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The XR continuum

O —

Real Environment Augmented Reality Augmented Virtuality Virtual Reality

XR continuum

Extended Reality
Experience Reality

Virtual Objects Overlaid in Direct Objects Projected and Immersion in a Fully

Direct View of the Realit
- it = a Realworld Environment Controlled in a Virtual World. Digital Environment

Mixed Realit
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Immersive learning

* Remote learning-by-doing

e Scalability and accessibility
* Immersive Analytics

e Retention and skills transfer

e 4x faster learning
 275% more confidence in skills
65% CAPEX reduction
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Immersive healthcare

Mental Health
* Cognitive

capabilities
° BehaViour \‘
(Banakou et al 2018;
Houzangbe et al 2019)

Psychological Therapy
* Anxiety disorders

* Post traumatic stress
disorders (PTSD)

* Phobias
Pain Mgnagerrjent (Maples-Keller et al 2017;
* Routine medical (Ganry et al 2018) Cho et al 2017)
procedures

* Pre/Post surgery

Physical Rehabilitation

(Tarr and Warren et al 2002;
Gold et al 2005)



Immersive healthcare

Around 500 startups in the world.
S 4.5 Bln the Global Market value in 2022.
Main applications:

* Digital alternatives to drugs
* Telemedicine

* Neurorehabilitation

* Medical training
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Softcare Studios

The company develops virtual reality
solutions for pain management of patients
and medical training of clinical personnel

* Foundedin 2017 in Italy (Rome)

Library of VR

e Active in 20 hospitals experiences designed
to support the needs
* Partnerships with leading Pharma of different age groups
and MedTech companies of patients
(paediatrics, adults,

elders)
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MAIN ADVANTAGES OF VR-BASED EXPOSURE

» Graded exposure
* Repeated as often as necessary
* Protected environment

* Yet, although the computer-generated environment is
artificial, our mind and body behave as if it was natural

* Abilities learned in VR are transferred to the real world
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How to quantify the effects of VR-based exposure?

Quality Of
Subjectve _  Experience (QoE) _ Objective
metrics Metrics
. Post test Erpscton Measurement of

physiological signals
with external sensors

questionnaires State  Perception

* Pre-defined rating
scales SRS G‘/ l \

« Mean Opinion scores EE HR  Respiration
(MOS) (Kroupi et al 2016) (Egan et al 2016)

* Differential MOS

QuestionPro

098549
OO ==k
RATING SCALE

“\

PIP biosensor
(Drachen et al 2010)

Fitbit HR monitor

(Lee et al 2011)

(Hupont et al 2015)
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How to quantify the effects of VR-based exposure?

Laboratory conditions ISS conditions
Pre-flight training In-flight utilization

Limited instrumentation resources on-board
Multiple instrumentation resources with possible inter-Agency constraints

Astronaut’s time critical

Subject’s time resources not critical and extremely expensive (130k$/hour)

Possible assistance from other crew members
Presence of trainers/assistance

Astronauts’ schedule constraint

4 4

Subject instrumentation with external Need to minimize the experimental set-up time
sensors/wearables to monitor physiological signals Need to reduce use of consumables
and biomarkers during the VR-based exposure
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What if....

.. we could quantify the physiological response to VR-based exposure by
validated biomarkers without using any additional external sensors ?

.. we could derive in quasi real-time these values and, based on the aim
of the VR-exposure, change the presented scenarios to better tunneling
of the experience ?

