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OBIECTIVELE TEZEI

SINTEZA LUCRARII

1 OBIECTIVELE TEZEI

La momentul studiului, din analiza bibliografiei, s-a constatat lipsa abordarii problematicii
legate de masurarea directa a lucrului mecanic real (cu senzori calibrati) efectuat de fortele de
reactiune la sol in timpul mersului. Tangential, problema este abordata de catre Minetti care
propune o formula empirica de calcul pe baza unor parametrii antropometrici si a numarului de
pasi efectuati [1].

Noutatea metodei si echipamentului electronic computerizat propuse de teza consta in
posibilitatea valorificarii avantajelor a doua metode pentru determinarea consumului caloric:

- Metoda pedometrului care porneste de la ideea realizarii unui aparat portabil, care
masoard consumul caloriilor pe baza numarului de pasi si a cunoasterii unor date
antropometrice;

- Metoda benzii rulante de mers, prin masurarea Tn timp real a FRS si a calculului
numeric al lucrului mecanic si al consumului caloric;

2 STADIUL ACTUAL AL CUNOASTERII iN CADRUL SISTEMELOR
MECATRONICE DE ANALIZA MERSULUI UMAN SI A DETERMINARII
CONSUMULUI CALORIC

Studiul biomecanic al mersului uman poate fi abordat folosind mai multe modalitati:

Prima modalitate de studiu se refera la abordarea cinematica si constd Th evaluarea
miscarilor corpului ca intreg dar si a membrelor considerate separat. In acest scop s-au folosit
numeroase metode de masurare. Cele mai simple au constat in preluarea de imagini fotografice ale
mersului uman, in prezent utilizdndu-se captarea informatiilor tridimensionale de la senzori plasati
n anumite puncte ale corpului [2].

A doua modalitate de studiu se referd la masurarea componentelor dinamice, fortelor si
momentelor acestora, aplicate corpului. Fortele exterioare aplicate in timpul mersului sunt relativ
usor de determinat prin folosirea platformelor de fortd amplasate pe sol.

A treia modalitate de analiza a mersului se referd la consumul energetic necesar parcurgerii
unei anumite distante. Energia poate fi determinata valoric pe baza datelor cinematice §i dinamice.

3 BAZELE TEORETICE DE CALCUL A ENERGIEI CONSUMATE TN TIMPUL
MERSULUI

3.1 Definirea parametrilor mersului

Mersul este definit de unii autori ca bipedalism alternativ, avand ca notiune de referinta
“ciclul de mers” reprezentat de distanta masurata intre punctul de contact initial cu solul al unui
picior si punctul initial de contact imediat urmator al aceluiasi picior [3].

Ciclul de mers se descompune in doud faze principale, faza de sprijin si faza de balans.

Doctorand Ing. Anghel CONSTANTIN — 2019 Pag. 1



BAZELE TEHNICO-STIINTIFICE CE STAU LA BAZA REALIZARII MODELULUI
EXPERIMENTAL

Pentru un studiu detaliat, se considera ca ciclul de mers este subdivizat in opt evenimente
dintre care cinci au loc pe durata fazei de sprijin si trei pe durata celei de balans ca in figura nr. 3.1
Tn care s-au folosit urmitoarele notatii: Cl: contact initial (impact cilcai); RC: raspunsul la
incarcare; DA: inceputul sprijinului; MA: mijlocul sprijinului; PPO: prefaza de balans; DPO:
nceputul fazei de balans; MPO: mijlocul fazei de balans; FPO: sfarsitul fazei de balans.

o] 10 30 30 0]
f T T T T
1]
H I H : !
I ] ' H i
I rel DA H MA i FPO

cl o I H Oy :
! | ' ! ' ;
i . r ] 1] 0
| b § Duots | i
y eijinil Sexijinyunipodsl { speiin | i
. L] ) L]
]

!—-I—— Faza de spriji = Faz. ilantd
| za de sprijin v—-—h—j-ﬂ- @ osciana —-I

—_— Cicl de mers pentns piciomul drept

Figura nr. 3.1 - Ciclul mersului uman

4 BAZELE TEHNICO-STIINTIFICE CE STAU LA BAZA REALIZARII MODELULUI
EXPERIMENTAL

Pentru calculul puterilor mecanice pe directie verticala z se utilizeaza o tehnicd provenita
din analiza sistemelor mecanice, numita dinamica inversa..

4.1 Calculul fortei verticale totale, f;[N]

Considerand ca pe fiecare talpa sunt plasati cate 10 senzori si, notdnd cu F;si Fg; fortele
masurate de fiecare senzor (L si S - stdng si R si D - drept), atunci putem scrie (4.1) si (4.2):

Fii =i Fsi st Fry = X2 Fiy (4.1)
Fpi = Fi + Fp; (4.2)
4.2 Calculul acceleratiei verticale a,;[m/s?]
Pentru calculul acceleratiei folosim formula (4.3):
Fzi
Az =——49 (43)

m
4.3 Calculul vitezei pe directia y

Calculul vitezei pe directia y se face cu relatiile (4.4) si (4.5).
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BAZELE TEHNICO-STIINTIFICE CE STAU LA BAZA REALIZARII MODELULUI
EXPERIMENTAL

Vyai = Vygi—1 + A0y (4.4)
Vysi = Vysio1 + AVyg (4.5)
4.4 Calculul puterii pe directia y
Calculul puterii pe directia y se face cu relatiile (4.6).
Pyai = Fyai * Vayai (4.6)
4.5 Stabilirea metodei de verificare a mésuririi componentelor FRS
Dupa calcul se determind masa cu relatia (4.7):
7lo fFzat —

n
,vz(mAH)—vz(0) , vz(nA)—vz(0)
N nAt g+ At

@)

Relatia (4.7) se foloseste Tn algoritmul numeric software pentru a compara rezultatul obtinut
cu valoarea masei subiectului introdusa ca data antropometrica si pentru a determina corectitudinea
analizei si calculelor.

4.6 Contributii privind calculul interinfluentirii senzorilor (fenomenul crosstalk
mecanic)

In realitate, talpa incaltamintei nu apasd punctual numai pe un senzor ci, cu o anumita pondere,
pe un grup de senzori determinand o eroare de masurare de tip cuplaj sau “crosstalk”.

Daca u! (unde i =1..10 este numirul canalului de achizitie (corespunde cu numirul
senzorului) si j= 1...10 numdrul testului de calibrare) este marimea tensiunii citite de catre
microcontroler ce corespunde senzorului i, la iesirea circuitului de amplificare al interfetei cu
schema originald prezentati in figura nr.6.13 din Capitolul 6, iar a¥, i =1..10,k =1...10
factorul de amplificare globald (asimilatd ca o constantd de cuplaj) a senzorului i relativa la
senzorul k asupra caruia se aplica forta cunoscuta de calibrare f,,;, atunci la calibrarea fiecarui
senzor se poate scrie relatia (4.8):

u ay

1 1
U, a

:2 = fear" :2 (4.8)
ufo aio

Prin calibrarea separata a fiecdrui senzor cu aceeasi forta f,,; Se obtin un set de 10 relatii
(4.14) ordonate in memorie ca vectori conform (4.9):

ul al u? a? ui® ai®

1 1 2 2 10 10
u a u a u a

:2 =fear" :2 ) :2 = fear" :2 seees 2 = fear" 2 (4.9)
uly abol  lug, atol  luggl laigl

Deoarece forta f.,; si tensiunile ui" i=1..10, j=1..10 sunt cunoscute se calculeaza
imediat coeficientii a (prin impartire).
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BAZELE TEHNICO-STIINTIFICE CE STAU LA BAZA REALIZARII MODELULUI
EXPERIMENTAL

Daci se noteaza simplu cu u; unde i = 1 ... 10 componentele vectorului de tensiuni citite
de catre microcontroler la un moment dat se poate scrie matricial relatia (4.10)

af a1 ag fi

10

Gaia’l ol quu=a-F (4.10)
laloa .a}SJ fio

Unde U este vectorul tensiunilor, A matricea coeficientilor si F vectorul de forte ce
actioneaza asupra senzorilor in timpul mersului.

Vectorul de forte corectat F, se obtine prin inmultirea vectorului calculate initial cu inversa
matricei coeficientilor de cuplaj A (original) conform relatiei (4.11).

E=A"Fc A A=1, (4.11)
Unde cu [, s-a notat matricea unitate de ordinul 10.

Daca E este matricea erorilor de calcul (E = F — F, ) se poate scrie ca (4.12)
&
E= I € | (4.12)

Cu modelul experimental realizat, s-a efectuat procedura de calibrare, apasand fiecare
senzor in parte cu o forta de 1000N. Astfel, aplicand algoritmul de mai sus, s-a determinat matricea
coeficientilor si inversa ei (4.13) si (4.14):

10 003 002 003 0015 0 0 0 0 0
004 10 0025 000 0 O O 0 0 0
0 002 10 003 O O O O O O
001 001 004 10 0 002 0 0 0 0
004 0 0O 0 1.0 001 004 0 0 0
A= (4.13)
0 0 0 002 00l 10 001 O O O
0 0 0 0 004 0O 10 O 0 O
0o 0 0 0 0 0 0 10 002 002
0o 0 0 0 0 0 0 002 10 003
0o 0 0 0 0 0 0 002 003 10
1.0021 —0.0294 -0.0181 -0.0292 —0.0151 0.0007 0.0006 0 0 0
—0.04 1.0018 —0.0239 —0.0081 0.0006 0.0002 0 0 0 0
0.0011  —0.0198 1.0017 —0.0299 0 0.0006 0 0 0 0
—0.0097 -0.0089 -0.0397 1.002 0.0003 —0.02 0 0 0 0
Al = —0.0402  0.0012 0.0007  0.0014 1.0023 —-0.0101 —0.04 0 0 0 (4 14)
~| 0.0006 0.0002 0.0008 —0.0201 —0.0096 1.0005 —0.0096 0 0 0 :

0.0016 0 0 —0.0001 —0.0401 0.0004 1.0016 0 0 0

0 0 0 0 0 0 0 1.0008 —0.0194 -0.0194

0 0 0 0 0 0 0 —0.0194 1.0013 -0.0296

0 0 0 0 0 0 0 —0.0194 —0.0296 1.0013
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BAZELE TEHNICO-STIINTIFICE CE STAU LA BAZA REALIZARII MODELULUI
EXPERIMENTAL

Tn urma masuritorilor efectuate dupa compensare, pe platforma de senzori montati pe un
material ortic, s-a determinat o eroare maxima de 0.3% scrisd matematic ca (4.15) :

Lirll_zi)l(o[sf‘] <0.03 (4.15)

k=1..10
S-a notat cu K matricea coeficientilor de cuplaj definitd ca K = A — I, si s-a reprezentat
grafic 3D dupa cum se prezinta in figura nr. 4.1

Conform Figurilor nr. 4.1 si 4.2 se confirma experimental cuplajul mecanic realizat de
materialul ortic asupra grupurilor de senzori.

coeficient k

numar senzor

numar senzor

Figura nr. 4.1 - Modelul 3D al coeficientilor de cuplaj determinati experimental

O vedere sugestiva este prezentata si in figura nr. 8.6 de mai jos.

| Senzorii 5. 6 §i 7 I | Senzorii 1,2, 3 5i 4 |

)
numar senzor

B 4
numar senzor

Figura nr. 4.2 - Modelul 2D al coeficientilor de cuplaj determinati experimental
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CERCETARI TEORETICE SI EXPERIMENTALE IN VEDEREA REALIZARII ~
ECHIPAMENTULUI PORTABIL PENTRU EVALUAREA CONSUMULUI ENERGETIC IN
TIMPUL MERSULUI UMAN

5 CERCETARI TEORETICE SI EXPERIMENTALE IN VEDEREA REALIZARII
ECHIPAMENTULUI PORTABIL PENTRU EVALUAREA CONSUMULUI
ENERGETIC TN TIMPUL MERSULUI UMAN

5.1 Definirea functiilor realizate de modelul experimental

Echipamentul electronic portabil realizat experimental are schema bloc simplificata
prezentata in figura nr. 5.1 [4].

