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Figure 6-1. The two versions of the system for illustration of the concept of
mechanical stability. System A has a much stiffer spring than system B. The
lateral stiffness of the springs is assumed to be small enough to be neglected.
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AV =Q5+1-ké*-Q-A

Stabilna rownowaga wystepuje
gdy energia potencjalna uktadu osigga minimum




Energia potencjalna uktadu

AV =Q5+31-ké*-Q-A
o=asinAp~a-Agp
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Figure 6-7. The body considered as a rigid inverted pendulum. Q: gravity
force, a: distance from the hinge to gravity line, h: vertical height to the
center of gravity of the body and A: torque stiffness of the ankle joint. The
numerical figures used are given in the text.



Figure A3-1. An inverted pendulum of length & is subjected to a vertical load
Q at the top. The pendulum is attached to the ground by means of a torque
spring with stiffness A. Equilibrium is maintained at the inclination ¢
(corresponding to a horizontal displacement a at the top) by means of the
torque M in the prestressed spring. To the right is the free body diagram of
the system. (i.e. the physical devices, the foundation and the torque spring at
B, are substituted by the arrow symbols P and M showing their force and
moment action.) At equilibrium, the vertical force P at B equals Q.



Zmiana energii potencjalnej

AV =M -Ap-Q-8, +1-AAp)’

o, =1[cosp —cos(p + Ap)] =
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Zmiana energii potencjalnej

AV =M -Ap—-Q-6, +1 A(Ap)°

& =I[Ap-sing+1(Ap)’-cosg]

ozn. a=Il-sinp h=I-cosg

AV = AV, + AV,

AV, =(M -Q-a)Ag
AV, =(-Q-h+1)-3(Ap)°




Warunek rownowagi

AV = AV, + AV,
AV,=(M -Q-a)Ap AV, =(-Q-h+2)-1(Ap)’

OAV
—=0 Ap =0
Ao dla Q

czyli

OAV,
=0 Ap=0
Ao dla Q@

zatem M=0Q-a




Rownowaga stateczna

AV = AV, + AV,

AV, =(M -Q-a)Agp szz(_Q.h+,1).%(A¢)2
AV >0 dla |A¢g>0

AV,>0 dla |Ag[>0
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Statecznos¢ wahadla

Warunek rOwnowagi

M=Q-a=Q:-Il-sing
Warunek statecznosci

2‘>ﬁ“kryt
kryt Q h= Q |- COS@
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Bendix i in. zbadali 18 kobiet,
sredni wzrost 166 cm, $rednia waga 55,7 (2Q = 550 N),
a=63mm

=Q-h=3-550-0,9=248 Nm/rad

kryt

M=Q-a~1550-0,063~17,3 Nm
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Myt =Q-h =248 Nm/rad

Arh+1-M Ao = 35 Nm/rad,
0 = 12,4 radt

Ardy+x-M=35+12,4.17,3=252 Nm/rad
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Figure 6-9. Simple example for demonstration of the method for evaluation of
the stability of a system containing a local and a global system. A’A"B
corresponds to the thoracic cage and G’G"C corresponds to the lumbar spine
with a joint at C. A’D’ respectively A"D" correspond to the global erector
spinae muscle and G’H’, G"H" and EF correspond to the local muscles. The
stiffness of the joint C (including the contribution from the short bridging
muscles) is A in flexion-extension and A, in lateral bending. Each part of the
global springs," A'D’ and A"D", has the stifiness k/2.
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Figure 6-14. The complete stability diagram of the mechanical system in figure
6-9. Qh/Aso = 10, Qh/Alo = 10 and B = 1/10. qc it is given by the full-drawn
line. Stability requires that the muscle stifiress coefficient q > q

Regardless of g, equilibrium cannot be satisfied for a > a, = s Gras
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Figure 6-15. Sagittal projection of the realistic model for evaluation of the
mechanical stability of the spinal system. ABC: the stiff thoracic cage, DE:
the pelvis, BE: the lumbar spine. The rigid vertebrae are interconnected by
the torque springs N1i,...,N6 (illustrated by filled circles to the left). The
numbering of elements, nodes etc of the model always starts from the pelvis,
L5 corresponds to element number 1 and N1 is the L5-S1 interconnection. AD:

the global erector spinae muscle and C: the center of gravity of the upper 2 Ay
body. 1, and ¢, are the length and the inclination of each element. The local A &
muscles shown In figure 6-16 are also included in the stability model. \J

