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Body Area Networks: human in the

loop

Input processing

Sensing Application-
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* Real-time operation is key"

Millisecond loop delay is required for correct feedback
operation, with human time constants
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Closed-loop
solutions...
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Open-loop vs Closed-loop
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The order of events to organise a closed-loop control is characterised
by the following steps:

* Measurement of the controlled variable y

« Calculation of the control error e = w - y (comparison of the
controlled variable y with the set-point value w),

* Processing of the control error such that by changing the
manipulated variable u the control error is reduced or removed.
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Comparing open-loop control with closed-loop control the following
differences are seen:

Closed-loop control

- shows a closed-loop action (closed control loop);

- can counteract against disturbances (negative feedback);

- can become unstable, i.e. the controlled variable does not fade
away, but grows (theoretically) to an infinite value.

Open-loop control

- shows an open-loop action (controlled chain);

- can only counteract against disturbances, for which it has been
designed; other disturbances cannot be removed;

- cannot become unstable - as long as the controlled object is stable.

Summer School Monte San Pietro 24 June 2006

Summarising these properties we can define:

Systems in which the output quantity has no effect upon the
process input quantity are called open-loop control systems.

Systems in which the output has an effect upon the process input

quantity in such a manner as to maintain the desired output value
are called closed-loop control systems.
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Van der Kooij et al, 1999-2001
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The basic structure of closed-loop
systems
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Figare 1.6: Basic block diagram of a contred system
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... for motor
rehabilitation
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Open-loop or

Open-loop or

closed-loop? closed-loop?
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« One approach to improving balance, which has been widely used
in physical therapy and rehabilitation, involves feeding back to the
CNS supplementary environmental information about body
motion.

« This supplemental information may be coming from artificial
sensors, a therapist, or laboratory equipments (Shumway-Cook et
al.,1988)

« In the past few years, increases in the speed of microprocessors,
advances in miniature devices, and a growing interest in
noninvasive patient monitoring and management have stimulated
the development of real-time portable biomedical systems that are
compact and have low cost
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« One promising application of such systems is biofeedback, which
can be used to enhance human perception of automatic biological
processes, such as movement and balance

Motor Command

Central Nervous
System (CNS)

Effector Organs

Functional
utcome
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MayoClinic.com
Tools for heafthlor lves

Biofeedback: Using your mind to improve your health

v you drvise wishid you could Simply vell your symploms 10 creappsar? YWiIth Biofsedback you misy b able to fely k43 on medcaton
and mafe an B power of your mind

‘What is blofeedback?
Ercfeadback uses your mind b ¢ WN \«I'\J body Eialt“"‘lbb k |s a |5D= Ncﬁroememsﬂ and alematve Madione cabed mind-body

tharapy. L from a van ofedibach: Speci st wil iry o beach you to control
crtann irvelany body responses s.n.ar

« Erain actity
* Blood pressurs
* Muschs tension
* Hoart rate

N 0w Kam 1 FeCogRize and Con 565, YO Can s awede range of mertal and physical
esith probikens. Even i you dont have a speafic dssas or condgon, bt 4eeqte'u miaty help your overall health and sense of wal-baing
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‘What benefit from blofeedback?
Bicteednack has bean Shown 1 be helplul in treating about 150 medcal Condimons, ncuding

» Asthma

* Raynasds dease

* Imitatiby Dovel Syndromss

+ Hot fashes

+ Mausea and vormang associabed with chematherapy
* CONOnEnCe

* Headaches

o kroguiar heantats [cardiac arrythinias)

+ High blood presture

+ Epsiepsy

Clinical tnals are svaluating beotaedback in other condbions as wel

What during a k

il can recetve bioteedback tamng  piysical heragy chrics, medical centers and hospitals. A typical bioteedback session lasts 30 to
600 rnftes

Curing & beofesdback ses5i0n, 8 harapist wil apoky electrical Sensons 10 dllerent pans of your Dody. Thess Sensors wll MOonior your
Bodhy's phySickgical fSponss [0 Sress — 1of INSLANCE, YOUF MUSCH CONLTACHoN during & 16NSion hiadichs — snd then feod the
réormation back o youwa audtony and wsusl cues. Thse cues misy take the o of 8 boeging sound or & flashing gt With this
teedback, you'l slar to as50<iabe your body's response — in s case. pan — with Certain physical funcions, such as your muscles
fensing

