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Mechanical behavior of human arteries in large deformation using non-linear
elasticity theory
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Original Research Paper Mechanical behavior of live cells and tissues is non-linear and their deformations are large. Using a
Received 17 August 2015 suitable mechanical model that could predicts this behavior, is an important step in the prevention and
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- ' treatment of various diseases and the production of artificial tissues. In this paper, using the non-linear
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elasticity theory and non-linear Mooney-Rivlin model, mechanical analysis of human arteries has been
studied under internal pressure and axial tension. By using the experimental study of biaxial test, the

Keywords: . - . . .

Non-Linear Elasticity elastic constants of the arteries are calculated. For modeling, the arteries are considered as long

Large Deformation homogeneous and isotropic cylinders. Radial and circumferential stress distribution on the minimum

Artery and maximum blood pressure is calculated. Variation of artery radius due to internal pressure is

Biaxial Test calculated and compared with the reported experimental data, and a good agreement is seen. The stress
distribution curves versus radius are plotted which show that the inner layers of the arteries have much
greater role in stress distribution than the outer layers. The elastic constants which are calculated for
different ages show that the arteries of older people become stiffer and their flexibility decrease.
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Table 2 comparison of stresses of the present study and numerical
solution

r(mm) ng(MPa) -Trr(kPa)
Oy P9 Goue Oy (S Gous
5.42 2.115036112 2.08143 20.2175858 19.81942
5.52 0.5725921252 0.56349 6.57913660 6.34972
5.62 0.3386584004 0.33327 4.35550248  4.24758
5.72 0.2440996077 0.24022 3.10979599  3.03825
5.82 0.1929631461 0.18989 2.23109890 2.17713
5.92 0.1609344072 015837  1.54762346  1.50406
6.02 0.1389966716 0.13678 0.98618407  0.94952
6.12 0.1230351849 0.12108 0.50866848 0.47694
0 —
. _ e — '; ____ g -
-4 - = -
: i
b _ .".' //
‘s -8 i !‘ / O
& [ Iy
< Br
S 1ok ! ‘-’
e F —  Systolic Pressure
2f |
- — ——-  Daastolic Pressure
-14 _ l
6 |
-
_18- L 1 1 1 1 1 1
5.4 55 56 .7 58 59 6 6.1

(mm)

Fig 2 The radial stress distribution for systolic and diastolic blood
pressure

Syl 5 Sy 053 L88 il 4 (sled (15 e 2 S

izl goae Jo 5l Jolo mlil 5 dany = (Gge Joo 5l oolaiwl b oonls
ol 00 Al (pmans 13810 5 51 ooliasl L) Sg0me

b ain b 5 onr e doe 8 Jolae (55 Slgts b aieS s
5555 0.3B1846 1, sy5me 5550 5 o5 onler 16 5 sl
los > g, 4 aeo co ol gl ol deglie cusl oul aid 5 Las po
S o 8] Jgb 5 slaly>
oy 310 JLad il @ plad oy olad 1 Dl pais 2 IS o
JLad jlade 5l g 00g ga e elads IS mujel AT 09 co 0ud Cewl ol
NOged 4 azgi b aiS oo ats (25 o)lnes )0 jaa B (Sl o)lnas po 95
i S5 (S Y 4 505 slaaY oS ol asie sdel Cuwd 4
T sy 4 ax o Wl elid A5 @iy Jeod )0 s
S Y ol S e )0 (6565 me Sy 000 s o0 S S0

12 o jleis 15 09> 1394 suauwl (o3 Sl Swade

bl paoles Coles jo (ool Olles plxl g (6,5 1, KGIL
Trr(r) = _Pin
D C | ()+1A 1| 24 "
~@p =P [+ 55— Fine - )Ln (35)
LS o yho PR L T = Toy s 8 axliy pSl a0