Figure A6-3. The deformations of the system. All spinal elements and the
thoracic cage have three degrees of freedom: the rotations A ., A¢_ . and
A¢_. around the global x,y and z axes. Two adjacent elements afe conhected
at the midpoint of the intermediate intervertebral disk. The vertebra shown is

connected to the structure below at node Ni and to the structure above at node
N

i+1’



Sity dzialajace w przekroju
przez krazek miedzykregowy
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Figure 6-20. Free body diagram for an imaginary cut through level number i.
At each level the resulting moment M from the gravity load, global erector
spinae-, the quadratus lumborum- and ‘the intertransverse muscles is balanced
by activity in the interspinal and the multifidi muscles. C: disk compression
force (assumed to pass through the disk midpoint), S: disk shear force, Fis :
inter spinal muscle force at level i and Fmf,: multifidi muscle force at !avel 1.
dyi and dii are the multifidi muscle projec{ed lever arms and dis is the lever
arm of the interspinal muscle. The multifidi muscle fibers are inclined relative
to the sagittal plane, see further text.



Sita w mig¢sniach
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Figure 6-17. The geometrical parameters used to describe posture and position
of the gravity line (which is vertical, although it is drawn here at an angle to
the sides of the page). A: sagittal projection of the insertion of the global
erector spinae muscle, B: T12-L1 disk-midpeoint, C: The combined center of
gravity of upper-body weight and the weight that constitutes the outer load
(Q), D: sagittal projection of the origin of the global muscle, E: L5-51
disk-midpoint, F: L1-L2 disk-midpoint. The posture of the pelvic-
spinal-thoracic cage system relative to the EF-line is defined by the para-
meters r., ¢, and t, the relative lordosis. The distances from the EF-line to
the nodes (dfsk—midpoints) are r.= p.t. ¢: inclination of the EF-line relative
to the gravity line. a: distance' froin the most anterior disk-midpoint to the
gravity line. The numerical figures for ¢, in mm are given to the right. The
coordinates of the global muscle insertions on the thoracic cage (A relative to
B) are given by ¢ and h. ¢ = 59 + 21t mm and h = 100 mm. The lateral positions
of the inserticns are taken as * 100 mm. The coordinates of the origin D are
given by d = 60 mm with the lateral positions * 70 mm.



Figure A7-1. A multifidi muscle fiber AB originating at vertebra number m and
inserted in element (vertebra or the thoracic cage) number n. The origin of the
coordinate system is placed in the sagittal plane at the projection of the

muscle origin on this plane. The x- and z-axes lie in the sagittal plane with
the z-axis vertical.



Figure 6-16. The local muscles included in the model. Left: the multifidi fiber
pairs numbered from 1 to 7 starting from the pelvis. Each of the 7 fibers has
one left and one right part, originating from the mammilar processes and
inserted to the spinous processes of the vertebra two levels above. The first
and second multifidi-fibers originate from the sacrum. Middle: the interspinal
muscles. Right: the left side shows the eight quadratus lumborum fibers with
origin on the pelvis and insertions on the outermost part of the transverse
processes of L1 to L4. The right side shows the five intertransverse fibers
connecting the transverse processes of L5 to L1 and L1 to the thoracic cage.
The T12-L1 muscle fibers included in the jptertransverse group is introduced
according to the diagrams by Langenberg ~. Note that all thoracic vertebrae
are included in the thoracic cage, which is considered as a rigid body.
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Figure 7-1. The complete stability diagram for loadcase 1, i.e. normal standing
posture with no outer load, a = 22.5 mm, t = 1.0, & =0 and cmf = 0.5. q ., is
given for A, = 1.3, A__ = 1.8, A_ = 13.0, Fit = 10¥5.6 N (corresponding 1o " =
0.5 Nm/degre%) and F'c?ﬁetc. = 8¥5N. In the diagram, the condition for lateral -
rotational and sagittal stability are shown. Stability prevails if the muscle
stiffness coefficient q > q__ .. according to the full drawn line. Regardless of
q, equilibrium cannot be cgé{isfied if « > a . If, for example, q = 40, the
stability can be maintained for a,< o < & _. One also observes that stability at
the given posture and values of i-"it and ?"ql,etc. cannot be maintained if q is
less than about 37.
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Figure 7-2. Posture-activity diagram for loadcase 1, q = 40. The diagram
shows the three limits for allowed combinations of the global muscle activity
a and the posture parameter a: the lateral - rotational and sagittal stability
limits and the equilibrium limit. ’\2. =1.3, A__=1.8 and A = 13.0, Fit = 10%5.6
N (corresponding to A = 0.5 Nm/degrge) and Fscﬁ,etc. = g%5 N,
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Zmiana wysokosci w czasie
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Rozktad ci$nienia ptynu