Once you begin 1o recognize that your headachs, in this <ase. Is 8 result of terse musces, the ned step I5 10 leam how to Invoke poStve
Diysical Changes inyour body, such 85 redanng fose specilc MUSCES, whan your ody 15 physically of mentaly stressed. Your eventual
ol vl b 10 Prcucs TS MSPONSES Of JOUF Swh,_ CutSics T TerapisTs ofice and without the help of techeslogy.
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Types of biofeedback

Yiouf heragest may use Sivedal diferant techniues 1o Gather ifOManon aboul your body's responses. Dtemining 1 one that's nght for
o il e o YOUF DACuSS Peaith pobiems and obpcines. Machines and lechniguss incdude

+ Blectromyogram (EMG]. An EMG uses ehectrodes or othar pes of Sentors 10 measure muscl tension By the EMG sleting you
b0 MUSCk BERSION, YOU £0 AT 10 TeCognTe he feelng eary on and Tyt control he 1ension ngrt away. EMG i maink used o
hches. hoadaches. Neck i and grndeng your 1eeth {bruesm. An EMG

iz b 50 10 a0t 500 1Bn9350% 7 WhICh 1 SYTTERCETS Lond [0 WOTSN Lnder 0SS, SUCh 25 as'.hm.l and uicors
+ Temperature blofesdback, Sansors stiached b nwnmm toot your skin Bacamoyou
often drops when yiuTe undel syess, Ll higues. @ Ieoleednack can
Felp ek ceriamn cinculaiory isorders, such awmsoseasﬂ of rechice the raquency of migranes.
« Galvanic training. Sensors % @ctivity of your sweat glands and the amount of perspirabion on your sn,
aem-) U 0 SRy, Th-smymanw can be useh '\neﬁ'\;awuw osuaeus Such 83 phobias, andety and SLBeing
e activity of dffarens mental siaes, SUCh a5 wakiehiess,

Nl.! pasti 06, CHIMAGSE, Bt Sheap .!'d O(W LoD
Finding a Ask

Once you daCide 1o Iy biofeedback, youl need 1 ind & qualfied bicteedback therapest Contact the Biofeedback Cenfication nsstte of
America [BCIA) and ack fof the names. of peogée cemfied inyour area BLIA therapists must be hensed in anoher area of heath care —
for instance, 85 B PhysICal theragest — of be warking under 2 gudance of a health care professional They shoud be accustomed 1o
working with pabencs. and you can expect fhem o have a good bedssde manner

¥ yots T firvd & ENCIA.ormfisd therapistin your afea, sk your docof of nother medc Ih becwdedge of
ALErnARS MBding 10 fECOmmend Somenns wik Nas expeeience in Teabng e Speciic syMotoms that are me..m you_ AS wilh a:\,
Preath Cafie DEACIDONE, YOU My have 1o Mest wilh Several sdnaduals 10 Bnd the on with whom you fesl most comforatie

B fari 10 sk ech thorapist 1o peovide raforences. Find cut the horspest's othar areas of profssionsl sxporise, and whothis h of she
s e ¥y I Spacific problerm for T Bkars) Flp. CRack 1o S0 whithi your Pasaith wrsurer vall Cowr the cost of
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Pros and cons of blofeedback
Bicteadiack may appal 1o you for several reasons
 RCAn reduce, of @ven ehminate, your need for medcation

has the potential 10 help cond@ons Shat have nol responded 2o medication
. n‘wbs s charpe ol your abng by providing @ toe 3 g you 1o YO progress and

.l 'ml urr»s.s your medical costs

0 othar hand, you mary Bo Hersaant 16 Iry bickbedback BuCauss Sxpars Al oninehr ture how e therapy works. Many peaphs who
have ted bictoadback can explain how they're abke 10 control et bodies 10 reliew Ter sympeons

T truky 855055 whathor biolidback i effactive in treating your particular symptoms, kedp & daily diary 1o monitor your use of the
reatmnt a5 well as how you fesl befors, dunng and after the Menapy

Ahough dered safe, talk o @ 00Ctor knowe % abouk s form of complementary and atamagve medicine if
you v deguessicn, severe osab\sus ‘Biaetes of et endecnng Bsceoes. Bloleedback Can interers v he uss of some
medications. such a4 insulin

Jan 26, 7006

© 1938 "L‘T‘ MB\OFWCE\M'M\*Q & Educabon and Research (h AInghts reserved A single copy of these matenals may
for ayo,” Waryo Chric " "MayoChnc com.” "Mayo Cline Health Infoemation” "Rekable

iéormatien foe 8 baoEFie Wo" andthe riphe-treesd Misys boge are Sdernarksof Misyo amion for

Summer School Monte San Pietro 24 June 2006




Complementary and alternative medicine: What is it?

e plarn

oy
w2 treatmants that you'v

GG COmy
chare and heets.