""’]LS“ Cawd 4y Oygods A, D J5.Q.'>m <ol 93y Lg\d..b.g‘) ‘@)L&-
O=_Pou =_Pin

D Cy |()+1A 1| 2_ 2 Tou
~(a _D)[n AT al )]rm (36)
ol (g5 o0 Ty (Tou) syl (28) akal, 5 o3l alasf, avslio Sk )l
1bgh p) Syget A D Joezme Solgh ez D Jseme
_ rozu —A ) rozu
P= +Pin " ClD rozu " E rozu —A
Cy 14 1 5 Tou
+ (ch — B) [In(r) + 57273 In(r? — A)]rm (37)
oS o 00liiwl (0 =32) (55,0 by 5l Jb>
Tou 1
F,= 2T[f (—p + Clﬁ + c2D2>rdr (38)

we2ly Y a5 sS85l 5 (37) ke, 5P S sle b &S

ol
2 2
Tou — A €2 Tou
Fa:n{_Pin_ClD< T2 >_E<T2 —A>_
ou ou
co 14 1 5 Tou
ClD—; In(r) +Er—2—£|n(7‘ —A)
Tin
1
+c ﬁ + CZDZ}(rOZu - rifl) (39)

o2 (26) alat, 5l oolind L1, (39) 5 (36) Ly s cizeom

2,5 emsil R
o 1 (R, +A
P, =—(CD——) —In
. P =5)h (R?n+A

A( 1 1 )
+ — —
2\DR3,+A DR+ A

+1In (%)] (40)

n
DR? ¢, (DR + A
F, =m{—Pj, — 1D 2—°u -2 ouz
DR?,+A] D R2,
c 1 [(R% +A
- (ch - —2) x [=In Zu
D 2 \RL+A

A( 1 1 )
+_ J—
2\DR2,+A DR:+A

R, 1
+ In (_>] + Cl _2
R, D

+ c,D*}(DR?, — DR?, (41)

Coles 50 5 9,8 dnulxe ) Jsgme Culi 90 ol Glgiee T Sl J> L
Dgd o patuive JolS o a4 iS5 w0565

=b-4
9 uLébyc .E.wy aS 0,909 uw.s Sy )| J..al.‘> @):u C‘L"’ )‘ oolau l.:

oo odld isles 1 Jgaz 10 g oo drloe (20) bylg, 4 ax>gi b ki

b tled g Jame slogiis 2 Jgax 0 @l Come (w)p Cux
plxl elos Jo bl alidee slagleds jo Sl (55 ,Lid )

156



S L pule 9 ALkl o0 el

B g AlaianVl (5955 (bl 33 I )50 SLOUSD paass ) il BT HE Hw SSBle HUS) ) 1

20

16

T

L2 -

P (kPa)

In

| " " " "

" " 1 " " " " " "
15, 1.75 2
r /R
n n

Fig 4 Dimensionless inner radius changes according to internal pressure
S L elaly om0 (JBls glads Ol s 4 s

20
15
—~
[
(a
2 10f
£
o
5
0 | |
1 1.04 1.08 1.12

r /IR
ou ou
Fig 5 Dimensionless outer radius changes versus internal pressure
3o Lid s p o o (B slad Ol B Sl

o8f . .
0 5 10 15

P_(kPa)

Fig 6 The thickness changes versus internal pressure
S s sy s ol s 6 Sl

157

4 el g lazmale ool 5l @S (nl 5l G axsliy b S g
does o 5l () aY 5 ead S oI leatd) atws olpen
slazale slaJoho ol ool JoSis il glaal ) 5 (orae sla Jobo
05 [1] s 655,50 il & Sl ol slo ol s
Sl oy =G0 U (g emilie oaims (LS el Cussdy A a8
ol 5y ¢ (SelSe 8, (5l

lize sloglad ;o (e (i i (29) abaly jf eolial L
RO PRV IPOUNN B¢ I L S RSPV VO EN

3O G e A0 oY (L8 G alen a5 09l oo 0y
alie b oi)ls Sof () sloay @ Cons ae Glo i Jood
P ke GRS &S plbioey e 5 sl Gl AT (S as e
Sgaz oyl Jlade a5 aiie Jae i S jF e S s
el el sla 25 5 55,5 41, 1000