Figura nr. 5.1 - Echipamentul electronic portabil pentru analiza mersului si determinarea
consumului caloric la mers
In care:

1 - suporti cu senzori

2 - Incaltaminte

3 - blocuri conditionare semnal

4 - cabluri de conectare la unitatea de achizitie date
5 - unitate de achizitie date

6 - antena de transmisie radio

7 - curea de fixare a unitatii de achizitie

6 SOLUTII PRIVIND INTERFATAREA SENZORILOR CE POT FI UTILIZATI iN
CADRUL SISTEMELOR MECATRONICE DE ANALIZA MERSULUI

6.1 Contributii privind imbunatitirea performantelor traductoarelor capacitive

Tn cele ce urmeaza se prezinti o metoda originala de a obtine liniarizarea caracteristicii de
transfer prin utilizarea unei capacitati negative echivalente la bornele unui dipol electric ce contine
elemente active si o reactie pozitiva calculata folosind transformata Laplace.
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SOLUTII PRIVIND INTERFATAREA SENZORILOR CE POT FI UTILIZATI IN CADRUL
SISTEMELOR MECATRONICE DE ANALIZA MERSULUI

6.2 Analiza erorilor geometrice ale condensatorului plan

Tn figura 6.1 este prezentatd metoda de calcul a capacititii unui condensator plan cu plici
paralelipipedice neparalele, inclinate cu un unghi o (situatia reala intalnita in practica).

Figura nr. 6.1 — Parametrii geometrici pentru un condensator plan cu placi neparalele

Daca notam cu C,, capacitatea condensatorului incarcat cu sarcinile electrice + Q si -Q (dupa
o polarizare cu o tensiune V), pe baza notatiei din figura 9 si dupa citeva calcule, obtinem relatia

(6.1) [5], [6]:

Ce =22 (1 +§sin a) (6.1)

~ tan(a)
unde &, si €, reprezintd permitivitatea absoluta si relativa a materialului dielectric.

Pentru verificarea formulei (6.1), se trece la limita facdnd a — 0 obtindndu-se capacitatea
data de formula clasica (6.2):

%COSC(
L. ; I
. ) In|1+=sina) L'Hospital ) 1+=sina L go&rll
lim ¢, = lim e(,erl@ — g llim—L— = gue l- =2 (6.2)
a-0 a—0 tan @ a—0 1+tan?(a) d d

Se poate scrie aproximarea Taylor (6.3) cu variabila x=0:
n(1+x)=x (6.3)

in relatia (6.1), daci a=0, atunci se obtine (6.4):

gogrl L . £0&rS
C, -=sina = -cosa 6.4
a tan(a) d d ( )

R

6.3 Analiza circuitului traductorului capacitiv

Pentru simplitate s-a ales un circuit astabil realizat cu porti SI-NU CMOS de tip HCT4093
(Trigger Smith) a carei schema de principiu este prezentata in figura nr. 6.2.

Figura nr. 6.2 - Schema oscilatorului
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SOLUTII PRIVIND INTERFATAREA SENZORILOR CE POT FI UTILIZATI IN CADRUL
SISTEMELOR MECATRONICE DE ANALIZA MERSULUI

Frecventa de oscilatie este datd de formula (6.5), Tn care d este distanta dintre armaturile
condensatorului cu placi paralele de suprafata S iar € 0 si € r reprezintd permitivitatea absoluta si
relativd a materialului dielectric:

f=i=t =% d=d,—=x (6.5)

T KiRC  KyRegerS

Deplasarea x este direct proportionala (cu coeficientul K) cu forta aplicata ca in (6.6):
x=K, F (6.6)
Atunci, dupa calcul se poate scrie (6.7):

f= d Ky
Ky'RggerS  KiRegerS

“F=f,—K-F (6.7)

Analizand formula (6.7), variatia frecventei ar fi liniara, dar in practica intervin si capacitati
parazite care nu sunt de neglijat. Deoarece in fisa de catalog capacitatea la intrarea portii CMOS-
NAND este Cp =5pF, iar capacitatea utila pentru armaturi de tip disc cu diametrul de 20 mm si
distanta do = 1mm este Co =~ 4,7pF, comparabila cu cea parazita, la care se mai adauga si capacitatea
sistemului mecanic in ansamblu, relatia (6.7) trebuie rescrisa (tinand cont de capacitatea totala
reald C = Co+Cp) ca (6.8) [7]:

1 1 1
[ = ) T e () ©2)

Sau se poate scrie ca (6.9):

f _ do _ Kz .F
- K1-R-(50-£r-S+Cp-(d0—x)) K1-R-(50-sr-S+Cp-(do—x))

(6.9)

Se observa ca frecventa depinde de deplasarea X, dar dependenta este foarte neliniara.
Rezultatele practice obtinute cu R=2MQ evidentiaza o caracteristica parabolica [8].

Solutia originald propusa este compensarea pe cale electronicd a capacitatii parazite prin
neutrodinare (realizarea unei capacitati negative).

6.3.1 Circuitul de neutrodinare (original)

Principiul este dat de considerarea impedantei echivalente vazute la intrarea unui circuit de
amplificare, cu amplificarea globala G, ca in figura nr. 6.3 [9].

i
\
orp
\
i

Zin |

Figura nr. 6.3 - Schema simplificata pentru analiza LAPLACE
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Aplicand Teorema lui Kirckhoff pentru curentii din nodul de intrare se obtine (6.10):
i=i+1i, (6.10)
Aplicand Transformata Laplace se obtine (6.11):
sCou = sCyu + sC,(Gu —u) (6.11)
Daci se face ipoteza realizabila fizic (6.12):
C, =G, (6.12)
Atunci se obtine relatia interesanta a capacitatii de intrare Ce ca (6.13):
C,=C(1-06) (6.13)

Se observa ca, daca se indeplineste conditia G > 1, atunci rezulta ca C,< 0.

6.3.2 Schema originala de realizare a liniarizarii traductorului capacitiv prin tehnica
neutrodinarii

{#——— Reactive Impedance: "Neutrodyne™

UlA
CD4093 Sigual out

Q1 | FO~AF
BFWI1 L. l
4

ducer

Force transduc
with pasasitic capacitance CO

Figura nr. 6.4 - Schema finala a traductorului cu liniarizare si neutrodinare

Schema completa a circuitului este redata in figura nr. 6.4 si, tindnd cont de cele expuse mai
Tnainte, relatia (6.9) se poate scrie acum ca (6.14) [10]:

Concluzie:
Daca notam cu fsi K ca cain (6.9), in care C, + C, = 0,
_ do . _ K>
fo= Ky R[e0'&5+(Cp+Ce)(do—dx)] k= Kl-R[Z%'def+(cp+ce)-(do—dx)] (6.14)

atunci relatia (6.14) poate fi scrisa sub forma (6.15):
f=fo—K-F siAf=fo-f=KF (6.15)

Se observa liniarizarea dependentei variatiei de frecventd Af a oscilatorului in functie de
forta aplicata F.
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6.4 Contributii originale privind imbunititirea performantelor senzorilor tactili
tensorezistivi

Schema electrica recomandata de catre producator este cea din figura nr. 6.5.

&

A

Figura nr. 6.5 - Schema de interfatare tipica propusa de producator

L

Circuitul este foarte afectat de tensiunile perturbatoare de mod comun, deoarece asa cum
este circuitul din figura nr.6.5 toata tensiunea de mod comun este, de fapt, transformata in excitatie
diferentiald. Acest fenomen este schematizat intr-o maniera simplificata in figura nr. 6.6.

L Reteaua electrica

—=c =Fc Circuit de amplificare
diferentiala

Impedanta inalta
Senzori tactili

[ %(: +(- IPullml

Pamant RS

Figura nr. 6.6 - Reprezentarea simplificata a surselor perturbatoare de mod comun

6.5 Contributii originale privind modelarea matematici, simularea si caracterizarea
complexa a senzorilor

6.5.1 Simuliri si analize prin modelare in limbajul SPICE a senzorului tactil de forta

Pentru proiectarea optima a circuitului de interfata s-au facut cercetari in legatura cu
simularea si modelarea elementelor de circuit cu valori si topologii cat mai apropiate de realitatea
circuitului fizic realizabil [11].

6.5.2 Circuitul utilizat pentru simulare in conceptie proprie

Tn circuitul din figura nr. 6.7, se prezinta o variant imbunatititi a schemei brevetate prezentate
si utilizata pentru simulare.

Circuitul de intrare din sectiunea A este simetric si plasat cat mai aproape de senzor, iesirile tot
simetrice si diferentiale, sunt transmise analogic la distanta de aproximativ 1m la intrarea unui alt
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circuit diferential nesimetric care realizeaza diferenta dintre semnale si are iesirea tip ,.single
ended” din sectiunea C, Tn acest fel imbunatatindu-se raportul semnal zgomot.

Figura nr. 6.7 - Circuitul inifial folosit la simularea SPICE

6.5.3 Determinarea raspunsului in regim tranzitoriu la impuls treapta

S-a determinat raspunsul indicial la semnal treapta si caracteristica de raspuns in frecventa
a circuitului de interfatare al unui senzor - considerand ca sursa variabila cu tensiunea si frecventa,
sursa V1, care modeleaza senzorul corespunzator cu domeniului de forte aplicate Tn intervalul
[0...1000][N].

Dupa simulare s-au obtinut rezultatele aritate in figurile urmétoare:

1n figura nr.6.8 se prezinta raspunsul la regim tranzitoriu la semnal treapta al fortei de
apasare a senzorului in domeniul 0 - 1000N

Tn figura nr. 6.9 se prezinta rezultatul simulrii analizei comportirii in frecventa in care se
observa ca circuitul are o caracteristica de frecventa e tip LPF cu o banda de aproximativ 10KHz

Ambele simulari evidentiazd o instabilitate la forte de incarcare foarte mici (rezistenta
echivalenta a senzorului are valori mari - 5SMQ) prin aparitia unei oscilatii parazite avand frecventa
n jurul valorii de 300KHz.

| Treapta de forta Oscilatii ‘
aplicata |

Figura nr. 6.8 - Raspunsul la semnal treapta (HEVISIDE)
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\ Oscilatii

Figura nr. 6.9 - Analiza AC a circuitului de interfatare cu evidentierea zonei de oscilatii

6.5.4 Contributii originale privind optimizarea circuitului de interfatare

Analizénd cauzele aparitiei oscilatiilor nedorite ce apar in cazul fortelor de apasare mici
(conductante foarte mici si rezistente foarte mari ale senzorului) s-a gasit explicatia ca
amplificatoarele operationale din schema nu accepta, Th configuratia data sarcini capacitive mai
mari de 100pF, conform fisei de catalog [12].