Educabe yourse bafore starting any

ary and alemative me
e . rying.

checi i

at aren' integral pars of convent ona Ine. What 15 of 1St
SLAME 85 &N INCIEASING NUMbE! of IEArNents Undenpo AR s study

does al the healng
+ Prevention is key. -
sureyouTe doing all vou can
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What are some of y and medicine?

Healing systems
a

s6ts of eonss
I ritvobvis an

ndncizal
@

i,
n prachices also

Diletary supplements and hert:
Thess treatren e
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Some examples of commercial systems for BF

Spine-Check The Ultlmate_

Spine Check Inc. Balance Trainer

A small sensor is worn on a belt Ultimate Balance Trainer Inc.

under clothing, which measures A small sensor is worn on a

the movement of the spine and hat, a voice warns the user

gently vibrates to warn the user whenever is tilting far from

when doing unsafe movements. his/her vertical in the four
directions: forward, backward,
left, and right.

Golf-3D

Skill Technologies Inc.
System that provides real-
time visual and auditory
feedback to rapidly improve
a golf swing mechanics,
measuring 3D body motion
by means of a customized
software and models.
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NEUROGAMES by NEUROCOM

NeuroPong™ - NeuroPong was
modeled after the original Pong™
video game. The patient's center of
gravity movements control the position

of various sports figures to return a ball
as it bounces across the screen.

Gaming options include soccer, tennis,
hockey and basketball.

Solitaire - The standard solitaire game
found on all Windows® systems, offers
a new twist to an old game where

patients must shift their center of
gravity to select and move the cards.
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Balance
Biofeedback
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Balance Depends on Sensory Information

« Visual, Vestibular and Somatosensory
information are the major sensory cues
used by the brain to perform balance

« Biofeedback (BF) may add or substitute
sensory information; e.g. audio BF may be

- used to involve more largely in the “game”
;| Biofeedback the AUDITORY channel
........... 1 - -
' Listening for balance-

1
i
i .
! N

. . ! : .

Vestibular J Multisensory Internal i Vestibular J Multisensory Internal
Integration Map i Integration Map
 Fro—

1

L S B

Muscles Lo Muscles
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The architecture of a BF system Example #1

Balance Prosthesis Based on Micromechanical
Sensors Using Vibrotactile Feedback of Tilt

Sensor Saraed | Coding goarouton Modality
(Accelerometer) "l (Linear/Sigmoid) "1 (Audio/Visual)
i pp—
Subjects "
(Healthy, Young) Fig 1. Diapram of prosotype balance prostvesis with bead-mounted sensors.
Wall et al. IEEE TBME, 2001 b 4l dpsebeiqpi iy sapsalgriii i
Summer School Monte San Pietro 24 June 2006 Summer School Monte San Pietro 24 June 2006
Example #2
Closing an open-loop control system: vestibular
substitutjon through the tongue .
S without- V8§ . " with- v Cw
L L Pusitnm bused coding =
. e e 1 '{T:w:k z
. ponts ® caccaconecoacne -
— | e o e -
= . § o e

Scheme [
Position based coding
7 taciors pex e
178 o qpacing.
B

Figure 5. 6-DOF prosthesis implementation. 3x16 array of
tactors is shown.
R L T e pep—— e

s ot s e s ope e by ey o g s, Filid s
i s prrtni schmem

Kadkade et al. IEEE TNSRE, 2003
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Tang et al. IEEE TNSRE, 2006
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Example #3
An accelerometer-based audio-biofeedback
(ABF) system

Pedana di Forza
Chiari et al., IEEE Trans Biomed Eng, 2005
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The sensory unit

2D ADXL203, Analog Device 3D LIS3L02DQ, ST-microelectronics
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The sensory modality
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The “biomechanics2sensory” trans-codification

Acceleration trace

talasez
- : —

& L
Instantanecus %
; [
acceleration N\, %]
Threshald - YA'i
L
2:5D{Acty, ) "

Visual Biofeedback Audio Biofeedback
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The coding algorithms:
Linear and Sigmoid Coding

BF ML
representation

BF AP
representation

" Sigmoid cading Linear cecing
Medial-lateral acceleration

Lingar coding X

Anterior-posterior acceleration

M. Dozza et al., IEEE Trans. Neural Syst. Rehab., under review
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The motor task

Static Dynamic

—— Wireless may be advantageous
for dynamic tasks!
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BF System for Rehabilitation Based on Wireless
Body Area Network

Actuator node
(headsets)

P

General Purpose
node (poa) and
Gateway node

D. Brunelli et al., Proc. IEEE Percom, 2006
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Forward: Backward Cof

v A
AN
AR

HP iPAQ 5550 with Bluetooth and
WiFi capabilities. It is equipped
with an Intel XScale 400 MHz,
32+32 KB data and instruction
caches, and 128 MB SDRAM.