ey 095 JLiS el oud s B glad St 4 IS5 o
JLad J1 50 57w dolo glad aS 00l o 00yd IS0 4y 4z gl Ll o0
Sop e sl S s saias plias &5 0gdi o plp 9ol e (9>
Cowl 00ls Hlas O IS o aS ol ) glad 0,50 0 Sl cpl ol
o 508 i 5 Elas S 42 1 ] 5 55

ad Bl b Syg e Culbs oS cl gedse (] ko 095
el oo 00ls yLis CalBes Ol s (1 6 USG9 098 o o5 Ao
Jlad sl 4 alisee (riw )0 glad linl) 5o (assme 5 @i T SS9
Loas sas oo lias IS0 cpl ol ool gmy 0ge> o Lo 16 U5
Ol E3o50 ol Jedo il (oo Gial8l Sy )0 (arme (A5 (i (Rl
s g s G815 5 (6 iy Blani e s 38 b 5
o b alis pl jooal s 5 Say Jow bl J3b jLad b ol sl
b N2 e s O bl el
Sgs oo 0303 el 00 00ls HLis 8 S o awslie cpl il o9 ol
G i Bl g 0og Bebate oo MlS s (nl o5 slo JLad 3 45
DS o las B Sl o, @i g yols ml

T

1.75

15} ———  Diastolic Pressure

125

Systolic Pressure

Tos(MPa)

0.75

0.5

0.25

M T S S RS RS P P
Qj.4 55 5.6 5.7 5.8 5.9 6 6.1
r(mm)

Fig 3 The circumferential stress distribution for systolic and
diastolic blood pressure

Silgiaslys 5 Sl ghncas 55 )L8d lil @ oo G5 g5 3 S0

12 ol 15 095 1394 siauml (3o Slle Lwiiie



S L pule 9 ALkl o0 el

o paf AlanaianVl (5985 (bl ps ) 53 SLOUSH Huds ) (Sl GBS HF paw Salo JBD) (a9 9

&1y =3

[1] M. A. Meyers, P.Y. Chen, A.Y. M. Lin, Y. Seki, Biological materials: Structure
and mechanical properties, Progress in Materials Science, Vol. 53, No. 1, pp.
1-206, 2008.

[2] E. A. Jafee, Cell Biology of Endothelial Cells, Human Pathology, VVol. 18, No.
3, pp. 234-239, 1987.

[3] R. H. Cox, Regional variation of series elasticity in canine arterial smooth
muscles, American Journal of Physiology, Vol. 234, No. 5, pp. 542-551, 1978.

[4] |I. Karsaj, J. D. Humphrey, A multilayered wall model of arterial growth and
remodeling, Mechanics of Materials, VVol. 44, No. 1, pp. 110-119, 2012.

[5] T. E. Carew, R. N. Vaishnav, D. J. Patel, Compressibility of the arterial wall,
Circulation Research,Vol. 23, No. 1, pp. 61-68, 1968.

[6] R. N. Vaishnav, J. T. Young, J. S. Janicki, D. J. Patel, Nonlinear anisotropic
elastic properties of the canine aorta, Biophysical Journal, Vol. 12, No. 8, pp.
1008-1027, 1972.

[71 A. G. Hudetz, Continuum mechanical methods and models in arterial
biomechanics, Advances in Physiology, Vol. 8, No. 6, pp. 223-232, 1980.

[8] C.J. Chuong, Y. C. Fung, Compressibility and constitutive equation of arterial
wall in radial compression experiments, Journal of Biomechanics, Vol. 17, No.
1, pp. 35-40, 1984.

[9] G.L. Papageorgiou, N.B. Jones, Physical modeling of the arterial wall. Part2:
Simulation of the non-linear elasticity of the arterial wall, Journal of
Biomedical Engineering, Vol. 9, No. 3, pp. 216-221, 1987.

[10] W. W. Von Maltzahn, D. Besdo, W. Wiemer, Elastic properties of arteries: A
non-linear two layer cylindrical model, Journal of Biomechanics, Vol. 14, No.
6, pp. 389-397, 1981.

[11] W. W. Von Maltzahn, Stresses and strains in the cone-shaped carotid sinus and
their effects on baroreceptor functions, Journal of Biomechanics, Vol. 15, No.
10, pp. 757-765, 1982.