Sciskanie dla czasu t = 1000 s

Przemieszczenia promieniowe
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type of results stiffness
load FEM FEM 1 2
b
u = -0.251 |2000
z 556
N/mm = 667
u= -0.799 | 630 492200
compression
u:= 0.621 (bulge)
” 0.5 - 0.9
u = 0.598
¢°= 1.6° 3.0
bending " Nm/deg 2.8 - 5,2 0.7 - 1.4
¢°= 2.2 2.3
u’= 0.462
g r * 108
sheaxing N/mm 31 - 82 85
u:= 0.517 97
torsion 6°=6°= 3.9°| 1.3 Nm/deg 2 2.5




The Finite Element Method model of the disc
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MODELOWANIE | BADANIE
SEGMENTU RUCHOWEGO KREGOSLUPA
Z UWZGLEDNIENIEM POROSPREZYSTOSCI TKANEK

Najwazniejsze zagadnienia uwzglednione w modelu
1. cisnienie w ptynie

2. anizotropowa struktura pierscienia wtoknistego

3. ciSnienie wchianiania (osmotyczne)
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Model dysku

Zalozenia dotyczace materialu poro-sprezystego:
a) jednorodnosc¢;
b) skonczone odksztalcenia;
C) anizotropi¢, materiat podlega prawu Hooke'a;
d) ze przeplywem ptynu rzadzi liniowe prawo Darcy'ego;
e) zalezno$¢ przepuszczalnosci osrodka od porowatosci (deformacji);
f) nielepkos¢ plynu;
g) niescisliwos¢ faz;
h) rownowage wolnych jonéw w plynie.

8.219E-81
8.318E-81
8.401E-81| %
8.491E-01| [N W
8.582E-81 | [N
8.673E-81| [}
8. 764E-01 !
8.855E-81| Wb |l
8.946E-81| 4 \}
8.184| %




Model segmentu ruchowego
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Model segmentu ruchowego
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Wszystkie zaleznos$ci wyznaczone zostaly analitycznie,
bez stosowania calkowania numerycznego.

Element rodzimy Element dziedziczny



Weryfikacja elementu
zbrojonego wioknami

Wyniki doswiadczalne rozciggania fragmentdéw pierscienia wtoknistego

odksztatcenie

0,35

03 1

0,25 +

0,2 +

0,15 +

01 +

4

N

—a—eksp.
—0— MES

0 1 2 3 4 5 6 7

naprezenie [MPa]
E, =1 MPa - modut Younga materiatu osnowy,
v, = 0,2 - stata Poissona materiatu osnowy,

EA =500 N - parametr okreslajacy sztywnos¢ wiokien,
o, = 42° - poczatkowy Kkat nachylenia wiokien.



Model chrzastki stawowe;

“) .
Interface with synovial fluid or plasma

® ) ®
e D ’

Proteoglycans in
exira-fibrillar woler

free C'.--: > =

negalively chorged

fixed groups on GAG
free No' ==

.-—-hyaluronate
Intra - hibrillar )

waler i
collagen fibril. - ——

\.
protein core

163.1 Schematic representation of cartilage matrix.



p° = B(FCD nieni s i B
- - extra-fibrnillar waoler
efekt. cisnienic osmotyczne iy harom
fixed groups on GAG

free Clem= . -

free No'—=—=—"

FCD - gestos¢ tadunkow zwigzanych - hyoluronate

Intra - fibrillar
water ~

collagen fibril.-——4 3

Wo

EF

FCD,., = FCD,

FCD,,, = FCD, W i S
' WHZO =W, x Gy X Wiy

FCD, - gestos¢ tadunkow zwigzanych odniesiona do catej masy tkanki W;

W, , - catkowita masa wody w tkance;

W¢r - masa wody poza widknami kolagenowymi;

W, - catkowita, poczatkowa masa tkanki;

Wqg - Masa wody we widknach kolagenowych (niedostgpna dla PG) na gram

kolagenu;
C., - masa kolagenu na gram catkowitej, poczatkowej masy tkanki. Urban - 1979



Cisnienie osmotyczne

Wr) = 0,76+ 0,85exp (- 38 p°)

1

FCD,,. = FCD,
' ¢J —Cypy ¥ Wiy

W modelu MES cisnienie osmotyczne uwzgledniono

p'=¢lp+p°)
/-1
Warunek dodatkowy  p’ > ¢p° p {

W}L&“&MLMM
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ptaszczyzna strzatkowa

Cisnienie ptynu w dysku. Obcigzenie 1000 [N]. Czas | min.