Fupe

& —&
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ABF coding of movement

Safety Region (SR)

« represents the limit of stability

~ Freq. t~ « is the region in which the COM
| \ eqf VOIf/ \ projection is inside the subject’s
| \ / support base

|
Leftt )L Leftd
Right) |+ | Rightt
\\ /*\ /

/
\F;eq.* voit” SR

« is estimated according to
anthropometric parameters (feet
length and width)

Reference Region (RR)

« represents the region for natural
sway (+1 degree)
They are both estimated in the first

few seconds of the first trial « is estimated using the subject's

height
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Example of ABF-driven sound

T mmmm s mmm——m—— e —

g

time 5]

i
times)

o5

MLvolume V]
AP volume (V]

005 . o] UM
ERE T R B R A ] 005
time 5] T2 3 4 s 67
time ]

AP frequency [Hz)

[T T T T B S 200
dimes) T2 3 a5 6 7
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* ABF can provide similar information as one
otolith:
— If the trunk/head moves slowly, primarily
gravitational information is provided
— If the trunk/head moves quickly, primarily
acceleration information is provided

« Continuous ABF sound also provides trunk
VELOCITY information (critical)

STIMILATED BT T
BOR) LIVEAR ACCELEWATIONS

VESTIBULAR SYSTEM

Central Nervous ‘Spingl cord & Cerebellum:

Saccule and Utricle

Head position
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* Subjects learn to use ABF in 1
minute

« Subjective balance score I
(Schieppati et al., 1999) is lower
also when ABF seems NOT
actually helpful

 Itis small, light-weight and
comfortable to wear (but so far
wired...)
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Results: quiet standing

» Improve balance (Sway Area decreases)
* Increase control (Mean Velocity increases)

o s s s o8 E

AP CoP displacement [mm]
AP displacement [mm]

‘Trial duration [sec]

Dozza et al., Arch. Phys. Med. Rehab., 2005

ML CoP displacement [mm]
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Control subject

ABF can restore
standing stability in
bilateral vestibular loss
patients

subjectID
1

0 2345678
-10 H\

20 :

-30

40 S

FECEET]

9

T

!

|

l

!
ot

Dozza et al., Exp. Brain Res.,under review
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ABF has a Tuning-Fork effect

« Platform rotation:

6 deg,
1 deg/s
@ « BVL subject
i=
i)
S
=
o —— PRE ABF
(8]
—  WITH ABF
— POST ABF

Plat. Rotation

4 8 12 16 Timel[s]
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Percent activity
HuEE

LR

What's behind the effectiveness of ABF?

Increase in postural stability is not at the expense of leg
muscular activity, which remains almost unchanged

A Muscle Activity
B. Muscle Co-actvaton

P

BES

a0 83 pe0 51

Coefficient of determination r?

THGA 50 GA-SD

M. Dozza et al., J. Neuroeng. Rehab., 2005
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Examination of the structural properties of the COP and
the EMG activity support the hypothesis that ABF does
not induce an increased stiffness (and hence more co-
activation) in leg muscles, but rather helps the brain to
actively change to a more feedback-based control
activity over standing posture

102

Variance [mm2]

10-1

1{'11 L. Chiari et al., Hum. Mov. Sci., 2000
M. Dozza et al., J. Neuroeng. Rehab., 2005

102 107 100
ATe [s]
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Mechanisms behind ABF are direction-specific

A, Individual Time Series B. Group Mean Change Due to ABF

g, AP Acceleration [mmis?]

mAEFmI'”‘FDl‘WN ABF inthe ML Direction
W 204 . »
E

g

g‘ﬂ: 5; " n;

b 22 i
2 TN i
E.m. 8 cE
‘{-n- = H

04 O AP Vakuos of Sway

- O ML Vishoes of Swary

M. Dozza et al., Neurosci. Lett., under review
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Using direction-specific, ABF

information, subjects reduced their

sway in the specific direction of the R Reducticn Usng 47 452 RS, Roduction Lsing ML ABF
audio-biofeedback by increasing

the frequency of their postural ML

corrections in the specific direction ML

of the biofeedback.