[12]W. W. Von Maltzahn, R. G. Warriyar, W. F. Keitzer Experimental
measurments of elastic properties of media and adventitia of bovine caroted
arteries, Journal of Biomechanics, Vol. 17, No. 11, pp. 839-847, 1984.

[13] R. W. Ogden, Anisotropy and non-linear elasticity in arterial wall mechanics,
In: G.A. Holzapfel, R. W. Ogden, (eds.), Biomechanical Modelling at the
Molecular, Cellular and Tissue Levels, pp. 180-258, New York: Springer, 2009.

[14] G. A. Holzapfel, H. W. Weizsacker, Biomechanical behavior of the arterial wall
and its numerical characterization, Computers in Biology and Medicine, Vol. 28,
No. 4, pp. 377-392, 1998.

[15] L. A. Taber, A model for aortic growth based on fluid shear and fiber stresses,
Journal of Biomechanical Engineering, VVol. 120, No. 3, pp. 348-354, 1998.
[16] A. Rachev, A model of arterial adaptation to alterations in blood flow, Journal

of Elasticity, Vol. 61, No. 1, pp. 83-111, 2000.

[L7]R. L. Gleason,L. A. Taber,J. D. Humphrey, A 2-d model of flow induced
alterations in the geometry, structure, and properties of carotid arteries, Journal
of Biomechanical. Engineering, Vol. 126, No. 3, pp. 371-381, 2004.

[18] A. Tsamis,N. Stergiopulos,A. Rachev, A structure-based model of arterial
remodeling in response to sustained hypertension, Journal of Biomechanical
Engineering, Vol. 131, No. 10, pp. 101-104, 2009.

[L9] A. Valentin,L. Cardamone,S. Baek,J. D. Humphrey, Complementary
vasoactivity and matrix remodelling in arterial adaptations to altered flow and
pressure, Journal of The Royal Society Interface, Vol. 6, No. 32, pp. 293-306,
20009.

[20] W. Wan, L. Hansen, R. L. Gleason, A 3-D constrained mixture model for
mechanically mediated vascular growth and remodeling, Biomechanic Model.
Mechanobiology, Vol. 9, No. 4, pp. 403-419, 2010.

[21]W. M. Lai, D. Rubin, E. Krempl, Introduction to Continuum Mechanics, pp.
314-324, Butterworth-Heinemann, 1999.

[22] Y. B. Fu, R. W. Ogden, Nonlinear Elasticity: Theory and Applications, pp. 3-
143, Cambridge Univercity Press, 2001.

[23] D. Mohan, J. W. Melvin, Failure properties of passive human aortic tissue. Il-
Biaxial tension tests, Journal of Biomechanics, Vol. 16, No. 1, pp. 31-44, 1983.

[24] R. C. Batra, A. Bahrami, Inflation and eversion of functionally graded non-
linear elastic incompressible circular cylinders, International Journal of Non-
Linear Mechanics, Vol. 44, No. 3, pp. 311-323, 2009.

12 o )leis 15 09> 1394 suauwl (o3 Sl Swadye

T%(MPa)

r(mm)

Fig 7 Circumferential stress distribution versus radius for different ages
izt s 53 Elad cen p (anme 5 @55 T S

18 [
- /
16 — /
o /
141 The Mooney-Rivlin /
r Material Model /
12 - /
< F  ——- Experimental /
o 10F
v - /
o~ 8fF 74
C 74
r 74
6 v
r 7
o //
4 ; /
2t
b 0 | | | | | | | | | | | |
0 3 4 5
r(mm)

Fig 8 Comparison of changes in the inner radius, according to internal
pressure for current study and the experimental results of Moltzan et al
[12]

mls g ol adlas o Sl jlad wloly Bl elad Ol sy anslis 8 Ui
[12] il Sen 5 o550 (025

ol 5l i Sl glad il ead @) 665 5 Jols mbs
OlFe SIS ssk g 009 Sl jlows BB (nl Jg aedpe ol Gioles]
St 295 ) S e Sp sl Sh s ead a8 )5 Sa Jow cis

2,8 oolitul Jow opl 5l (9% Sl S35 L lgi oo (nlplis 5 00

158



