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 Introduction and Motivation
* INAIL System / Cerebro Board
* Biowolf

« BioGAP

 UltraSound

* Moving to the next frontier...
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Introduction and Motivation

What we want to do:
« At application level, we target to push the envelope of the edge computing for
wearable systems

Which direction we follow:
« System design

« Sensors interfaces

« Algorithms
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The first project: INAIL hand controller

Design of an end-to-end controller for poliarticulated artificial hand.

Specs:
e Bandwidth 90-450Hz
* Internal Notch Filter 50Hz
* 0-3.3Vsingle ended output span

Sensors
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The first project: INAIL hand controller

Design of an end-to-end controller for poliarticulated artificial hand.

ARM Cortex M4

Motor drivers =
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Specs:
* ARM-Cortex M4
 100Mhz clock
* internal ADC
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The first project: INAIL hand controller

Labeled dataset
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 What we have achieved
* Real time closed-loop control
 Embedded SVM execution

 What we can improve
e Sensor inteface
 Scalability




Moving towards Cerebro board

 Use low-cost passive sensors instead of conventional EMG
« Scalable
 Usable also for consumer HMIs

* Move part of the signal processing on the digital domain
* More versatile
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Cerebro ADC (2014)

BT antenna

Cerebro AFE
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Passive low-cost electrodes
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Adding horsepower to the digital processing

 Use a PULP chip to enable ML/DL algorithms
* Design a form factor board for HMI with mrWolf

* Test the system on more biosignals
 EMG,EEG,ECG

AT
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Embrace the (mr.)Wolf Within: Biowolf (2018)

Block Diagram

PCB implementation

BIOWOLF

BQ27441
PCB Board 4_‘3’ Fael Lo
Gauge 65mah
LiPo
ADS1298 _l=
S " BQ25570 =
o Harvester ::
8x : Buck o
Channels Converter —
Power distribution b x::;
i
Main Components
MR. WOLF
ADSU12t9§ £ chanel e 8 RISC-V cluster processors. nRF52832
® (0} XG channels . . . . . . -
b *  Bit manipulation instructions. ) gzmﬁjrtex M4
* 0.5to32—Ksps. * Voltage range (O-SV-]..].V)- . Bluetooth 5 capable.
: EGcgpltol 12tx- ; * 40nm LP CMOS. * NFCA
® r el electroaes ®
e +  64kB/512 L1/L2 memory. 312/64 KB Flash/RAM.
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Embrace the (mr.)Wolf Within: Biowolf

Reusable

Protection !
Resistor

ETH:zurich
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Testing the Wolf

O System tested to validate electrical performance
e Sampling rate 500 SPS.
e Bandwidth 131Hz

PGA gain =12 - 0.48uVrms

Power Consumption

Digital re-referencing - 106dB I l I I

IDLE ACQUSITION ACQUSITION
(BT)
B Analog W Digital B Communication
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Testing the Wolf
O Alpha waves _

®
e Spontaneous brain response _— F -
e Bandwidth 9-12Hz - | StorkTams SolfarTysnsfoim

. W - -\\\
* |deal for fast testing of BMls 553
>
e Used in neurofeedback apps £ 15
3 10
¢ 5|
R
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Testing the Wolf

] Test ERP

time domain averaging of
100 repeated stimuli

d Result

P1,N1,P2,N2,P3 detectable (5x wrt noise le

L Test SSVEP

Frequency domain analysis (PSD)
on 5s and 90s windows

] Result

SNR 16dB (main peak / avg power 10-30Hz
SNR 5dB (short 5.1s window)
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Visual stimulus at 1 Hz
For ERP and SSVEP

3 .
P3 (P300
s, P2@186 ms ( )\
o P1@106 m
N AN\ ‘

What we have achieved

* A versatile PULP based HMI
for biopotentials

600

 What we can improve

e Computational capability

* Energy efficiency
* Modularity

20
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BioGAP: a GAP-based Gateway to Advanced Processing &%

M

S~~~ = Design modular sensor gateway based on GAP9

J@J  More signals (EEG,EOG,PPG,ECG,EMG, microphones, IMU...)
 (Can connect to other complex systems (eg US)...see next slides
= * Integrated form factor

* Novel sensors
 (Going towards dry, low cost, comfortable sensors

LT
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BioGAP: the ultimate wearable computing platform (2023)&%