Noua topologie a schemei s-a modelat, simulat si implementat practic asa cum se arata in
schema din figura nr.6.10.

A

7

Figura nr. 6.10 - Schema topologica optima a circuitului de interfatare a senzorilor

Tn figura nr. 6.11 se prezinta rezultatul simularii regimului tranzitoriu indicial pentru noua
amplasare topologica in care se observa disparitia oscilatiilor nedorite chiar si la valori de rezistente
foarte mari ale senzorului tactil. Simetria circuitului de intrare asigura si o simetrie a timpilor de
crestere si de descrestere.

n figura nr.6.12 se prezinta rezultatul simulirii caracteristicii de frecventd a intregului
circuit de interfata. Si aici, in domeniul frecventa, se observa disparitia oscilatiei, iar forma curbei
este o caracteristica tipica pentru un filtru trece jos (low pass filter) cu frecventa de taiere (Cutt Off
Frequency) in jurul valorii de 46KHz.

Figura nr. 6.11 - Raspunsul optim la semnal treapta - fara oscilatii
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3B Cworr

FTIN

Figura nr. 6.12 - Raspunsul optim in frecventa - caracteristica tip FTJ

6.5.1 Analiza spectrala a fortei de reactiune la sol

Datele folosite pentru analiza spectrala reprezinta achizitia a unui numar de 6 pasi de mers
normal pe o suprafata orizontald uscata.

Fe [N Evolutia in timp pentru Fz (picior stang si drept)

T (al

Spectiul oo ampliteaing pentn Fe (3icior stang si_drept)

e co0 mar, oo am) |

i i w«mw

Figura nr. 6.13 - Evolutia temporald si analiza spectrala a fortei de reactiune la sol

Tn conformitate cu figura nr. 6.13 se evidentiazi multe alte aspecte interesante, analiza
spectrala Fourier este utila pentru determinarea benzii maxime de frecventa a semnalelor culese de
senzori, parametru ce sta la baza dimensionarii filtrului trece jos ,,anti alias” din cadrul blocului de
achizitie de date.

Din graficul spectrului de amplitudini se observa ca frecventa fundamentala este de 3.2Hz
si corespunde frecventei de oscilatie a centrului de masa si nu cadentei pasilor [9].

Existenta armonicilor a doua cu frecventa de 6.5Hz, a treia cu frecventa de 9.6Hz si a patra
cu frecventa de 12.7Hz, armonica a treia avand amplitudinea cea mai mare dintre armonici,
sugereazd o simetrie impara a semnalului (are aceeasi polaritate si factor de umplere 50%).

Varfurile de amplitudini situate Thainte de frecventa fundamentald sunt nesemnificative dar
explica existenta unei modulatii, atat in amplitudine, cat si in frecventa a semnalelor.

Se observa ca se poate considera ca banda maxima este B=20Hz, intrucit peste aceasta
frecventa semnalul are o energie nesemnificativa. Observatia este valabila in regimul de mers nu
si la alergare, situatie care nu a facut obiectul acestui studiu dar este analizatd in [10].
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6.5.2 Corectia erorii de intirziere la multiplexare

Deoarece numirul de senzori este relativ mare (cate 10 pentru fiecare picior) folosirea unui
convertor A/D cu esantionare simultana pentru 20 de intrari analogice ar fi complicat mult
circuitul blocului de achizitie, s-a recurs la metoda achizitiei prin multiplexare in timp.

Numarul de 20 de intrari multiplexat si esantionarea in domeniul timp creeaza o intarziere
a momentelor de observare pentru fiecare canal asa cum se vede in figura nr. 6.14, proportionala
cu numarul acelui canal inmultit cu timpul necesar pentru conversia fiecarui Ty pentru un canal.

n-

S1 n -t

[
R
s=2o0 nf ' ) 7 T ] -t

T sampled ‘f’ estimated
val value

Figura nr. 6.14 - Reprezentarea esantioanelor multiplexate in timp

Acest fenomen introduce erori in calculul fortei de reactie la sol.

in continuare, vom nota cu n numrul esantionului. Cu scopul de a elimina acest tip de eroare
s-a studiat gasirea unei formule de interpolare pe care ar trebui sa o inglobeze sistemul de prelucrare
numerici pentru a realiza o aliniere temporald prin determinarea unei valorii estimate S, [n] Tn
functie de indicele k al senzorului selectat k = 1..20. In conditii simplificatoare si dupa efectuarea
calculelor necesare, a rezultat urmatoarea formula de corectie (6.16).

Selnl = Seln =11+ (1+ E25) (5, [n] = Seln —1]); k=T.20  (6.16)

S, [n] reprezinti estimatorul aliniat temporal al esantionului senzorului k, S, [n — 1] fiind
valoarea anterioara, Sy [n] valoarea curentd, iar At intarzierea.

Tn figura nr.6.15 este prezentatd eroarea cauzati de decalajul in timp al multiplexarii dintre
senzorul numarul 1 si senzorul numarul 20, precum si dependenta erorii de frecventa. Programul
functional Matlab este prezentat in Anexa 2 - Program1.

Figura nr. 6.15 - Simularea in MATLAB si evidentierea corectiei erorii de multiplexare in cazul
semnalului sinusoidal
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Tn conformitate cu figura nr.6.12 se constati ca eroarea cea mai mare apare la senzorul nr.
20 si dupa aplicarea algoritmului de compensare eroarea este zero.

De asemenea, eroarea depinde si de frecventa semnalului, la frecventa de 20Hz
introducandu-se o eroare suplimentard de 2%.

Concluzii:

e Grupurile R3+C4 si R6+C5 impreuna cu C3 formeaza un filtru suplimentar ce imbunatiteste
imunitatea la zgomot.

¢ Banda de raspuns n frecventa Tn jur de 40KHz este suficienta pentru a utiliza senzorii tactili si
in sisteme mecatronice de analiza vibratiilor cu banda de pana la 20KHz (conform Teoremei lui
Shannon).

e Marind valorile C1, C2 si C7 se poate micsora banda circuitului la minim admisibil in functie
de banda utila a semnalului urmarit de senzor.

7 SOLUTII TEHNCO-STIINTIFICE PRIVIND REALIZAREA SI TESTAREA
MODELULUI EXPERIMENTAL

7.1 Modelul experimental realizat Tn conceptie proprie

In figura nr. 7.1 se prezinta echiparea subiectului uman cu echipamentul realizat si 0 vedere
de ansamblu a echipamentului asezat pe masa.

Figura nr. 7.1 - Utilizarea aparatului portabil realizat - stanga
si vedere de ansamblu completa — dreapta
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7.2 Suportii cu senzori realizati

Ansamblul cu senzori se prezinta in figura nr.7.2 si desenele de executie in Anexele 9, 10,
11, 12.

Figuranr. 7.2 - Vedere suporti cu senzori si a curelelor ce se aplica peste incaltaminte

Prin modul de plasare al senzorilor, fortele de reactie la nivelul solului exercitate in timpul
mersului pot fi inregistrate Tn punctele de maxima relevanta, de pe toata suprafata plantara.

7.3 Realizarea circuitului original de conditionare a senzorilor tactili

Circuitul de interfatd a senzorilor cu blocul de achizitie a datelor cu microprocesor a fost
proiectat in conformitate cu circuitul original, brevetat de autorul tezei, a carei descriere a fost
prezentatd in detaliu in cadrul Capitolului 6.

Realizarea fizica a placutei de cablaj imprimat s-a facut dupa etapa de proiectare a circuitului
pe un FR4 si 4 straturi cu schema de rutare prezentata in figura nr.7.3.

Figura nr. 7.3 - Schema de realizare a cablajului imprimat cu 4 straturi

Tn acord cu rezultatele testelelor obtinute prin simulare si cu rezultatele experimentale de
laborator, pentru interfatarea fiecarui senzor s-a folosit schema din figura nr.6.16 ce consta din 5
circuite identice cu cate 2 canale fiecare pentru a prelua in total semnalele de la 10 senzori.

7.4 Blocul de alimentare cu acumulatori

Blocul electronic de alimentare este realizat cu un pachet de 2 acumulatori tip Lithium-lon
cu tensiunea nominala de 3.7V si contine un circuit de conversie DC-DC care furnizeaza la iegire
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o tensiune stabilizata diferentiala de £12V fiind realizat cu circuitul integrat MC34063A, schema
electrica fiind prezentata in figura nr.7.4.

o

Figura nr. 7.4 - Circuit electronic original al blocului de alimentare si incarcare acumulatori

Tn figura nr.7.5 este prezentata realizarea fizica a modulului de alimentare.

Figura nr. 7.5 - Placuta cu circuitul de alimentare si incarcare acumulatori

7.5 Modelul experimental realizat in forma finala

O vedere interioara din timpul testelor a unitatii centrale este prezentata in figura nr. 7.6.

Figura nr. 7.6 - Vedere interioara a modulului portabil cu microprocesor
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Vederea de ansamblu a modelului experimental realizat se prezinta in figura nr. 7.7.

b)

Figuranr. 7.7 - a) vedere generala b) detaliu unitate portabild in timpul functionarii

Suportii cu senzori realizati, prezentati in figura nr.7.7 a), se atageaza peste incaltaminte si
contin cate 10 senzori tactili rezistivi, care masoara forta verticala de reactie la sol in 10 puncte de
contact picior sol. Semnalele furnizate de senzori sunt amplificate si prelucrate de blocurile de
conditionare, atagate in partea laterald a incaltamintei subiectului analizat asa cum se prezinta in
figuranr. 7.8.

Figura nr. 7.8 - Suport cu senzori care se aplica peste incaltaminte

8 CERCETARI PRIVIND TESTELE COMPARATIVE EFECTUATE PE SUBIECTI
UMANI CU ECHIPAMENTUL REALIZAT

8.1 Contributii privind verificarea si validarea modelului matematic de calcul prin
utilizarea programului Microsoft Office -EXCEL

Fortele de reactiune se descompun n trei componente, proiectii pe cele trei directii ale
miscarii si, prin masurarea vitezei de deplasare si a deplasarii, evaluarea lucrului mecanic
corespunzator. S-au luat in considerare numai directiile Z (verticald) si Y (de inaintare), elaluarea
pe directia X (laterala) fiind mai dificila si imprecisa.
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Tn figura nr.8.1 si figura nr.8.2 sunt prezentate graficele fortelor Fz si Fy obtinute pentru un
subiect sanatos cu greutatea 61,4 kg, care a mers cu viteza de 1,2 m/s, pe aceeasi distanta, dar cu

lungime de pas diferita.
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In conformitate cu figurile mentionate, se constata ca la aceeasi viteza de mers diferenta de timp

Figura nr. 8.2 - Reprezentari grafice pas 2

dintre cele doua inflexiuni ale fortelor Fz si Fy este aceeasi.