C VR ) - HR and RESP Emotional
experience measurement Responce

I
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Pulse from head motion

Input Video  Amplified 10X

3D é '
o # Head '
motion

[Balakrishnan G, MIT 2014]

» At each cardiac beat, ~13 grams of
blood flow towards the head from the
aorta through the carotid arteries

Pulse From Head Motion: 97.6 bpm

Lw\/\/\/\/wuvvv\,

» Mechanical recoil caused by the
internal movement of blood

ECG Signal (Ground Truth)

generates cyclic subtle head motion "
> It can be used to derive information WWMMM’{
about cardiac and respiratory activity
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3D Ballistocardiography in microgravity

BN -

Skylab 4 Crew Observations
EDWARD G. GIBSON Il

" “I did notice a ballistocardiographic
effect a couple of times when | was
trying to take pictures through a
window and was just holding on to the
adjoining structure rather lightly; |
noticed that the whole Skylab cluster
was beating at around 60 beats per
minute. This was evidenced several
times. It required that | hold myself
down rather firmly to get around this.”
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Head-ballistocardiography (BCG)
s

Gyroscope Inside Google Glass
I

Ambientlight ang
proximity Senor

[
Rate of Rotati i
i 1 o %M i Mgu fftf“ W J,me W‘ e

@ ,

ﬁ& Respiration

[Hernandez J et al, Proc. of Wireless
Mobile Comm. and Healthcare 2014]

micro-electromechanical systems (MEMS)
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Head BCG from embedded MEMS in VR

> f, = 71[71;77] Hz

» Ad-hoc recording application
(Softcare Studios Srl)

» 1-lead ECG as reference

Main results

« Using a VR headset, it is possible to use the
embedded inertial sensors to derive physiological
parameters in order to monitor the subject during

@ 0
5
E
é—l
2 1 1 1 1 1 1 1 1

° : ? ' lime® ° ’ ’ a VR experience, in view of providing a bio-

" feedback.

* N=30 L [ P . :
. :;-,5’.'5 S o « Extraction of mgan HR (30 sec) apd l.'esplratory
8« - g « % frequency (during controlled respiration of 50 sec)
£: o003 % £25D=6.2bpm ' is feasible and accurate using FFT-based method,

iy
3

& v Blas=-1.2.0pm — with best results in sitting position compared to

40 50 60 70 80 90 (HRyr + HREg)/2 (bpm) . .
HReee (bpm) ’ standlng and supine.
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Head BCG from embedded MEMS in VR

> 9 healthy volunteers (21[21;22.5] years) in supine position 0.02]
» QOculus Quest (Meta/ex-Facebook) VR headset 0
= fs=71[71;77] Hz) 002
» Ad-hoc recording application (Softcare Studios Srl) e
X X X (x X X X X
= 1-lead ECG (f, = 1024 Hz) x b
= 3-axial accelerometer and gyroscope (f; = 64 Hz) ~ [ |
— ARAAARAN
[Solbiati et al., Proc. IEEE Inertial 2022] 21(307 5e¢ . 30
Main results . —
- Beat-by-beat analysis of HRV is feasible, while the subject’s head is still, S=
by processing the data acquired from the VR headset with specific £ |
software. o
> —_
 HRV analysis allows extraction of stress-related parameters [Landreani o
et al, Sensors 2019], even from short-time acquisitions (30 sec)

Baseline Mental stress
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Sensor-free biofeedback through a web-based VR application

Aims
 Utilization of this technology outside a lab setting

* Headset device indipendent

* Generation of an online biofeedback about the user ability to follow a proposed protocol in quasi-real-
time

* Gamification

Methods
HTML 15 cCss

Creation of a web app running on an external server to collect and
process the data
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Sensor-free biofeedback through a web-based VR application

SAM
Experimental protocol questionnaire
Breathing Procol r—

= QOculus Quest .-. ' ' ,
fs = 71.43 Hz : 12x_>12X_>12X_>12X =) o O
| MR i ss o
eve = Movisense EcgMoved

:;3 . 1_|ead ECG f5= 1024 Hy The Subject s sensorized. Level 1: 1b/4s  Level 2: 1b/6s  Level 3: 1b/8s  Level 4: 1b/10s Ouestionnaire End of experience