* PULP-based computing platform: GAP9 EEG PCB Baseboard
» TOPS capabilities, 10 RISC-V cores, 128 kB L1 memory, 1.5 MB TR
RAM, 370 MHz operation (state-of-the-art performance for tinyML) s
«  Nordic nRF52 for BLE connectivity i
« Can be flexibly connected to a large variety of sensor interfaces, for
example:
« ADS1298 ADC for measurement of biopotentials: EEG, EMG,
EOG
«  MAX86150 PPG sensor:
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A big step forward in our sensors

“’ic;:}?;f « Dry ¢
/  Active ﬂé%/
«  We want to * S00€
e minimize contact impedance, . .
*  reduce noise . V\;Ztsg\?eEL) *»"g,}_.@;’f
e maximize versatility . g_% -
* Dry ,A'
 Passive/active ‘ S
. 100€ <
2 . ° ry - m
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: |
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Headband for EEG monitoring

* BioGAP compatible Brain-computer interface
* Drone control
 Motor movement / motor imagery
 Steady-state visual evoked potentials
Clinical applications
 Epilepsy monitoring

e Clinical trials

iH iH
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BioGAP in a Headband Formfactor

Flexible pin-electrodes
(SoftPulse, Datwyler)
for temporal and
occipital regions

Flat electrode
(SoftPulse, Datwyler)
for improved wearing
comfort at frontal lobe

BioGAP
Dry electrodes enable long-term Used for drowsiness detection in
EEG measurements automotive application

Trich G sue s sropion
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EEG based Drowsiness Detection — first study completed Q‘%

8 EEG

) N
~

Driving simulator at the
University of Modena
(7 distinct subjects)

2 PPG LEDs Q

(NNNA

Driving simulator at
Maserati
(7 distinct subjects)
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Data sneek peek from the Maserati measurements

- Spectrogram (STF:]' first 5 min) o

20

Spectrogram (STFT last 5 min)
1 a5 02
20

o]

10

o

10

0 0
50 100 150 200 250 50 100 150 200 250 50 100 150 200 250

30
20

N N
L L 10
9 ) 0
e 50 100 150 200 250 = 50 100 150 200 250 50 100 150 200 250
©
= §
g - »
i C 20
10
0 0 i}
50 100 150 200 250 50 100 150 200 250 50 100 150 200 250 50 100 150 200 250
Fpl Fp2 Fpl Fp2

30
20
10

20

10

0
50 100 150 200 250 0 50 100 150 200 250 50 100 150 200 250 50 100 150 200 250

Time [s] Time [s]

Alert

Drowsy

Increased power in alpha band (8-10 Hz)
Increased power in delta band (1-4 Hz)

ETH:zurich =

PULP event, 05.06.2023



Coming soon

Almost read
/ Y

Projects and devices
T Under development

We have several international ongoing project where we use our BIOPULP Devices
* Intelliman

 PEDESITE
* Listen to light
 Urban twins

- Poimy
CEUED ALMA MATER STUDIORUM
zZuric Sy UNIVERSITA DI BOLOGNA
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EEG Glasses &9
Non-stigmatizing EEG monitoring ‘
@ Temporal region EEG Artifact + Seizure Detection
1 e XGBoost + Gradient Boosted Trees

p— ‘ EEG Artifact Detection and Seizure Detection done
| in under 0.3 ms at a low cost of 7.93 W per inference

40 < Power Peak
% 30 -
BioGAP ” EOG Sensors g 20 -
o 10 - | "B ; 'act> ) eizun:
f A ISEI"‘I‘ FET D‘%{gcfuon Dsethtlon
0 | | | | | [
GAP9 + ADS1298 0 005 01 015 02 025 03
Time (ms)
BioGAP + Sensors both ready Seizure detection also implemented with
Integration into glasses WIP CNN models and Transformer model quantized
to 8 bits
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Main features:

GAP9

PPG dual channel (MAX86140)
3D ACC ( LSM6DSX)

16 channels EMG (two ADS1298)
ECG single lead (MAX3003)
Exposed spi/i2c interface to connect
external sensors boards

WiFi (ESP32)

puC (STM32U585)

GC9A01A display with touch
interface (GC9A01A + CST816S)




EMG-Medium Density armband

Main features:

mrWolf (we will update to GAP9)
16 channels EMG (two ADS1298)
* MC(nRF52832)

ETH:zurich
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First results combining BioGAP (EMG) and WULPUS (US) Q%

Shaded areas: US signal before sEMG triggering (not
acquired in the real application with US probe sleeping)

WULPUS starts faster than the
electro muscular delay
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Why Wearable Ultrasound?