Mai multe grafice de interes relevante obtinute in timpul testelor sunt prezentate in Anexa 1 din

teza.

8.1.1 Determinarea puterii consumate

In figura nr.8.3 se prezintd un exemplu de grafic al vitezei pe axa z corespunzatoare

subiectului identificat GROSU, pe parcursul mai multor pasi.

grosu ——pas 1
1.50 e pas2
, pas 3
1.00 pas 4
y —e—pass
0.50 7 pas &
z I 4 pas 7
E 0.00 ] . . —
o 54|00 5.90 58,90 60. 2.00 odoo | @doo pas 8
-0.50 - Al al pas 9
| T S
-1.00 ! ——pas 11
-1.50 o]

Figura nr. 8.3 - Exemplu grafic a vitezei Vz [m/s] pentru subiectul GROSU
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In figura nr.8.4 se prezinta graficul acceleratiei corespunzatoare celor 11 pasi efectuati de
subiectul GROSU.

grosu pas 1
10.00 ——pasz
oo pas 3
b 4
o ] i I 1\\ bac s
Z 400 |4 i ; pase
< fLAr RN ‘
200 L pas o
B L pas o
ooo | RFMLY LY
54(50 S5OEG0 58 50 60 50 5 9 pas 10
200 = pas 11
100 I

Figura nr. 8.4 - Exemplu de reprezentare pentru acceleratia a, [m/s?] pentru subiectul GROSU

In figura nr.8.5 se reprezinta suprapus graficul puterilor corespunzatoare in [W] a 6 subiecti
sanatosi.

pz[W]
4 Ty
|
{]
N
//
\
1
L]

o H 2 3 a s & 7 5 5 10 1

JNurnar pas
Figura nr. 8.5 - Curba puterilor suprapuse obtinutd pentru mai multi subiecti

Tn conformitate cu graficele puterilor suprapuse se observa ca cea mai mare putere
consumata in timpul mersului a fost dezvoltatd de subiectul M (63 de ani) si se situeaza in jurul
valorii de 200W pana la 500W.

Concluzii:

e Se constatd cd puterea mecanica consumata, calculata cu formula 8.19, pe un lot de 5 subiecti,
este cuprinsa Tn intervalul [100, 500][W].

e Studiile au stabilit ca, pentru consumul energetic necesar efectuarii unui pas, celor trei proiectii
ale fortei de reactiune a solului le corespund consumuri energetice diferite. Lucrul mecanic cu
valoarea cea mai mare se datoreazi deplasarii verticale a centrului de masa al corpului in
timpul mersului, notat cu Lz.

o Tn medie, 40 - 50% din Lz, se consuma pentru realizarea avansului, iar numai 10% pentru
echilibrarea laterala a corpului.

e Din acest motiv, consumul energetic a fost evaluat numai pentru componentele fortelor de pe
cele doua directii: Y si Z.
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e Energia consumata in timpul mersului este furnizatd de muschi, care actioneaza pentru a
realiza lucru mecanic ce trebuie efectuat de greutatea corpului, cu punctul de aplicatie
considerat Tn centrul de masa al corpului - COM, pentru a balansa membrele fata de centrul de
masa.

8.1.2 Probleme legate de tribologie intalnite in cercetare

Se poate determina si reprezenta dinamic forma de variatie Tn timpul unui pas al coeficientul
de frecare p, parametru ce ofera multe informatii privind aspectele de patologie a mersului precum
si privind calitatea incaltamintei in relatie cu suprafata de mers.

Valorile masurate si calculate sunt prezentate grafic in figura nr. 8.6, pe aceeasi diagrama
att evolutia FRS cét si coeficientul p = Fy/Fz pentru un pas.

Raportul Fy / Fz in timpul unui pas
GRF ——Fy/Fz

- A 7 -
/A /

GRF [N]
[T —
FylFz

o
63.90 64.00 64.10 64.20 64.30 64.40 64.50 64.60

t[s]

Figura nr. 8.6 - Graficul obtinut pentru coeficientul de frecare

n conformitate cu figura nr. 8.6, se constati ca in cazul analizat existi momente (de
exemplu, asa cum se observa din grafic, in faza de balans) in care coeficientul de frecare este foarte
redus (sub 0.05) si indicd un pericol de alunecare.

8.2 Testele efectuate pe subiecti umani cu echipamentul realizat

In vederea verificarii algoritmului de calcul al puterii consumate de un subiect in timpul
mersului pe suprafata plana, s-a masurat aceasta putere cu dispozitivul portabil Cosmed K4b2
(calorimetrie indirectd).

8.2.1 Rezultate experimentale obtinute cu subiecti sanitosi

In urma experimentelor cu rezultatele prezentate in Anexa 7 au rezultat o serie de observatii,
care vor fi prezentate Tn cele ce urmeaza.

Tn figura nr. 8.7 se prezinta raportul GAR pentru subiectul ME.

Doctorand Ing. Anghel CONSTANTIN — 2019 Pag. 21



CERCETARI PRIVIND TESTELE COMPARATIVE EFECTUATE PE SUBIECTI UMANI
CU ECHIPAMENTUL REALIZAT

7 Consum caloric [Ba
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Pym Putere medi pe pas ] 100 200 2o 400 so0
[y 041207 39600 ;
Pint: Puterea intena [w]
Varsta [ari][45 T ol
Greutate [Kg] |32 Putere medie totala [w] =
205.576
Inaltims (o] [ 168 0
Forla vetticala medie [kg] =
Marime picior 41 65.36 oo
Lunge s fonl [T Parameii mersuii o
V\leza[m/s]’T Dreapta  Stanga EIRY SN | N SEN  EEEEEN B BN | &N
Lungime pas [om] [57 24 Durata ciclils] 086 087 S L ml e
Sex [Farin 1] Fazaspiijnls] 051 052 0w w s om0 e 20 240 IR NER BN BRE RN
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Sublect sandts: Faeabalasls] 036 035 siE-ERN BRE RN BEE
. 1.00 200 300 400 500 600 700 800 900 10.00
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I F2/d - Forta verticala picior drept [N] | Tmafs],
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vz- Viteza verticala [m/s]
Fy-Farta oiizontala totala [N] - | l 1 A Y \
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- Deplasare pe 2 mm] | ] | ! \ | ] i i\
¥l Pzip - Putere verlicala pe pas (1]
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Pyfc - Putere orizontala pe cichs [w] sl

Figura nr. 8.7 - Raportul GAR pentru subiectul ME

Masurarea puterii totale consumate, folosind metoda calorimetrica, a condus la obtinerea
unei valori de 214,23 W, apropiata de valorile generate prin aplicarea algoritmului de calcul. Pentru
sistemul experimental valoarea medie a puterii totale la mers a rezultat de 200,38 W. Abaterea
valorii medii a puterii, relativ la cea masurata, care este de asemenea o putere medie pe intervalul
de timp al masurérii, este de 6,46 %. Tinand seama de conditiile experimentale, eroarea de calcul
este foarte redusa, astfel ca se poate deduce ca algoritmul de calcul al puterii totale la mers este
suficient de precis.

8.2.2 Rezultate experimentale obtinute pe pacienti cu afectiuni ale sistemului osteo-
articular

La fel ca testele efectuate pe subiectii sanatosi, echipamentul realizat a fost testat impreuna
cu echipamentul Pedar pe un numair de cinci pacienti, ale caror afectiuni vor fi mentionate Tn
continuare.

Pentru Pacientul NB diagnosticat cu artroza, forma diagramei fortelor verticale evidentiaza
absenta aproape totala a patternului convex din timpul fazei de sprijin simplu, graficul fortelor
avand un aspect concav pe aproape toata portiunea activa a fiecarui picior asa cum se poate vedea
n figura nr. 8.8.
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Figura nr. 8.8 — Raportul GAR pentru pacientul NB

Tn concluzie, se constati ci, desi la prima vedere anumiti parametri au valori normale,
cazul demonstreaza specificitatea morfologiei patternului formelor de undi ale fortelor de
reactiune la sol care poate constitui un criteriu de diagnostic paraclinic obiectiv dar si de urmarire
a evolutiei bolii.

8.3 Prelucriri statistice ale rezultatelor experimentale

Pentru fiecare subiect sanatos s-au efectuat mai multe teste de mers, s-au calculat valorile
medii de ordinul 1 precum si abaterea standard pentru urmatoarele marimi:

« Viteza de avans:

(CR)

Unde: n=6 reprezinta numarul de subiecti si Vm=Viteza medie, vi=1,21; 1,133; 1; 0,985; 1,33;
1,315 m/s

1 (vm

oy = (82

Unde: ov reprezinta abaterea standard a vitezei, a rezultat: vm =1,162 m/s si ov =0,137
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» Lungimea medie a pasului:

Ly = Tttt ®3)

n

Unde: Ly = 63; 51,07; 58,635; 56,635; 57,255; 63 mm

I, (pm—Lpi)?
o = [Fmlomtedt 8.4)

Unde: opz reprezinta abaterea standard a puterii pe directia verticala. A rezultat: lom
=58,266 mm si oy, =4,091.

* Puterea medie pe directia verticalid [W]:

2:l= zmi
Dzm = &i= Pt (8.5)

n

Unde: p.mi =53,9; 64,195; 46,285; 83,725; 58,079; 65,398 W

o = [EEiPzm-pm)?® (8.6)

prz n

Unde: oy, reprezintd abaterea standard a puterii pe directia verticalad. A rezultat: pm
=61,93 W si o, =11,664.

* Puterea medie pe directia orizontala [W]:

TPy
Pym = s (87)

n

Unde: pyi =43,69; 47,686, 24,509; 19,74, 40,06; 30,88 W.

Upy — E?ﬂ(py:‘pyi) (88)

Unde: o, reprezintd abaterea standard a puterii pe directia orizontald. A rezultat: pym
=34,427 W si 6,y =10,165.

* Puterea interna medie [W]:

n
Xy Pin;

Pinm = —— (8 9)

n

Unde: pini =62,94; 55,03; 32,54; 35,33; 113,67; 67,235.

Z?:l(pinm_pini)z
n

(8.10)

Gpin =

Unde: opin reprezinta abaterea standard a puterii interne medii. A rezultat: pinm =61,124 W
si opin =26,837.

* Puterea medie totala [W]:
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IaPri

Pem = 75— (8.11)

n

Unde: p;=160,53; 167,109; 253,34; 138,084; 211,73;163,52.

Oy = 2{;1(11;::*17&)2 (8.12)
Unde: o reprezinta abaterea standard a puterii totale medii. A rezultat: pwm =182,385W si
opt =38,569.

« Coeficientul putere medie totalid/greutate [W/Kg]:

YLiPgti

Pgtm = — (813)

n

Unde: pgi=2,155; 2,17; 3,99; 1,987; 2,301; 2,637.