T f10 SCG fs=64 Hz

N= 26 volunteers (14M, 12F)
Derived respiratory

eriod T_ECG
ECG .
Algorithm training ] Level Mean RE  Bias  Std

, ‘ Normalizedlinear?osition ‘ ‘ OEH’+ Ll (4S/b) 2.58% -0.028 0.14S
ER L2 (6s/b) 2.55% -0.06s 0.21s
. | | GREY BOX T_HBCGI L3 (8s/b) 1.93% -0.11s  0.19s
o P / ALGORITHM L4 (10s/b) 1.87% -0.11s  0.26s

p1, p2, p3, p4

The error for each of the imposed
respiratory frequencies was below 3%
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Sensor-free biofeedback through a web-based VR application
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Sensor-free biofeedback through a web-based VR application

Testing protocol

= Oculus Quest —} —)p m —) . —}‘ '
fs=71.43 Hz

= Movisense EcgMoved Questionnaire
1-lead ECG fs= 1024 Hz Breathing Controlled Respiratory
SCG fs=64 Hz frequency and breathing signal analysis

duration protocol (grey-box

N= 8 volunteers .
selection algorithm)

Free choice of the breathing frequency and of the duration of the experience
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Sensor-free biofeedback through a web-based VR application




Sensor-free biofeedback through a web-based VR application

User feedback: comparison of measured respiration (in red) with
expected respiration (in blue)

Subject Duration Imposed [s/b] Tgcg [s/b] Tuscce [s/b] Error
S27 96s 8 7.73 7.65 1.03%
S28 96s 8 7.94 8.09 -1.89%
S29 72s 6 5.81 5.99 -3.09%
S30 96s 10 9.79 9.52 2.76%
S31 120s 8 7.89 7.84 0.63%
S32 96s 8 7.94 8.09 -1.89%
S33 96s 8 8.31 7.82 5.90%
S34 360s 10 10.02 10.19 -1.69%

!

Respiratory frequency estimated from the VR headset during the imposed respiration
experience is accurate compared to the gold standard, and can be used as biofeedback.

POLITECNICO MILANO 1863



Conclusions

Using MEMS embedded into the VR headset, it is possible to indirectly monitor the subject’s heart
rate and respiratory activity by exploiting the head micro-movements.

Such approach could also be embedded in space-related VR experiments focused on training,
physical countermeasures, and mental health of astronauts, in order to derive useful biomarkers
during the experience without using additional sensors, thus saving astronaut’s time (and
organizational burden)

Such markers could be used to assess stress and performance levels, to increase crew safety.

In general, the proposed approach could have a positive impact if included in any VR
application where it is of interest to evaluate the subject’s response to the induced stimuli
without being constrained to a laboratory setting.
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Thanks for your attention!

enrico.caiani@polimi.it
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Immersive healthcare

VR to treat phobias [ ‘

VR to treat PTSD
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Immersive healthcare
VR to treat burns

VR pain dls(ractmn w urked

Patient 2 showed less VR analgesia and lower pres
10
%)
Eh
.E 8
L]
=4
‘a6
‘=
By
lm 4
T 5
=
=3
=9
“ st Un pl =\ xiety Pl‘ese nee
Spem
Bumed area of patient 2, much the wmburned skin thinking

was harvested for extensive skin grafts.

The Snow World

The essence of VR is the illusion that users experience
inside a computer-generated environment that KEEP
THEIR ATTENTION TO COMPLETELY DIFFERENT STIMULI,
and away from pain.
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Uneven = i _ B
signal e Teattobeat pop
Samp“ng «

Quality Rate &

Possible
artifacts
introduction

Generation of

Short period @ reference
of acquisition signal
into the
VR-Experience

HRV
measurement
for VR-
experience
assessment

Punctual
Validation
Purpose

At least 4
cycles of
inspiration
and expiration



Data from Space Shuttle experiment
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Experiments during parabolic flight

—
Free floating

Pneumocard-Ballisto

* 6DOF BCG close to CoM

 3DOF BCG on the spine
between scapulae

* SCGon the apex of the
heart

* |CG & ECG standard
electrodes placement

* Respiration: nasal
thermistor
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