Why Ultrasound? Conventional
UsS

« Safe and noninvasive

Portable US
« Senses deep tissue

 Relatively low-cost Wearable

US

Existing Systems:

« Bulky and obtrusive

« Power hungry

https://www.usono.com/probefix/

« Limited to imaging, closed.

https://www.mindraynorthamerica.com/s
pecialties/radiology-ultrasound-machines/
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Wearable Ultrasound: System Design Challenges

Physical Requirements
« High sampling frequencies
(4 —30 MHz) Wearability
requirements

« High-voltage excitation

+15.
(£15-100 V) « Wireless link

* High tissue attenuation

(0.75 dB/cm/MHz) « Compactness

* High peak data rates * Low Power

(~ 1 Gbps)

« Multichannel design (= 8)
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US Dot: 32-ch. High-end Low Power Wearable Probe

Ultrasound . BeadsmonPeB .
I 4 .
Dot ! ., |LvDS :
1| AFE5832LP Igloo 2 | !
'|32 ch., 32 Msps} FPGA |,
! A SPI !
P L o e
A —
L [Txzezz | PP
: Pulser :
' HV PCB |,
+ Transducer .
. (10 MHz, 32 ch.) :
55x 30 mm footprint
WiFi link (32 Mbps) 32 channels (32 Msps) Low Power (970 mW)
ETH:zlrich ’i@* BRI AATER STYBISANY -_} 30
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WULPUS e e aeNes

¢’ > A Y
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................ I HV 2708 : . Echo | i .
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i nnn| l sPl |
Raw US signal ' !
= ; nRF52832 -
__ | \ *M*»«kw . BLE MCU )

Acquisition : ' e Host P M mmeen i
PCB NE M7/ - : *

Transducer N
[ - ] ~._Common carotid nRDzié?:o]
46 x 25 mm footprint 7/ | artery
BLE link (300 Kbps) 8 channels (8 Msps) Ultra Low Power (22 mW)
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Summary: US Dot and WULPUS

Ultrasound Dot

WULPUS

High-frequency,
High-channel,
Noise-sensitive

Low-channel,
ULP applications,
Multiday sensing

applications

N channels 32 (individual) 8 (time-multiplexed)

ADC 33 Msps max (10 or 12 bit) 8 Msps (12 bit)

Gain 21 dB LNA +27 dB PGA + TGC 30.8 dB PGA + 10 dB OpAmp
Wireless link WiFi 4 (32 Mbps) BLE (320 kbps)

]_BSGMNSAXE%Omm 46 x 25 mm @
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WULPUS: Hand Gesture Recognition

%

P

Ultrasound Gestures Confusion matrix

armband (XGBoost + stat.

features) 200

250
200
150
100
50

True label

HO F IF WE
Predicted label

High classification
accuracy (96 %)
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WULPUS: Cardiorespiratory Monitoring

Ultrasound patch =
- ] X O
tape §
&
Chest image: Flaticon.com 6
Low error Tiria [&]
3,4 % (RR)
FFT Amplitude 2,4 % (HR) Absolute time
9 RR - 11.4 bpm = 2T derivative -
/ HR - 73 bpm § | ,
c 4 - :
a
A Cardiac Activity
I T T 6 | |

0 1 2 3 \/ 0 10 20
Freq. [Hz] Tirme [5)
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Conclusion

* We have a vivid and evolving full-stack ecosystem from sensors and silicon to
applications and algorithms

Sensors Processing Devices Applications

HMIs

R A MR. WOLF
' e Healtcare

% P « Consumer
Signals
' % . ExG
GAP8
e Audio
e . b
= — < IMU
v Wearables
iy GAPY e FEarbud

* Wristband/Watches
* Eyeglasses
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Thank you for your attention!
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RISC-V Cores Peripherals
RI5CY Ibex Snitch | Ariane JTAG

UART

Interconnect

Logarithmic interconnect

APB - Peripheral Bus

32b 32b 32b 64b

DMA AXI4 - Interconnect

q »
interconnect ’ !
)
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Single Core Multi-core Multi-cluster
* PULPino * Fulmine * Hero

* PULPissimo  Mr. Wolf * Open Piton
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