[MPa]

8.849E-01

a.
.279|
.375|
.472|
569
666
763
868
.957

|8 0 00 0 00

182



Profilogram cisnienia ptynu

9.1ABE+@0
n 8.339
25 n B8.577
24 S u A.816
1,5 1 1.855 3
1 T 2 i /N\ VVWM\'\
0,5 b 1.532 (1) |
0 oy
0 10 20 30 40 50 B — 10 20 30 40
1 O ] ] U oo
[MPa] b) przyktadowy wynik badan
a) wynik obliczen modelu. eksperymentalnych [1], dla
Czas 2 min. horyzontalnego potozenia

miernika.




-8.284
—.684E-A1
B.164
8.388
B.612
8.836
1.868
1.284
1.5688
1.732

[MPa]

—.Z5BAE-A1
8.448E-81
a.115
a.184
8.254
B.324
B.394
8.463
B.533
8.683

t =60 min

Zmiana cisnienia ptynu w
czasie, pod obciazeniem 1000 N

—-.2ZhAE-A1
A.844E-A1
8.194
A.383
A.413
8.52Z
A.631
a.741
A.858
A.968

t=10 min



deformacja x 3

A .H8HE+88
A .88AE-AZ
A.176E-A1
A.264E-81
A.352E-A1
A.448E-81
A.528E-A1
A.616E-A1
A.784E-81
A.792E-A1

deformacja x3

Bez uwzglednienia
ci$nienia osmotycznego

Cisnienie ptynu w dysku
segmentu ruchowego

Obcigzenie momentem sity o wartosci 10 Nm

A.814E-81
A.992E-81

B.117
8.135
A.152
B.1v8
8.188
A.285
B.223
8.241

deformacja x3

Z uwzglednieniem
ciSnienia osmotycznego
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model z wliédknami
Przemieszczenia pionowe

model bez wldkien
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| Scinanie w plaszczyznie
% strzatkowe]

Deformacja segmentu ruchowego kregostupa
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Przemieszczenia poziome
przednio-tylne

-8.782
-A.525
-A.269
—.127E-81
a.244
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Obciazenie sitg osiowa 400 N
| momentem gnacym 8 Nm

Przemieszczenia pionowe
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srodkowe] dysku

Rozmieszczenie igiel i numery przetwornikéw ci$nienia

[MPa] A.1ABE+AA
A.169
A.238
a.3avy
a.376
8.445
A.514
a.583
B.652
a.721

Y ENOEEOEN

igta nr 2

Obciazenie sitg osiowg 400 [N] i momentem gnacym 8 [Nm]




Wyniki eksperymentu

Ex-Vivo Print Graph

10/3/94

.:Page 1 @/

12:10 PM
[Spine 11 Log |
Record No.

/\/~|“Chan 6

lChan 7

Chan 8
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Wyniki eksperymentu

Ex-Vivo Print Graph
10/3/94 10:26 AM

Paga 1 K@/ —

[spine 14 log

Motion Parameters

Record No. IChan 3
IChan4 ‘
[chan 5
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220.0
200.0
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120.0 ey W \
100.0
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T
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T T
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Rys. D.3.7.




i Naprezenia catkowite (c' - ¢p)
% W plaszczyznie Srodkowej dysku




/Zmiana cisnienia w dysku

Pressure Comparision Prior & Post Static Loading

Ant-Nddis —  Ant-Middle

Ant-inner —  Auni-lnner

-

L0 ‘
=
0 e
1 hr @ 600 N static axial compression !
(1] T
11263467 1 13AS287.0000 I 14(.2968.0000 16194497.0000

Time (ins)



—.196E-81
B.652E-A1

a.
235
. 328
485
.498
.a74
659
. 744

158

—.196E-81
A.334E-81
B.865E-81

a.
.193
. 246
.299
. 352
. 485
.458

oo @ a3

148

t=1min

—-.196E-81
A.495E-81

a.
.188
207
. 326
.395
.464
.233
.6AZ

119

—-.196E-81
A.268E-81
A.732E-81

8.
.166
213
.259
305 i
as5z|
.398

128

Obciazenie sitg osiowa 300 N

Zmiana cisnienia ptynu [MPa]
W czasle

t=2min
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0,7 +
0,6 +
0,5 +
0,4 +
0,3 +
0,2 +
0,1 +

ciSnienie [MPa]

czas [min]

1
15

¢ obliczenia MES

=== przetwornik nr 3

= przetwornik nr 5

—— - przetwornik nr 8

Obcigzenie statg silg Sciskajgcg 300 N