X . FazsinCrease Using AP ABF FEEsIncrease Using ML ABF
This suggests that sway reduction

is not the consequence of a simple ML

passive mechanism, such as body ML

stiffness, or the consequence of a
task involving a higher attentional
demand, but rather the
consequence of active control
from the central nervous system.
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Influence of sensory modality and coding on BF

- 8, healthy, young subjects (23yrs+3.04)
- Standing on foam

- In 6 different conditions:

1)
2

Eyes closed with audio BF (linear coding)

Earphomes Experimental Set Up and Protocol
L}

Eyes closed with audio BF (sigmoid coding)

3) Eyes open with visual BF (linear coding)

4) Eyes open with visual BF (sigmoid coding)
5,

Eyes closed (control for condition 1-2)

6) Eyes open with random visual BF (control for
condition 3-4)

- Each trial was 60 seconds long

M. Dozza et al., IEEE Trans. Neural Syst. Rehab., under review

- Each condition was repeated 5 times (random order)

- Acceleration and center of pressure were recorded
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Audio vs Visual BF : effects on Acceleration

- BF reduced the standard deviation
(std) of the accelerations which were

% 2D-Acceleration 5D changes while using BF fed back.

- Sigmoid coding of audio BF
information was more effective than
linear coding in reducing sway.

LINEAR  SIGMOID LINEAR  SIGMOID

0

- Linear coding of visual BF
information was more effective than
sigmoid coding in reducing sway

- This result suggests that both the
different sensory channel (audio and
visual) and different coding function
(linear and sigmoid) chosen to
represent the BF information, may
influence the effectiveness of BF.
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Visual and Audio BF Evoke Different Postural
Strategies for the Control of Upright Stance

- Only sigmoid audio BF reduced the
std of the center-of-pressure (COP)
% 2D-COP 5D changes while using BF displacement.

20

- An inverted pendulum model (ankle
strategy) can explain the reduction of
both acceleration and COP std found
using sigmoid audio BF.

- However, in order to explain the
opposite behavior of acceleration and
COP standard deviations found with
visual BF, it is necessary to use a
multi-segmental model (hip strategy).

LINEAR  SIGMOID

]

' - Thus, subjects may have preferred
an ankle strategy in response to
sigmoid audio BF and a hip strategy
in response to visual BF.
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Accelerometers;
Gyroscopes; others

Sensor Saraed | Coding - Modality
(Accelerometer) "| (Linear/Sigmoid) (Audio/Visual)

(—'4 Subjects

(Healthy, Young)

Linear/Nonlinear;
Delays; Gain

[

Both the effectiveness of the BF information in reducing
sway and the strategy chosen by the subjects to control
the BF signal may be dependent on the BF coding
function and presentation.
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Insole Sensor System

1 Addressing one of 2 sbit digital address
24 sensor cell through DO channels,
+5V supply, OV ground

3 Acquisition of analog voltage
signal with max freq 1kHz

p—
2 LabVIEW I
L
y G
6V (0-5V) to P (0 - 625Kpa) 5 A/D conversion 4 Amplification of analog

with 16bit resolution mV signal in 0-5V range
7 1CoP every 24P (full foot

map)

9 8 Sound in headphones maps CoP
correction movements

Summer School Monte San Pietro 24 June 2006
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2 DoF platform for diagnosis and rehabilitation
of subjects with postural disabilities

Device design
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The n ture

Short loop

Long loop

24 June 2006

Summer School

Closing the closed-loop

Human Body Dynamics
Example of application of
models in the stabilization
of standing posture using
functional neuromuscular

stimulation
(Soetanto et al., J. Biomech., 2001)

Plant

T includes an ‘artificial’
torque, elicited by a
stimulator  on  healthy
muscle, in lack of natural
efficient control algorithm

Oaill) 20T} 1)
A} = T} Skelatal
—~—

Sensor

Ohrl)
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7
user feedfol d timulati musculoskeletal
inputs controller system

—————k

1 ! - 1
- waptamn ______

Block diagram representation of the FNS control system
components. The control system may include feedforward, feedback,
and/or adaptive components. Note that the feedback controller uses
measurements of system outputs to determine its contribution to the
stimulation delivered to the muscles; the adaptive controller uses the
measurements to modify parameters of the feedforward or feedback
controller equations. If feedforward control is used by itself, it is usually
referred to as an “open-loop” control.
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