needs to contain and to.explain the three layers that constitute the proposed Bio/CMOS interface: the bio,
the nano, and the CMOS aspects need all to be explicitly mentioned and elaborated, each of them in a separated paper-
sections. The bio part needs to be deeply explained in terms of the provided detection-technique and in terms of the
proposed electrodes-functionalization. The nano part needs to be deeply explained in terms of the improved sensing
performance. The CMOS part needs to be deeply explained in terms of the provided electronic frontend-functionality.

5. This assay-paper might be also written In such a case, the assay-paper
needs to address the two detection-needs proposed individually to each of the two students. Therefore, in such a case, the
assay-paper needs to propose a multi-panel detection system. In such a case, the assay-paper will be co-authored by the
two students. Therefore, the acknowledgement paragraph of the paper needs to report who-has-done-what in contributing
to the paper.

79



Thank you to had chosen the
EPFL PhD course on
Electrochemical Nano-Bio-Sensing
and Bio/CMOS interfaces

Coordinates

Sandro Carrara Ph.D
EPFL - Swiss Federal Institute of Technology
in Lausanne — Switzerland

Web: https://www.epfl.ch/labs/bci/
Email: sandro.carrara@epfl.ch
Social: https://www.facebook.com/sandro.carrara.56
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