, n —po)?
Opgt = 21:1(119:: Pgn) (8.14)

Unde: opq reprezinta abaterea standard a coeficientului puterii medii totale/greutate. A
rezultat: pgm =2,54 W/Kg si opg =0,678.

« Coeficientul putere medie totali/(greutate. vitezi):

n
_ Zit1 Pgry;
pgtvm -

(8.15)

n

Unde: pgi=0,182; 0,195, 0,407, 0,206, 0,176, 0,204.

n Do)’
O'pgt,, — 2,:1(pgtv:1n pgtm) (816)

Unde: opqy reprezintd abaterea standard a coeficientului puterii medii totale/(greutate.
vitezd). A rezultat: Pgwm =0,228 §i opgry =0,081.

Concluzii privind testele comparative

e Rezultatele obtinute sunt foarte incurajatoare si consolideaza ideea ca folosirea senzorilor
tactili de forta pentru preluarea informatiei primare referitoare la marimile de masurat este
0 alegere optima.

e Cel mai important rezultat este reprezentat de posibilitatea livrarii unui raport de analiza -
Gait Analysis Report (GAR) - ce poate fi tiparit ca o analiza obiectiva a mersului la un
anumit moment, care cuprinde grafice si rezultate deosebit de importante pentru analiza
mersului si stabilirea unor patternuri specifice cu valoare diagnostica.

e Studiile efectuate cu echipamentul experimental realizat la INCDMTM evidentiaza ca
raportul GAR poate fi folosit in cadrul evaludrii diagnostice a mai multor categorii de
pacienti cu diverse boli cronice ce afecteazd mersul sau chiar echilibrul.
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9 SINTEZA CONTRIBUTIILOR ORIGINALE
9.1 Contributii referitoare la abordarea sistemica a temei de cercetare

e Metoda de calcul precum si sistemului mecatronic realizat in cadrul cercetarii doctorale, are
ca noutate ideea inglobarii avantajelor a doud metode existente: metoda pedometrului si
metoda benzii de mers pentru a determina lucrul mecanic efectuat si respectiv consumul caloric
n timpul mersului uman;

« TIncadrarea epistemologica a problematicii temei de cercetare propusa de teza;

o Originalitatea se datoreaza partial lipsei in literatura de specialitate a unui concept standardizat
de calcul precis al consumului energetic mecanic in timpul mersului;

o Identificarea de patternuri specifice urmarindu-se posibila corelare a urmatorilor parametrii:
varsta, sexul, inaltimea, greutatea, metabolismul bazal si energia consumata;

o Aplicarea metodelor de modelare si analiza statistica pentru identificarea unor corelatii intre
fortele masurate, patternul FRS si consumul energetic;

e Realizarea unui program informatic inglobat care sd permita transmiterea datelor la un PC in
vederea analizei complexe si generarea de rapoarte;

e Elaborarea si obtinerea unui brevet privind procedura de masurare a consumului energetic
intitulat: , ,ECHIPAMENT ELECTRONIC PORTABIL PENTRU EVALUAREA
CONSUMULUI ENERGETIC IN TIMPUL MERSULUI UMAN”;

e Elaborarea si obtinerea unui brevet privind solutia originald a schemei electronice de
interfatarea senzorilor tactili intitulat: ,,CIRCUIT DE INTERFATA PENTRU SENZORI
TENSOREZISTIVI CU REJECTIE A PERTURBATIILOR DE MOD COMUN” ;

o Sistematizarea informatiilor la zi din literatura de specialitate sub forma unor tabele concise in
vederea desprinderii unor concluzii;

o Experimentari tehnice de laborator, experimentari clinice, validarea metodei;

9.2 Contributii proprii ale doctorandului privind solutionarea unor probleme tehnico-
stiintifice din domeniul abordat de tezi

o Solutie originala brevetata pentru circuitul de interfatare a senzorilor tactili;

e Solutia de calcul aplicata pentru minimizarea erorii de interinfluentare a senzorilor in timpul
calibrarii si masurarii (fenomenul crosstalk) ;

o Solutii privind optimizarea proiectarii circuitelor electronice specifice modelului experimental
prin modelare si simulare PSPICE si MATLAB;

e Proiectarea si elaborarea documentatiei de executie in tehnologie modernd SMD multistrat a
PCB pentru modulele electronice ;
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o Proiectarea, realizarea si testarea intregului ansamblu de blocuri electronice de conditionare
senzori, filtrare, achizitie date cu microprocesor si transmitere wireless;

e Programarea echipamentului portabil cu microprocesor in limbajul C si ASM - prezentat in
Anexa 3;

e Programe realizate de doctorand in limbajul de programare grafica avansata LabView pentru
prelucrarea complexa a datelor in vederea desprinderii unor concluzii tehnico-stiintifice;

e Programe si script-uri realizate de doctorand in EXCEL pentru prelucrarea complexa a datelor
si reprezentarea grafica a datelor in vederea desprinderii unor concluzii tehnico-stiintifice;

o Proiectarea asistata prin folosirea pachetelor de programe Altium Designer si Solid Works;
o Experimentari de laborator comparative cu alte sisteme existente ;

e Teste clinice pe subiecti sandtosi si cu diverse afectiuni (pacienti) cu evidentierea unor
patternuri specifice cu posibila valoare in stabilirea unui diagnostic obiectiv;

e Diseminarea rezultatelor obtinute prin publicarea lor sub forma de articole si comunicari
stiintifice in cadrul numeroaselor simpozioane si publicatii de prestigiu ca IEEE-Explorer,
Springer, JESI,

10 coNcLUuzII FINALE

Teza propune o metodd de misurare a energiei mecanice consumate in timpul
mersului prin calculul lucrului mecanic al fortelr de reactiune si realizarea unui echipament
electronic computerizat portabil cu un nivel ridicat de performanta si calitate asigurate prin:

e Realizarea unor suporti de senzori corespunzatori cu posibilitatea de utilizare in regim
dinamic Tn timpul mersului normal, rezistenti la interactiunea cu suprafata de mers;

e Realizarea unui modul electronic de preluare semnale de la senzori, miniaturizat,
atasat la glezna subiectului si a unui modul electronic de achizitie si transmitere de date
atasat la brau dotat cu transmititor Wireless pentru realizarea comunicatiei cu sistemul
informatic (Laptop sau PC) de prelucrare si afisarea rezultatelor;

e Complexitatea stiintificA a solutiei propuse rezultd din necesitatea abordirii
interdisciplinare a teoriilor actuale privind de calculul energiei consumate n timpul
mersului uman, din necesitatea aplicdrii metodelor de modelare si programare numerica
a algoritmilor matematici si din complexitatea stiintifici a problematicii medicale
implicate.

e Complexitatea tehnica si constructiva a solutiei propuse rezulta din cerintele specifice
privind realizarea a unui aparat portabil care sa indeplineasca urmatoarele conditii:
metoda sd fie corectd, sa respecte normele tehnice privind siguranta pacientului si sa
implementeze corect relatiile de calcul si de analizd numerica;

o Activitatile de cercetare fundamentala si aplicativd abordate de tema tezei au impus
acumularea de cunostinte in specializiari multidisciplinare din domeniile: matematica,
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fizica, electronica, informatica, mecanica, mecatronica, bioinginerie si medicina [13],

[14].

e Prin problematica abordata, teza se incadreazi in cadrul general al preocuparilor
actuale din domeniul analizei mersului la nivelul cercetarilor mondiale. Necesitatea
realizdrii unui aparat portabil care sd determine consumul energiei mecanice dar si
patternul fortelor de reactiune fiind argumentatd de mai multe ori in cadrul cercetarii
prezentate.

e Metoda propusa de prezenta cercetare si care a condus la realizarea echipamentului
experimental n cadrul INCDMTM, poate estima atit puterea externa - prin masurarea
componentei verticale a fortei de reactie la sol folosind o metoda de calibrare cit si cea
interna folosind formula empirica sugerata de Minetti.

e Metoda si echipamentele au fost validate prin compararea rezultatelor experimentale
ale masuratorilor cu cele ale consumului energetic la mers masurat prin calorimetrie
indirecta rezultatele fiind similare.

10.1 Directii noi de cercetare

e S-a stabilit ca analiza patternurilor FRS si determinarea energiei mecanice consumate n
timpul mersului este utila atdt in diagnosticarea unei afectiuni patologice cét si
monitorizarea ulterioara in vederea evaludrilor periodice.

e Deasemenea, a rezultat necesitatea folosirii unui numar mai mare de senzori si dezvoltarea
software-ului astfel incat, si se poata stabili in vederea standardizarii, anumite diagrame
tipice pentru FRS, putere, presiunea plantara etc., proprii persoanelor care prezintd
tulburdri ale posturii statice gi dinamice Tn vederea imbunatatirii actului medical de
diagnostic, evaluare si tratament.

e Astfel, o directie viitoare de cercetare Tn domeniul fundamental, este corelarea mai multor
parametrii personalizati antropometrici cu paternurile specifice si realizarea unei baze de
date (forme tipice standardizate) relevante stiintific cu valoare diagnostica si de preventie
a afectiunilor neuro-locomotoare.

e O alta directie de cercetare este elaborarea unui studiu in domeniul aplicativ pentru
stabilirea oportunitatii fabricarii unui lot de astfel de echipamente care s intre Tn dotarea
clinicilor de specialitate si al laboratoarelor de cercetare.
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THESIS OBJECTIVES

SUMMARY OF THE WORK

1 THESIS OBJECTIVES

From the analysis of the bibliography at the time of the study was found the missing of
approaching the issues related to the direct measurement of the real mechanical expenditure work
(with calibrated sensors), performed by the ground reaction forces during the human walking. A
tangential issue is afforded by Minetti, who is proposing an empirical calculation formula based
on some anthropometric parameters and a lot of strides performed during the walking [1].

The novelty of the proposed method in the thesis consists in the possibility of combining the
advantages of two methods to determine the caloric consumption:

- Pedometer Method, starting from the idea of making a wearable device that measures
caloric consumption based on the number of strides and the anthropometric data;

- Treadmills Method, by measuring in real time of ground reactions force values and to
calculate numerical of mechanical work expenditure;

2 THE CURRENT STAGE OF KNOWLEDGE IN THE MECHATRONIC SYSTEMS OF
HUMAN ANALYSIS AND DETERMINATION OF CALORIC CONSUMPTION

The biomechanical study of human walking is approached in multiple aspects and methods of
research.

A first research method related to the kinematic approach and consists of establishing the
kinematic characteristics of the body and limbs. Numerous methods of measurement have been
used for this aim. One way is to take images of the human acquisition, currently using the three-
dimensional information capture from the smart sensors placed at certain points of the body [2].

A second research method is related to the measurement of the dynamic components, forces and
torques. The external forces applied to the body are relatively easy to measure, by using Treadmills
platforms.

A third research method is to directly measure of caloric consumption using “Calorimetric
method” (measuring O, and CO, consumption).

3 BASIC THEORY OF CALCULATION FOR WALKING ENERGY EXPENDITURE
3.1 Walking parameters definitions

The walking is defined by some authors as alternate bipedalism, based on notion of “walking
cycle” represented by the distance measured between the initial contact point with the ground of
one sole and the next contact point of the same foot [3].

The walking cycle is divided in two main phases: the stance phase and the swing or balance
phase.
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For a detailed study, the walking cycle is considered to be subdivided into eight events, of
which five happen during the stance phase and three during the balance phase, as shown in figure
no. 3.1 in which the following notations were used: Cl: initial contact (heel impact); RC: response
to load; DA: start of support; MA: middle of stance; PPO: Balance prophase; DPO: Beginning of
the balance phase; MPO: middle of the balancing phase; FPO: end of the balancing phase.

H 2@“1' Sprijir.fmprx:al
l_—-—— Faza de sprijin

e Ciclul d2. mers pentrs picicrsl drept.

Figure no. 3.1 - The cycle of human walking

4 THE TECHNICAL-SCIENTIFIC CONSIDERATIONS WHICH ARE BASED THE
EXPERIMENTAL MODEL

In order to calculate mechanical powers in the vertical direction z, a technique derived from
the mechanical systems analysis, named the inverse dynamics, is used.

4.1 Calculation of total vertical force f4[N]

Considering that on each sole there are placed 10 sensors and by Fi; and Fg; the forces
measured by each sensor (L - left, S - left and R - right, D - right) (4.1) and (4.2):

Flpi = Xi% Fs i Fry = X2 Fy (4.1)
Fzi = Fi + Fg; (4.2)
4.2 Calculation of vertical acceleration a;[m/s?]

In order to calculate the acceleration is used the formula (4.3):

Fai

ay=2-g @3)
4.3 Calculation of speed for the y direction
The calculation of the speed in the y direction is made with the expressions (4.4) and (4.5).

vydi = Vyd,i—l + Avydi (44)
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Vysi = Vysic1 T AV (4.5)
When v,,4; correspond for the right and v,; for the left foot.
4.4 Calculation of power in the y direction
The calculation of the velocity in the y direction is done with the formula (4.6).

Pydi = Fydi 'Vaydi (4.6)
4.5 Establishment of the method for checking the measurement of FRS components

In order to verify the calculus, the mass of the subject is obtained using the relationship

4.7).
1T Y F,i
—_ T-“O fzdt ~ nZl 4 7
M = S i—vz0) — __vz(MAD—vz(0) (4.7)
ST n-At L n-At

The relationship (4.16) is used in the software numerical algorithm to compare the obtained
result with the value of the subject mass entered as anthropometric data and to determine the
accuracy of the analysis and calculations.

4.6 Contributions regarding sensor interference (mechanical crosstalk)

In fact, the shoe sole does not press only on a sensor, but with one coupling factor with the
close group of sensors, causing crosstalk measurement error.

If w/ (when i =T..710 is the acquisition channel number — the same with the sensor’s
physical number and j=1...10 is a calibration test number) is the voltage amplitude read by the
microcontroller corresponding to the sensor i at the output of the interface amplifier circuit with
the original schematic diagram presented in figure no. 4.17. The ¥, i =1...10,k = 1...10 is the
global amplification factor (assimilated with mechanical coupling factors between the sensors) of
the sensor i relative to sensor k on which the known calibration force is applied as f,,;, then, it can

be written the relationship (4.8):
uj ai
1 1
u:2 = fear - 3:2 (4.8)

luio alo

By separately calibrating of each sensor with the same force value f,,; we obtain a set of 10
relationships (4.8) stored in memory as vectors (4.9):

ul al u? a? uj® alf
1 1 2 2 10 10

uz | = .| az uz | = .| az uz"| — .12
o | T feal e o | T feal ' R Z — Ycal 2 (49)
1 1 2 2 10 10

Uzo a1 U7 a1 lulOJ lamJ
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Because the force f,,; and the voltage u{ i=1..10, j=1..10 are known it can be
calculated a¥ (by dividing).

If we consider u; when i =1...10 the components of the voltage vector read by the
microcontroller at one time can write the relationship (4.10).

a 31 3%0 f;
‘ [32 a; a?ol- folor y=a-F (4.10)

a10a10 a}gJ f1o

Where U is the voltage vector, A is the coefficient matrix, and F is a force vector applied to
the sensor.

The corrected force vector F is obtained by multiplying the initial value with an inverse
matrix A, according to the formula (4.11).

F. = A"!-F with condition A™*-A =1, (4.11)
Where with Iy is the 10 ordered unit matrix.

If E is the matrix of the errors (E = F — F, ) it can be written as (4.12)

el
E= [«ﬂ (4.12)
lsiOJ

With the experimental released model, this kind of calibration procedure pressing each
sensor with a force of 2000N and applying the above algorithm the following results were obtained
(4.13) and (4.14):

1.0 0.03 0.02 0.03 0015 0 0
0.04 1.0 0.025 0.01 0 0 0

0 002 10 0.03 0 0 0
0.01 0.01 0.04 1.0 0 0.02 0

© ©o o ©o o o o
© o o o o o
© © © © © o

004 0 0 0 1.0 0.01 0.04
A= (4.13)
0 0 0 0.02 0.01 1.0 0.01
0 0 0 0 0.04 0 1.0 0 0
0 0 0 0 0 0 0 1.0 0.02 0.02
0 0 0 0 0 0 0 002 1.0 0.03
0 0 0 0 0 0 0 002 003 1.0
1.0021 —0.0294 -0.0181 —0.0292 -—0.0151 0.0007  0.0006 0 0 0
—0.04 1.0018 —0.0239 —0.0081 0.0006  0.0002 0 0 0 0
0.0011  —0.0198 1.0017 —0.0299 0 0.0006 0 0 0 0
—0.0097 —0.0089 —0.0397  1.002 0.0003 —0.02 0 0 0 0
A1 =|—0.0402 0.0012  0.0007  0.0014  1.0023 —0.0101  —0.04 0 0 0 (4 14)
0.0006  0.0002  0.0008 —0.0201 -0.0096 1.0005 —0.0096 0 0 0 ’
0.0016 0 0 —0.0001 —0.0401 0.0004 1.0016 0 0 0
0 0 0 0 0 0 0 1.0008 —0.0194 -0.0194
0 0 0 0 0 0 0 —0.0194 10013 —0.0296
0 0 0 0 0 0 0 —0.0194 -0.0296 1.0013
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If assigned with K a matrix of coupling coefficients defined as K = A-lyo will be represented
3D graphical will be obtained the picture shown in figure. 4.1.

According to figures no. 4.1 and 4.2 it is experimentally confirmed the mechanical crosstalk
phenomenon.

coeficient k

numar senzor

numar senzor

Figure no. 4.1 - 3D model of coupling coefficients determined experimentally

A suggestive view is also presented in figure 4.2.

| senzoriis.ssi7 | | senzorii1.2.3s5i4 |

]
numar senzor

a
numar senzor

Figure no. 4.2 - 2D model of coupling coefficients determined experimentally
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5 THEORETICAL AND EXPERIMENTAL RESEARCH FOR THE ACHIEVEMENT OF
PORTABLE EQUIPMENT FOR THE EVALUATION OF ENERGY CONSUMPTION
AT THE TIME OF HUMAN WALKING

5.1 Experimental model description

The portable electronic device used for the experiments is summary presented in figure no.
5.1 (see [4]).

4~ N
/7 i
1% 7\ I
/ > /
SN \L

[§ -’ \\
N N 3\ N
[\ A\ 3
2. SO Y lﬂ/
Figure no. 5.1 —Proposed portable electronic equipment for gait analysis

Where:

1 — Support with sensors

2 - Footwear

3 — Signal conditioning box

4 — Ribbon cables

5 - Data acquisition unit

6 - Radio transmission antenna

7 - Fixing strap of the acquisition unit

6 SENSOR INTERFACING SOLUTIONS WHICH MAY BE USED IN WALKING
ANALYSIS SYSTEMS

6.1 Contributions to improve the performance of capacitive transducers

A multitude of research papers have been devoted to improving the linearity and overall
stability performance of these types of capacitive sensors.
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6.1.1 Analysis of plate capacitor geometry errors

In figure 6.1 is shown a simplified plate capacitor model with non-parallel parallelepiped
plates.

Figure no. 6.1 — Geometrical parameters of non-parallel plate capacitor

If we note with C, the capacitance between the plates of charged capacitor with +Q and -Q
(after polarizing with a voltage V), based on notation presented in figure 6.1 and after the same
integral calculation steps, we obtain the relation (6.1) [5], [6]:

gogrl

Cx =

" tan ()

-ln(l +§sina) (6.1)

Were g, and €, is the absolute and relative permittivity of material between plates.

For verification of the result according with the ideal parallel plate capacitance, the classic
formula can be obtained (6.2):

L
ECOSQ
] . in(1+Lsin a) Liospital . aesing L _ eoerlL
‘lxl_rg Cq = ‘lxl_rzrtl) eoerlv S"grl}}%m = €o€rl; =—_— (6.2)
In relation (6.1) ifa = 0, then the Taylor general approximation (6.3) can be used
considering the variable x = 0:
In(1+x) =x (6.3)

Or if applied in (6.1), then is obtained (6.4):

gogrl L . go€rS
= -=sina = - cos o 6.4
a tan(a) d d ( )

6.1.2 Circuit Analysis for the Capacitive Transducer

For practical experiment was chosen the most simple oscillator circuit with NAND GATES
CMOS model HCT4093 (Trigger Smith) whose schematic diagram is illustrated in figure no 6.2.

4
oD

Figure no. 6.2 —Oscillator schematic of transducer used
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The oscillation frequency is given by the formula (6.5):

f sid=dy—x (6.5)

-4
Ki'R€y'S
The displacement x is directly proportional to the applied force (6.6):
x=K,F (6.6)
Then, after the calculation, you can write (6.7):

_d K,
~ KiRe€pS  KqiRepS

f F=f,—K-F (6.7)
Analysing the formula (6.7), the frequency variation would be linear, but in practice, the
presence of a parasitic capacitance in parallel with a transducer capacitance is unavoidable. Also,
it will be added a parasitic capacitance from the input of the CMOS-NAND gate, which is around
5pF and the capacity for disk-type armatures of 20 mm and the distance dO = 1 mm, results Co =
4,7pF, comparable to the parasitic one, plus the capacity of the mechanical system as a whole, so

the relation (10.12) must be rewritten as follows (6.9) [7]:
f=2= . = ! (6.8)

= @S €0 S+Cp(dg—X)
T KlR(—dO_xwp) Kl-R-(o dop_xo )

Or it can be written as (6.9):

fo do _ Kz F
K;R{€oS+Cp(do—x))  Ki-R(€gS+Cp:(do—x))

(6.9)

It can be observed that both fo and k depend on x in a very non-linear manner.
Practical results obtained with R = 2MQ show a parabolic curve [8].

The original solution is to electronically compensate the parasitic capacitance by
neutrodyne (achieving a negative capacity with GIC).

6.1.3 Neutrodination circuit (original)

The principle is given by determining the equivalent impedance visible at the input of a
circuit as shown in figure no. 6.3.

—
3
—
yi2
U -~ L GU

'
1
! 4
GND | GND GND
\
'
'
'

Zin

Figure no. 6.3 - Simplified diagram for Laplace calculation
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Applying Kirchhoff’s Theorem for the currents in the input node, is obtained (6.10):
i=i; +1i, (6.10)
Applying the Laplace Transform is obtained (6.11):
sCeu = sCyu + sC, (ku — u) (6.11)
If the desirable condition (6.12) is true:
C, =G, (6.12)
Then relationship (6.13) is obtained:
Ce=C(1—K) (6.13)

It can be observed that if k> 1, than it results C.<0. The practical circuit is presented in figure
no. 6.4.

6.1.4 The original circuit for linearization of capacitive transducer

4—— Capacitate negativa "Newrodyns"

A
TAAHCGO0  Semnal de fesire
0 +del

Ql FO +dela F
BrwiL L l
1 5

N /

Figure no. 6.4 - The schematic diagram of the linearized transducer

The complete diagram of the circuit is shown in figure no. 6.4 and it implements the facts
disposed above. The formula (6.9) can now be written as (6.14):

Conclusion:

If we note with f, the free oscillator frequency as (6.14),

_ do
fo= Ky R[eoS+(Cp+Ce)-(do—dx)] (6.14)

Then the relation (6.14) can be written as (6.15):
f=f,—K-F and Af=f, —f=K-F (6.15)

We observe the linearization of the dependence of frequency variation Af of the oscillator
to the applied force F.
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6.2 Original contributions to improve the performance of tactile sensors

Typically, the electrical circuit recommended by the manufacturer is shown in figure no.
6.5.

Figure no. 6.5 — Typically interface circuit proposed by the manufacturer
This circuit is greatly affected by common mode disturbances because the common mode
voltage is actually transformed into differential excitation. The main perturbative source is
schematized in a simplified manner in figure no.6.6.

I Reteaua electrica
N

C = capacita(i parazite
de cuplaj -

== Circuit de amplificare
diferentiala

1L
|
"
|
|
"

Impedanta inalta
Senzori tactili

Podea

Tc<

Pamant U

I<

Figure no. 6.6 - Simplified representation of common mode perturbative sources

6.2.1 PSPICE simulation and modelling of the force tactile sensor

In order to obtain an optimal design of the tactile sensors interface circuit were made
researches using simulations and models of some circuit elements in different topologies, as close
as possible to the practical reality [11].

6.2.2 The circuit used for simulation

In the circuit showed in figure no. 6.7 is presented an improved version of the patented
circuit used for simulation.

The differential amplifier presented in section A is symmetrical and placed as close as
possible to the sensor. The symmetrical outputs are transmitted at a distance of about 1 m (section
B) to the input of the second differential amplifier (section C) that makes the substruction between
the signals and the conversion to "single end".
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0

Figure no. 6.7 - The initial circuit used for PSPICE simulation

6.2.3 Simulation of transient response to step signal

The transient response to the step signal and the frequency response characteristic of a
sensor's interfacing circuit was determined considering as input source and the variable V1 to
modelling the sensor, corresponding to the applied force range from 0 to 1000N.

After the simulation, the results obtained are shown in the following figures:
- figure 6.8 shows the transient response of the sensor signal in the range from 0 to 2000N

- figure 6.9 shows the frequency behaviour in which it is observed that the circuit has a
frequency characteristic typically for low pass filter (LPF) bandwidth of approximately 10 KHz.

Both of the diagrams highlight an instability at very low load forces (the equivalent
resistance of the sensor has high values - 5SMOhms) through occurrence of a oscillation with
frequency of around 300 KHz.

Treapta de forta Oscilatii

aplicata

Figure no. 6.8 - Step transient response of the circuit
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\ Oscilafi

Figure no. 6.9 - AC analysis of the circuit with highlighted oscillations

6.2.4 Original contributions for optimizing the interfacing circuit

Analysing the causes of the unwanted oscillations occurring in the case of low pressing
forces (very high resistance of the sensor) it was found that the operational amplifiers do not accept

capacitive loads higher than 100pF, according to the datasheet [12]. The new topology of the circuit
was implemented in practice as shown in the schematic circuit presented in figure 6.10.

C

Figure no. 6.10 - The optimal topology diagram of the sensor interfacing circuit

The figure 6.11 shows the result of the simulation for transient response for the new
topological diagram, where the unwanted oscillations disappear even at the very high resistance
values of the sensor.

Semmal treapta de
/ forfa

Figure no. 6.11 — The optimal step transient response without oscillations
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The figure 6.12 shows the simulation of the frequency response of the circuit interface. In
this case it can be observed that the oscillation is not present and the shape of the curve is a typical
LPF with Cut-off Frequency around 46KHz.

T 3d8 Cuoft

)

Figure no. 6.12 - The optimal frequency response without oscillations

6.2.5 Spectral analysis of ground reaction force

The data used for spectral analysis is obtained from the acquisition of 6 steps during normal
walking on a horizontal surface.

et Evolutia in tinge pentra Fe (picior stangs si drepee)

o0 rum, oo any = =

A

Aminine ]

Figure no. 6.13 - Temporal evolution and spectral analysis of ground reaction force

According to figure no. 6.13, many interesting aspects are highlighted, the Fourier spectral
analysis is useful for determining the band with frequency of the sensor signals, which is the basic
parameter for the design of the “antialiasing" filter required from any data acquisition block.

From the spectral magnitude, we can observe that the fundamental frequency is 3.2Hz which
corresponds to the oscillation frequency of the mass centre and not to the stride cadence [9].

Also, the presence of the second harmonics with frequency value of 6.5Hz, the third
harmonics with the frequency value of 9.6Hz and the fourth with the frequency of 12.7Hz can be
observed. The third harmonic has the highest magnitude of the harmonics, suggests an odd
symmetry of the signal (in time domain, it has the same polarity and duty factor 50%).

The magnitude peaks located before the fundamental frequency are insignificant but explain
the existence of a modulation in both the amplitude and the frequency of the signals.

The maximum bandwidth of the force signals can be considered to be B = 20Hz, since over
this frequency the signal has insignificant energy [10].
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6.2.6 Correction of the multiplexing delay error

Because the number of sensors is relatively large (10 for each sole), it requires using a
simultaneous sampling technologies with 20 analogic inputs, which would complicate the data
acquisition circuit and an expensive analog to digital converter (A/D). Therefore, we used the time
multiplexing method for signal acquisition from each sensor.

The number of 20 multiplexed inputs combined with analog to digital conversion time
(Teonv) Sampling causes a delay of sampling time for each channel, as shown in figure no. 6.14.
This delay increases the proportional to the number of that channel multiplied by Tony.

sA T — T o -t
SO I T, .
szo0 it S S T I -t

sampled ‘r estimated
value value

Figure no. 6.14 — Sampling delay of each channel

This phenomenon introduces errors in calculating the ground reaction force.

Further, we will note with n the sample number. In order to eliminate the delay multiplexing
error, we have studied the finding of an interpolation formula, which makes an estimated value for
each channel as if it is simultaneous sampling (S_k) [n], according to the k index of the selected
sensork = 1..20. Under simplified hypothesis and after making the necessary calculations, the
following correction formula was obtained (6.16).

Suln] =S [n—1] + (1 + @) (Sk[n] = S[n —11); k =1..20 (6.16)
Where S, [n] represents the temporally aligned estimator of the sensor number k., S, [n — 1]

is the previous value, S, [n] the current value and Az the delay.

The figure no. 6.15 shows the error caused by the time delay of the multiplexing, in worst
case scenario, between the sensor number 1 and the sensor number 20. The Matlab functional
program is presented in Appendix 2 of Thesis - Program1.

=

Figure no. 6.15 - MATLAB simulation
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According to figure no. 6.15, can be observed that the highest error occurs at sensor no. 20
and, after applying the compensation algorithm, the error is almost zero.

The error also depends on the frequency of the signal at 20Hz, introducing an additional
error of 2%.

7 TECHNICAL-SCIENTIFIC SOLUTIONS FOR THE EXPERIMENTAL MODELLING
AND TESTING

7.1  The experimental model released

In figure no. 7.1 can be seen the prototyping experimental equipment mounted on the human
subject and an overview of the equipment placed on the table.

Figure no. 7.1 — Equipment mounted on the human subject - left and an overview- right

7.2 The released “overshoe” with sensors

The overshoe sensor assembly is shown in figure 7.2. and the execution drawings in
Annexes 9 — of Thesis.
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Figure no. 7.2 - Sensor mounting solution applied on the overshoes

7.3 Realization of the original interfacing circuit for tactile sensors

The interface circuit of the sensors with the microprocessor data acquisition system was
designed in accordance with the optimized circuit, presented in the previous chapter, patented by
the author of the thesis.

The physical realization of the printed circuit board (PCB) was made on FR4 support using
4 layers technologies with the layout schematic diagram, shown in figure 7.3.

Ry

Figure no. 7.3 - PCB layout diagrams for 4-layers

7.4 The schematic diagram of the power supply

The electronic power supply circuit is shown in figure 7.4 is using a pack of 2 Lithium-lon
type rechargeable batteries 3.7V and provides + 12V at the output using an MC34063A integrated
circuit.
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Figure no. 7.4 — Power supply schematic diagram

In figure no. 7.5 is shown the physical release of the power supply module.

Figure no. 7.5 - Original Circuit of the Power Supply Circuit (PCB) assembly

7.5 The final version of the experimental prototype

In figure no. 7.6. is shown an internal view of the Acquisition Unit box, during testing.

Figure no. 7.6 - Internal view of the Acquisition Unit box with microprocessor
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The overall view of the experimental equipment is presented in figure no. 7.7.

b)

Figure no. 7.7 - a) general view b) portable unit detail in operation mode

The finale version of overshoe support with sensors mounted is shown in figure 7.8.

Figure no. 7.8 - Final version of the overshoe support with sensors

8 RESEARCHES FOR COMPARATIVE TESTS OF HUMAN SUBJECTS WITH THE
EQUIPMENT REALIZED

8.1 Contributions to the validation of the mathematical model using the Microsoft
Office -EXCEL

The Ground Reaction Forces can be decomposed in three directions and allows to calculate
the corresponding mechanical work and energy.

In figure 8.1 and figure 8.2 are presented the graphics of the forces Fz and Fy obtained for
a healthy subject who weights 61.4 Kg, that went at the speed of 1.2 m / s, at the same distance,
but with a length of two different steps.
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Figure no. 8.1 — Graphical representations for step no. 1
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Figure no. 8.2 - Graphic representations for step no. 2

Several relevant interest graphics obtained during a lot of tests are presented in Appendix 1
from the final Thesis.

8.1.1 Power expenditure evaluation

In order to evaluate the power consumption during walking in the Z direction was used the
gathered data from a group of 6 healthy subjects.

The figure 8.3 shows an example of velocity on the Z-axis corresponding to the subject
generically named GROSU.

grosu ——pas 1
1.50 ——pas ?
. pas 3
1.00 pas 4
o —s—pas 5
0.50 pt /,_4*‘ pas 6
w ¥ &
] 7 —— 7
E 0.00 , , . . , i . pas
o 54|90 58.00 58.90 60 2.00 6490 | ggé'foo pas 8
& 7 9
-0.50 - -- S - pas
! T ——pas 10
-1.00 ! ——pas 11
-1.50 |
t[s]

Figure no. 8.3 - Example of the velocity Vz [m/s] for the subject GROSU
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The figure 18.4 shows the acceleration chart for the 11 steps corresponding to the subject
generically named GROSU.

grosu ——pas 1
10.00 —=—pas 2
8.00 pas 3
pas 4
8.00 — ¥ pas 5
= as 6
= a00 : 5 P
E - —+—pas 7
@ }'1 f i
2.00 —— : pas 8
§ 5 pas 9
ooo | M w £ 1
54{50 56H50" 58.50 60 .5t 5t pas 10
2.00 o—pas 11
-4 00 |
tisl

Figure no. 8.4 - Example of the acceleration a, [m/s?] for the subject GROSU

In figure no. 8.5 is shown the overlapping diagrams of the power calculated in Watts
corresponding to 6 healthy subjects.
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Figure no. 8.5 - The superimposed graphical of the power calculated for 6 subjects

According to figure 8.5, the highest power consumption during walking was developed by
the subject Mutescu (63 years) and is around 200W to 500W.

Conclusions:

o It was found that the mechanical power consumed, calculated with the formula 8.19 for a lot of
5 subjects, is in the range from 100W to 500W.

o The present researches results establish that higher value of the mechanical work is due to the
vertical displacement of the body mass center during walking.

o An average of 40-50% of Z direction mechanical work is consumed for moving and only 10%
for lateral balancing of the body. For this reason, the energy expenditure has been assessed only
for two directions of human gait (Y and Z).
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o The energy consumption during walking is given by the body muscles, which act to accomplish
the mechanical work of the body mass force, with the application point considered in the centre
mass and for balance the limbs related to the mass centre.

8.2 Tribological aspects encountered in research

The data acquisitioned by experimental device realised, besides the evaluation of energy
expenditure, offers the facility to analyse other aspects of the dynamically behaviour of the
mechanical interaction between the footwear and the walking surface. For example, the friction
coefficient p is a parameter which provides much information on the pathology aspects of walking
or the quality of the walking surface.

The calculated values of  are graphically presented in figure no 8.6 where is depicted the
evolution of GRF and the Fy / Fz ratio for one step.
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GRF —FylFz

700 000

oA NNy

/ 4

odo
500
AN e
40 N
\ l 020 N
3
300 025 0
\ / 030
200
\ / 035
100

040

GRF [N]

0 045
63.90 84.00 84.10 6420 8430 84.40 8450 84,80

tfs]

Figure no. 8.6 - Evolution of GRF and the Fy / Fz ratio

According to figure no. 8.6, it is found that in the analysed case, there are moments
(balancing phase) in which the coefficient of friction p is very low (below 0.05) and corresponds
to a high probability of slip hazard.

8.3 Tests performed with prototype on human subjects

In order to validate the results produced by the prototype there were effectuated comparative
tests measured with the Cosmed K4b2 portable device (indirect calorimetry) in the same walking
conditions.

8.3.1 Experimental results obtained with healthy subjects

From the experimental results presented in the final Thesis in Annex 7 resulted a series of
observations, which will be presented.

In figure no. 8.7 is represented the GAR report for the subject ME.
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Figure no. 8.7 - Software GAR report for the ME subject

Measuring the total walking power consumption using the calorimetric method resulted in
a value of 214.23 W, close to the values generated by the GAR report, calculated with our
algorithm. For the experimental system, the average value of the total walking power is about
200.38 W.

8.3.2 Experimental results obtained with patients with diseases of the osteo-articular
system

NB patient diagnosed with arthritis. The shape of the GRF diagram shows the almost
complete absence of the convex area during the stance phase of the walking, but having a concave
appearance on almost the entire active portion of each leg, as can be seen in figure no. 8.8.

The power consumption is between 81.79 W and 92.95 W.

The internal power is very low, about 24W, due to its proportionality with the walking speed,
which on this subject is only 0.7 m/s.
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Figure no. 8.8 — Software GAR report for the Patient NB

In conclusion, although some parameters have normal values at first sight, the NB case
demonstrates the specificity of the pattern waveforms morphology of the ground reaction forces,
which may constitute an objective diagnostic criterion also useful in following the evolution of the
disease.

8.4 Statistical processing of experimental results

Several walking tests were performed for six healthy subjects, the average values and the
standard deviation of all parameters, were calculated below (8.1):

» Walking speed:

Vi = S @.1)

n

Where: n = 6 is the number of subjects, vi is the average speed, vi=1,21; 1,133; 1; 0,985;
1,33; 1,315 m/s

L, (vm—vi)? 8.2)

o, = .
Where: oy is the standard deviation of the speed, so: vm =1,162 m/s and ov =0,137

« Average step length:

o = Zttel (8.3)

pm n

Where: L, = 63; 51,07; 58,635; 56,635; 57,255; 63 mm
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ZiL,(Ipm-Lpi)?
o) = | Hmlometed” 8.4)

Where: oy, is the standard power deviation in the vertical direction, resulted: I,n =58,266
mm and oy, =4,091.

« Average power in the vertical direction [W]:

Zin= zmi
Pzm = £iz1Pemi (85)

n

Where: p;mi =53,9; 64,195; 46,285; 83,725; 58,079; 65,398 W

ZiL;(Pzm—Pzmi)? (8.6)

Opz = "

Where: o, is the standard power deviation in the vertical direction. So: p.m =61,93 W si
op =11,664.
« Average power in the horizontal direction [W]:

TiLi Pyi
Pym ===+ (8.7)

n

Where: p,i =43,69; 47,686; 24,509; 19,74, 40,06; 30,88 W.

n Y
Opy = /M ©8)

Where: oy is the standard deviation of power in the horizontal direction. So: pym =34,427
W and o,y =10,165.

« Average internal power [W]:

ZF=1 Pini
Pinm = T (89)
Where: pini =62,94; 55,03; 32,54; 35,33; 113,67; 67,235.
Opim = Ei:1(pinm—Pini) (8.10)

n

Where: opiq is the standard deviation of average domestic power. So:  pinm =61,124 W and
Gpin =26,837.

« Average total power [W]:
Py = 2= (8.11)

Where: p;=160,53; 167,109; 253,34; 138,084; 211,73;163,52.

n —p.:)2
Ope = M (8.12)
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Where: oy is the standard deviation of average total power. S0:  pum =182,385W and oy
=38,569.

« Total power/weight average [W/Kg]:

Zit1 Peti
pgtm ==L gt (813)

n

Where: pgi=2,155; 2,17; 3,99; 1,987; 2,301; 2,637.

n _n )2
Gpgt — 2‘»i:1(l?’gt:n pgtl) (814)

Where: oy is the standard deviation of total average power / weight ratio. So: pgm =2.54
W/Kg and oy =0,678.

« Average total power/ weight ratio:

_ I Pgty;
pgtvm -

(8.15)

n

Where: pgi=0,182; 0,195, 0,407, 0,206, 0,176, 0,204.

n _ )2
Cpgty = Zi=1(Pgtv:1 Pgtvi) (816)

Where: oy i the standard deviation of total average power / (weight) speed. So:  Pgm
=0,228 and cpqy =0,081.

Comparative tests conclusion

e  The results obtained are very encouraging and reinforce the idea that the use of tactile force
sensors is an optimal choice to acquire primary information about bio mechanical
interactions.

e  The most important result is the possibility of delivering a Gait Analysis Report (GAR) -
which can be printed as an objective analysis of walking as a specific pattern of diagnostic
significance and following of the disease evolution.

Studies effectuated with the experimental prototype made at INCDMTM show that the GAR
can be used hoth in the diagnostic evaluation of several categories of patients with various chronic
diseases that affect both walking and in human balance research.

9 SUMMARY OF ORIGINAL CONTRIBUTIONS
9.1 Contributions related to the systemic approach of the research topics

o The idea of integrating the advantages of two existing methods: the pedometer method and
the "Treadmills" method to determine the mechanical work and the caloric consumption
respectively. At the same time, for the complete study of the biodynamic parameters during
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walking, the equipment can be interconnected in order to synchronize with other portable
electrocardiographs or electromyography systems.

e The originality of the theme also contains a challenge, due to the lack of a standardized
concept for accurate calculation of mechanical power developed during human walking.

e Establishing the possible correlation of the following parameters: age, gender, height,
weight, basal metabolism and energy expenditure based on ROC diagrams;

e Applying modelling and statistical analysis methods to identify correlations between
measured forces, GRF pattern and energy consumption;

e Making a software tool to allow the evaluation and researching of these correlations and
verify the measured data to validate the theoretical models;

e The epistemological framework establishment of the topic of research proposed by the
Thesis;

o Systematization of up-to-date information from specialized literature in the form of concise
tables to easily draw conclusions;

e Numerous notes and observations useful to current or future research in the field of
mechatronics;

o Laboratory technical experiments, clinical experiments, method validation;

9.2 Contributions for solving some theoretical and technical problems

o Developing and obtaining a patent on the measurement procedure titled: "PORTABLE
ELECTRONIC EQUIPMENT FOR THE EVALUATION OF ENERGY CONSUMPTION
DURING HUMAN WALKING";

o Developing and obtaining a patent on the original solution of the electronic interface for
tactile sensors entitled: "INTERFACE CIRCUIT FOR TACTILE SENSORS WITH
REJECTION OF COMMON MODE PERTURBATIONS";

e The practical computing solution for minimizing sensor inter-influencing error during
calibration and measurement (crosstalk phenomenon);

e Optimization of electronic circuits design by modelling and simulation PSPICE and
MATLAB,;

o Design and development of PCB multi-layered in modern SMD technologies for electronic
modules;

o Designing and testing of all of the electronic blocks for sensors conditioning, filtering,
microprocessor data acquisition and wireless communication;

e Firmware programming for microprocessor developed in C and ASM language -
reproduced in Appendix 3 of the full Thesis;
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e Programs developed in the advanced graphical programming language LabView for
complex data processing;

o Programs developed in the MATLAB programming language for complex data processing;

e Programs and scripts for EXCEL VBA for complex data processing and graphical
representation;

o Simulation using Altium Designer and Solid Works software programming tools;
o Laboratory experiments and comparative tests with other existing systems;

o Clinical trials on healthy subjects and patients with specific pathological disease in order to
highlight the specific pattern for establishing an objective diagnosis;

o Dissemination of the results as scientific reports, articles and numerous prestigious
symposia and publications such as IEEE-Explorer, Springer and ROMJIST (Romanian
Journal of Information Science and Technology) Thomson Reuters indexed;

9.3 New research directions
The following scientific objectives have been identified for future projects:

e Continuing theoretical research for the scientific foundation for design of new wearable
equipment including embedded acceleration sensors;

e Continuing the research in order to build the new sensor using Micro and Nano
Technologies;

o Theoretical and experimental research for the development of new applications and new
algorithms for track analysis software

e Theoretical and experimental research for mathematical modelling and numerical
simulation in order to identify new directions that contribute to the disease prevention and
increase the quality of life.
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